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ABSTRACT

High intensity cycle ergometer exercise tests are designed to measure 
power outputs. Most of the tests utilise resistive forces that are based 
on total-body mass values (TBM). Conceptually, selecting an optimal 
resistive force based on total-body mass may not be the best approach. 
Resistive forces that reflect the mass of the lean tissue specifically 
involved in the performance of the diagnostic task may be more 
appropriate.

To investigate this theory the following studies were proposed.

STUDY ONE. To identify the upper body contribution to a cycle 
ergometer test via the handgrip.

STUDY TWO. To examine any differences in power profiles, when 
loading procedures were based on total-body mass (TBM) or fat-free 
mass (FFM).

STUDY THREE. To investigate the sympathoadrenergic and blood 
lactate responses, when loading procedures were based on total-body 
mass (TBM) or fat-free mass (FFM).

STUDY FOUR. To measure blood concentrations of, lipid 
hydroperoxides (LH), malondialdehyde (MDA), creatine kinase (CK) 
and myoglobin (Mb) that may occur when resistive forces were based 
on total-body mass (TBM) or fat-free mass (FFM).

STUDY ONE

Indices of mechanical power output were obtained from twelve 
subjects during high intensity leg cycle ergometry tests (20 second 
duration; 75 grams per kilogram total-body mass) using two protocols: 
one with a standard handle-bar grip (with - grip), and one with 
supinated wrists (without - grip). Peak mechanical power, mean 
mechanical power, fatigue index and total mechanical work values 
were calculated for each subject during each test, and the sample mean 
differences associated with the two protocols were compared using 
paired Student t-tests.
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The with - grip protocol yielded significantly greater peak mechanical 
power output and greater fatigue index than the without - grip protocol 
(886 ± 124 W vs 815 ± 151 W, respectively; and 35 ± 10% vs 25 ± 
8%, respectively ; P < 0.05}. The electrical activity of the anterior 
forearm musculature was measured in the twelfth subject during the 
performance of each of the test protocol in an initial attempt to quantify 
any differences in muscular activity between protocols. While peak 
mechanical power output was greater during the with - grip protocol, 
than during the without - grip protocol, the electromyographs showed 
much greater forearm muscle activity during the with - grip protocol. 
Thus the protocol which allowed for the greatest measure of peak leg 
power output was also associated with considerable arm muscle 
activity. These findings should be considered when blood samples are 
taken from the arm for the biochemical analysis of cycling tasks.

STUDY TWO

Study two compared the maximal exercise performance of 10 men 
during friction braked cycle ergometry of 20 s duration when resistive 
forces reflected total-body mass (TBM) or fat-free mass (FFM). Fat 
mass was calculated from the sum of skinfold thicknesses. Increases 
(P < 0.05) in peak power output (PPO) were found between TBM and 
FFM (1015 ± 165 W TBM vs 1099 ± 172 W FFM). Decreases (P < 
0.05) were observed for the time taken to reach PPO (3.8 ± 1.4 s TBM 
vs 2.9 ± 1 s FFM). Pedal velocity increased (P < 0.05) during the 
FFM protocol (129.4 ± 8.2 rpm TBM vs 136.3 ± SrpmFFM). 
Rating of perceived exertion (RPE) was also (P < 0.05) greater for 
FFM (18.4 ± 1.6 TBM vs 19.8 ± 0.4 FFM). No changes were found 
for Mean Power Output (MPO), fatigue index (FI) or Work Done 
(WD) between trials. These findings suggest that high intensity 
resistive force loading protocols may need to be reconsidered. Results 
from this study indicate that the active tissue component of body 
composition needs consideration in resistive force selection when 
ascertaining maximal cycle ergometer power profiles.



STUDY THREE

The purpose of study three was to compare the sympathoadrenergic 
and blood lactate responses to maximal exercise performance during 30 
s cycle ergometry when resistive forces were dependent on total-body 
mass (TBM) and fat-free mass (FFM). Correlations (P < 0.05) were 
recorded between PPOs, and immediate post - exercise noradrenaline 
concentrations for both the TBM and FFM protocols. Increases (P < 
0.05) in the concentrations of adrenaline, noradrenaline and lactate 
from rest to immediately post exercise were observed for both the 
TBM and FFM protocols, with decreases in concentration noted (P < 
0.05) immediately post to 24 h post exercise (see table 6.3). There 
were no differences (P > 0.05) recorded between TBM and FFM 
during any of the blood sampling stages. These results are interesting 
when we consider that with increases in PPO recorded for the FFM 
protocol there were no differences between protocols in the estimation 
of neurophysiological and metabolic stress as determined by plasma 
adrenaline, noradrenaline and blood lactate concentrations.

STUDYFOUR

Study four compared power outputs, and blood levels of, lipid 
hydroperoxides (LH), malondialdehyde (MDA), creatine kinase (CK),
myoglobin (Mb) and lactate ([La-]g) following 30 s of maximal cycle
ergometry exercise when resistive forces were dependent on total-body 
mass (TBM) or fat-free mass (FFM). Alpha-tocopherol, Retinol and 
uric acid concentrations were also measured to quantify the activity of 
selected antioxidants. Cardiac troponin concentrations (cTnl) were also 
determined to exclude protein leakage from the myocardium. Increases 
in CK activity was recorded from rest to immediately post exercise 
during both the TBM and FFM protocols (P < 0.05 ; P < 0.05 
respectively) and decreased from immediately post to 24 h post 
exercise during the FFM protocol only. LH increased from rest to 
immediately post exercise for both the TBM and FFM protocol (P < 
0.05 ; P < 0.05 respectively) and decreased 24 h post exercise for both 
protocols. Differences in LH concentrations were also observed 
immediately post exercise between the TBM and FFM protocols (P < 
0.05).
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Increases in MDA concentrations were recorded from rest to 
immediately post exercise for TBM (P < 0.05), with a decrease 
recorded from immediate post to 24 h post exercise. Differences in 
MDA concentrations were recorded between the TBM and FFM 
protocol immediately post exercise.
Differences in TBM and FFM concentrations were also recorded 
immediately post exercise for Mb (P < 0.05). Blood lactate values
([La~]B) increased (P < 0.05) from rest, to immediately post exercise, 
and returned to resting values 24 h post exercise for both the TBM and 
FFM. Alpha-tocopherol and uric acid concentrations decreased from 
rest to immediately post exercise for both TBM and FFM protocols (P 
< 0.05 ; P < 0.05 respectively) and increased 24 h post exercise. There 
were no changes observed in Retinol concentrations for any of the 
blood sampling stages. The results of the study suggest that greater 
power outputs are obtainable with significantly less muscle damage and 
oxidative stress when resistive forces reflect FFM mass during loading 
procedures. This finding may also be related to better force velocity 
relationships observed for the FFM protocol, ie more efficient 
mechanics of movement which may result in less strain, and therefore 
less internal damage.
Findings from the study indicate that procedures that produce greater 
power values, with no difference in stress response, that are less 
damaging to muscle tissue and relate to the active tissue during this 
type of exercise, may need to be explored in preference to loading 
procedures that include both lean and fat masses.
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GLOSSERYOF TERMS

ACIDOSIS

ALKALOSIS

Situation in which the hydrogen-ion 
concentration of arterial blood is 
elevated.

Situation in which the hydrogen-ion 
concentration of arterial blood is 
reduced.

ALPHA-TOCOPHEROL

ANTIOXIDANTS

CALMODULIN

CATECHOLAMINES

CARDIAC TROPONIN

CREATINE KINASE

Vitamin E derivative.

Substances that quench the actions of 
free radicals.

An intracellular protein that binds 
calcium.

The neurotransmitters adrenaline, 
noradrenaline and dopamine.

Muscle protein found only in cardiac 
muscle.

Enzyme found in skeletal and cardiac 
muscle.

END POWER OUTPUT

FATIGUE INDEX

FREE RADICALS

OPTIMISATION

The lowest value recorded over the 
test duration.

The degree of power drop off during 
the test expressed as a percentage.

Molecules with an unpaired electron in 
their outer orbital.

The resistive force that produces the 
greatest peak power output.
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LIPID PEROXIDATION Deterioration of the cell membrane
lipid.

MALONDIALALDEHYDE Formed as a decomposition product of
lipid peroxidation.

MEAN POWER OUTPUT

MYOGLOBIN

PEAK POWER OUTPUT

RETINOL 

URIC ACID

The average power output recorded 
over the duration of testing.

The main oxygen carrying protein in 
skeletal muscle.

The highest value recorded for power 
in any period during the test.

Vitamin A.

End product derived from nucleic 
acids.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 QUANTIFICATION OF POWER

In any physically demanding performance, the ability to create the potential for 

performing the greatest amount of work in the shortest time possible is of prime 

concern to the athlete. This is of special importance for those events which 

involve short bursts of intense activity. This component may be termed power, 

and can be simply defined as the rate of doing work. It is the product of muscular 

force and speed of movement, and is an essential element needed for success in all 

sporting activities (Gray et al. 1962). Specific definitions of power have been 

suggested. Cerretelli, (1975) describes power as>

"the ability to move mass in the shortest possible time".

It is the conversion of energy derived from phosphogenic and glycolytic processes 

into muscular power which has been used as a measure of high intensity 

performance. Some confusion in terminology exits when assessing high intensity 

metabolism in terms of "capacity" and "power". 

High intensity peak power has been defined by Bar-Or, (1980) as>

"the highest work value obtained during any 5 second period 
usually occurring in the first 5-secs of maximal exercise."

This is presumably related to the prominent phosphagen component of energy 

release. High intensity capacity has been defined by Bar-Or, (1980) as>

"the total work performed during the entire high intensity 
exercise period".

This reflects the glycolytic, phosphagen and oxygen components of energy release 

(Bouchard et al. 1983).



1.2 HIGH INTENSITY POWER AND CAPACITY TESTS

Tests of high intensity power and capacity have been extensively used by exercise 

physiologists to help characterise athletic groups. However, there is little 

agreement as to one suitable test which can be considered as a valid indicator of 

both power and capacity as different test protocols measure different components 

of high intensity performance (Smith, 1987). Measurements of these different 

characteristics can be achieved by computing either the amount of mechanical 

work that can be performed in a specified time, or by monitoring the time taken to 

perform a given amount of high intensity work (Winter et al. 1991). The 

evaluation of high intensity power and capacity may also depend on the 

interpretation of experimental data. Details of units of measurement and data 

evaluation need to be examined closely prior to experimental data collection 

(Vandewalle et al. 1987). It appears that the amount of work performed during a 

intense maximal test depends on both glycolytic power and capacity. High 

intensity performance has been assessed by cycling on stationary friction loaded 

cycle ergometers. Cumming, (1974) introduced a friction braked cycle ergometer 

test which was further developed at the Wingate institute in Israel and became 

known as the Wingate Anaerobic test (WANT). The prototype was announced by 

Aylon et al. (1974) and since its conception a comprehensive description has been 

published (Bar - Or, 1981). In test protocols using cycle ergometry where a single 

exercise bout is performed, it is important to set a resistive force that matches the 

capability of the muscle. In this way, true maximal power output can be measured 

at, or close to, optimal velocity. A number of authors have addressed the 

possibility of predicting the optimal resistive force from body mass. This issue 

however has not been fully resolved (Bar-Or, 1987).



Therefore, the aims of this thesis were to examine the influence of resistive force 

application based on total body-mass (TBM) and compare the power profiles 

obtained with values based on fat free-mass (FFM). 

This thesis contains nine chapters which are briefly outlined below:

CHAPTER TWO:

The review of literature will examine existing methods of resistive force 

application, and address the major physiological and biochemical changes that 

occur during high intensity exercise performance. This chapter will conclude with 

an experimental rationale and the formulation of a series of experimental aims and 

null hypotheses.

CHAPTER THREE:

Theoretical and Methodological Background will describe the medical and 

physiological testing procedures that were employed during the research. 

Reference will also be made to the statistical analysis employed during 

experimental data collection and to experimental design.

CHAPTER FOUR:

Study 1: This chapter will outline a study which examined the effects of the upper 

body contribution in the calculation of power measured during high intensity 

cycle ergometry. The upper body contribution was assessed by comparing power 

profiles with and without hand - grip during test conditions.



CHAPTER FIVE:

Study 2: This chapter will outline a study which was designed to quantify the 

physiological implications of measuring power with resistive forces based on total 

body-mass (TBM) and fat free-mass (FFM).

CHAPTER SIX:

Study 3: This study was designed to examine any differences observed in 

catecholamine and lactate production that may have resulted from differences in 

force generation when the loads used were optimised for total body mass (TBM) 

and fat free mass (FFM).

CHAPTER SEVEN:

Study 4: The final study was designed to investigate any possible oxidative stress 

and skeletal muscle damage that may occur as a result of different optimisation 

protocols based on total body mass (TBM) and fat free mass (FFM).

CHAPTER EIGHT:

The realisation of aims will be considered prior to an examination of the null 

hypotheses that were formulated in conclusion to present research findings that 

were discussed in chapter two.

CHAPTER NEVE:

The discussion will integrate and interpret the research findings of the present 

study and consider the physiological and biochemical implications of optimisation 

programmes during high intensity activity for the assessment of power.
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CHAPTER TWO

2.0 REVIEW OF LITERATURE

2.1 HIGH INTENSITY PERFORMANCE MEASURES

Sargent presented his "physical test of man" in 1921, in the form of a vertical 

jump, although it was not until three years later in 1924 that Sargent realised that 

the test could be used as a measure of general muscular power, since it measured 

the rate of doing work and not just the work done. Clark, (1976) regarded the 

jump as a test of the ability of the body to develop power in relation to the mass of 

the individual performing the test. It could be regarded as a test of leg power, 

although other factors such as arm thrust and trunk extension were also involved. 

The use of a force platform has enabled measurement of the instantaneous power 

produced during a vertical jump (Offenbacker, 1970). From the time course of the 

vertical velocity of the centre of gravity of the body, the average Peak Power 

Outputs (PPO) could be calculated. In an attempt to develop a test of leg power, 

Gray et al. (1962) used a modified vertical jump where the height through which 

the centre of gravity travelled enabled time taken to be calculated. Their studies 

were based on the physical sciences definition of power, ie.

"the rate of doing work".

Other forms of jump test have been used to establish muscular power. These 

include the standing broad jump and squat jump. Although the Sargent Jump and 

the broad jump are often included in fitness test batteries, it is doubtful if either 

actually measure leg power, as the power generated can only be applied when the 

feet are in contact with the ground. It is also debatable whether this brief period is 

sufficient to evaluate a person's leg power as generated by glycolytic metabolism 

(McArdle et al 1991). Smith, (1987) measured isokinetic torque outputs for knee 

flexion and extension using a cybex isokinetic dynamometer.
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Resistance settings were calculated from total body mass ratios. The study 

demonstrated the importance of optimal load selection to maximise power output 

in power measurement. Margaria et al. (1966) proposed a measure of maximal 

anaerobic power by calculating power output during stair climbing at maximal 

speed. Subjects were required to run up ordinary stairs, 2 steps at a time at 

maximal speed, after a short 2 metre run up. Maximal speed during the test was 

attained at 1.5 to 2 seconds into the test and was maintained constant for at least 4 

to 5 sec. Modifications of the original protocol have been proposed, for example, 

a 6 metre run up and 3 steps at a time (Kalamen, 1968). However, in a preliminary 

study on women, Sawka et al. (1980) increased subject power output using two 

steps at a time than with Kalamens protocol. The increases observed may have 

been the result of increased subject co-ordination. Power output during stair 

climbing has been increased by externally loading the subjects. Caiozzo et al. 

(1980) found improvements in power output of 16% with an additional mass 

equal to 40% of body mass. Using the Margaria-Kalamen protocol, Costill et al. 

(1968) obtained values as high as 1464 watts for anaerobic power in their study of 

college football players. Green et al. (1975) obtained values of 1403 watts when 

they studied ice hockey players. Verma et al. (1979) used the test to evaluate the 

maximal power of different categories of sportsmen, and found different power 

outputs relating to body size and sporting backgrounds. The differences observed 

may also be related to training status and muscle morphology. Although valid 

measures of high intensity ability, the tests outlined still failed to produce a single 

standard protocol for the measurement and quantification of high intensity 

performance.



2.2 HIGH INTENSITY TESTS USING CYCLE ERGOMETRY

An important development in the study of power and capacity was the advent of 

the 30-sec cycle ergometer test. The test was devised by Aylon et al. (1974) at the 

Wingate Institute for Physical Education in Israel. The Wingate test, is the most 

frequently used measure of high intensity performance and has been studied by 

many authors since its first description. The first cycle ergometer tests proposed to 

measure maximal power, but were in fact measuring capacity. Maximal power is 

obtained with optimal forces and velocities. If this is not achieved the 

measurement of power may be less than accurate, which may lead to 

misinterpretation of results and underestimation of athletic potential. Linear force- 

velocity relationships and parabolic force-power relationships have generally been 

obtained with either friction loaded ergometers (Inbar et al. 1996) or isokinetic 

cycle ergometers (Sargeant et al. 1981). On a Monark ergometer, a hyperbolic 

relationship does not fit the data because there are downward inflections at low 

and heavy braking forces rather than upward inflections. The absence of the 

classic hyperbolic force-velocity relationship is not surprising, because cycling 

exercise protocols are very different from muscle studies.

Yet an exponential relationship has been proposed (McCartney et al. 1985) in a 

study using an isokinetic cycle ergometer over a broad velocity range. The results 

of a force-velocity test on a cycle ergometer depend on test protocols, and higher 

power outputs are observed, when for example subjects stand on the pedals 

(Vandewalle et al. 1987).
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2.3 INERTIAL PROPERTIES OF FRICTION LOADED CYCLE 
ERGOMETERS

Measurement of work and power output using friction-loaded cycle ergometers, 

has been the subject of a study by Lakomy, (1986) Work is calculated from the 

product of the average values of flywheel speed, and resistive load. This method 

assumes the flywheel to be revolving at a constant velocity, and does not consider 

the work required to accelerate the flywheel.

Lakomy stated that the original protocol used for the test meant that the 

acceleration occurring in the first one or two seconds wasn't taken into account in 

the simplistic calculation of power. This meant that the moment of inertia of the 

flywheel (dependent on its shape and mass) had to be measured in order to 

calculate the extra power required to accelerate the wheel (the decrease in power 

also needed quantification during the deceleration phase). The frictional torque in 

the bearings and chainset, were also required to establish correct power 

calculations. Lakomy discovered that when no correction was made for flywheel 

acceleration, peak power values were underestimated by 35.8 ± 9.3%. Also, the 

time taken to reach peak power, was shorter when corrected values were used. 

Instantaneous values of power throughout the 30-sec, and the work calculated for 

each 5-sec time interval, were also found to be greater. Consideration of these 

factors were outlined by Coleman, (1996), and enabled the correct calculation of 

torques and power for friction loaded cycle ergometry using Monark ergometers.
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The considerations are presented below:-

1.Tr=Lrg

Tr — Resistive torque due to load on the ergometer belt.

L = Load on the ergometer belt

r = Radius of the flywheel.

g = Acceleration due to gravity.

2. Ti = la

Ti = Inertial torque due to flywheel acceleration. 

I = Moment of inertia of flywheel, 

a = Angular acceleration of flywheel.

3. P = w (Tr + Ti + Tf)

P = Power output from the ergometer.

w = Angular velocity of flywheel.

Tf = Frictional torque due to bearings

Ti = Inertial torque due to flywheel acceleration.

Tr = Resistive torque due to load on ergometer belt.
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2.4 OPTIMAL RESISTANCE FOR HIGH INTENSITY CYCLE 
ERGOMETRY

The assessment of optimal resistance is difficult because the relationship between 

force and mean power is parabolic. The value for resistive force is either standard 

(5.5 g.kg'l total body mass using a Monark cycle ergometer) or related to a body 

mass ratio (Bar-Or, 1981). Standardisation of the Wingate test, to date, does not 

take into account the active muscle mass. Therefore the question remains whether 

current resistance settings result in the highest and most accurate power profiles 

attainable. Choosing a force setting that would elicit the highest possible peak 

power for individual subjects is important and as yet unresolved. The original 

resistive force suggested was 75 g.kg~l total body mass (Aylon et al. 1974). This 

force is equivalent to a mechanical work of 4.4 J.rpm.kg'l total body mass 

Katch, (1974) used cycle ergometry to determine experimentally, whether body 

mass played a major role in predicting individual differences in work performed 

above the aerobic threshold for the full duration of effort. The results obtained 

showed that body mass, leg volume, and leg mass were of little importance during 

the initial stages of performance, but became more important as work output 

progressed. Evans and Quinney, (1981) proposed an equation predicting the 

optimal resistance from leg volume and total body mass. It was concluded that the 

Evans - Quinney regression equation for optimal resistance setting produced 

higher power output scores than the mass relative Wingate scores. This may be 

partly explained by the higher resistive forces used in this protocol. This finding 

was in contrast to other studies (Katch, 1974 ; Patton et al. 1985) who found leg 

volume to be of little importance during the early stages of a high intensity 

performance test. Nakamura etal. (1985) suggested an optimisation procedure for 

determining power output during very brief maximal pedalling exercise.
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He suggested cycling against increases in resistive loads ranging from 28.1 to 

84.2 Nm. The maximal pedalling rate was determined from the minimal time 

required for one rotation of the cycle wheel. Pedalling rate decreased linearly with 

increases in load. The relationship between load and pedalling rate, was 

represented by two linear regression equations for each subject. One regression 

equation was determined from eight pairs of pedalling rates and loads (r - 0.98, P 

< 0.05), the other from three pairs (r = 0.97, P < 0.05). It was concluded that 

maximal power could be simply determined by performing maximal cycling 

exercise at three different loads. However, these findings did not consider 

individual training status or physiological subject variation. When the results of 

maximal tests performed against different resistive forces are expressed in units 

related to the data of a force velocity test performed on the same cycle ergometer, 

the optimal force is equal to approximately 47% of the maximal isometric force 

for men and women. Patton et al. (1985) found that maximal peak power is 

obtained with a resistance almost equal to the optimal resistance for mean power. 

This study was used on non-athletic military personnel and, although interesting, 

was found to have low validity. Mannion and Jakeman, (1980) compared 

glycolytic work capacity measured over a fixed time period (30 sec) with that 

attained during the time which optimal velocity could be monitored (60 rpm) 

using a modified Wingate test. Peak velocity, mean velocity, peak power output 

and mean power output were calculated for each resistance setting. The results 

indicated that the velocity based test represented a more physiologically relevant 

test of high intensity capacity. This finding may have been related to the speed of 

contraction observed during the velocity test and may have been more 

representative of high intensity performance. Evans et al. (1981) used cycle 

ergometry to determine the resistance setting for maximal power testing. The 

power tests were performed on a modified Monark cycle ergometer.
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The purpose of the study was to compare power outputs achieved on relative 

Wingate resistance settings on the individual subjects power curve. A power vs 

force curve was determined for each subject by progressive increases in resistance 

throughout the test. It was concluded that maximum power occurred from a 

optimal combination of resistance settings and pedal frequencies, and suggested 

that both force and velocity need to be optimal if accurate power profiles are 

required. The maximal power of top athletes was the subject of an investigation 

by Crielaard and Pirnay, (1981). They compared the power of top level sprinters, 

long distance runners and untrained students. Power values were calculated by the 

product of the rotational frequency of the wheel multiplied by load. The rotational 

frequency of the wheel was measured using an electronic photocell and integrator. 

The average peak power of the control group was 710W. Significantly lower 

results were obtained by long distance runners, (551W) whereas significantly 

higher values were obtained by the sprinters (1021W). Conceptually, selecting the 

optimal force according to total body mass may not be the best approach fat-free 

mass or active muscle mass, for example may be better alternatives. These 

methods may reflect more closely the relative contribution of muscle mass to 

power and force production (Bar-Or, 1987). It should also be noted that, when 

selecting a force that does not represent an actual optimal force, errors in power 

estimation will be introduced leading to inaccuracies in power calculation and 

quantification (Dotan etal 1983 ; Patton et al. 1985). Dotan and Bar-Or, (1983) 

identified optimal loads for eliciting maximal power outputs during the 30-sec 

Wingate anaerobic test. Five randomised evenly spaced resistance loads, ranging 

from 2.43 to 5.39 J-Vrpm.kg' 1 total body mass, were used. The measured 

variables were mean and peak power outputs, as well as absolute and relative 

measures of fatigue. Optimal loads were shown to depend on power output 

magnitude.
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Results showed that although the Wingate test was rather insensitive to moderate 

variations in load assignment, improved results could be obtained by using 

optimum resistive forces as guidelines. The guidelines established could be 

modified according to individual body-build, composition and fitness levels. 

Peak power and power capacities of males and females have been studied by 

Simoneau et al. (1983). The power test consisted of a 10-sec all out ergocycle test, 

with resistance settings determined by individual subject total body mass. A 

similar protocol was used for the capacity test, the only difference being, that the 

subjects pedalled for 90-sec at maximal intensity, instead of 10-sec. In both tests 

males exhibited greater capacities, and work output, when the results were 

expressed in watts or watts.kg"! total body mass. The findings may have been 

more meaningful if the values obtained had been expressed in watts.kg~l fat-free 

mass, enabling early direct comparisons with total body mass and active tissue. 

Using the Wingate test and the Evans-Quinney protocols, with and without toe 

stirrups, has been the subject of a study by Lavoie et al. (1984). The Evans 

Quinney protocol which considers leg volume, as well as total body mass in 

establishing optimal load settings, has been shown to result in significantly higher 

power outputs than the body-mass relative Wingate protocol. Subjects performed 

a total of four maximal 30-sec power tests, utilising the settings established by the 

Wingate protocol (75 g.kg' 1 total body mass). It was concluded that the Evans- 

Quinney load settings protocol, with toe stirrups, resulted in significantly higher 

power outputs than any other protocols tested. However, if the loads had been 

optimised higher values for power may have been recorded. Also, if toe stirrups 

were used consistently for all tests the differences in power profiles may have 

been smaller. Tharp et al. (1984), measured capacity and power in elite young 

athletes using the Wingate test. Test responses were obtained using a Monark 

cycle ergometer and Wingate test procedures.
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The resistance settings were adjusted for individual body mass (75 g.kg-1 total 

body mass). Results showed that male sprinters developed greater glycolytic 

capacity than distance runners. High intensity power and capacity were found to 

be related to age, mass, lean body mass, and surface area. It also appeared that the 

Wingate test could distinguish between sprint and endurance trained individuals. 

Power output during the course of one minute strenuous muscular performance 

has been investigated in a study by Hakkinen et al. (1985). The study examined 

whether the power produced during various phases in a 60-sec cycle ergometer 

test reflected the different backgrounds of power lifters. The power of the subjects 

(n = 14) was assessed by a 60-sec maximal test on a Monark cycle ergometer. The 

friction force of the ergometer was 1/13 of the subjects total body mass. Power 

output (W.kg'l) was calculated every 15 seconds during the test. Findings 

indicated that the measurement of muscular power during the course of 60-sec 

maximal work seemed useful in differentiating athletic groups, with different 

training backgrounds and were in agreement with the findings of Tharp et al. 

(1984). Vandewalle et al. (1985) studied maximal glycolytic capacity on cycle 

ergometers. They examined the effects of the braking force, on the results of a 

high intensity test, performed on a cycle ergometer. Subjects performed a force 

velocity test on the same cycle ergometer. The relationship between force and 

power was found to be parabolic. Results showed that maximal power and 

capacity could be evaluated with the same force. There were no differences 

recorded between men and women in the maximal power capacity test when 

force, mean velocity and mean power, were expressed as percentages of Fo (the 

intercept of the force velocity regression line with the force axis),Vo (the intercept 

of the regression line with the velocity axis) and Wm (maximal power). The 

findings indicated that power assessment was related to both force and velocity of 

contraction.
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Performance during the Wingate 30-sec test, and muscle morphology in males 

and females, has been the subject of a study by Froese and Houston, (1987). 

Performance indices and relationships to muscle morphology of the vastus 

lateralis muscle was studied in 30 untrained male and female athletes. High 

intensity performance was measured by a 30-sec cycle ergometer test. 

Resistance settings were determined from a regression equation incorporating 

total body mass and leg volume. Absolute values for peak power, total work 

performed, power decrease and post blood lactate concentrations were 

significantly greater in male subjects. The results indicated a significant influence 

of muscle morphology (P < 0.05) on short term high intensity work performance 

and that male subjects were capable of generating greater power outputs than 

females. McCartney et al. (1983) studied power output and fatigue in human 

muscle during maximal cycle exercise. Maximum torque showed an inverse linear 

relationship to crank velocity between 60 and 160 rpm, and a direct relationship to 

thigh muscle mass measured by computer topography. The decline in power 

output during the 30-sec test, was found to be greater at 160 rpm (58.7%) and the 

least at 60 rpm (23.7%). Power curves generated for each subject were analysed 

for peak power output, time to peak power and fatigue rate index. Peak power 

output values ranged from 846 to 1289W. Correlation analysis revealed high test- 

retest reliability (r = 0.94, P < 0.05). The issue of optimal loads or braking force 

selection during high intensity cycle ergometry needs further investigation. 

Studies are needed to identify the optimal resistive force and velocity for subjects 

who span a wide range of body masses and abilities. These studies should include 

athletes of various specialities and proficiency, and individuals with disabilities 

and muscular disorders such as, obesity and muscular dystrophy.
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2.5 HIGH INTENSITY RUNNING PERFORMANCE ON NON - 
MOTORISED TREADMILLS

To measure the power generated during sprint running a non-motorised treadmill 

test was developed by Lakomy, (1984). The protocol enabled the researcher to 

quantify the rapid changes in velocity observed during running performance. In 

order to calculate the instantaneous power output generated, both the applied 

force and the belt speed were measured. A small generator connected to the 

treadmill recorded belt speed, and a harness attached to a force transducer 

calculated horizontal force. The assessment of power output during running has 

proved difficult because previous approaches have limited themselves to the use 

of motorised treadmills. The aim of the experiment was to describe the design 

characteristics of a non-motorised treadmill ergometer that enabled the researcher 

to calculate :-

1. The speed achieved during free running.

2. The instantaneous work rate during sprinting.

3. The instantaneous values of power determined throughout the 
duration of the sprint.

Results showed that although not identical with free sprinting, sprint running on 

the non-motorised treadmill exhibited similar characteristics. The treadmill allows 

the accurate determination of the horizontal forces and power outputs generated in 

sprint performance, as well as instantaneous values for running speeds and foot 

strikes. The decrement in speed, propulsive force and power of the sprinter which 

occurs after the initial acceleration (ie. the fatigue profile) can also be measured. 

This was possible because instantaneous running performances were not restricted 

on this type of ergometer. A problem encountered during this type of activity is 

that the loads cannot be optimised.



19

This may underestimate the power values generated. Human muscle metabolism 

has been studied during treadmill sprinting by Cheetham et al (1986). Muscle 

biopsy samples were obtained from the vastus lateralis of eight female subjects 

before and after a maximal 30-sec sprint on a non-motorised treadmill. These 

samples were analysed for glycogen and phosphagens. Peak power output 

averaged 534 ± 85W and decreased by 50 ± 10% at the end of the sprint. The 

results of the study showed that a significant reduction in ATP occurs during 

maximal dynamic exercise in humans. High intensity training and treadmill sprint 

performance was studied by Cheetham and Williams, (1987). Twelve county 

standard hockey players completed a 30-sec sprint on a non-motorised treadmill, 

and performed an uphill running test to determine FO2 max before and after 6 

weeks of high intensity training. Eleven club standard players completed the same 

tests without any additional training. For the county standard group there was a 

11.1% and 5% improvement in peak running speed and distance covered on the 

sprint treadmill respectively. Similarly, there was a 4.2% improvement in FO2 

max and a 11.5% improvement in run time to exhaustion during the FO2 max 

test No changes were observed for the club standard group. The study 

demonstrated that short term high intensity training results in an improvement in 

the sprint running performance, and in VO2 max values of previously well 

trained female games players. A laboratory based sprint running test was devised 

by Cheetham et al. (1985) to examine performance characteristics and metabolic 

responses of individuals to 30-sec of maximal exercise.

A non - motorised treadmill enabled subjects to sprint at their own chosen speed 

and to facilitate the monitoring of speed profiles as fatigue occurred. Eleven sprint 

trained and eleven endurance trained athletes were used as subjects.
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The results showed that the sprint trained athletes covered the greatest distances 

(162.2 ± 5.95 m vs 153.51 ± 12.32 m ; P < 0.05) and had higher blood lactate 

concentrations (16.52 ± 1.23 mmo!.!' 1 vs 12.98 ± 1.77 mmo!.!' 1 ; P < 0.05} than 

the endurance trained athletes. Cheetham and Williams, (1985) used a non- 

motorised treadmill to determine blood pH and blood lactate concentrations 

following 30-sec all out sprinting. A non-motorised treadmill was interfaced with 

a microcomputer, allowing continuous monitoring of treadmill belt velocity, 

horizontal applied force and power output throughout the duration of the test 

(Lakomy, 1984). Venous blood samples were obtained for the determination of 

blood pH prior to and at 3 minutes post exercise. Capillary blood samples were 

taken from a finger prior to and at 5 minutes following the sprint to determine 

blood lactate concentration. Higher power outputs recorded for male subjects in 

the study may be explained by differences in muscle mass utilised during sprint 

performance.

2.6 HIGH INTENSITY FREE RUNNING TESTS

The following are studies of high intensity performance that employ experimental 

protocols involving "free" running procedures. Houston and Thompson, (1977) 

examined the effect of a six week programme of intense, intermittent hill running 

on five endurance trained men. The training programme was performed 4 times a 

week, for six weeks, and consisted of high intensity running, on a long paved hill 

of 3.3% grade, and a grassy hill of 4.4% grade. Following a 3km warm up of low 

intensity, subjects performed 3 maximal runs on the 3.3% grade for 60-sec, with 2 

minutes of recovery jogging. Five sprints of 6-sec duration up the 4.4% grade, 

with 24-sec recovery, and 2 maximal runs of 90-sec duration on the 3.3% grade, 

with 3 minutes of recovery jogging. High intensity capacity was determined using 

a treadmill run to exhaustion.
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Power was measured using a procedure developed by Margaria et al. (1966). The 

major finding of the study was that a severe running programme, significantly 

improved performance during runs of 60-sec and 90-sec duration over a 6 week 

period. No changes were noted in the Margaria power test. Prediction of high 

intensity capacity employing an optimal exercise stress has been investigated by 

Thompson, (1981). Highly trained sprinters, marathon runners and untrained male 

subjects "sprinted" around a 400 metre track with speeds and times being 

continuously monitored. Comparison with their individual high performance 

capacities (determined by treadmill sprinting in the laboratory) made it possible to 

develop a test for predicting high intensity energy release. The test imposed an 

optimal stress upon the high intensity energy components, through a combination 

of work intensity, and prolongation of exercise stress. The results showed that 

sprinting time to 256 metres, provided the highest prediction of "sprint" capacity 

(P < 0.05). Beckenholdt and Mayhew, (1983) compared specificity among power 

tests in male athletes. Subjects were randomly assigned to a specific test order for 

the vertical jump (VJ), standing broad jump (SBJ) and Margaria-Kalamen (MK) 

test. Because of the potential fatigue factor induced by the 40 metre dash, it was 

always administered last. Factor analysis on the tests, isolated two power 

components, one associated with mass, the other related to speed. The VJ, SBJ 

and 40 metre dash were found to be linked with the speed factor. While the MK 

and VJ power tests were associated with the mass component. (The VJ was found 

to be common with both speed and mass). The study concluded that power tests 

cannot be used interchangeably when evaluating subjects.
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High intensity performance has been evaluated by Pattern and Duggan, (1987). 

The objective of the study was to examine the relationships between a 30-sec 

maximal cycle ergometer test, a 60-sec isokinetic knee extension (isokinetic 

endurance), a 50 metre sprint, a 200 metre sprint and the Margaria stair-climb test. 

Correlations, (ranging from r = 0.52, P < 0.05 to r = 0.79, P < 0.05) were noted 

between the Wingate test and isokinetic knee extensions, for peak and mean 

values of power and torque respectively. Indices from both these tests also 

correlated significantly with the other tests of high intensity performance (P < 

0.05). The best single index was mean power output from the Wingate test, which 

had correlations of r = 0.79, P < 0.05 ;r = - 0.82, P < 0.05 and r = 0.74, P < 0.05 

with the 50 metre sprint, 200 metre run, and Margaria test, respectively. The 

relationships found between mean power output and running performance were in 

contrast to a study by Manning et al. (1988) who investigated various high 

intensity performance tests. The tests evaluated were, the vertical jump, Margaria- 

Kalamen test, Wingate power and capacity test, Cybex isokinetic knee extension 

test, standing long jump and the 40 metre dash. The results showed that there was 

no single power test that could be used to measure power compared with the 

maximum oxygen uptake test which measures "aerobic power". Factor analysis, 

when applied to both the field and laboratory tests, revealed that unrelated aspects 

of performance exists among all the tests studied, and that they were measuring 

different aspects of high intensity energy release. Hermansen and Medbo, (1984) 

used a motorised treadmill to determine the significance of aerobic and glycolytic 

processes during maximal exercise of short duration. Before the actual tests, 

preliminary experiments were performed, including measurement of maximal 

oxygen uptake, and trials to select the highest possible speeds that subjects could 

run. Subjects warmed up for 10 minutes at a speed corresponding to 50% of their 

V02 max-
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After warm up, subjects rested for 15 minutes and resting blood samples were 

taken immediately before the 60-sec maximal exercise period. Expired gas was 

collected during the entire maximal exercise bout. On the basis of results 

obtained, it was suggested that maximal oxygen deficit could be used as a 

measurement of high intensity capacity in exercising man. Medbo and Burgers, 

(1990) investigated the effect of training on the high intensity capacity of 

untrained, endurance trained and sprint trained young men. In addition, seven 

women and five men trained for six weeks and their high intensity abilities were 

compared before and after the training period. There was no change observed in 

performance capacity between the untrained and the endurance trained subjects, 

whereas the sprinters capacity was 30% larger presumably as a result of high 

intensity training. The female performance capacity was 17% less than the males. 

Six weeks of training increased high intensity ability by 10%. There was also a 

close relationship between performance capacity and peak rate of high intensity 

energy release. The conclusion of the study was that high intensity performance 

capacity varies significantly between subjects of different sex and training status. 

Volkov et al. (1975) used a motorised treadmill to determine high intensity 

metabolism. Testing consisted of increasing running speed every 3 minutes from a 

baseline level of 2.5 m.s" 1 to all out running, through increments of 1m.s~l. From 

the measurement of expired CO2 at different load levels, they found that it was 

possible to determine the running speed corresponding to aerobic metabolism 

thresholds, characterised by increases in arterial blood lactate. High intensity 

power and capacity were monitored by Sawka et al. (1980). Forty four subjects 

ran to exhaustion on a motor driven treadmill for 3 to 5 minutes with 

measurement of the 2 minutes recovery O2 uptake, to estimate the glycolytic 

portion of the oxygen debt.
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The findings of the study suggested that the glycolytic portion of the measured 

oxygen debt, was related to skeletal muscle phosphagen concentration, and that 

high intensity capacity was related to phosphagen splitting rate. A study by 

Thompson and Garvie, (1981) determined high intensity energy expenditure 

during sprinting. Subjects sprinted on a motor driven treadmill elevated to a 5% 

grade. Individual running speeds were selected on the basis that the subject could 

only sprint 60 to 70 seconds before reaching exhaustion. 

Thereafter the following protocols were administered.

1. A continuous sprint to exhaustion was performed 3 to 5 
times.

2. All sprints were performed with two days rest in between.

3. Pre-exercise  >2 uptake and total O2 consumed during 
each sprint were measured.

Over the following 2 week period, each subject then performed four separate 

sprints of 15-sec, 30-sec, 45-sec and 60-sec duration. The progressive lengthening 

of the sprint intervals permitted the segregation and subsequently the independent 

measurement of two high intensity energy sources, ATP and glycolysis. It was 

found that the methodology used provided a laboratory protocol for the 

determination of high intensity energy expenditure during short term intensive 

work. Fujitsuka et al. (1982) used maximal treadmill sprinting to determine peak 

blood lactate levels. Maximal exhaustive sprinting was performed on a treadmill 

at a constant grade (8.6%). The speed chosen was based on a preliminary test to 

ensure that subjects could run for about 1 min before exhaustion. The speed of the 

subjects ranged from 4.5 - 5 m.s" 1 . Blood samples were taken before and after 

exercise. It was found that peak blood lactate levels occurred around 9 minutes 

after cessation of exercise.
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High intensity performance capacity in runners was studied by Schnabel and 

Kindermann, (1983). A total of 55 top male runners were examined. According to 

their competitive level and type of training they were assigned to five groups. The 

subjects performed three runs on a motor driven treadmill. The first was a 

progressive test to determine aerobic power (FC>2 max). The other two were 

constant load tests to determine glycolytic capacity. In the progressive test the 

treadmill was set at a constant slope of 5%. The initial speed was 1.67 m.s'l and 

was increased every 3 minutes by 0.55 m.s'l until volitional exhaustion. The 

constant load tests were performed at 6.11 m.s'l with a 7.5% inclination. The 

treadmill was accelerated from 0 to 6.11 m.s'l within 10-sec. In the first test the 

run was interrupted after 40-sec, including the 10-sec acceleration phase. After 

45-sec rest the test was performed again. It was concluded that running time was a 

function of high intensity capacity.
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2.7 HIGH INTENSITY EXERCISE AND GLYCOGEN 
DEPLETION

Research pertaining to the relevance of skeletal muscle glycogen availability 

during high intensity exercise was first suggested in the work of Saltin, (1971). 

Intense physical exercise is accompanied by rapid glycogen depletion and lactate 

accumulation in the working muscle, indicating a high rate of glycolysis. 

Glycogen depletion in human skeletal muscle following heavy exercise was 

investigated by Gollnick et al. (1973). Six 1 min sprints with 10 mins recovery 

between each exercise were performed at 150% of each individual subjects 

maximal aerobic power (FO2 max). Biopsy samples were taken from the vastus 

lateralis muscle at rest and after the first, third and final work bouts. Total muscle 

glycogen declined as a function of the number of work bouts. The relative 

concentration of glycogen was determined from histochemical staining. The first 

fibres to become depleted of their glycogen stores were the low oxidative, high 

glycolytic, fast twitch fibres. This suggests an early recruitment of these fibres 

during heavy exercise. This pattern is in contrast to that seen during prolonged, 

moderately intense exercise when the high oxidative slow twitch fibres are the 

first to become depleted of their glycogen stores. Hargreaves and Richter, (1988) 

examined the regulation of skeletal muscle glycogenolysis during exercise. 

They observed that muscle glycogen breakdown during exercise is influenced by 

both systemic and local factors. Contractions per se were found to increase 

glycogenolysis via a calcium induced, transient increase in the activity of 

phosphorylase a, and probably also via increased concentrations of Pi. In fast 

twitch muscle, increases in the AMP and IMP levels may increase phosphorylase 

activity. The authors also observed that the rate of muscle glycogen breakdown 

during exercise depends on the pre exercise glycogen concentration and hormonal 

influences.
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They also suggest that insulin may inhibit glycogen breakdown, whereas 

adrenaline enhances the rate of glycogen use in contracting muscle by increasing 

the phosphorylase a activity via increased cyclic AMP production. The authors 

concluded that the availability of blood borne substrates may also influence 

muscle glycogenolysis and therefore exercise performance. Regulation of 

glycolysis during intermittent exercise was studied by Essen and Kaijser, (1978). 

Seven healthy male volunteers performed intermittent exercise (15-sec work 15- 

sec rest) at a high work load for 60 minutes, while six subjects performed 

continuous exercise at an equally high intensity to exhaustion, which occurred 

after 6 minutes. Exercise was performed on a Siemens-Elma cycle ergometer at a 

pedalling rate of 60 rpm. The subjects performing the intermittent exercise 

protocol averaged work loads of 284W, while the remaining six subjects 

maintained average work loads of 280W. It was concluded that ATP and CP 

concentrations were important in the regulation of glycolysis, and influenced 

carbohydrate and lipid contribution to energy metabolism. During the first few 

seconds of muscular contraction glycolysis accounts for approximately half of the 

ATP used (Nevill et al. 1996). Continued contraction may result in the total 

depletion of the phosphocreatine store, and this coincides with a loss of the 

subjects ability to sustain a voluntary contraction at near maximal force. 

Eventually the force may decrease to 20% or less of the original value produced. 

About 50% of the ATP is transformed to IMP and the pH decreases to 6.4. The 

ATP hydrolysis rate decreases during the same contraction period by 70 - 80% 

(Nevill et al. 1996). It is suggested that the reason for the decrease in force and 

ATP hydrolysis is an inhibition of cross bridge cycling primarily by increases in 

Pi and H+ produced by phosphocreatine, ATP splitting and glycolysis (Jacobs et 

al. 1983). During the last part of the contraction increase in free Mg2+ may also 

add to the inhibiting effect.
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Decreased repolarisation of the sarcolemma and T-tubular membranes could 

additionally decrease activation of the contractile system (Harris el a/. 1992). 

Jacobs et al. (1983) measured changes in muscle metabolites in females after 30- 

sec exhaustive exercise. Nine female physical education students volunteered as 

subjects. They were instructed to pedal at maximum frequency against a resistive 

force of 45 g.kg' 1 total body mass. Samples obtained by needle biopsy were 

taken before and after exercise from the vastus lateralis. Peak power output values 

of 561W were attained, with mean values of 453W, and end power output values 

of 228W. The results showed that pronounced intramuscular lactate accumulation 

occurred after 10-sec maximal cycle exercise. This suggests that glycogenolysis 

commences with a very short time delay after the onset of muscular contraction, 

in such high-intensity performance. Human muscle metabolism during brief 

maximal cycle ergometer exercise has been examined by Boobis et al. (1982). 

Subjects performed a 30-sec cycle ergometer test, against a pre-set load of 75 

g.kg'l total body mass. The rotation of the fly wheel was continuously recorded 

so that power output during each second of the test could be calculated. Peak 

power output was achieved during the initial 3 to 6-sec period. Thereafter, power 

values declined rapidly which resulted in a "fatigue profile". The findings of the 

study suggested that subjects who recorded high power output values in the early 

stages of a high intensity cycle ergometer test exhibited large fatigue profiles 

indicating an inability to maintain performance of high power and quality for long 

time periods. Lactate in human skeletal muscle after 10 and 30-sec of maximal 

cycle ergometer performance has been measured by Jacobs et al. (1983). Twenty 

two physical education students participated in the study, (15 males and 7 

females). All subjects performed two bouts of exercise. On the first occasion the 

subjects exercised for the full 30-sec period, whereas on the second occasion the 

exercise time was terminated after 10-sec.
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Muscle biopsies were obtained pre and post exercise on both occasions. Results 

showed that skeletal muscle lactate concentrations increased in males and females 

after 10 and 30-sec of maximal exercise. McCartney el al. (1986) investigated 

muscle power and metabolism in intermittent exercise. Eight male subjects 

performed four 30-sec bouts of maximal isokinetic cycling at 100 rpm, with four 

minutes recovery interval. Exercise was performed on an isokinetic cycle 

ergometer. The final exercise period was followed by 20 minutes recovery. 

External work and power decreased by 20% in the second and third periods of 

exercise, but no further changes were observed in the fourth period. It was 

concluded that despite minimal flux in the third and fourth exercise periods, 

subjects generated 1000W peak power, and sustained 400W for 30-sec, 60% of 

the values recorded in the first exercise period. Medbo and Tabata, (1993) 

examined high intensity energy release in working muscle. Sixteen males cycled 

as long as possible at constant powers chosen to exhaust the subjects in 

approximately 30-sec, Imin or 2-3 mins. Muscle biopsies were taken before and 

approximately 10s after exercise and analysed for lactate, phosphocreatine, and 

other metabolites. O2 uptake was measured for determination of the accumulated 

O2 deficit a whole body measure of high intensity energy release. The value 

recorded was then compared to the direct measures obtained from the muscle 

metabolites. Muscle lactate concentration increased by 30 ± 1.2 mmol.kg- 1 and 

muscle PCr concentration fell by 12.4 ± 0.9 mmol.kg- 1 during the 2 - 3 min of 

exhausting exercise (P < 0.05}.

The ATP production was 58 ± 2 mmol.kg- 1 wet muscle mass, which may be the 

maximum energy release for human muscle during cycle ergometry. The ATP 

production was 6 and 32% less for 1 min and 30 s of exercise respectively, than 

for 2 min of exercise, suggesting that 2 min of exhausting exercise may be 

required for maximal use of high intensity energy sources.
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Glycolysis provided three times more ATP than PCr breakdown for all exercise 

duration's. There were also close linear relationships between the rates of ATP 

production in muscle and the value estimated for the whole body by O2 deficit (r 

= 0.94, P < 0.05). This suggests that the accumulated O2 deficit may be 

quantifiable as a measure of energy release during high intensity cycle ergometry. 

Sahlin et al. (1998) stated that during high intensity exercise there is a pronounced 

accumulation of lactic acid in the body fluids and acidosis is often implicated as a 

cause of fatigue. In vitro studies of skinned muscle fibres have shown that Ca 

sensitivity (Godt and Nosek, 1989), maximal tension (Cooke et al. 1988 ; Godt et 

al. 1989) and shortening velocity (Cooke et al. 1988) are reduced during acidotic 

conditions. However it has been recently shown that these effects of acidosis were 

absent at a more physiological temperature (Pate et al. 1995). Although acidosis 

correlates with impaired performance during exercise, improvements in 

performance have been recorded during the recovery period (Sahlin and Ren, 

1989 ; Nevill et al. 1996 ; Fitts, 1994). Thus during the first two minutes after 

sustained contraction to fatigue there is a near complete recovery of force whereas 

muscle pH remains depressed (Sahlin et al. 1989). These findings indicate that the 

direct inhibitory effect of acidosis on the contractile machinery is negligible. An 

alternative hypothesis may be that the effect of acidosis on performance is indirect 

and is mediated through impairment of the ATP generating processes. Several 

enzymes in glycolysis exhibit a pronounced pH sensitivity and hydrogen ions will 

also influence the creatine kinase equilibrium (Sahlin et al. 1998). It may be 

possible that acidosis interferes with the contraction process indirectly through its 

effect on energy metabolism. The observed relationships between muscle lactate 

and IMP and between blood lactate and plasma NH3 support this contention 

(Sahlin et al. 1990).
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2.8 HIGH INTENSITY EXERCISE AND BICARBONATE 
BUFFERING

During intense muscular exercise hydrogen ions are formed in an equivalent 

amount to lactate and will decrease intracellular pH (Sahlin et al. 1984). 

Concomitantly, with lactic acid accumulation there is a decrease in the ability of 

the muscle to perform work or generate force. The decrease in intracellular pH has 

long been considered to be an important factor in the development of muscular 

fatigue. This hypothesis has been supported in a study by Sahlin et al. (1983) who 

looked at isolated rat muscle where intracellular acidosis was induced by 

incubation in 30% CO2 i.e independent of muscle activity and lactate 

accumulation. Acidosis induced by CO2 resulted in a similar decrease in 

isometric contraction force and prolongation of relaxation time as when the 

decrease in muscle pH was achieved by muscular activity. The extent of the 

decrease in muscle pH during muscular activity is dependent upon both the 

amount of released H+ ions (mainly from lactic acid) and on the buffer capacity 

of the muscle. Because high intensity exercise increases the concentration of 

lactate and therefore H+ in blood and muscle, there have been numerous attempts 

to reduce acidity with buffers, especially sodium bicarbonate (Sahlin et al. 1984). 

This compound is used because it is thought to delay fatigue by increasing the 

gradient and diffusion rate of lactic acid and H+ from muscle to blood (Mainwood 

and Cechetto, 1980). Effects of bicarbonate loading on high intensity work have 

been investigated by McNaughton et al. (1991). Eight trained male cyclists who 

competed regularly in track races, were studied under control, alkalotic 

(NaHCOs) and placebo (CaCO3) conditions in a laboratory setting to study the 

effect of orally induced metabolic alkalosis on 60 s high intensity performance on 

a cycle ergometer.
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Basal, pre and post exercise blood samples in the three conditions were analysed 

for pH, pCO2, pC>2, bicarbonate, base excess and lactate. All blood gas

measurements were within normal limits at basal levels. There were significant 

differences in the amount of work produced, and in the maximal power output 

produced by the cyclists in the experimental condition when compared to the 

placebo and control conditions. The post - exercise pH decreased in all three 

conditions and post exercise pCO2 increased significantly in the alkalosis trial. In 

the alkalotic condition, the pre - exercise base excess and HCO3" levels were both 

higher than the basal levels, suggesting that the bicarbonate ingestion had a 

significant increase in the buffering ability of the blood. Post - exercise lactate 

levels were significantly higher after the alkalotic trial when compared to the 

other two conditions, which were immediately post and three mins post - exercise. 

Post - exercise lactate levels were higher than basal or pre - exercise levels. This 

was true immediately post - exercise and for the next five mins. The results of the 

study suggested that NaHCOS is an effective ergogenic aid when used during 

high intensity exercise, and that the ergogenic property is probably due to the 

accelerated efflux of H+ ions from the muscle tissue due to increased extra 

cellular bicarbonate buffering. However, although likely to be related to the 

fatigue process, it is unlikely that both lactate and hydrogen ion accumulation is 

wholly responsible for muscle fatigue. Studies involving human volunteers have 

demonstrated that muscle force generation following fatiguing exercise can 

recover rapidly, despite having a very low pH value. Bogdanis et al. (1996) has 

suggested that the maintenance offeree production during high intensity exercise 

is pH dependent, but the initial force generation is more related to PCr 

availability. One of the consequences of rapid PCr hydrolysis during high 

intensity exercise is the accumulation of Pi, which has been shown to inhibit 

muscle excitation - contraction coupling directly (Casey et al. 1996).
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However, the simultaneous depletion of PCr and Pi accumulation makes it 

difficult to separate the effect of PCr depletion from Pi accumulation in vivo. 

This problem is further compounded by the parallel increases in hydrogen and 

lactate ions which also occur during high intensity exercise (Sahlin et al. 1984).

2.9 HIGH INTENSITY EXERCISE, RECOVERY AND 
FATIGUE

During brief, high intensity exercise, rapid changes in metabolism and muscle 

function occur. This may ultimately result in an inability to maintain performance, 

force or required exercise intensity. These processes collectively contribute to the 

phenomenon of fatigue (Hermanson, 1981). Wootton and Williams, (1983) 

investigated the influence of recovery duration on repeated maximal sprints. The 

exercise task was randomly assigned and consisted of five 6-sec maximal sprint 

bouts, with either 30 or 60-sec recovery periods between each sprint. The test 

protocol used was similar to that of the Wingate test (Bar-Or et al. 1981). 

Loadings were pre-determined to ensure that each subject would achieve the 

maximal power output attainable, while pedalling within the range of 150 to 160 

rpm. The results showed that the capacity to perform repeated 6-sec bouts of 

maximal exercise on cycle ergometers was markedly influenced by the preceding 

number of sprints. The study also demonstrated that muscle contraction was 

dependent on the ability to recover muscle performance following brief maximal 

intensity exercise. Effects of recovery duration on performance and fatigue during 

multiple treadmill sprints was investigated by Holmyard et al. (1988). Ten rugby 

union backs volunteered to participate in the study. A non-motorised treadmill 

was used for the sprint tests which allowed the subjects to run at unrestricted 

speeds. Fatigue was recorded as a decrease in running speed.
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The experimental protocol consisted of ten 6-sec maximal sprints, with either a 

30-sec or 60-sec recovery period between each successive sprint. The results 

obtained showed that performance during brief duration, multiple treadmill 

sprinting was affected by both the recovery interval and by the preceding number 

of sprints. With 30-sec recovery only 5 sprints could be performed before fatigue 

influenced power outputs. Alternatively, 60-sec recovery duration enabled power 

outputs to be maintained throughout the duration of testing. The larger decrease in 

performance observed with the 30-sec recovery interval may be due to an 

incomplete resynthesis of PC and also a possible greater acidosis. This may have 

resulted from the limited time for translocation of H+ from the muscle to blood. 

It has been suggested that H+ causes fatigue by either inhibiting energy provision 

from anaerobic glycolysis through moderating the activity of phosphofructokinase 

(PFK) or by affecting the contractile mechanism itself (Hermanson, 1981). The 

maximal rate of energy expenditure cannot exceed the activity of the ATP 

hydrolysing enzymes (ie muscle ATPase activity). Myofibrillar ATPase activity 

has been determined during maximal static contraction in skinned human muscle 

fibre to 0.10, 0.27 and 0.41 mmoLl-U' 1 in type I, IIA and IIB fibres respectively 

(Stienen et al. 1996). Assuming a Qio of 2, 3.31 of H2O per kg" 1 dry mass of 

muscle and 2.7 times higher energy turnover during maximal dynamic exercise 

than static contraction (Potma et al. 1996) it can be calculated that maximal ATP 

expenditure is 6.5, 17.6 and 26.6 mmol ATP kg' 1 dry mass in type I, IIA and IIB 

fibres respectively. This value approximates to the value observed in mixed 

muscle during 10s of maximal cycling (ISmmol ATP kg' 1 dry mass ; Jones etal. 

1985). It therefore seems plausible that the release of energy during short bursts of 

activity (< 5 s) is not limited by the rate of ATP supply but rather by limitation in 

ATP hydrolysis.
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The higher degree of PCr depletion (Hiroven et al. 1987) and plasma NH3 

accumulation (Hageloch et al. 1990) during the initial phase of sprinting in sprint 

trained subjects support this contention. The amount of energy that can be 

produced from PCr is rather small and is limited by the intramuscular stores of 

PCr. Fast twitch fibres contain 15 - 20% more PCr than slow - twitch fibres 

(Soderlund et al. 1991) which is in accordance with the higher glycolytic capacity 

of this fibre type. With the maximal rate of PCr breakdown one would expect 

complete depletion of PCr within 10 s (Jones et al. 1985). However, PCr 

breakdown can contribute to ATP generation for more than 20 s because ATP is 

supplied from other energy sources and because energy expenditure decreases 

after a few seconds of contraction. Following 10 s of maximal exercise the power 

output decreases (Nevill et al. 1996 ; Hiroven et al. 1987). These first signs of 

fatigue have been shown to correlate with substantial decreases in muscle PCr. On 

the basis of thermodynamic considerations the maximum rate of PCr breakdown 

and therefore ATP generation would fall when the PCr content decreases. 

Availability of PCr may therefore be a limiting factor for power output even 

before the muscle content of PCr is totally depleted. This may partly explain why 

the power output decreases after 5 s of maximal cycling despite the fact that a 

considerable portion of PCr remains in the working muscle (Sahlin et al. 1998). 

Maximal force is related to muscle PCr both during contraction and the recovery 

period. Similarly, after maximal cycling, peak power is restored with a similar 

time course as PCr (Nevill et al. 1996). Recent studies have demonstrated that the 

muscle store of total creatine (PCr + creatine) can increase by about 10 - 20% 

after oral creatine supplementation (Harris et al. 1992). Creatine supplementation 

was shown to increase performance during high intensity exercise in some studies 

(Balsom et al 1993 ; Greenhaff et al. 1993 ; Earnest et al. 1995) but not in others 

(Barnett et al. 1996 ; Deutekom etal 2000).
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Post - exercise hypoxanthine (Balsom et al. 1993) and plasma NH3 (Greenhaff ef 

al. 1993) were reduced following creatine supplementation despite the fact that 

there was an increase in work performed. These findings support the hypothesis 

that limitations to energy supply are a major cause of fatigue during high intensity 

exercise. Based on the in vitro experiments of Cooke et al. (1988) and the in vivo 

experiments of Wilson et al. (1988) it has been suggested that increases in Pi may 

contribute to fatigue. Concomitant with the decline in PCr there is almost a 

stoichiometric increase in Pi and the observed correlation between PCr and force 

during exercise and recovery may therefore be an effect of increased Pi and not 

energy deficiency per se (Sahlin et al. 1998). However, creatine supplementation 

increases pre - exercise PCr (Harris et al. 1992) and therefore one could expect 

augmented release of Pi and an earlier onset of fatigue. The finding that 

performance is improved following creatine supplementation cannot be reconciled 

with the hypothesis that increases in Pi is a major cause of fatigue (Woledge, 

1998).

2.10 METABOLIC STRESS AND HIGH INTENSITY 
EXERCISE

Total stress response to exercise is reflected by adrenal medulla response. This 

may be measured by the accumulation of adrenaline (A) and noradrenaline (NA). 

This increase may be markedly influenced by the effect of physical exertion, cold 

and emotional factors. Plasma catecholamine levels also increase as a result of 

both increases in the duration of exercise and the severity of exercise (Astrand et 

al 1986). The plasma concentrations of catecholamines have been shown to 

increase during different types of aerobic and anaerobic exercises. (Galbo, 1986). 

However it has been found that plasma adrenaline increase in heavy high intensity 

exercise may be higher than in aerobic exercise (Kindermann et al. 1982).
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Different high intensity activities such as sprinting (Cheetham et al. 1986) and 

cycle ergometry (Gaitanos et al. 1993 ; Gratas-Delamarche et al. 1994) as well as 

heavy resistance exercise training (Pullinen et al. 1999) have all been found to 

elevate plasma catecholamine levels. At identical submaximal exercise levels 

several authors observed (Brooks et al. 1985) a lesser increase in free plasma 

adrenaline (A) and noradrenaline (NA) in endurance trained athletes than in 

sedentary subjects. Conversely, Kjaer et al. (1985 ; 1988) found that endurance 

trained athletes compared to untrained ones exhibited not only similar plasma NA 

but also higher plasma A concentrations. Brief high intensity exhaustive exercise 

has been shown to increase plasma catecholamine levels to values higher than 

those observed during aerobic activity (Brooks et al. 1985). Therefore it may be 

possible that sprinters exhibit a higher adrenal response to sympathetic activity. It 

has often been emphasised that feedback mechanisms are important for the 

hormonal response to exercise (Newsholme et al. 1983). A reduction in plasma 

glucose levels during exercise gives rise to an increase in the plasma 

concentration of adrenaline, and it has been postulated that increasing adrenaline 

secretion may function as a safety backup mechanism, preventing hypoglycaemia 

and lack of substrate in the working muscle (Kjaer, 1989). It seems, however, that 

rapid changes in endocrine and metabolic responses found at the onset and the 

cessation of exercise, occur too quickly to be explained by feedback mechanisms 

only. This may be partly explained by the direct stimulation from the motor 

centres of the brain, the feed - forward or central command mechanisms which are 

also involved with respiratory and circulatory regulation (Rowell et al. 1986). 

These mechanisms will also be active in substrate mobilisation during exercise. 

Physical training may alter the hormonal response of several hormones to a given 

exercise work load. The release and rate of release of hormones are controlled in 

response to specific needs.
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The rates of secretion should be related to their metabolic functions and needs of a 

particular circumstance ie whether high or low intensity (Brooks et al. \ 988). 

Previous experiments have demonstrated the importance of anaerobic glycolysis 

in the resynthesis of adenosine triphosphate (ATP) during high intensity 

performance. Exercise of this intensity although predominantly anaerobic, 

provides a severe challenge to the control of the cardiovascular system and 

elevates sympathetic activity. The stimulation of glycogenolysis by adrenaline has 

been demonstrated, and significant correlations have been observed between ATP 

resynthesis and plasma adrenaline concentration (Cheetham et al 1986). These 

studies have also found that during maximal exercise large concentrations in 

circulating adrenaline and noradrenaline occur.

2.11 HIGH INTENSITY PERFORMANCE AND MUSCLE 
DAMAGE

Exercise induced muscle damage is the temporary, repairable muscle injury which 

is commonly experienced following performance of physical activity. Eccentric 

exercise models have been used to study exercise induced muscle damage because 

it is this component of total muscular work which elicits most myofibrillar 

disruption and the greatest release of muscle proteins, such as creatine kinase and 

myoglobin into the blood (Goodman et al. 1997). Delayed muscle soreness, and 

loss of strength often accompany the myofibrillar disruption, but the exact 

relationship between these indices has not been fully established. The relative 

frequency of myofibrillar disturbances evident immediately following 

unaccustomed exercise increases in subsequent days due to some secondary 

degradation process.
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This process may be initiated by the loss of intracellular calcium homeostasis 

which could activate a number of proteolytic and lipolytic systems (Sjodin el al. 

1990). Infiltration of mononuclear cells also occurs in the days after 

unaccustomed exercise. Release of secondary degradation products may increase 

osmotic pressures in the vicinity of the damage, and this mechanism may then 

account for the elevated intramuscular fluid pressures and muscle swelling that 

may occur the days after exercise completion. A growing amount of evidence 

indicates that free radicals play an important role as mediators of skeletal muscle 

damage and inflammation (Kanter et al. 1986). Free radicals are molecules with 

an unpaired electron in their outer orbit. When aerobic animals respire, oxygen 

becomes reduced to form water, during this process, ATP is also formed. 

However, certain physical restrictions dictate that oxygen can only receive one 

electron at a time, and four electrons are required to produce water. This univalent 

pathway of oxygen reduction transiently leads to the production of free radicals 

(Sjodin et al. 1990). Most studies implicate aerobic exercise as the fundamental 

cause of elevated levels of oxygen centred free radicals (e.g; superoxide radicals 

O2% hydroxyl radicals OH-; hydroperoxyl radicals HO2S and lipid peroxyl 

radicals LOO; Alessio et al. 2000). During exercise, two of the potentially 

harmful free radical generating sources are semiquinone in the mitochondria and 

xanthine oxidase in the capillary endothelial cells. During high intensity exercise 

the flow of oxygen through the skeletal muscle cell is greatly increased at the 

same time as the rate of ATP utilisation exceeds the rate of ATP generation. The 

metabolic stress in the cells causes several biochemical changes to occur, 

resulting in a markedly enhanced rate of production of oxygen free radicals from 

semiquinone and xanthine oxidase.
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Consequently, a substantial attack of free radicals on the cell membranes may lead 

to a loss of cell viability and to cell necrosis, and could initiate the skeletal muscle 

damage and inflammation caused by exhaustive exercise in addition to any 

beneficial training effect. Takala et al. (1989) investigated the effects of 30 min 

running with stepwise increasing intensity (exhaustive, energy demand approx 50- 

100% of VO2 max), 60s supramaximal running (anaerobic, greater than or equal 

to 125% of FC»2 max) and 40-60 min low intensity running (aerobic, 40-60% of 

VO2 max) on serum concentrations of muscle derived proteins. Carbonic 

anhydrase III (CAIII) was used as a marker of protein leakage from type I (slow 

oxidative) muscle fibres and myoglobin (Mb) as a non-selective (type I and II) 

muscle marker. The fractional increase in S-CA III was 0.37, 0.1 and 0.46 1 hour 

after exhaustive, anaerobic and aerobic exercise respectively. The corresponding 

values for delta Mb were 1.45, 0.39 and 0.67. The value for the delta CAIII / Mb 

ratio was 0.68 after the aerobic exercise, but only 0.25 - 0.26 after the high 

intensity exercise. Since type I fibres of skeletal muscle are known to be 

responsible for power production during low intensity exercise, whereas fibres of 

both typel and type n are active at higher intensities, the delta CAIII / delta Mb 

ratio may depend on the recruitment profile of type I vs type I + II. Increased 

serum concentrations of intracellular proteins are generally accepted as good 

indicators of muscle damage. Goodman et al. (1997) investigated protein 

concentrations following running performance. Twenty male runners completed a 

21 km run in as fast as possible. Blood samples were obtained from each subject 

pre, immediate post and 24 hr after the run. Samples were analysed for 

haemoglobin, haematocrit, creatine kinase (CK), myoglobin (Mb) and 

malondialdehyde (MDA) concentrations and corrected for changes in plasma 

volume (PV).
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Percutaneous muscle biopsies were taken from the lateral gastrocnemius muscle 

of the six subjects 24 h before and 24 h after the run and examined by electron 

microscopy. Mb levels in the serum increased significantly (P < 0.05) 

immediately post - exercise, while CK levels increased (P < 0.05) at 24 hours 

post - exercise. The PV corrected serum MDA levels were not significant 

immediately post - exercise (P > 0.05). Ultrastructural examination of pre - 

exercise samples revealed evidence of muscle changes consistent with exercise. 

No further damage was evident at 24 hours post - exercise. It was therefore 

suggested that the increased levels of CK and Mb may be the result of free radical 

induced cell membrane damage and increased permeability, as evidenced by 

elevated serum MDA levels, and not due to mechanical muscle damage. Recent 

research by Alessio et al. (2000) has suggested that due to different metabolic 

demands of isometric and aerobic exercise, the mass action effect of FO2 can be 

dismissed as the sole mechanism for exercise induced oxidative stress.

2.12 EXPERIMENTAL RATIONALE AND NULL 
HYPOTHESES

Drop loaded, cradle or friction loaded ergometers have permitted rapid 

applications of load and quantification of the subsequent values for power 

produced. In the original studies of Aylon et al. (1974) using Monark ergometers 

the loads were in the order of 75 g.kg' 1 total body mass. Dotan and Bar-Or, 

(1983) declared that a higher optimal value namely 87 g.kg' 1 total body mass, 

produced greater power outputs. Several other researchers have indicated that 

these load ratios may still be too small, especially for athletes involved in sprint or 

power based activities (Nakamura et al 1985 ; Winter et al 1991). Optimal 

values for resistive forces used during high intensity cycle ergometry testing have 

been based on total-body mass (TBM) indices. These indices include both active 

muscle tissue and fat mass.
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Resistive forces used which are currently inclusive of the fat component of body 

composition, may not be representative of the active tissue mass utilised during 

maximal cycle ergometer performance. Power measurements obtained during 

cycle ergometry may also include an unknown upper body contribution that 

contributes to the power profiles obtained. Body size, structure and composition 

differ markedly among individuals suggesting that a standard ergometer load may 

not provide optimal resistance for different populations, and may also be 

individual specific. This suggests that the assessment of physique may need 

consideration when used in the evaluation of high intensity performance. 

Therefore an optimisation protocol based on TBM computations may be less 

than accurate. Because of the individual variation found between subject body 

composition indices, it seems logical to develop a resistive force that reflects the 

active muscle mass used during experimental procedures that is individual 

specific. The exclusion of fat mass seems appropriate from any loading protocol 

that attempts to establish a relationship between power production and the 

capacity of active muscle. Performance in high intensity experimental procedures 

has been reported by Van Mil et al. (1996) as being highly related to the subjects' 

lean body mass, or the mass of the muscles that perform the test. The direct 

method of determining the optimal force for individual subjects during high 

intensity cycle ergometry is to provide the subjects with a test protocol that 

requires them to perform the test repeatably, each time against a different 

breaking force until a maximal value for power is obtained (Dotan et al. 1983 ; 

Evans et al. 1981). An alternative semi-direct approach has been to assign a 

braking force that is based on individual subjects' TBM and a performance ratio 

(normally TSg.kg- 1 total body mass Aylon et al. 1974). The assumption has been 

that for most healthy individuals, the relationship between total body mass and 

muscle mass is similar.
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This is not the case and may be compromised further in populations that include 

the athletic, the undernourished and the obese. This may result in power 

estimation error during high intensity exercise performance tasks. 

Van Mil et al. (1996) found that cradle resistive forces computed from TBM 

values were poor predictors of optimal force assessment. The differences 

observed may reflect the inconsistent muscle mass to TBM ratio in individuals. 

The purpose of this study was to develop, design and test a high intensity cycle 

ergometer exercise protocol based on lean tissue mass or fat free mass (FFM), that 

maximises the power potential of individual subjects and relates more closely to 

force velocity relationships.

A further aim was to compare the FFM protocol with existing accepted 

physiological and biochemical measures of high intensity performance, and to 

investigate any differences observed. The development of the protocol would be 

useful in both the athletic and clinical evaluation of high intensity exercise 

performance response in various subject populations. Data obtained would 

provide meaningful comparisons between individuals that would be realistic and 

independent of the fat component of body composition.
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To investigate the theory the following experiments were proposed:-

Examination of the null hypothesis in the present thesis required the realisation of 

four experimental aims. These are outlined below.

Objective 1. To investigate the contribution of the upper 
body via the influence of hand grip on high 
intensity cycle ergometer performance.

Objective 2. To observe the friction loaded cycle ergometry 
performance for a single high intensity test 
when the loading procedures were dependent 
on total-body mass (IBM) or fat-free mass 
(FFM). The British Association of Sport and 
Exercise Sciences 1988 guidelines were consulted to determine 
individual ergometer cradle loads.

Objective 3. To examine and analyse responsiveness to sympathetic nervous 
activity via plasma adrenaline (A) and noradrenaline (NA) during 
and following 30 s of friction loaded high intensity cycle 
ergometry when the loading procedures were dependent on total 
body mass (TBM) and fat-free mass (FFM).

Objective 4. To analyse markers of oxidative stress
malondialdehyde (MDA) lipid peroxidation (LFI) and selected 
antioxidants, and indicators of skeletal muscle damage markers 
namely total creatine kinase (CK), myoglobin (Mb) during 
and following 30 s of friction loaded high intensity cycle 
ergometry when the loading procedures were dependent on total 
body mass (TBM) and fat-free mass (FFM).
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2.13 TESTING THE NULL HYPOTHESES (//O)

Resulting from the realisation of the four experimental aims presented, the 

following null hypotheses were proposed ;

Null Hypothesis (1) There is no difference in peak power output when
the hand grip during high intensity performance is 
excluded.

Null Hypothesis (2) There is no difference in the friction loaded cycle
ergome try performance for a single high intensity 
test when the loading procedures were dependent 
on total-body mass (TBM) or fat-free mass (FFM).

Null Hypothesis (3) There would be no differences in sympathetic
nervous activity when the loading procedures 
were dependent on total body mass (TBM) and fat- 
free mass (FFM).

Null Hypothesis (4) That there would be no difference in oxidative stress
and skeletal muscle damage when the loading 
procedures were dependent on total body mass 
(TBM) and fat-free mass (FFM).
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CHAPTER THREE

3.0 THEORETICAL AND METHODOLOGICAL 
BACKGROUND

3.1 INTRODUCTION

This chapter outlines each of the analytical techniques and scientific theory 

involved in the investigations. Four investigations were preceded by a series of 

quality control studies and pilot studies

3.2 SELECTION OF SUBJECTS

Subjects were selected from a pool of university students. University students 

participated in studies 1,2,3 and 4. Selection was preceded by discussion to inform 

the subjects about experimental requirements. University students were 

considered as subjects if they were physically active. Potential subjects were 

excluded from the study if they were not in good health. Ethical approval was 

obtained from the University ethics committee. Each subject was informed about 

the requirements of the research and subsequently completed a medical 

questionnaire before they gave their written consent to participate (Appendix A). 

They were also informed that they would receive a detailed report summarising 

the major physiological changes and subsequent implications for exercise 

performance throughout the studies. It was considered that this strategy would 

maximise compliance. Before testing, all subjects were fully familiarised with 

experimental procedures, tested at the same relative time intervals, and were 

informed that they were free to withdraw from the experiment at any time. A 

minimum of two rest days preceded each test, and subjects attended the laboratory 

overnight fasted. The design consisted of a randomised double blind crossover 

trial.
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For six weeks prior to data collection, and throughout the study, subjects refrained 

from additional vitamin and dietary supplementation. No appreciable deviations 

from their normal eating habits were recorded.

3.3 ANTHROPOMETRIC MEASUREMENTS

3.4 BODY MASS AND STATURE

Each subject was instructed to wear a swimming costume and remove footwear 

prior to the measurement of body mass using a balanced weighing scales (Seca, 

Cardiokinetics. Salford, UK) and height measured with a stadiometer (Seca, 

Cardiokinetics, Salford, UK). The weighing scales were calibrated prior to each 

"weigh in" with a 5 kg free mass. The accuracy of the stadiometer was verified 

with a tape measure.

3.5 BODY FAT

Harpenden skinfold callipers (John Bull, British Indicators Ltd, Bedfordshire, 

UK) with a constant spring pressure of lOg/mm^ were accurately calibrated with 

a Vernier scale and used to measure skinfold thickness at the biceps, triceps, 

subscapular and suprailliac sites on the left hand side of the subject's body. 

Three repeated measurements were obtained from each skinfold site. Body 

density was estimated from the sum of four skinfolds using the procedures of 

Durnin and Womersley, (1974). Relative body fat was estimated from body 

density using Siri's (1956) equation. The coefficient of variation (CV) of repeated 

skinfold measurements has been estimated at 5% (Durnin et al. 1974 and 

Lohman, 1981) and has been demonstrated to correlate highly (r = 0.83 to 0.89 ;P 

< 0.05) with hydrostatic weighing (Durnin et al. 1974).
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3.6 HYDROSTATIC WEIGHING

Hydrostatic weighing incorporates an underwater weighing device to facilitate full 

subject immersion. The procedure followed guidelines outlined by Behnke et al. 

(1974) and are outlined below:

1. The subject was first weighed in air using a calibrated weighing scales (Ma).

2. Determine the weight of the apparatus underwater.

3. Determine the temperature and density of the water in the tank (Dw)

4. Weigh the subject underwater several times until a plateau in underwater 

weight is achieved (Mw).

5. Determine residual lung volume.

6. Determine body density using the following equation:

Db = Ma / (Ma - Mw / Dw) - (Rv + GIV)

7. Determine relative body fat from the equation:

(4.95 / Db - 4.5) x 100

3.7 MEASUREMENT OF RESIDUAL LUNG VOLUME

Lung volume measurements were performed using an oxygen 

rebreathing method of Wilmore etal. (1980).

Methodological considerations are given below:-

A five litre anaesthesia bag was flushed three time and filled with three to five 

litres of 100% oxygen, approximating 80 to 90% of vital capacity. Attached to 

one end of the bag was a standard two - way stopcock. The other end was fitted to 

the bottom part of a T" shaped three - way valve. A standard mouthpiece was 

attached to the base of the T" valve which was open either to ambient air or to the 

breathing bag.
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All tests were conducted with the subject in the sitting position, inclined slightly 

forward. Following explanation of the testing procedures a nose clip was secured 

firmly on the nose and the mouthpiece positioned properly in the mouth. After 

several breaths through the T" valve, which was opened to ambient air, the 

subject was instructed to perform a maximal expiration to the point of his residual 

volume. The subject was repeatedly encouraged to attain a full maximal 

expiration. The experimenter than turned the T1 valve to a position that connected 

the subject to the five - litre bag of oxygen. At this point, the subject was told to 

take five to seven deep breaths from the bag at the rate of about one breath every 

two seconds. The rate and depth of breathing were found to be critical to 

obtaining a proper mixing of respiratory gases in the bag and the lung. Following 

the five to seven deep breaths, the subject was again told to exhale to maximal 

expiration, at which point the handle of the valve was turned, closing the five - 

litre bag and opening the valve to ambient air.

Then, approximately one litre of the mixed gas was removed from the five - litre 

bag and the remaining contents were mixed and analysed for O2 and infrared CO 

with a Gas analyser. To calculate the residual volume the following equation was 

used:-

RV = VO2 x (b - a)/(c - d)

where :-

RV = residual volume.

VO2 = volume of oxygen in the bag at the beginning of the procedure.

a = percent nitrogen impurity of the original pure oxygen

(assumed to be 0.0 for practical purposes), 

b = percent of nitrogen in the mixed air in the bag at the point of

equilibrium (100% - (%<>2 + %CO2).
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c = percent of nitrogen in the alveolar air at the beginning of the

test (assumed to be 80%). 

d = percentage of nitrogen in the alveolar air during the last

maximal breath (assumed to be 0.2% N2 higher than the

equilibrium percentage, ie, b + 0.2% N2).

Reliability of this method has been reported as r = 0.92, P < 0.05.

3.8 HIGH INTENSITY PERFORMANCE MEASURES

3.9 FORCE VELOCITY TEST

A force velocity test was performed one week prior to the 30 s cycle ergometer 

test to determine optimal resistive forces for TBM and FFM using procedures 

outlined by Jaskolska et al. (1999). Briefly, the test consisted of six short maximal 

sprints (6-8 s) against randomly assigned resistive forces (70, 75, 80, 85, 90 and 

95 g.kg" 1 total - body mass and fat - free mass). Successive exercise bouts were 

separated by a 5 min rest period. The load that produced the highest PPO value 

for TBM and FFM was considered to be optimal and was used in the 30 sec test. 

Care was taken to ensure that the resistive force applied to the cradle of the 

ergometer corresponded to the force applied at the flywheel. Therefore, resistive 

forces exceeding 9 kg were not used (Heiser, 1989).

3.10 30 S CYCLE ERGOMETER TEST

A cycle ergometer (Monark 864) was calibrated prior to data collection, following 

the guidelines of Coleman, (1996). This procedure was used for the force velocity 

test and the 30 s test. Saddle heights were adjusted to accommodate partial knee 

flexion of between 170° to 175° (with 180° denoting a straight leg position) 

during the down stroke.
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Feet were firmly supported by toe clips and straps to ensure maximum purchase 

on the pedals of the ergometer. These procedures were followed as recommended 

by LaVoie et al. (1984) who found higher values for power outputs during high 

intensity cycle ergometry when toe clips and straps were included in the protocol. 

All subjects were instructed to remain seated during the test and were verbally 

encouraged to perform maximally. All performed a standardised 5 minute warm 

up according to the procedures outlined by Jaskolska et al. (1999) 

On the command 'go1 , the subjects began to pedal maximally, the load was 

applied, and data capture initiated. Indices of performance were calculated from 

flywheel revolutions using a computer (Coleman, 1996).

Data transfer was made possible using a mounted sensor unit and power supply 

attached to the fork of the ergometer in a position located opposite the flywheel. 

The sampling frequency of the sensor was 18.2 Hz. Validity and reliability of the 

cycle ergometer as a test of muscle power has been reported as r = 0.93, P < 0.05 

(Patton et al. 1985). Heart rate recordings for each subject were measured 

continuously using a short range telemetry system (Sport Tester 3000, Polar 

Electro Finland).

3.11 ELECTROMYOGRAPfflC MEASURES (EMG)

Electromyographic analysis followed procedures outlined by DeLuca, (1997). 

Two bipolar self-adhesive surface electrodes (type M-OO-S, Medicotest, UK, Ltd) 

were positioned approximately 5 cm apart along the length of the anterior forearm 

muscular belly of the left and right arms. The ground electrodes were positioned 

as closely to the olecranon processes as possible. EMG data were recorded at 0.1 

Hz and stored for subsequent transfer to a PC for visualisation and analysis 

(ME3000, Mega Electronics Ltd, Finland).
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Two methods of correlating the magnitude of the EMG signal of wrist and digital 

flexor muscles were used.

The first method involved measuring the maximum voluntary hand - grip 

contraction (3-second duration) for the left and right hand using hand - grip 

dynamometers (models 5001 and/or 5101, Takei Scientific Instruments Co Ltd, 

Japan). Simultaneous EMG data were recorded. The subject was then instructed 

to form hand - grips to approximately 80, 60, 40 and 20 % intensities of the 

maximum force values, while EMG data were recorded. The subject was allowed 

to rest between each hand - grip contraction in order to minimise any effects of 

muscle fatigue.

In the second calibration method, the subject was instructed to perform maximum 

voluntary hand - grip contractions to the rhythm of a metronome, set to varying 

frequencies approaching the approximate maximum frequency of pedalling during 

the cycle ergometer tests. The hand - grip dynamometers were supported 

horizontally at a level that was comfortable for the subject to reach forward and 

grip. Both types of hand - grip calibrations were performed by subject 12 on each 

of the two experimental occasions in order to account for the variability 

associated with the placement of the electrodes. Following hand - grip 

calibrations, subject 12 completed the two test protocols using the same 

procedures that were used for the other eleven subjects.

On the first test occasion, the order of the protocols was: with - grip followed by 

without - grip. On the second occasion, the order of testing was reversed in order 

to minimise any potential fatigue and/or learning effects.

EMG of the anterior forearm musculature was recorded during all of the postural 

protocols. Particular attention was paid to the amplitudes of the EMG signals 

during the with - grip and without - grip conditions.
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3.12 HAEMATOLOGICAL MEASUREMENTS

3.13 BLOOD SAMPLING

All blood samples were collected at the same time of day by the same investigator 

in an attempt to control for biological variation (Reilly, 1982) and minimise inter 

subject analytical variation. Diet has also shown to exert a particular modulating 

effect on several blood borne metabolites. Therefore, all venous blood samples 

were taken following a 12h overnight fast. Arterialised capillary blood samples 

were obtained 3h post prandial.

Blood was sampled from either the left earlobe (arterialised capillary blood) or 

from an antecubital vein (venous blood) after the subject had assumed a supine 

position for 30 minutes to control for plasma volume shifts (Pronk, 1993).

3.14 COLLECTION OF ARTERIALISED CAPILLARY BLOOD

The left earlobe was cleaned with swabs saturated with 70% v/v Isopropyl alcohol 

(Medi Swab, Smith and Nephew, UK). Prior to exercise, the sample site was 

punctured using a sterile stainless steel lancet (Lance, Sheffield, UK) and excess 

blood was wiped clean with a tissue (KimwipesR, Kimberley Clark, UK). To 

obtain a blood sample a gentle pressure was applied to the earlobe using the 

thumb and index finger. It was necessary to rhythmically "milk" the sample site 

following exercise to increase blood flow to counteract peripheral 

vasoconstriction. Whilst milking has been suggested to dilute the blood by 

introducing extravascular fluid into the sample, evidence from our laboratory 

suggests that this is not the case. Care was taken to remove excess sweat from the 

ear lobe prior to blood sampling. Contamination by sweat has been demonstrated 

to confound haematological measurements, in particular concentrations of whole 

blood lactate ([La~]B) Sweat lactate levels have been shown to be considerably 

greater than blood lactate levels (Pilardeau et al. 1988).
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3.15 VENOUS BLOOD

Each subject assumed a supine position for a 30 minute period prior to blood 

collection to allow for plasma volume shifts. A tourniquet was secured to the right 

arm with the minimum constriction required to obtain a blood sample (Bachorik, 

1982). Following the cessation of exercise all subjects were placed in a supine 

position and an immediate post exercise blood sample was collected. A further 

blood sample was taken twenty four hours post exercise following a 30 minute 

period in a supine position. When collection procedures were finished, the 

puncture site was cleaned with swabs saturated with 70% v/v Isopropyl alcohol 

(Medi Swab, Smith and Nephew, UK) and covered with a cotton dressing. Five 

venous blood samples (50ml) were obtained from an antecubital forearm vein and 

collected into Vacutainer tubes (Becton Dickinson, Rutherford, NJ, USA) that 

were immediately placed on ice. Samples were allowed to clot and were then 

centrifuged at 3,500 rpm for 10 mins. Serum was then extracted and placed into 

eppendorfs and stored at -70°c for subsequent biochemical analysis.

3.16 HAEMOGLOBIN (Hb)

The iron content in the human body varies between 2 to 5g (Huebers et al. 1987) 

of which approximately two thirds are contained within Hb (Cook, 1994). 

The concentration of Hb in whole blood was measured photometrically according 

to the procedures described by Vanzetti, (1966). This procedure has been 

validated against the classical haemiglobincyanide (HiCN) method. The 

HaemoCue method involves the haemolysis of erythocytes with sodium deoxy 

cholate which subsequently releases Hb. Sodium nitrite converts Hb to 

methaemoglobin which, when combined with sodium azide forms 

azidemethaemoglobin. The absorbence is subsequently measured at two 

wavelengths (570 and 880mm).
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Following calibration with an optical interference filter (Hb = 13.7 ± 0.3g dL' 1 )

approximately lOjLil of arterialised capillary blood from the left earlobe was

collected in a cuvette (HaemoCue B-Haemoglobin, Sheffield, UK).

This was inserted into the photometer (HaemoCue B-Haemoglobin, Sheffield,

UK) and a digital readout was presented within 15 to 45 sec.

Concentrations of Hb were measured in triplicate and the mean value expressed in

g.dL'l, was used in the analysis.

3.17 PACKED CELL VOLUME (PCV)

Arterialised capillary blood was obtained from an earlobe blood sample and 

collected into a heparinised capillary tube which conformed to British Standard 

BS 4316 (75mm, 59ul, Hawksley and Sons Limited, Sussex, UK). Care was taken 

to ensure that there were no air bubbles present in the sample. 

The distal end of the tube was sealed with a cristaseal (Hawksley and Sons 

Limited, Sussex, UK) and inserted in a Micro Haematocrit Centrifuge (Hawksley 

and Sons Limited, Sussex, UK). This value expressed in L.L~1 of whole blood 

was corrected by 1.5% for plasma trapped between the erythrocytes (Dacie et al. 

1968 ; Harrison, 1985). Capillary blood samples were analysed for PCV and the 

mean value was used in the overall analysis.

3.18 MEASUREMENT OF WHOLE BLOOD LACTATE ([La-]B)

Approximately 50ul of arterialised capillary blood was collected into a capillary 

tube (Analox). Each capillary tube was lined with heparin, fluoride and nitrite to 

stabilise blood lactate concentrations. The capillary tube was immediately placed 

onto a battery operated mixer for four minutes. Research in our laboratory has 

identified that the mixing period needs to be controlled prior to the analysis of 

[La~]B (Bailey and Davies, unpublished data).
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Each sample was rotated approximately 180° every 5 sec. This ensured adequate 

mixing of whole blood with the biochemical agents and prevented coagulation 

prior to analysis. The concentration of [La~]B was measured using an automated 

electrochemical analyser (Analox PGM7 Champion, London, UK). Fresh buffer 

was added to L-lactate: oxygen oxidoreductase (LOD) at an ambient temperature 

of 21°C and entrained into the analyser. Injection of the sample into the cuvette 

activates an oxidation-reduction reaction catalysed by L-lactate: oxygen 

oxidoreductase (LOD) at a pH of 6.5. The maximum rate of oxygen consumption 

during the reaction is directly related to the concentration of lactate in the sample.

L-lactate + O2 + LOD -» Pyruvate + H2O2

This method of [La~]B analysis has been validated against a classical 

spectrophometric method (Sigma) which yielded the following correlation:

y = 0.99x - 0.05 (mmoLL'1) r = 0.996

where:

N = 24

x = spectrophotometric method

y = Analox

A single point calibration was performed prior to blood sampling. An adapted

positive displacement pipette (Analox) injected l\n\ of a known calibration

standard (8 mmoLL' 1 of bovine [La']B) into the analyser cuvette.

The interpolation of lactate concentration using this standard has been identified

as linear up to a concentration of 10 mmol.L" 1
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Further calibration standards were used up to values of 14 mmol.L-' to 

accommodate the possibility of higher exercise [La'Jfi) values as identified in a 

pilot study. A quality control material (Analox lactate/pyruvate quality control 

serum) was used to confirm reagent activity and to correct calibration.

3.19 FREE CATECHOLAMINE ANALYSIS

The procedure was based upon a method outlined by Dutton et al. (1999). The 

protocol used featured an improved sample handling system that includes dialysis 

and sample clean - up on a strong cation trace - enrichment cartridge. The 

catecholamines noradrenaline, adrenaline and dopamine are then separated by 

reversed phase ion - pair chromatography and quantified by electrochemical 

detection. The system used was the Gilson ASTED XL (Anachem), a fully 

automated processing system. Incorporated into the system was a Gilson 307 

pump (Anachem) with a 10WSC pump head, a dialysed block volume of 370 nL 

with a 15 000 molecular mass cut-off cuprophan dialysis membrane and a haema - 

SB cationic TEC (Anachem). The optimised plasma volume of the sample used 

was 740 nL, taken as two separate aliquots of 370 nL. The individual aliquots 

dialysed into 2 mL of 5 nim.L' 1 ammonium phosphate buffer, pH 8.6, and the 

dialysate was applied to the TEC. To increase sensitivity, additional plasma 

aliquots could be used simply by changing the programme controlling the ASTED 

processor. Electrochemical detection of the catecholamines was achieved using an 

ESA Coulochem II (ESA Analytical) fitted with a guard cell and a 5011 analytical 

cell. Oxidation of the analytes were carried out at +300 mV in the guard cell 

followed by successively higher reduction potentials of-100 mV and -300 mV in 

the analytical cell and at a sensitivity set at 20 nA.
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The mobile phase consisted of 50 mL in 150 mmol.L"' diammonium hydrogen 

orthophosphate (BDH) containing 101 mg of heptane sulphonic acid (Sigma 

Chemical Co) and 73 mg of EDTA (Sigma) adjusted to pH 3.5. A 15 x 0.46 cm 

Ultratechsphere 5 urn ODS 2 column (HPLC Technology) was used at a flow rate 

of 1.5 mL.min'l. The dialysis recipient solvent was 5 mmol.L'l diammonium 

hydrogen orthophosphate adjusted to pH 8.3. Dihydroxybenzylamine was used as 

the internal standard (IS) at a concentration of 60 nmol.L'l, 50 uL of which was 

added to 750 uL of the sample. The effect of the serum matrix on dialysis was 

assessed by comparison of peak areas after injection onto the complete system of 

an aqueous calibrator, a serum blank, and the same serum to which 10, 5, 20 or 5 

nmol.L"! noradrenaline (NA), adrenaline (A) dopamine (D), and internal standard 

(IS) had been added. The individual catecholamine response was then corrected to 

the internal standard (IS) response, and the ratio was related to the known 

concentrations of each analyte. The regression analysis obtained for noradrenaline 

(NA) and adrenaline (A) was:

y = 11.1 x 105x + 10 r = 0.998 (NA) 

y = 12.5 x 105x + 8 r = 0.988 (A)

where y is the electronic signal in computed integration units (Gilson Unipoint 

Software). Calibrations were run every tenth sample and controls were run every 

fifth sample. All solutions were prepared using doubly de-ionized water (Elga 

Products Ltd). The alumina extraction was used as the comparative reference.
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The catecholamines from a 1.0 mL plasma sample were desorbed from alumina 

with 400 nL of 0.1 mol.l-' phosphoric acid (Sigma) and 370 uL was injected for 

separation by HPLC as outlined for the ASTED procedure. The system was 

controlled and analytical integrations were carried out by Gil son UniPoint Soft 

ware with a Gilson 506C interface module (Anachem).

3.20 DETERMINATION OF CARDIAC TROPONIN 1 (cTnl)

Cardiac Troponin was measured using the Chiron Diagnostics ACS: 180® 

Automated Chemiluminescence Systems. The assay is a two - site sandwich 

immunoassay using direct chemiluminometric technology. The assay uses 

constant amounts of polyclonal and monoclonal antibodies. The first antibody, in 

the lite reagent, is a polyclonal goat anti -troponin 1 antibody labelled with 

acridinium ester. The second antibody, in the solid phase, is a combination of 

monoclonal mouse anti - troponin 1 antibodies covalently coupled to paramagnetic 

particles. 

The assay was performed automatically in the following order:

1. Dispenses 100 jaL of sample into a cuvette

2. Dispenses 100 uL of lite reagent and incubates for 2.5 minutes at 37°C.

3. Dispenses 200 uL of solid phase reagent and incubates for 5 mins at 37°C.

4. Separates, aspirates and washes the cuvettes with reagent water15 .

5. Dispenses 300 uL each of reagent 1 and reagent 2 to initiate the 

chemiluminescent reaction.

6. Results were reported according to the selected option.

A direct relationship exists between the amount of troponin 1 present in the subject 

sample and the amount of relative light units (RLUs) detected by the system.
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3.21 DETERMINATION OF MYOGLOBIN (Mb)

Myoglobin concentration was analysed using the Chiron Diagnostics ACS:1! 

Automated Chemiluminescence System. The system uses constant amounts of 

two antibodies. The first antibody is a polyclonal goat anti - myoglobin antibody 

labelled with acridinium ester. The second antibody, in the solid phase, is 

amonoclonal mouse anti - myoglobin antibody covalently coupled to 

paramagnetic particles.

Myoglobin concentration in serum was determined automatically in the following 

manner:

1. 10 uL of sample were dispensed into a cuvette.

2. 100 uL of lite reagent were then dispensed and incubated at for 2.5 mins 

at 37°C.

3. 200 uL of solid phase reagent is then dispensed and is incubated for 5.0 

minsat37°C.

4. The cuvettes are then separated, aspirated and washed with reagent 

water 10 .

5. 300 uL of reagent 1 and reagent 2 are then dispensed to initiate the 

chemiluminescent reaction.

6. Results are then reported by using the selected option.

Myoglobin concentration is determined by the direct relationship of the amount 

present in the subject sample and the amount of relative light units (RLUs) 

detected by the system.
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3.22 DETERMINATION OF CREATINE KINASE (CK)

Creatine kinase concentration was measured using the Kodac Ektachem Clinical 

Chemistry Slide. The slide is a dry, multilayered self-contained analytical element 

coate on a transparent polyester support. An 1 IjiL drop of specimen is deposited 

on the slide and evenly distributed by the spreading layer. The layer also contains 

N-acetylcysteine (NAC) to activate CK without pretreating the sample. The 

reagent layer contains an adenylate kinase inhibitor, diadenosine pentaphosphate, 

as well as the enzymes, buffers and dye precursors necessary for the measurement 

of CK activity.

When the sample is deposited on the slide, creatine kinase catalyzes the 

conversion of creatine phosphate and ADP to creatine and ATP. In the presence 

of glycerol kinase (GK), glycerol is phosphorylated to L-a-glycerophosphate by 

ATP. Oxidation of L-a-glycerophosphate to dihydroxyacetone phosphate and 

hydrogen peroxide occurs in the presence of L-a-glycerophosphate oxidase (a- 

GPO). Finally, a leuco dye precursor is oxidised by hydrogen peroxide in the 

presence of peroxidase (POD) to form a dye. Reflection densities are monitored 

during incubation. The rate of change in reflection density is then converted to the 

measurement of enzyme activity.

3.23 LIPID PEROXIDATION ASSAYS

MDA and LH were assayed using the following procedures:

3.24 DETERMINATION OF MALONDIALDEHYDE (MDA)

The method outlined by Young and Trimble, (1991) was employed to measure 

MDA. This HPLC method with fluorometric detection overcomes the lack of 

specificity generally associated with the measurement of MDA.
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Blood was collected from an ante - cubital vein in di - potassium ethylene diamine 

tetra - acetic acid (EDTA) vacutainers. The thiobarbituric acid (TBA) reaction 

was initiated by mixing 250uL of 1.22 M phosphoric acid, 450uL of HPLC grade 

water, 50uL EDTA plasma, and 250uL of 0.44 M TBA. MDA standards are 

prepared using 1,1,3,3,- tetramethoxypropane which yields equimolar amounts of 

MDA under the reaction conditions. The reaction mixture is then heated in a 

boiling water bath for one hour in sealed glass tubes and cooled to 4°C on ice. The 

mobile phase consists of 50% methanol and 50% 25mM phosphate buffer at pH 

6.5. The flow rate is O.SmL.min- 1 .

Samples are neutralised and de - proteinized before injection onto the column by 

mixing 200nL of plasma (or standard) with 360uL grade methanol and 40jiL 1 M 

NaOH solution. The excitation was at 532 nm and the emission was at 553 nm.

3.25 DETERMINATION OF LIPID HYDROPEROXIDES (LH)

The ferrous - oxidation xylenol orange (FOX) assay was used to determine blood 

LH concentration (Nourooz - Zadeh 1994, Wolff 1994). Blood was collected from 

an ante - cubital vein into 6 ml serum separation tubes (Becton - Dickinson Ltd. 

UK). The selective oxidation of ferrous to ferric ion by hydroperoxides in dilute 

acid yields ferric ions that may be detected with ferric sensitive dyes. A blue - 

purple coloured complex is produced with the selective binding of xylenol orange 

(XO, o - cresosulfnephtalein 3'3 - bismethylimino di - acetic acid, sodium salt) to 

the ferric ions produced. The absorption can then be measured at 560 nm.

Fe3+ + XO -* blue purple complex (560 nm)

Two "recipes" for the FOX assay exist, and the second recipe, listed below, is 

suitable for the determination of LH in the blood.
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This recipe is more appropriate due to the small concentrations of LH found in 

blood and the relatively high concentrations of non - peroxidized background 

lipids. The reason for this is that alkoxyl radicals generated during the ferrous 

oxidation step react with native lipid generating further hydroperoxides in a chain 

reaction. Inclusion of a suitable chain breaking antioxidant such as butylated 

hydroxytoluene (BHT) overcomes this difficulty by repairing alkyl radicals 

produced by the reaction of alkoxyl radicals with unsaturated lipids. 

The protocol for the determination of LH in human blood using the FOX assay is 

outlined below:

1. Chemicals used in the FOX assay; 

100 uM xylenol orange 

250 nM ammonium ferrous sulphate

90% HPLC grade methanol (used to solubilize blood lipids) 

4mMBHT 

25mM H2 SO4.

2. 50 uL of serum is added to 950 uL of the above mixture.

3. The sample is vortex mixed and allowed to incubate at room temperature 

for 30 mins.

4. Centrifugation is performed to remove protein.

5. Absorbance is read at 560 nm.

The possibility that loosely available iron yielded artifactual results is overcome 

by the addition of triphenylphosphine (TPP) to serum samples and incubating at 

room temperature for 30 mins prior to the addition of the FOX2 reagent (Nourooz 

- Zadehl 994, Wolff 1994).
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Serum hydroperoxides can thus be determined directly by monitoring absorbance 

changes at 560 nm before and after the addition of TPP. This approach obviates 

the difficulty caused by the reaction of serum ferric ion with xylenol - orange

3.26 SELECTED ANTIOXIDANT STATUS

Antioxidant status of all subjects was obtained by the measurement of selected 

antioxidants. These included retinol, alpha-tocopherol and uric-acid.

3.27 DETERMINATION OF RETINOL AND ALPHA-TOCOPHEROL

The method used for the simultaneous determination of the above mentioned 

antioxidants was based on HPLC (Thurnham et al. 1988). EDTA plasma 

(0.25mL) mixed with 0.25mL sodium dodecyl sulphate was deproteinized with 

ethanol containing tocopherol acetate, and extracted with heptane containing 0.5g 

BHT per litre. The sample was vortex mixed and centrifuged to separate the 

phases. The heptane supernatant (0.7mL) was removed and evaporated under 

nitrogen at 40C and the residue re-constituted in 0.25mL of mobile 

phaseacetonitrile/methanol/chloroform. The sample was then analysed using 

HPLC at 320nm and 292nm using tocopherol acetate as an international standard.

3.28 DETERMINATION OF URIC ACID

Uric acid concentration was measured using the Kodak Ektachem Clinical 

Chemistry slide system. The slide is a dry, multilayered analytical element coated 

on a clear polyester support. A lOuL drop of patient sample is deposited on the 

slide and was evenly distributed by the spreading layer to the underlying layers. 

Ascorbate oxidase in the scavenger layer catalyses the conversion of endogenous 

ascorbic acid to products that will not interfere with the subsequent reactions of 

the reagent layer.
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Uric acid from the sample migrates through the scavenger layer to the reagent 

layer, were it is oxidised in the presence of uricase to form allantoin and hydrogen 

peroxide. Hydrogen peroxide reacts with a leuco dye to produce a coloured 

compound that is measured by reflectance spectrophotometry.

3.29 STATISTICAL ANALYSIS

Data were analysed using a computerised statistical package (SPSS, Surrey 

England) using parametric statistics. Significance was set at the P < 0.05 level. 

Confirmation that all dependent variables were normally distributed was assessed 

via repeated Kolmogorov-Smirnov tests (Altmann,1991). Differences in power 

components between TBM vs FFM and hand grip vs no grip were analysed using 

a paired samples Students f-test. Linear relationships were established using 

Pearsons Product Moment correlation. Changes in selected dependent variables as 

a function of time (pre-exercise vs immediately post exercise vs 24 h post 

exercise) and condition (TBM vs FFM) were assessed using a two way repeated 

measures analysis of variance (ANOVA). Following simple main and interaction 

effects, Bonferroni-corrected paired samples /-tests were applied to make 

posteriori comparisons of the effect of time at each level of the condition factor. 

A one factor repeated measures ANOVA and a posteriori Tukey's Honestly 

Significant Difference test was applied to examine the effect of condition as a 

function of time.
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CHAPTER FOUR STUDY 1

4.0 POWER OUTPUT OF LEGS DURING HIGH INTENSITY 
CYCLE ERGOMETRY : INFLUENCE OF HAND GRIP
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4.1 ABSTRACT

Indices of mechanical power output were obtained from twelve subjects during 

high intensity leg cycle ergometry tests (20 second duration; 75 grams per 

kilogram total body mass) using two protocols: one with a standard handle-bar 

grip (with - grip), and one with supinated wrists (without - grip). Peak mechanical 

power, mean mechanical power, fatigue index and total mechanical work values 

were calculated for each subject during each test, and the sample mean differences 

associated with the two protocols were compared using paired Student t-tests. 

The with - grip protocol yielded significantly greater peak mechanical power 

output and greater fatigue index than the without - grip protocol (886 ± 124 W vs 

815 ± 151 W, respectively; and 35 ± 10% vs 25 ± 8%, respectively ; P < 0.05). 

The electrical activity of the anterior forearm musculature was measured in the 

twelfth subject during the performance of each of the test protocol in an initial 

attempt to quantify any differences in muscular activity between protocols. While 

peak mechanical power output was greater during the with - grip protocol, than 

during the without - grip protocol, the electromyographs showed much greater 

forearm muscle activity during the with - grip protocol. Thus the protocol which 

allowed for the greatest measure of peak leg power output was also associated 

with considerable arm muscle activity. These findings should be considered when 

blood samples are taken from the arm for the biochemical analysis of cycling 

tasks.

Key words: High intensity performance, cycle ergometer test



81

4.2 INTRODUCTION

High intensity cycle ergometry tests have been extensively used to assess indices 

of muscular performance during supra-maximal exercise. Traditionally, for tests 

that are performed using friction-loaded cycle ergometers, the resistive loads are 

based upon total body mass. These tests have been accepted as a means of 

measuring muscular work, power and endurance (Aylon et al. 1974 ; Bar-Or and 

Inbar, 1978 ; Dotan and Bar-Or, 1983; Ball et al. 1999 ; Juskolskaet al. 1999). 

Some studies have suggested that the resistive loads used to evaluate muscular 

performance should reflect the mass of the lean tissue specifically involved in the 

performance of the diagnostic task (Winter et al. 1989 ; Van Mil et al. 1996). 

Whilst in full agreement with this suggestion, I would argue that it is extremely 

difficult to partition muscular mass in terms of the extent to which it is involved in 

the performance of any co-ordinated physical activity. For example, in the 

specific assessment of lower limb muscular performance using traditional 

methods of leg cycle ergometry, there may be a considerable contribution from 

upper body musculature. The purpose of this study was to investigate the possible 

contribution of the arms, via the hand grip, to the performance of leg cycle 

ergometry. Differences in the power parameters obtained for ergometer test 

protocols with and without hand grip, would be indicative of possible 

physiological and/or mechanical contributions of the arms, via the hand grip, to 

the performance of high intensity leg muscle exercise.
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4.3 MATERIALS AND METHODS

Informed consent documents were signed by the twelve male university students 

who volunteered to participate in this study. Sample size was determined using 

the method outlined by Altman, (1980). Prior to the commencement of testing, 

each subject was fully briefed on, and habituated to, the experimental procedures. 

Subjects were randomly assigned to one of the two experimental protocols using a 

crossover design. Each subject returned to perform the remaining test protocol, 

with one week intervening between tests. All subjects were tested at the same 

time of day , following an overnight fast.

4.4 ANTHROPOMETRIC MEASURES

Prior to testing, body mass, stature and body composition were established as 

outlined in the methods chapter section 3.4

4.5 CYCLE ERGOMETER TEST PROTOCOL

A cycle ergometer (Monark 864) was calibrated prior to warm up and data 

collection. The calibration procedure followed the guidelines for friction loaded 

ergometers outlined by Coleman, (1996). The cycle ergometer test protocol used 

can be found in the methods chapter, section 3.10. See Fig 4.1 for schematic 

diagrams of the with-grip and without-grip protocols.
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4.6 ELECTROMYOGRAPHY (EMG)

An initial effort was made to characterise the involvement of arm muscle during 

the production of leg muscle power, by conducting an electromyography (EMG) 

study on the muscles associated with hand-grip using procedures outlined by 

DeLuca, (1997) Using the twelfth subject, who performed the same two test 

protocols, the electrical activity of the wrist and digital flexor muscles was 

monitored using surface EMG. (For a detailed explanation of the procedures used 

see methods chapter section 3.11).

4.7 STATISTICAL ANALYSIS

Student's paired t-test was used to examine the significance of differences 

between power values generated using the with - grip and without - grip 

conditions.
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Fig 4.1. Position of the hands during the two experimental conditions
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4.8 RESULTS

The mean (n=ll) age, total body mass, stature, fly-wheel load, and mechanical 

power variables (± sample standard deviations) are given in Table4. 1. The peak 

power output (PPO) was significantly greater during the with-grip protocol than 

during the without-grip protocol (886 ± 124 W (WGRIP) and 815 ± 151 W 

(WOGRIP), P < 0.05). However, the fatigue index (FI) was also significantly 

greater during the with - grip protocol compared to the without - grip protocol (35 

± 10 % (WGRIP) and 25 ± 8 % (WOGRIP) respectively, P < 0.05). No 

significant differences (P > 0.05) were found in mean power output over the 

entirety of the test (MPO), or in the total mechanical work performed during the 

test (WD), between the two postural protocols.

The EMG results are summarised in Tables 4.2 and 4.3, and in Figures 4.2 and 

4.3. Only the data from the left forearm are shown for brevity. Similar patterns 

of EMG activity were found for the left and right arms during the calibrations 

(Tables 4.2 and 4.3) and during the test protocols (Figures 4.2 and 4.3). 

The mean amplitudes of the EMG signals (rectified and averaged) during the 3- 

second isometric contractions are given in Table 4.2 (subject 12, left anterior 

forearm only). The mean EMG amplitudes for the maximum grip - force values 

were 165 and 140 mV, for the first and second test occasions, respectively. Table 

4.3 shows the grip forces and peak EMG amplitudes (rectified and averaged) for 

the variable duration maximal hand - grips (subject 12, left anterior forearm only). 

Peak EMG amplitudes remained relatively constant over the range of metronome 

frequencies; however the peak EMG values are somewhat less during the second 

of the two test sessions (amplitude ranges of 173 - 242mV and 124 - 150mV, 

respectively). Table 4.4 shows the anthropometric and power output data for 

subject 12 during both of the test sessions, which consisted of the two test 

protocols.
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As with the 11 subjects, the peak power output was considerably greater during 

the with - grip protocol than during the without - grip protocol. 

Figures 4.2 and 4.3 show the rectified, averaged EMG signals of the anterior 

forearm musculature of the left arm of subject 12, during the two test sessions. 

During the first session (Fig 4.2), the order of the protocols was: with - grip 

followed by without - grip. The electrical activity of the wrist and digital flexor 

musculature was substantially greater during the with - grip posture, compared to 

the without - grip posture. When the order of the test protocols was reversed 

during the second test session with subject 12, the same pattern of electrical 

activity was observed. The amplitudes of the EMG signals that were obtained 

during the with - grip protocols were similar, if not greater than, the amplitudes 

obtained during the calibration sessions (see Table 4.2 and 4.3).
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Fig 4.3 Electrical activity recorded on a second occasion when the order of 
testing was reversed. Again the bold line represents the without grip protocol.
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Table 4.1 Physical characteristics and cycle ergom
eter data for eleven subjects during both test protocols

m
ean 

±SD

age, 
years
22.6 
1.8

stature, 
cm111. 1 
6.0

mass, 
kg87.1 
11.7

ergometer 
load, kg
6.5 
0.9

peak power output, 
WGR1P 

W
OGRIP

886 
815

124 
151

Watts 
A-71* 

68

mean power output, 
W

GRIP 
W

OGRIP
714 

711 
99 

118

W
atts 
A

-3 45

fatigue index, % 
W

GRIP 
W

OGRIP 
A

35 
25 

-10* 
10 

8 
5

work 
W

GRIP
14282 
1982

done, Joules 
W

OGRIP 
A

14230 
-52 

2358 
898

* 
P<0.05

N
ote that the delta symbol, 'A

', represents the difference between the m
easurem

ents for the two grip protocols: with-grip (W
GRIP) and 

without-grip (W
OGRIP). The m

ean differences were calculated for each of the four test param
eters (peak power, m

ean power, fatigue index and 
work done), and were subsequently used for the statistical analyses. See text for further explanation.
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Table 4.2 EMG measurements of wrist and digital flexor muscles during three- 
second hand-grip muscle contractions (left forearm, subject 12)

grip force, N % maximum grip force mean EMG amplitude, fj.V 
TEST 1 TEST 2 TEST 1 TEST 2 TEST 1 TEST 2
451
373
265
177
88

451
363
275
177
88

100
83
59
39
20

100
80
61
39
20

165
105
74
50
30

140
105
60
40
20

The magnitudes of the EMG measurements, relative to known grip forces, 
were measured at the beginning of each of the two test sessions. In this way, the 
magnitudes of the EMG signals that were to be measured during the with-grip and 
without-grip protocols could be compared to EMG signals obtained for known 
intensities of muscle contraction. See text for further explanation.
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Table 4.3 EMG measurements of wrist and digital flexor muscles during maximum 
voluntary contractions of varying duration (left forearm, subject 12)

metronome 
(beats/min)

60
80
90
100
110
120
130
140

duration of 
grip (sec)

1
0.75
0.67
0.60
0.55
0.50
0.46
0.43

grip force, N peak EMG, /uV 

TEST 1 TEST 2 TEST 1 TEST 2
422
422
461
412
392
392
383
402

412
422
442
442
392
442
442
422

202
224
242
199
230
216
173
188

124
127
127
141
142
131
134
150

The magnitudes of the EMG measurements, relative to known grip forces and 
grip durations, were measured at the beginning of each of the two test sessions. In this 
way, the magnitudes of the EMG signals that were to be measured during the with-grip 
and without-grip protocols could be compared to EMG signals obtained for known 
intensities and frequencies of muscle contraction. See text for further explanation.
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Table 4.4 
Physical characteristics and cycle ergom

eter data for subject 12 during each of the two test sessions

test 
session
12

age, 
years
25

stature, 
cm170

mass, 
kg72

ergometer 
load, kg
5.4 
5.4

peak power output, W
atts 

W
GRIP 

W
OGRIP 

A
971 

803 
-168 

860 
780 

-80

mean power output, W
atts 

W
GRIP 

W
OGRIP 

A
513 

586 
55 

578 
516 

-62

fatigue index, %
 

W
GRIP 

W
OGRIP 

A
26 

19 
-7 

28 
23 

-5

work done, Joules 
W

GRIP 
W

OGRIP 
A

10323 
11366 

1043 
11572 

10328 
-1244

N
ote that the delta symbol, 'A

', represents the difference between the m
easurem

ents for the two grip protocols: with-grip (W
GRIP) and 

without-grip (W
OGRIP). See text for further explanation.
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4.9 DISCUSSION

The results of this study demonstrate that the participants were capable of 

producing greater peak values of leg power output when allowed to use a 

standardised hand grip, than they were capable of producing in the absence of 

hand - grip. The significantly greater peak power outputs recorded using the with- 

grip protocol may be related to the mechanics of pedalling on this type of cycle 

ergometer, given the requirements of performing a standard high intensity cycle 

ergometer test. Pedalling involves sequential extension of the hip, knee and ankle 

joints. If, for example, the body is in a squatted position, then leg extension will 

result in displacement of the mass centre of the body vertically upwards. 

However, if the body is initially in a fixed position, then extension of the leg will 

take place only if the forces resisting leg extension are overcome. In the case of 

the cycle ergometer, that resistance is the flywheel load. Thus, to transfer 

maximum leg muscle torque to the flywheel, via the pedal and crankshaft, the 

body should be fixed to the bicycle seat. A firm hand - grip would help to 

maintain contact of the body with the ergometer, thereby ensuring that the forces 

generated by extension of the legs are directed to rotating the flywheel, rather than 

to changing the position of the mass centre of the body. Cyclists who stand up in 

the saddle make additional use of gravitational forces, such that by shifting their 

centre of mass over alternate pedals, they are able to direct the torque associated 

with their body mass in addition to specific leg muscle torque to the pedals. Thus 

the total crank torque may well exceed the contribution solely derived from the 

leg muscles. However, in the performance of a standard high intensity test, the 

participant is specifically instructed to remain seated, presumably in order to 

remove any gravitational component from the assessment of leg muscle 

performance.
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In the absence of any design feature specifically for the fixation of the pelvis to 

the cycle ergometer, the hand grip must be considered an integral aspect of 

maximising the mechanical power output of the legs during the use of these 

conventional Monark-type ergometers. The fatigue index was significantly greater 

during the with - grip protocol, than during the without - grip protocol This 

suggests that when the hand - grip was included in the protocol, the subjects were 

capable of generating greater peak power, but were also prone to greater fatigue. 

These findings are in agreement with Patton et al. (1985) who found that the 

experimental subjects who generated the greatest output of mechanical peak 

power, also exhibited the greatest amount of fatigue. While using the without - 

grip protocol, the peak leg power output values and fatigue indices that were 

obtained for the participants were significantly less than those values obtained 

using the with - grip protocol. The inability of participants to reproduce their 

greatest peak power outputs during the without - grip protocol, may have been 

responsible for prolonging their energetic stores, and thus lead to the observed 

reduction in fatigue over the 20 second tests. This latter statement is supported by 

the observation that there were no significant differences in the mean power 

output, or the total mechanical work done, between the two test protocols. Inbar 

et al. (1996) have reported that with increases in power output, greater energetic 

contributions are derived from the phosphagen system, with aerobic and anaerobic 

glycolysis being used to a lesser extent. Because of the limited amount of stored 

ATP-PCr, and their rapid utilisation at high power outputs, exercise duration and 

quality is limited. The greater peak power profiles observed using the with - grip 

protocol most probably resulted from a greater contribution from the phosphagen 

system, to the total available energy. This may partly explain the greater fatigue 

indices that were observed when the participants used the with - grip protocol, 

compared to the without - grip protocol.



95

Any observer of, or indeed participant in, a typical high intensity cycle ergometer 

type test would probably agree that the upper body is clearly contributing. It is 

much more difficult however, to try and objectively quantify the physiological 

and/or mechanical contribution that the upper body may make to the performance 

of leg muscle power during these commonly-used cycle ergometer tests. In this 

study, we used electromyography (EMG; DeLuca, 1997) to try to estimate the 

intensity of the muscular activity associated with hand - grip, as a first attempt at 

quantifying potential upper body contributions to the performance of these tests. 

Figures 4.2 and 4.3 show comparisons of left grip EMG data (rectified and 

averaged) for each postural protocol during the two test sessions with subject 12. 

The intensity of activation of the anterior forearm musculature was considerably 

greater during the with - grip protocols than the without - grip protocols. 

Comparisons of the magnitudes of the EMG data during the with - grip tests and 

the calibrations (Figs 4.2 and 4.3 compared to Table 4.2 and 4.3) suggest that 

isometric-type grips were maintained on the ergometer handle-bar. Superimposed 

on these 'isometric-type' levels of activity were oscillating increased bouts of 

electrical activity, which may have been associated with the alternate pulling - and 

pushing - type motions that all subjects were observed to make on the handle-bars 

during these high intensity tests. Although we were unable to measure the forces 

exerted on the handle-bars during the with - grip protocol, the EMG 

measurements were consistent with a minimum of isometric muscle activity, 

throughout the 20-second ergometry tests. Leg cycle ergometry tests are often 

used to study biochemical and physiological responses to high intensity exercise 

performance. Often, the target of investigation is the metabolic response of the 

working muscles, the most obvious of which are the major leg muscles.
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In these types of tests, blood-borne biochemical markers are often analysed from 

samples taken from antecubital veins which may contain biochemical 

contributions from the upper body musculature. The results of this study suggest 

that when a handle-bar grip is used, the anterior forearm musculature undergoes at 

least isometric contraction throughout the duration of the test. Isometric 

contraction has been shown to cause occlusion of the blood vessels passing 

through and between the activated muscles (Lind et al. 1968; Libonati et al. 

1998). Blood samples that are removed immediately post-exercise from an 

antecubital vein (the typical site) or capillary (ear or finger) would likely contain a 

volume of occluded blood, which would not be representative of leg muscle 

blood. Equally, the subsequent reperfusion of arm musculature during relaxation 

would have an unknown affect on the concentration of blood borne metabolites. 

Finally, an unknown metabolic contribution may be expected from the arm (and 

perhaps upper body) musculature itself, given the results of this study, which 

would further confound the measurements of blood borne physiological markers, 

and more specifically, the tissue origins of the metabolites of interest. 

Further research is required to confirm this.

Until it is possible to specifically isolate the mechanical and/or physiological 

contributions of discrete upper body muscle groups in the performance of co 

ordinated high-intensity cycle ergometry exercise, perhaps the best way forward is 

to acknowledge that leg cycle ergometry as it is conventionally performed, most 

likely involves as yet unknown muscular contributions from lean tissue masses 

throughout the whole body.
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CHAPTER FIVE STUDY 2

5.0 THE RELATIONSHIP BETWEEN TOTAL-BODY MASS, 
FAT-FREE MASS AND CYCLE ERGOMETRY POWER 
COMPONENTS DURING 20 SECONDS OF MAXIMAL 
EXERCISE
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5.1 ABSTRACT

The purpose of this study was to compare the maximal exercise performance of 

10 men during friction braked cycle ergometry of 20 s duration when resistive 

forces reflected total body mass (TBM) or fat free mass (FFM). Fat mass was 

calculated from the sum of skinfold thicknesses. Increases (P < 0.05) in peak 

power output (PPO) were found between TBM and FFM (1015 ± 165 W TBM vs 

1099 ± 172 W FFM). Decreases (P < 0.05) were observed for the time taken to 

reach PPO (3.8 ± 1.4 s TBM vs 2.9 ± 1 s FFM). Pedal velocity increased (P < 

0.05) during the FFM protocol (129.4 ± 8.2 rpm TBM vs 136.3 ± 8 rpm FFM). 

Rating of perceived exertion (RPE) was also (P < 0.05) greater for FFM (18.4 ± 

1.6 TBM vs 19.8 ± 0.4 FFM). No changes were found for Mean Power Output 

(MPO), fatigue index (FI) or Work Done (WD) between trials. These findings 

suggest that high intensity resistive force loading protocols may need to be 

reconsidered. Results from this study indicate that the active tissue component of 

body composition needs consideration in resistive force selection when 

ascertaining maximal cycle ergometer power profiles.

Key Words: High intensity cycle ergometry, Total Body Mass (TBM), Fat Free 

Mass (FFM).
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5.2 INTRODUCTION

High intensity cycle ergometry has been widely employed to assess indices of 

muscle performance during maximal exercise. Traditionally, the resistive force 

established for such a test is determined from body mass for a friction loaded 

Monark cycle ergometer ie 75 g.kg-1 total body mass (Aylon et al 1974). More 

recent studies (Dotan & Bar-Or, 1983 ; Winter et al. 1989 ; Inbar et al. 1996 ; 

Jaskolska et al, 1999) have shown that traditional forces may be to light to elicit 

maximal performances and that optimisation protocols can produce higher peak 

power outputs (PPO). Attempts have also been made to use the volume of the leg 

in the selection of optimal forces during cycle ergometry exercise (Evans and 

Quinney, 1981 ; Mannion & Jakeman, 1986), and as an indicator of maximal 

exercise performance (Katch, 1974). It is also common for high intensity 

performance to be expressed relative to body mass (Inbar et al. 1996 ; Nakamura 

et al. 1985 ; Vandewalle et al. 1985), indices of leg volume, (Mannion et al. 1986 

; Sargeant & Dolan, 1986) or cross sectional area of the thigh (Dcai & Fukunga, 

1968 ; Maughan et al. 1983 ; Davies, 1985). Power outputs have also been 

expressed relative to total-body mass (Watts.kg'l) or fat-free mass (Watts.kg 

FFM-1). Conceptually, selecting the optimal resistive force according to total 

body mass may not be the best approach. Fat-free mass or active muscle mass 

may be better alternatives (Inbar et al. 1996). Because body mass and not 

composition is the most commonly used index to determine resistive force, over 

or underestimation's may occur. Since power is the product offeree and velocity, 

the power produced during muscular activity depends on both factors. 

The relationship between force and velocity in vitro has been shown to be 

hyperbolic (Hill, 1938) or exponential (Fenn & Marsh, 1935). 

Wilkie, (1960) stated that resistive forces used during cycle ergometry should be 

matched as closely as possible to muscular output.
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Van mil et al. (1996) suggested that optimal performance during high intensity 

cycle ergometry is highly related to an individuals lean body mass, or to the mass 

of the muscles that perform the test. The aim of the present study was to evaluate 

the friction loaded cycle ergometer performance of a group of university students 

using two loading protocols namely, total-body mass (TBM) and fat-free mass 

(FFM). The TBM protocol was inclusive of the fat component of body 

composition, while the FFM protocol used resistive forces that were independent 

of fat mass. The British Association of Sport and Exercise Science's (B.A.S.E.S 

1988) guidelines for a single Wingate anaerobic test (Want), for specific groups 

were used in conjunction with TBM or FFM to determine resistive forces.
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5.3 METHODS

Ten male university students (two 200 m sprinters and eight rugby union players) 

volunteered to participate in the study. All subjects provided written informed 

consent. Prior to testing subjects were fully habituated to experimental 

procedures. Familiarisation was performed at the same time of day as testing 

sessions (morning) on three occasions. Subjects were randomly assigned to either 

the TBM or FFM protocol. Data collection was administered using a double 

blind, cross - over design. All subjects attended the laboratory after completing a 

12 hour overnight fast. Dietary control was maintained throughout the study by 

subjects not deviating from their normal eating habits.

5.4 ANTHROPOMETRIC MEASURES

Prior to testing, body mass, stature and body composition were established as 

outlined in the methods chapter section 3.4

5.5 BODY FAT AND BODY DENSITY CALCULATIONS

Body density was estimated from the sum of four skinfolds using the procedures

of Durnin and Womersley, (1974). Relative body fat was estimated from body

density using Siri's( 1956) equation.

Although the author acknowledges the reservations in obtaining body fat

estimates derived from skinfolds, recent research in our laboratory has indicated

no significant difference (P > 0.05) between body fat values obtained during

hydrostatic weighing and skinfold thicknesses in 20 young male volunteers. These

findings are in agreement with Roche et al. (1996).

Skinfold thicknesses were determined following procedures outlined by Ross &

Marfell-Jones, (1991) as outlined in the methods chapter, section 3.5 and 3.6.

FFM mass was determined by subtracting fat mass from TBM.
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5.6 TERMINOLOGY

Throughout the study peak power output (PPO) refers to the greatest value for 

power recorded during the test. Mean power output (MPO) refers to the average 

power output during the 30 sec test period. Fatigue index refers to the decrease in 

power calculated over test duration, and is expressed as a percentage (FI%). Work 

Done (WD) represents the total amount of work performed during the test and PR 

refers to pedal revolutions.

5.7 CYCLE ERGOMETER TEST PROTOCOL

A cycle ergometer (Monark 864) was calibrated prior to warm up and data

collection. The calibration procedure followed the guidelines for friction loaded

ergometers outlined by Coleman, (1996). The cycle ergometer test protocol used

can be found in the methods chapter, section 3.10. Immediately following

cessation of exercise a rating of perceived exertion (RPE) was obtained for each

subject (Borg, 1973). Standard guidelines were used to determine braking forces

(B.A.S.E.S. 1988). Values of 120 g.kg' 1 were used for sprinters, and 100 g.kg' 1

for games players.

An example of how the protocols were applied in this study is given below.

A sprinter with a body mass of 100 kg, body fat of 20 % and FFM of 80 kg would

be tested using the following resistive forces based on 85 g.kg-1.

TBM protocol : 85 g.kg' 1 x 100 kg - 8.5 kg resistive force 

FFM protocol : 85 g.kg' 1 x 80 kg =6.8 kg resistive force

Heart rate (HR) values were recorded using short range telemetry at rest and 

immediately post exercise, for both TBM and FFM protocols (Sport Tester PE 

3000, Polar Electro Finland).
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5.8 STATISTICAL ANALYSIS

Student's paired t-test was used to examine the significance of differences 

between power values generated with loading procedures. Linear regression 

analysis was applied to investigate the relationship between power output and 

body composition.

5.9 RESULTS

Physiological and anthropometric characteristics of subjects are given in table 5.1. 

Differences (P < 0.05) were recorded between IBM and FFM (73.4 ± 10.4 kg 

TBM vs 65.0 ± 8.1 kg FFM). Performance data are given in table 5.2. Differences 

(P < 0.05) were found between the PPO values recorded during the tests (1015 ± 

165 W TBM vs 1099 ± 172 W FFM). Differences were also noted (P < 0.05) 

for the time taken to reach PPO (3.8 ± 1.4 s TBM vs 2.9 ± 1 s FFM), and for the 

rating of perceived exertion (RPE) (18.4 ± 1.6 TBM vs 19.8 ± 0.4 FFM). 

Increases (P < 0.05) were also recorded for pedal revolutions (129.4 ± 8.2 rpm 

TBM vs 136.3 ± 8 rpm FFM). No differences (P > 0.05) were found between 

mean power output (MPO), fatigue index (FI%) or work done (WD). Heart rate 

values (table 5.2) recorded during the study were similar for TBM and FFM (P > 

0.05). R2 values obtained for TBM and FFM indicated that during the FFM 

protocol more of the variance in performance was accounted for than during TBM 

(r - 0.91, P < 0.05 R2 = 82%; r = 0.78, P < 0.05 R2 = 61% respectively ; figs 

5. land 5.2).



Table 5.1 Anthropometric characteristics of subjects (n = 10).

Variable
Age (yrs)
Stature (cms)
Mass (kg)
Fat (%)
FFM (kg)

21.5 ± 1.1
174.5 ±6.2
73.3 ± 10.4
11. 6 ±6.2
67.4 ±8.1

Values are Means ± SD

Table 5.2 Cycle ergometer test results for TBM and FFM (n=10).
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Variable
R/Force (kg)
PR (rpm)
PPO(W)
MPO(W)
FI (%)
WD(J)
T to PPO (s)
RPE
HRpre (bpm)
HRpos(bpm)

TBM
7.6 ± 1.4
129.4 ±8.2
1015±165
751 ±109
27.8 ±6.1
14985 ±2190
3.8± 1.4
18.4 ± 1.6
78.4±13.1
173. 5 ±9.1

FFM
6.7± 1.1
136.3 ±8.0
1099 ± 172
769 ± 130.2
28.8 ± 8.4
15301 ±2454
2.9 ± 1.0
19.8 ±0.4
74.3 ±16.5
172.3 ± 13

Sig
P< 0.05
P< 0.05
P<0.05
NS
NS
NS
P < 0.05
P<0.05
NS
NS

Values are Means ± SD

PR, pedal revolutions ; PPO, peak power output; MPO, mean power output; FI, 
fatigue index ; WD, work done ; T to PPO (time taken to reach peak power 

output) ; RPE, rating of perceived exertion ; HR, heart rate.
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Fig 5.1 Relationship between total body mass 
(TBM) and peak power output (PPO)
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Fig 5.2 Relationship between fat-free mass (FFM) and 
peak power output (PPO).
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5.10 DISCUSSION

The unique and interesting results from this study indicate that PPO values 

increased when resistive forces were determined using FFM. A major finding 

was that the current British Association of Sport and Exercise Science 

(B.A.S.E.S. 1988) guidelines for anaerobic performance assessment using cycle 

ergometry significantly underestimate PPO compared to a FFM protocol. The 

lighter forces enabled subjects to reach a higher pedalling velocity in the early 

stages of the test. This can be demonstrated by the significantly faster times taken 

to reach PPO, and can be further verified by the significant increase in pedal 

velocity when TBM and FFM were compared. These findings are in agreement 

with others (Wilkie, 1960 ; Lakomy, 1986) who suggested that greater PPO 

values would be generated by lighter forces and greater velocities. Critics of 

friction loaded cycle ergometry point to the continual positive and negative 

accelerations that occur during performance. These factors may impose limits on 

the total time that muscle maintains an optimal velocity of contraction (Sargeant 

et al 1981 ; McCartney et al. 1983). Force-velocity relationships have been 

obtained under isokinetic conditions (Sargeant et al. 1984) which means that 

maximal force has been measured at constant velocities. Although valid in a 

laboratory setting, the external validity of this approach is questionable. Most 

natural movements are not isokinetic but consist of acceleration and decelerations 

which are the product of a variety of isotonic, isometric and isokinetic 

contractions. Therefore, generalisations relating to high intensity performance 

may be difficult (Komi, 1986). Perrine & Egerton, (1978) questioned the validity 

offeree velocity relationships obtained on isokinetic ergometers. They suggested 

that the forces corresponding to low velocities were lower than the values given 

by a hyperbolic or exponential relationship.
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The findings suggest that the FFM protocol closely approximates muscular force 

and velocity mechanics. The findings agree with the suggestions of Wilkie, 

(1960), who stated that force should be matched to the capacity of muscle in order 

to exploit the full force velocity relationship. During the TBM protocol the 

heaviest subject, who consequently had the largest resistive force did not produce 

the highest PPO (10.5 kg resistive force, 1119 W PPO, recorded at a velocity of 

120 rpm). The same subject using the FFM protocol attained comparable PPO's 

(1121 W PPO, at 124 rpm, resistive force of 7.2 kg, a reduction of 3.3 kg). This 

subject also had the greatest body fat (15.4%). These differences indicate that 

comparable power outputs are obtainable using lighter resistive forces, and that 

current guidelines using TBM overestimate the optimal force required. The low 

pedal velocities observed in this subject, for both protocols, suggest a 

predominance of slow twitch fibres, and indicates that this subject could not reach 

the leg speed required to increase PPO substantially. These observations were 

based on comparisons with two sprinters in the group who recorded values in 

excess of 140 rpm for pedal velocities during TBM and FFM protocols. This point 

may need clarification in experiments using specific sprint and endurance trained 

sub groups. The same subject also exhibited less fatigue (improved by 20%) 

during the FFM protocol. Cycle ergometer tests that utilise forces that are too 

heavy may compromise muscular integrity, and result in premature failure, 

especially in multiple sprint activities. During the FFM protocol, the heaviest 

resistive force (7.6 kg recorded for a sprinter) produced the greatest PPO (1320 

W) at a velocity of 147 rpm. This force represented a decrease of 1.2 kg compared 

to the value based on TBM, however power increased by 107 Watts. The largest 

difference in PPO between protocols was found in a subject whose total body 

mass was 68.3 kg, body fat 11.1% and FFM 61 kg. This subject recorded an 

improvement of 170 W using the FFM protocol.
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This increase was obtained with a reduction in force of 1 kg and pedal velocities 

of 128 rpm (TBM) and 131 rpm (FFM). The subject with the least amount of 

body fat (8.6%) and a total body mass of 67.8 kg decreased his resistive force by 

0.7 kg using the FFM protocol. This subject recorded minimal increases in PPO 

from 1113 W TBM to 1114 W FFM. The values were recorded at velocities of 

127 rpm (TBM) and 133 rpm (FFM). These observations indicate that resistive 

forces should be calculated using FFM, and that only small differences are 

observed for PPO when the fat component of body composition is minimal. The 

higher PPOs obtained using the FFM protocol also underline the inconsistent 

relationship between muscle mass and total body mass. This can be emphasised 

by the range of fat values observed for individual subjects (mean 11.6 %, range 

7.6 % to 15.4 %). Mathematics relating to the force velocity relationship during 

muscular contraction suggest that the greater the resistive force on the flywheel, 

the slower the maximal pedalling velocity. These findings are in agreement with 

Vandewalle et al. (1985) who stated that maximal muscular power is obtained at 

optimal values of both force and velocity. Our data suggest that resistive forces 

calculated from TBM have overestimated the force required to elicit optimal PPO, 

and attenuated pedal velocity. Previously, attempts have been made to use the 

volume of the leg in the selection of optimal resistive forces (Evans et al. 1981 ; 

Winter et al. 1991). These authors attempted to express the values generated in 

units of fat-free mass, or recorded the linear relationship observed between leg 

volume and power output. The experiments failed to demonstrate a significant 

relationship between anthropometric variables and resistive forces. These studies 

expressed their results relative to resistive forces used, and PPO values were not 

generated by calculating required force from FFM. This may help to explain the 

lack of statistical relationship observed. The significant difference in RPE scores 

indicate that subjects found the FFM protocol more demanding.
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During this study, the subjects increased pedalling velocity using the FFM 

protocol. This was consistent with forces being significantly lighter during the 

FFM protocol. These results were interesting when we consider that there were no 

differences recorded in FI% between TBM and FFM protocols. The similarities 

observed may be the result of manipulations in resistive force and velocity that 

occurred during protocols (higher resistive forces during TBM, higher pedal 

velocity during FFM). Subjects who recorded the greater PPOs during both tests 

exhibited a more rapid rate of fatigue than the subjects who recorded low PPOs. 

These observations are in agreement with Inbar et al. (1996) who reported that 

subjects with a greater proportion of type II fibre were able to generate higher 

PPOs than subjects with type I fibres, but also exhibited the greatest fatigue. 

Serresse et al. (1988) demonstrated that the contribution from the various energy 

systems during a 30 second high intensity exercise test were 23 % phosphagenic, 

49 % glycolytic and 28 % oxidative. The times recorded to reach PPO during the 

FFM protocol may have resulted in a greater relative contribution of the 

phosphagen system to energy production. Inbar et al. (1996) stated that greater 

contributions to energy supply are derived from the phosphagen system with 

increases in power output. This may enhance the ability to sustain performance 

for longer periods via anaerobic and aerobic glycolysis. During an optimisation 

procedure power profiles may improve as a result of increasing both resistive 

force and pedalling velocity (Winter etal. 1991 ; Inbar et al. 1996 ; and Jaskolska 

et al. 1999). The findings from this study indicate that increases in PPO during 

the FFM protocol were the result of increases in pedal velocity and decreases in 

resistive force. Friction loaded cycle ergometry has been regarded as a useful 

device in the assessment of high intensity performance and for its ability to set 

optimal and realistic resistive forces (Nakamura et al. 1985).
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Resistive forces may need to be reassessed if true PPO, and the associated 

physiological and biochemical measures are to be meaningfully ascertained. 

Power values should provide comparative and realistic assessments of between 

and within subject analysis that are generated by active muscle tissue and exclude 

the non productive fat mass. These findings are in contrast with previous authors 

(Katch, 1974) who reported that body mass and leg volume were of little 

predictive importance during the early portion (first 30 s) of a high intensity cycle 

ergometer test (2 mins duration). Winter et al. (1991) suggested that there were 

differences in maximal exercise performance in men and women that were 

independent of estimated lean leg volume. However, other researchers (Van mil 

et al. 1996 ; Inbar et al. 1996 ; Blimkie et al. 1988 ) are in agreement with the 

findings observed in this study. This study suggests that the PPO generated during 

cycle ergometry is related more to FFM than TBM. The present resistive forces 

used for high intensity cycle ergometry of 20 sec duration that are calculated 

using TBM, significantly underestimate the attainable PPO when compared to 

FFM. These findings should be investigated further using cyclists, and with other 

athletic and non-athletic groups.
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CHAPTER SIX STUDY 3

6.0 PLASMA CATECHOLAMINE AND BLOOD LACTATE 
RESPONSES TO VARIATION IN RESISTIVE FORCE 
DURING 30S HIGH INTENSITY CYCLE ERGOMETRY
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6.1 ABSTRACT

The purpose of this study was to compare the sympathoadrenergic and blood 

lactate responses to maximal exercise performance during 30 s cycle ergometry 

when resistive forces were dependent on total-body mass (IBM) and fat-free 

mass (FFM). Differences (P < 0.05) in peak power output (PPO) were found 

between the TBM and FFM protocols (993 ± 114 W vs 1020 ± 134 W 

respectively). Differences were also recorded (P < 0.05) between pedal velocity 

and resistive forces (134 ± 8 rpm vs 141 ± 7 rpm ; 6 ± 1 kg vs 5 ± 1 kg 

respectively). No differences (P > 0.05) were observed between mean power 

output (MPO), fatigue index (FI%), work done (WD) or heart rate when TBM and 

FFM were compared. Correlations (P < 0.05) were recorded between PPOs, and 

immediate post - exercise noradrenaline concentrations for both the TBM and 

FFM protocols. Increases (P < 0.05) in the concentrations of adrenaline, 

noradrenaline and lactate from rest to immediately post exercise were observed 

for both the TBM and FFM protocols, with decreases in concentration noted (P < 

0.05) immediately post to 24 h post exercise (see table 6.3). There were no 

differences (P > 0.05) recorded between TBM and FFM during any of the blood 

sampling stages. These results are interesting when we consider that with 

increases in PPO recorded for the FFM protocol there were no differences 

between protocols in the estimation of neurophysiological and metabolic stress as 

determined by plasma adrenaline, noradrenaline and blood lactate concentrations.

Keywords: Optimised power output, maximal exercise, fat-free mass, total-body 

mass.
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6.2 INTRODUCTION

Differences have been observed in the catecholamine and blood lactate responses 

to exercise performance (Kindermann et al 1982 ; Navari et al. 1985). 

Concentrations of noradrenaline (NA), adrenaline (A) and lactate (LA) have been 

found to reach higher values during short duration high intensity performance 

compared to longer duration low intensity activities (Kindermann et al. 1982). 

The secretion rates of catecholamines are related to metabolic and psychological 

stress. Different maximal intensity activities such as sprinting (Cheetham et al. 

1986 ; Brooks et al. 1990), bicycling (Gaitanos et al. 1993 ; Gratas-Delamarche 

et al. 1994) and heavy resistance exercise (Pullinen et al. 1999) have all been 

found to elevate plasma catecholamines and plasma lactate. High intensity cycle 

ergometry has been widely employed to assess muscle performance during 

maximal exercise of short duration (Aylon et al. 1974 ; Dotan & Bar-Or, 1983 ; 

Winter et al. 1989 ; Inbar et al. 1996 ; Jaskolska et al. 1999). Wilkie, (1960) 

stated that resistive forces should be matched as closely as possible to the capacity 

of active muscle. Clearly, individuals of equal body mass may have very different 

body compositions (Mclnnis & Balady, 1999). Van mil et al. (1996) suggested 

that optimal performance during high intensity cycle ergometry is highly related 

to an individual's lean body mass, or to the mass of the skeletal muscles 

performing the test. The purpose of this study, was to compare power profiles, 

and any changes in plasma concentrations of adrenaline, noradrenaline and lactate 

following a 30 s bout of high intensity cycle ergometry, when the resistive forces 

were dependent on total-body mass (TBM) or fat-free mass (FFM).
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6.3 SUBJECTS AND EXPERIMENTAL DESIGN

Eighteen apparently healthy male university students volunteered as subjects. 

Prior to testing all subjects completed an informed consent form and ethical 

approval was obtained from the university ethics committee. 

All subjects were fully familiarised to the experimental procedures using a range 

of resistive forces, performed on three occasions at the same time of day as the 

actual tests. For a detailed description see methods chapter section 3.2.

6.4 ANTHROPOMETRIC MEASURES

Anthropometric measurements were determined as outlined in the methods 

section 3.4.

6.5 BODY DENSITY

Body density was assessed as described by Behnke et al. (1974). Relative body fat 

was estimated from body density using the equation of Siri, (1956). Residual lung 

volume was measured using the simplified oxygen rebreathing method (Wilmore 

et al. 1980). A comprehensive description can be found in the methods chapter, 

sections 3.5, 3.6 and 3.7. FFM mass was determined by subtracting fat mass from 

TBM.
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6.6 FORCE VELOCITY TEST

A force velocity test was performed one week prior to the 30 s cycle ergometer 

test to determine optimal resistive forces for TBM and FFM. The force velocity 

test was performed as outlined in the methods chapter section 3.9.

6.7 30 S CYCLE ERGOMETER TEST

A cycle ergometer (Monark 864) was calibrated prior to data collection, following 

the guidelines of Coleman, (1996). The 30 s test was performed as outlined in the 

methods chapter section 3.10.

6.8 BLOOD SAMPLING (VENOUS BLOOD)

Blood samples were collected following a overnight fast at the same time of day 

and by the same investigator in an attempt to control for biological and between 

subject variation (Reilly, 1982). Blood samples were taken as outlined in the 

methods chapter section 3.15.

6.9 CATECHOLAMTJVE ANALYSIS

Adrenaline and noradrenaline were analysed using procedures outlined by Dutton 

et al. (1999). A comprehensive description can be found in the methods chapter 

section 3.19.

6.10 CAPILLARY BLOOD

Duplicate blood samples from the right ear lobe were collected using a capillary 

tube. Samples were analysed immediately for blood lactate concentrations using 

an automated electrochemical analyser (Analox PGM7 Champion, London UK). 

For a detailed description refer to methods chapter sections 3.14 and 3.18.
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6.11 PLASMA VOLUME

Blood haemoglobin and packed cell volume were also measured in order to 

calculate the change in plasma volume in both venous and capillary samples (Dill 

and Costill, 1974; refer to methods chapter sections 3.16 and 3.17).

6.12 STATISTICAL ANALYSIS

Data were analysed using a computerised statistical package (SPSS, Surrey 

England) using parametric statistics. For a detailed description of statistical 

procedures see methods chapter section 3.29.

6.13 RESULTS

Age, and physiological characteristics of the subjects are given in Table 6.1. 

Values for power outputs generated during the study for the IBM and FFM 

protocols are presented in table 6.2.

Differences (P < 0.05) in PPO were found between the TBM and FFM protocol 

(993 ± 114 W vs 1020 ± 134 W respectively). Differences were also found (P < 

0.001) between peak pedal velocities and resistive forces (134 ± 8 rpm vs 141 ± 7 

rpm ; 6 ± 1 kg vs 5 ± 1 kg respectively). No differences (P > 0.05) were found 

between MPO, FI% or heart rate. Correlations (P < 0.05) were found between 

PPO and immediate post exercise noradrenaline concentrations for the TBM and 

FFM protocols (P < 0.05 and P < 0.05 respectively ; figs 6.1 and 6.2). Plasma 

adrenaline, noradrenaline and blood lactate concentrations recorded during the 

study are given in table 6.3. Adrenaline, noradrenaline and lactate concentrations 

increased for both the TBM and FFM protocol from pre, to immediately post 

exercise (P < 0.05). The concentrations decreased from immediately post to 24 

hours post exercise for both protocols (P < 0.05).
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Linear relationships were observed between immediate post exercise 

noradrenaline and blood lactate concentrations for TBM and FFM (P < 0.05 and 

P < 0.05 respectively ; figs 6.3 and 6.4). No differences (P > 0.05) in adrenaline, 

noradrenaline and blood lactate concentrations were recorded between the TBM 

and FFM protocols at any of the blood sampling stages.
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Table 6.1 Age and physiological characteristics of subjects (n=18).

Variable
Age (yrs)
Stature (cms)
Mass (kg)
Fat (%)
Fat Mass (kg)

23.0 ±2.0
175. 8 ±5. 7
75.3± 11.0
11.6±2.7
8.9 ±3. 3

Values are Means ± SD

Table 6.2 Cycle ergometry power profiles for both the TBM and FFM protocols. 
Time to PPO, pedal revolutions, fatigue index, work done, resistive forces and 
maximal heart rates are also given. The sig column outlines any recorded 
differences between TBM and FFM.

Variable
PPO(W)
MPO(W)
T to PPO (s)
P/revs (rpm)
F I (%)
WD(J)
R/force (kg)
HR (bpm)

TBM
993 ±114
535 ± 63
4±3
134 ±8
42 ±8
16050 ± 1828
6±1
177 ±8

FFM
1020 ± 134
512 ±68
3±2
141 ±7
38±10
15369 ±1975
5± 1
175 ±8

Sig
P< 0.05
NS
NS
P < 0.05
NS
NS
P< 0.05

NS

Values are Means ± SD
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Table 6.3 Adrenaline, noradrenaline and lactate response to high intensity cycle 
ergometer exercise for TBM and FFM recorded over the three blood sampling 
stages.

Variable
Adrenaline
(nmol.L- 1)
Noradrenaline
(nmol.L-i)
Blood Lactate
(mmol.L- 1 )

Condition
TBM

FFM
TBM
FFM
TBM
FFM

Pre
0.3 ±0.1
0.2 ±0.1
1.3 ±0.3
1.7 ±0.4

0.5 ±0.7
1.1 ±0.9

Post
2.5 ± 1.4 t
3.0 ± 2.0 t
17±6.8 t
20 ±9.6 t

9.0 ± 1.2 t
9.3 ± 1.4 t

24 h Post
0.3 ±0.1 4>
0.3 ±0.1 *
1.6 ±0.5 *
1.3 ±0.5 *
0.6 ±0.6 4-
0.7 ±0.8 *

Values are Means ± SD

Increases (P < 0.05+) were recorded for adrenaline, noradrenaline and blood 
lactate concentrations for both the TBM and FFM protocols from pre to 
immediately post exercise. Decreases in concentration (P < 0.054>) were observed 
from immediately post to 24 h post exercise. There were no differences observed 

between TBM and FFM for any of the blood sampling stages.
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Fig 6.1 Relationship between PPO and noradrenaline 
concentrations, measured immediately post exercise for TBM.
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Fig 6.2 Relationship between noradrenaline concentrations and 
PPOs measured immediately post exercise for FFM.
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Fig 6.3 Linear relationship between noradrenaline
and blood lactate concentrations measured immediately post
exercise for TBM.
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Fig 6.4 Linear relationship between noradrenaline and blood 
lactate concentration measured immediately post exercise 
for FFM.
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6.14 DISCUSSION

The results from this study indicate that greater PPOs using the FFM protocol are 

attainable with no differences in adrenaline, noradrenaline and blood lactate 

concentrations. The increases in PPOs appear to be related to a significant 

decrease in resistive force (P < 0.05) and subsequent significant increase in 

pedal revolutions (P < 0.05). These findings agree with Wilkie, (I960), who 

stated that if a true maximal power output is to be measured, it is important to 

closely match the external load to the capacity of the active muscles to facilitate 

operation at optimal velocities. A major problem in attempting to assess maximal 

short-term power output is the dependence of power output on contraction 

velocity (Hill, 1922 ; Fenn & Marsh, 1935 ; Hill, 1938). During the present study 

the resistive forces were fixed, and any increases in pedal velocity for a given 

resistance over a specified time would result in a power increase. The main source 

of plasma adrenaline is the adrenal medulla (Pullinen et al. 1999), whilst 

noradrenaline is released into the blood mainly from sympathetic nerve endings 

distributed throughout the body (Galbo, 1986). During dynamic exercise, the 

contracting skeletal muscles contribute to a larger extent than resting skeletal 

muscles to increasing the level of plasma noradrenaline (Savard et al. 1987). This 

may be explained by higher sympathetic nerve activity directed to contracting 

muscles, and/or the influence of local modulating factors such as calcium and 

potassium ion concentrations. During the TBM protocol noradrenaline 

concentrations were 13 times higher immediately post exercise, than the values 

recorded at rest. Adrenaline concentrations were 8 times greater immediately post 

exercise than resting values. This is not unusual as the efflux from exercising 

limbs has been shown to be the main contributor to total plasma concentrations 

(Savard etal. 1987).
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It is not surprising, therefore, that the highest noradrenaline concentrations 

occurred immediately post exercise following the IBM protocol where the 

significantly greater resistive forces were used. This trend was reversed in the 

FFM protocol with adrenaline concentrations reaching 15 times their resting 

values, with increases in noradrenaline recorded at 12 times greater than those 

recorded at rest. These finding are interesting when we consider several factors. 

During the TBM protocol the heavier resistive forces used may be exhibiting 

more resistance to motion thereby increasing physical stress during the test. The 

FFM protocol has produced the greatest power output and the highest pedal 

velocities, therefore increasing speed of contraction. It could be argued that both 

the TBM and FFM protocols have increased physical stress during the test, but the 

lighter resistive force used for FFM has resulted in a more efficient force velocity 

relationship as suggested by the increase in peak power and speed of contraction. 

This suggestion may be substantiated by the fact that no differences were 

observed between protocols for mean power output (MPO), fatigue index (FI) and 

work done (WD), and may also explain why no differences were observed 

between TBM and FFM for adrenaline, noradrenaline and blood lactate 

concentrations. Correlations were obtained between PPOs, and immediate post 

exercise noradrenaline concentrations for both protocols (figs 6.1 and 6.2). The 

relationships observed may be suggesting that the FFM protocol is physically less 

stressful than the TBM protocol in the early stages of the test. It also appears that 

the stress response increases during the FFM protocol as the test proceeds and 

decreases during the TBM protocol. This may be related to the higher PPO 

recorded in the initial stages of the test using the FFM protocol and a resulting 

inability to maintain a high level of performance. The heavier resistive forces used 

throughout the 30 s period during the TBM protocol also produced a decline in 

performance.
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The combined effort required for both protocols has resulted in similar fatigue 

profiles. The TBM protocol related to heavier resistive force, and the FFM 

protocol related to increased PPO. Galbo et al. (1985) have identified that relative 

intensity rather than absolute work load, is of prime importance in determining the 

adrenaline and noradrenaline response. Gaitanos et al. (1993) observed that ATP 

resynthesis was greater during high intensity performance in the first 6 sec of 

exercise and that the rate of resynthesis drops by as much as 60% between the 6th 

and 30th second of exercise. In both animal and human experiments, ATP 

turnover is directly related to the force developed (Dawson et al. 1978 ; Hultman 

et al. 1983). These suggestions may favour the FFM protocol where the lighter 

resistive forces and increases in pedal velocities may result in the ability to 

resynthesize or utilise energy more efficiently at maximal rates. This protocol 

may also increase the recruitment of type II fibres which are important in power 

production (Inbar et al. 1996). Gratas-Delmarche et al. (1994) suggested that 

muscle glycolysis partially escapes adrenergic control during high intensity 

performance. This statement can be verified by other authors who suggest that the 

utilisation of muscle phosphagen plays a primary role in high intensity 

performance (Cheetham et al. 1986 ; Schnabel et al. 1984 ; Fliroven et al. 1987 ; 

Bogdanis et al. 1998). Adrenaline concentrations have also been shown to be 

affected by peripheral factors such as blood glucose concentrations (Kjaer et al 

1987). These authors found poor relationships between adrenaline and 

noradrenaline production and power output during the Wingate test. The findings 

from this study indicate relationships between PPO and noradrenaline 

concentrations for both the TBM and FFM protocols and are in contrast to the 

findings of Kjaer et al. (1987). During this study however, resistive forces were 

optimal for both protocols providing more accurate force velocity relationships 

during test procedures.
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This may explain in part the relationships observed in this study and the lack of 

linearity found by Kjaer et al. (1987) The results of this study agree with the 

findings of Kindermann et al. (1982) who suggested that increased circulating 

adrenaline levels in plasma primarily reflects emotional stress, with noradrenaline 

concentrations reflecting mainly physical stress. The increase in concentration of 

adrenaline and noradrenaline during the TBM and FFM protocols suggest that 

both protocols produced a similar stress response. The relationships observed 

between the TBM and FFM protocols and PPO indicate that noradrenaline was 

more related to physical stress than adrenaline. Other interactions that involve 

adrenaline and noradrenaline may be implicated in the control of muscle 

glycogenolysis. Among them the rise in inorganic phosphate and calcium. 

Calcium ions (Ca2+) play a key role in the activation of skeletal muscle 

contraction and relaxation. Calmodulin serves as an intracellular Ca2+ receptor 

and mediates Ca2+ function. Relationships between noradrenaline and 

calmodulin, depending on receptor site activation may cause muscular contraction 

or relaxation that may be related to energy supply and demand (Vander et al. 

1986). Serresse et al. (1988) have suggested that aerobic metabolism may 

contribute as much as 28% of the energy required during a high intensity cycle 

ergometer performance of 30 s duration. It seems unlikely that a greater 

contribution from aerobic glycolysis provided the extra energy required to 

produce the observed increase in PPO during the FFM protocol, but may have 

contributed to energy supply in the latter stages of the test during both protocols. 

The significant increase (P < 0.05) in blood lactate concentrations observed from 

rest to immediately post exercise during the study indicates that glycolysis was 

active during both protocols. The lack of significance (P > 0.05) between the 

TBM and FFM protocol suggests that the magnitude of activation was similar for 

both groups.
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The continuous increase in adrenaline and noradrenaline observed in this study for 

both the TBM and FFM protocols during the 30 sec test may also be attributed in 

part to circulatory needs that are linked to low and high intensity performance. 

Kindermann et al. (1982) have suggested that cutaneous vasodilation leads to a 

decrease in stroke volume. The compensatory increase in heart rate and 

splanchnic vascular resistance due to increases in circulating noradrenaline may 

be responsible in counteracting these detrimental effects of exercise and are, 

therefore, active in maintaining an appropriate cardiac output. Brain activation 

may directly increase sympathoadrenal secretion. The role of motor centres in the 

stimulation of endocrine centres has been studied by the use of tubocurarine, a 

neuromuscularblockade(Kjaer etal. 1987). Muscular strength was weakened by 

25% and motor centre activity was increased to produce a certain work output. 

Cerebral energy metabolism is known to be accelerated by beta-adrenergic 

mechanisms. Therefore, it is possible that the endogenous release of noradrenaline 

contributes to adrenergic stimulation of metabolism in certain brain areas that are 

important during exercise (Bryan, 1990).

In conclusion, the FFM protocol produced significantly higher PPOs when 

compared to the TBM protocol. The differences in PPOs were not reflected by 

differences between TBM and FFM concentrations of plasma adrenaline, 

noradrenaline or blood lactate. The increase in PPOs observed during the FFM 

protocol, suggest that this method of resistive force selection represents a more 

valid index of ATP-PC activity and/or muscular efficiency in the initial stages of 

high intensity cycle ergometer exercise, compared to protocols that include the fat 

component of body mass.
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CHAPTER SEVEN STUDY 4

7.0 METABOLIC IMPLICATIONS OF OPTIMISATION 
PROTOCOLS FOR FREE RADICAL MEDIATED OXIDATIVE 
STRESS AND SKELETAL MUSCLE DAMAGE
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7.1 ABSTRACT

The purpose of this study was to compare power outputs, and blood levels of, 

lipid hydroperoxides (LH), malondialdehyde (MDA), creatine kinase (CK), 

myoglobin (Mb) and lactate ([La"]g) following 30 s of maximal cycle ergometry

exercise when resistive forces were dependent on total-body mass (TBM) or fat- 

free mass (FFM). Alpha-tocopherol, Retinol and uric acid concentrations were 

also measured to quantify the activity of selected antioxidants. Cardiac troponin 

concentrations (cTnl) were also determined to exclude protein leakage from the 

myocardium. Differences (P < 0.05) in peak power output (PPO) were found 

between the TBM and FFM protocols (993 ± 114 W vs 1020 ± 134 W 

respectively). Differences were found (P < 0.05) between pedal velocities and 

resistive forces (134 ± 8 rpm vs 141 ± 7 rpm ; 6 ± 1 kg vs 5 ± I kg respectively). 

Increases in CK activity was recorded from rest to immediately post exercise 

during both the TBM and FFM protocols (P < 0.05 ; P < 0.05 respectively) and 

decreased from immediately post to 24 h post exercise during the FFM protocol 

only. LH increased from rest to immediately post exercise for both the TBM and 

FFM protocol (P < 0.05 ; P < 0.05 respectively) and decreased 24 h post exercise 

for both protocols. Differences in LH concentrations were also observed 

immediately post exercise between the TBM and FFM protocols (P < 0.05). 

Increases in MDA concentrations were recorded from rest to immediately post 

exercise for TBM (P < 0.05), with a decrease recorded from immediate post to 

24 h post exercise. Differences in MDA concentrations were recorded between 

the TBM and FFM protocol immediately post exercise. Differences in TBM and 

FFM concentrations were also recorded immediately post exercise for Mb (P < 

0.05). Blood lactate values ([La']B) increased (P < 0.05) from rest, to

immediately post exercise, and returned to resting values 24 h post exercise for 

both the TBM and FFM.
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Alpha-tocopherol and uric acid concentrations decreased from rest to immediately 

post exercise for both TBM and FFM protocols (P < 0.05 ; P • 0.05 

respectively) and increased 24 h post exercise. There were no changes observed in 

Retinol concentrations for any of the blood sampling stages. The results of the 

study suggest that greater power outputs are obtainable with significantly less 

muscle damage and oxidative stress when resistive forces reflect FFM mass 

during loading procedures. This finding may also be related to better force 

velocity relationships observed for the FFM protocol, ie more efficient mechanics 

of movement which may result in less strain, and therefore less internal damage.
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7.2 INTRODUCTION

Recent research conducted in our laboratory has shown a clear increase in PPO 

when subjects were optimised for fat-free mass (FFM) as opposed to total body 

mass (TBM) (Baker et al. 1999). The increases in power observed may 

compromise the integrity of skeletal muscle. Exercise induced muscle damage has 

been widely reported following different types of exercise in humans (Balnave 

and Thompson, 1993 ; Clarkson et al. 1993 and Kyrolainen et al. 1998). Increases 

in muscle protein levels in serum occurring simultaneously or following exercise 

can be used as indicators of muscle damage (Armstrong et al. 1991 ; Clarkson et 

al. 1993). This damage leads to a temporary loss of the exercising capacity of 

muscle for force production, has implications for increases in muscle soreness and 

can be related to histologic signs of muscle damage.

Muscle damage may be detected by a transient rise in serum concentration of 

muscle proteins such as CK and Mb. It has also been suggested that oxygen free 

radicals may be involved in the damage observed in muscle during and following 

aerobic exercise (Li et al. 1999). The presence of lipid hydroperoxides (LH) and 

malondialdehyde (MDA) in human blood are frequently used as indicators of 

peroxidation of polyunsaturated fatty acid breakdown in cell membranes 

subsequent to reactions with radical species attack (Lovlin et al. 1987). Repeated 

peroxidation of cell membranes is thought to result in increased membrane 

permeability and a decrease in mitochondrial respiratory control (Li et al. 1999). 

Increased whole body oxygen flux during exhaustive aerobic exercise may 

increase free radical species attack and membrane permeability. However little 

information is available in relation to high intensity cycle ergometer performance, 

oxidative stress and muscle damage.
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Two basic mechanisms have been proposed for muscle damage namely, 

mechanical damage to the muscle fibres and membranes, and metabolic damage 

caused by free radical production (Pyne, 1994).

The purpose of this study, was to compare any observed changes in the levels of 

CK, Mb, MDA, LH, [La']g and selected antioxidants following a 30 s bout of

high intensity cycle ergometry performance using resistive forces that were 

dependent on TBM or FFM. A further aim was to investigate if any measured 

oxidative stress and muscle damage were related.

7.3 SUBJECTS AND EXPERIMENTAL DESIGN

Eighteen apparently healthy male university students volunteered as subjects. 

Prior to testing all subjects completed an informed consent form and ethical 

approval was obtained from the university ethics committee. 

All subjects were fully familiarised to the experimental procedures using a range 

of resistive forces, performed on three occasions at the same time of day as the 

actual tests. For a detailed description see methods chapter section 3.2.

7.4 ANTHROPOMETRIC MEASURES

Anthropometric measurements were determined as outlined in the methods 

section 3.4.

7.5 BODY DENSITY

Body density was assessed as described by Behnke etal. (1974). Relative body fat 

was estimated from body density using the equation of Siri, (1956). Residual lung 

volume was measured using the simplified oxygen rebreathing method (Wilmore 

et al. 1980). A comprehensive description can be found in the methods chapter, 

sections 3.5, 3.6 and 3.7.
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FFM mass was determined by subtracting fat mass from TBM.

7.6 FORCE VELOCITY TEST

A force velocity test was performed one week prior to the 30 s cycle ergometer 

test to determine optimal resistive forces for TBM and FFM. The force velocity 

test was performed as outlined in the methods chapter section 3.9.

7.7 30 S CYCLE ERGOMETER TEST

A cycle ergometer (Monark 864) was calibrated prior to data collection, following 

the guidelines of Coleman, (1996). The 30 s test was performed as outlined in the 

methods chapter section 3.10.

7.8 BLOOD SAMPLING (VENOUS BLOOD)

Blood samples were collected following an overnight fast at the same time of day 

and by the same investigator in an attempt to control for biological and between 

subject variation (Reilly, 1982). Blood samples were taken as outlined in the 

methods chapter section 3.15.

7.9 CAPILLARY BLOOD

Duplicate blood samples from the right ear lobe were collected using a capillary 

tube. Samples were analysed immediately for blood lactate concentrations using 

an automated electrochemical analyser (Analox PGM7 Champion, London UK). 

For a detailed description refer to methods chapter sections 3.14 and 3.18.
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7.10 PLASMA VOLUME

Blood haemoglobin and packed cell volume were also measured in order to 

calculate the change in plasma volume in both venous and capillary samples (Dill 

and Costill, 1974 ; refer to methods chapter sections 3.16 and 3.17).

7.11 ESTIMATION OF MUSCLE DAMAGE

7.12 DETERMINATION OF CARDIAC TROPONEV I (cTnl)

Cardiac Troponin was measured using the Chiron Diagnostics ACS: 180® 

Automated Chemiluminescence Systems. Coefficient of variation was established 

for the measurement at 3.5%. A detailed description of analysis can be found in 

the methods chapter section 3.20.

7.13 DETERMINATION OF MYOGLOBEV (Mb)

Mb concentration was analysed using the Chiron Diagnostics ACS: 180® 

Automated Chemiluminescence System. Myoglobin Coefficient of variation was 

established at 3.5%. A detailed description of analysis can be found in the 

methods chapter section 3.21.

7.14 DETERMINATION OF CREATINE KINASE (CK)

Creatine kinase concentration was measured using the Kodac Ektachem Clinical 

Chemistry Slide (CK). Coefficient of variation was established at 2.5%. A detailed 

description of analysis can be found in the methods chapter section 3.22.
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7.15 LIPID PEROXIDATION ASSAYS

7.16 DETERMINATION OF MALONDIALDEHYDE (MDA)

MDA was measured by HPLC in EDTA plasma using the method outlined by 

Young and Trimble, (1991). This HPLC method with fluorometric detection 

overcomes the lack of specificity generally associated with the measurement of 

MDA. The intra assay and inter assay critical values have been reported as 6.2% 

and 9.1% respectively. A detailed description can be obtained in the methods 

chapter, section 3.24.

7.17 DETERMINATION OF LIPID HYDROPEROXIDES (LH)

LH concentration was measured using the ferrous - oxidation xylenol orange 

(FOX) assay was used to determine blood LH concentration described by 

Nourooz - Zadeh and Wolff, (1994). This method measures the susceptibility to 

iron- induced LH formation in serum. The presence of iron ions in the assay 

procedure may, therefore, yield slightly higher LH values when compared to other 

methods. Coefficient of variation during measurement was 2%. A detailed outline 

of procedures can be obtained in the methods, section 3.25.

7.18 SELECTIVE ANTIOXIDANT STATUS

7.19 DETERMINATION OF RETINOL AND ALPHA-TOCOPHEROL

The method used for the simultaneous determination of retinol and alpha- 

tocopherol was based on HPLC (Thurnham etal. 1988) and determined in EDTA 

plasma. The coefficient of variation was 1.7% and 2.3% respectively. A detailed 

description can be found in the methods, section 3.27.
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7.20 DETERMINATION OF URIC ACID

Uric acid concentration was measured using the Kodac Ektachem Clinical 
Chemistry Slide (URIC). Reflection densities were monitored during incubation. 
The rate of change in reflection density was then converted to the measurement of 
enzyme activity. Coefficient of variation during measurement was 2%. A detailed 
description can be found in the methods, section 3.28.

7.21 STATISTICAL ANALYSIS

Data were analysed using a computerised statistical package (SPSS, Surrey 
England) using parametric statistics. For a detailed description of statistical 
procedures see methods chapter section 3.29.
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7.22 RESULTS

Age, and physiological characteristics of the subjects are given in Table 7.1. 

Values for power outputs generated during the study for the TBM and FFM 

protocols are presented in table 7.2. Differences (P < 0.05) in PPO were found 

between the TBM and FFM protocols (993 ± 114 W vs 1020 ± 134 W 

respectively). Differences were also found (P < 0. 05) between pedal velocities 

and resistive forces (134 ± 8 rpm vs 141 ± 7 rpm ; 6 ± 1 kg vs 5 ± 1 kg 

respectively). No differences (P > 0.05) were found between MPO, FI%, WD or 

heart rate. LH and MDA concentrations are presented in table 7.3. Increases were 

recorded for LH concentrations from rest to immediately post exercise following 

the TBM protocol (P < 0.05). Differences were observed immediately post 

exercise between the TBM and FFM protocols (P < 0.05) with the highest 

concentrations recorded for TBM. Increases in MDA were noted from rest to 

immediately post exercise for TBM (P < 0.05). A decrease in concentration (P 

< 0.05) was recorded from immediate post to 24 h post exercise. 

Differences in MDA concentrations were also recorded between the TBM and 

FFM protocols immediately post exercise (P < 0.05). Values for CK, Mb and 

cTnl are presented in table 7.4. Differences in activity were recorded for CK from 

rest to immediately post exercise during the TBM and FFM protocols (P < 0.05 ; 

P < 0.05 respectively). No differences in concentration were recorded during any 

of the blood sampling stages for Mb or cTnl within groups (P > 0.05}. However, 

differences were observed immediately post exercise between the TBM and FFM 

protocols for Mb concentrations (P < 0.05) with the TBM protocol recording the 

higher values. Alpha-tocopherol, Retinol, uric acid and Blood lactate 

concentrations are given in table 7.5
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Alpha-tocopherol and uric acid concentrations decreased (P < 0.05 ; P < 0.05 

respectively) from rest to immediately post exercise for both the TBM and FFM 

protocols. Blood lactate concentrations increased for both protocols from rest to 
immediately post exercise (P < 0.05). Retinol concentration did not change over 

the three experimental conditions There were no differences recorded between 

TBM and FFM for Alpha - tocopherol, Retinol, uric acid or Blood lactate.
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Table 7.1 Age and physiological characteristics of subjects (n=18).

Variable
Age (yrs)
Stature (cms)
Mass (kg)
Fat (%)
Fat Mass (kg)

23.0 ±2.0
175.8±5.7
75.3 ±11.0
11.6 ±2.7
8.9 ±3. 3

Values are Means ± SD

Table 7.2 Cycle ergometry power profiles for both the TBM and FFM protocols. 
Time to PPO, pedal revolutions, fatigue index, work done, resistive forces and 
maximal heart rates are also given. The sig column outlines any recorded 
differences between TBM and FFM.

Variable
PPO(W)
MPO(W)
T to PPO (s)
P/revs (rpm)
F I (%)
WD(J)
R/force (kg)
HR(bpm)

TBM
993 ± 114
535 ± 63
4±3
134 ±8
42 ±8
16050 ±1828
6± 1
177 ±8

FFM
1020 ± 134
512 ±68
3±2
141 ±7
38 ± 10
15369 ±1975
5± 1
175 ±8

Sig
P<0.05

NS
NS
P<0.05

NS
NS
P<0.05
NS

Values are Means ± SD
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Table 7.3 Lipid peroxidation (LH) and Malondialdehyde (MDA) concentrations 
in response to high intensity cycle ergometry for IBM and FFM over three 
experimental conditions.

Variable
LH
(nmol.L- 1 )
MDA
(nmol.L-1)

Condition
TBM
FFM
TBM
FFM

Pre
1.09 ±0.31
1.1 ±0.56
0.6 ±0.1
0.6 ±0.20

Post
1.5 ±0.45 tt
1.2±0.37f
0.83±0.18*t
0.76±0.19tt

24 h Post
0.97 ±0.36*
1.2 ±0.37
0.66 ±0.1 7*
0.55 ±0.13*

Values are Means ± SD

Significant changes between TBM and FFM for condition indicated P < O.OSf

LH concentration increased from rest to immediately post exercise (P < 0.05+) 
in the TBM protocol only. Increases in concentration of MDA, were recorded 
from rest to immediately post exercise in both the TBM and FFM protocols (P < 
0.05f/ Differences (P < 0.05V were also noted between the TBM and FFM 
protocols immediately post exercise for both LH and MDA, with TBM recording 
the greatest concentrations. There were no differences observed between groups 
for any of the other blood sampling stages. Concentrations for LH and MDA had 
returned to pre- exercise values 24 h later (P < 0.05+).
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Table 7.4 Creatine Kinase (CK), Myoglobin (Mb) and Cardiac Troponin (cTnl) 
concentrations for TBM and FFM measured at rest, immediately post and 24 h 
post exercise.

Variable
CK
(U.L- 1)
Mb
(ng.ml- 1)
cTnl
(ng-ml- 1)

Condition
TBM
FFM
TBM
FFM
TBM
FFM

Pre
202 ±162
157±81
53 ±22.1
46 ± 13.9
0.06 ± 0.04
0.02 ± 0.03

Post
236±213t
172 ±93 t
54.5±25.4f
46.3 ± 13|
0.05 ± 0.04
0.04 ± 0.03

24 h Post
175± 110
136 ±67*
49.7 ± 12.4
42 ±7.5
0.03 ± 0.02
0.05 ± 0.06

Values are Means ± SD

Significant between TBM and FFM for condition indicated P < 0.05f

Increases (P < 0.05+) in concentration from rest to immediately post exercise 
were observed for Creatine Kinase during both the TBM and FFM protocols. The 
greater concentrations were recorded for TBM. Concentrations returned to pre- 
exercise values 24 h later (P < 0.054>}. No differences were observed between 
groups for any of the blood sampling stages. Differences in concentrations (P < 
0.05V were observed between groups immediately post exercise for Mb levels 
with the highest values recorded for TBM. There were no differences observed for 
Cardiac Troponin under any condition or blood sampling stage.

Significant between TBM and FFM for condition indicated P < 0.051
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Table 7.5 Uric Acid, Retinol, Alpha-tocopherol and Blood lactate concentrations 
measured for TBM and FFM over the three experimental conditions.

Variable
UricAcid
(nmol.L- 1 )
Retinol
(umol.L- 1)
Alpha-tocopherol
(timol.L-1 )
Blood Lactate
(mmol.L' 1)

Condition
TBM
FFM
TBM
FFM
TBM
FFM
TBM
FFM

Pre
325 ±59
321 ± 73
1.84 ±0.3
1.72 ±0.2
19.9±3.5
20.4 ±3. 5
0.5 ±0.7
1.1 ±0.9

Post
300 ± 66 *
292 ± 73 *
1.82 ±0.3
1.64 ±0.3
18.7±3.8*
18.4 ±3.4*
9.0 ±1.2 t
9.3 ±1.4 t

24 h Post
409 ± 83 t
375 ± 72 t
1.95 ±0.3
1.67 ±0.2
20.6 ± 4.4
19.2 ±3.0
0.6 ±0.6 *
0.7 ±0.8 *

Values are Means ± SD

Decreases in concentration (P < 0.054>) were observed for Uric acid and Alpha - 
tocopherol from rest to immediately post exercise for both the TBM and FFM 
protocols. Uric acid concentration increased from immediately post exercise to 24 
h post exercise (P < 0.051). Retinol concentration did not change. Increases in 
Blood Lactate concentration (P < 0.05*) were observed from rest to immediately 
post exercise for both protocols, and returned to resting levels 24 h later. There 
were no differences observed between groups at any of the blood sampling stages.
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7.23 DISCUSSION

The greater concentrations of LH, MDA and the increase in activity of CK and 

Mb recorded immediately post exercise for the IBM protocol indicate that greater 

oxidative stress and muscle damage occurred during this method of resistive force 

selection. These results also demonstrate that the FFM protocol may be causing 

less mechanical damage to the muscle fibres and cell membranes in spite of the 

PPO recorded being greater when compared to TBM. The findings indicate that 

the lighter resistive forces used for FFM and the higher pedal velocities obtained 

may be reflecting effectiveness and efficiency in force velocity relationships for 

FFM when compared to TBM. These observations agree with the suggestions of 

Wilkie, (I960), who stated that force should be matched to the capacity of muscle 

in order to exploit the full force velocity relationship. A major problem in 

attempting to assess maximal short-term power output is the dependence of power 

output on contraction velocity (Fenn & Marsh, 1935 ; Hill, 1922 ; Hill, 1938). 

Because the relationship between force and velocity is of an inverse curvilinear 

form, power, the product of force and velocity, has a parabolic relationship, 

reaching a maximum value at some intermediate optimal velocity. Therefore, 

contraction at slower or faster velocities may reduce power output. During the 

present study the resistive forces were fixed, and muscular contraction was 

concentric in nature, and any increases in pedal velocity for a given resistance 

over a specified time would result in a power increase. Increases in serum 

concentrations of intracellular proteins are generally accepted as indicators of 

muscle fibre disruption, damage or permeability of muscle cell membranes 

(Ebbeling & Clarkson, 1989 ; Janssen et al. 1989 ; Pyne, 1994). The mechanisms 

responsible for the escape of intramuscular proteins into the blood are poorly 

understood. However, two mechanisms have been proposed by Pyne, (1994). 

Namely, mechanical damage to the skeletal muscle and to the cell membrane
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Further mechanisms have been outlined by other researchers (Armstrong et al. 

1991 ; Hortobagyi and Denahan, 1989 ; Roxin et al. 1986). These mechanisms 

include metabolic damage, insufficient rate of ATP production, muscle ischaemia 

or hypoxia, alterations in ion concentration and free radical production resulting 

in lipid peroxidation of cell membranes. Lipid hydroperoxides are considered to 

be the important reaction products of free radical attack on the cell membrane. 

Whereas MDA is formed as a decomposition product of LH (Sjodin et al. 1990). 

Lipid peroxidation of cell membranes causes a loss in fluidity as well as an 

increase in the permeability of membranes with a loss of cytosolic proteins as a 

result. Sjodin et al. (1990) concluded that elevated MDA levels and the efflux of 

muscle proteins into the plasma may indicate an association between the initiation 

of exercise induced free radical attack and the loss of membrane integrity 

resulting in the release of muscle derived enzymes. No relationships between 

oxidative stress and muscle damage markers were recorded in this study for either 

the TBM or the FFM protocol. However, the greater oxidative stress and protein 

leakage was recorded in the TBM protocol. This could suggest a greater increase 

in the amount of structural muscle damage and/or an increase in membrane 

permeability during this method of resistive force application. Radical species 

appear to be able to travel in the blood stream and initiate peroxidation at 

locations different from their origin. This may have contributed to the increase in 

muscle damage observed in this study during the TBM protocol (Li et al 1999). 

CK is used as a serum marker of muscle damage because 90% is found in skeletal 

muscle tissue (Ebbeling et al 1989). There are however several factors that need 

consideration regarding protein efflux. These include, protein transportation from 

the muscle interstitium to the intravascular space through the lymphatic vessels, 

and their clearance rate.
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It has been demonstrated that lymph flow from the muscles is greatly affected by 

muscular activity (Lidena et al. 1984 ; 1986). The higher serum levels of CK 

observed following the TBM protocol were probably the result of a greater 

disruption of the muscle cell membrane and possible accelerated transport to 

serum when the TBM and FFM protocols were compared. Mair et al. (1995) 

suggested that if the mechanical strain is greater than the ability of the muscle to 

resist, disruption of the contractile apparatus, the myofibrils and mechanical 

damage to the plasma membrane, and the sarcoplasmic reticulum will occur. This 

would then lead to a disturbed intracellular calcium homeostasis and contractile 

function. These observations appear to be consistent with lower concentrations of 

CK, and Mb observed following the FFM protocol. The early efflux of muscle 

proteins can also be attributed to the early increase in the permeability of muscle 

fibre plasma membranes. This suggestion reflects the increases in LH and MDA 

concentrations observed immediately post exercise for the TBM protocol. In 

addition, the resistive forces used during the TBM protocol may be causing more 

mechanical trauma in the early stages of the test possibly accelerating membrane 

permeability. This may be substantiated by the higher pedal velocities recorded 

for the FFM protocol. The smaller concentrations recorded for LH and MDA 

during this protocol, appear to be suggesting a more efficient muscle movement 

resulting in less oxidative stress damage. The findings suggest that the FFM 

protocol may be causing less mechanical damage to the muscle fibres and cell 

membranes in spite of the PPO recorded being greater when compared to TBM. 

Kyrolainen et al. (1998) measured carbonic anhydrase in (S-CAIH) and found 

that the protein response to jumping performance was curvilinear. These authors 

suggested that a certain intensity or threshold of exercise was required before 

leakage of proteins occurred.
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No relationships were found in this study between power outputs recorded for the 

TBM or FFM protocols and serum concentrations of CK or Mb. This may be 

explained by the fact that the power measures and protein concentrations observed 

by Kyrolainen et al. (1998) were obtained using power athletes. The subjects in 

this study were university students and by comparison were probably not as 

powerful. Also, the duration of testing was shorter and S-CAIII a cytostolic 

enzyme, may be more concentrated in type I fibres (Vaananen et al. 1986). Mb 

has been observed in high concentrations in type I and type II fibres (Zheng et al. 

1992). Because fibre types were not established in this study comparisons of 

concentrations between tests are difficult. Van der Meulen et al. (1991) 

demonstrated that the amount of structural muscle damage induced by exercise 

was significantly lower than the estimated amount of damage based on 

intracellular enzyme release into the blood. These researchers also concluded that 

the increase in plasma activity of muscle enzymes may reflect changes in 

membrane permeability. Sjodin et al (1990) concluded that the release of muscle 

proteins into the plasma may indicate an association between the initiation of free- 

radical attack and loss of membrane integrity. McNeil and Khakee, (1992) 

demonstrated that membrane disruptions caused by the imposition of mechanical 

force are common in exercised muscle. McNeil et al. (1992) further commented 

that in some cases during repair of these localised membranes, disruption often 

occurs. In this study significant increases in CK were recorded for both the TBM 

and FFM protocols, the higher values recorded for the TBM protocol may indicate 

a slower resealing process reflected by greater muscular and/or membrane 

damage. The greater resistive force used for the TBM protocol may increase the 

depletion of ATP as related to hydrolysis.
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Cerny and Haralambie, (1983) suggested that the energy demanded by working 

muscles reduced the amount of ATP available for membrane integrity, leading to 

a loss of cellular enzymes and damage. This fact may explain in part the greater 

muscle damage observed for the TBM protocol. The slower pedal velocities 

observed for TBM may be indicating that the aerobic component is more active 

when TBM and FFM are compared. Serresse et al. (1988) have suggested that 

aerobic metabolism may contribute as much as 28% of the energy required during 

a high intensity cycle ergometer performance of 30 s duration. This may explain 

in part the greater concentrations of LH and MDA observed following the TBM 

protocol, and indicates that the TBM method of resistive force selection may be 

more aerobic in nature when compared to FFM. During strenuous exercise there 

is a dramatic increase in oxygen uptake in the various organs of the body 

particularly skeletal muscle. Most of the oxygen is consumed in the mitochondria 

and is utilised to produce adenosine 5- triphosphate (ATP), but during oxidative 

phosphorylation the superoxide radical (O2 •)" and hydroxyl radicals (OH) are 

produced by the univalent reduction of oxygen and their leakage out of the 

electron transfer chain (Marzatico et al. 1997). During both the TBM and FFM 

protocols the high intensity nature of the exercise may result in tissue hypoxia. 

During normal conditions 80 to 90% of native xanthine oxidase exists as a 

dehydrogenase (Bindoli et al. 1988). During metabolic stress xanthine 

dehydrogenase may be converted to a reversible or irreversible form. The 

reversible conversion occurs through the oxidation of disulphide bonds which 

may happen as cellular thiol levels decrease during ischaemia or other forms of 

metabolic stress (Bindolli et al. 1988). Hypoxia causes breakdown of ATP so that 

the available levels are insufficient to maintain functioning of the ATP- dependent 

calcium pumps.
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Malfunction of the calcium pumps causes an increase in intracellular calcium 

which in turn activates calcium-dependent proteases, possibly calmodulin or 

calpain. The activated proteases cause a cleavage of a peptide from xanthine 

dehydrogenase producing a conformational change of the enzyme. The resulting 

oxidase form uses molecular oxygen instead of NAD as an electron acceptor. 

Molecular oxygen is therefore reduced and the superoxide radical is formed 

(Sjodin et al. 1990). A failure of intracellular calcium homeostasis has been 

implicated in muscle damage during excessive exercise in various pathological 

disorders of muscle (Jackson et al. 1984). Calcium activation of proteolitic 

enzymes, overload of the mitochondria and activation of the phospholipase 

enzymes have all been implicated in muscle cell degeneration (Jackson et al. 

1988). During high intensity performance the purine nucleotide system is 

extremely active. The elimination of adenosine monophosphate (AMP) causes a 

build up of hypoxanthine in skeletal muscle (Norman et al. 1987), and plasma 

(Hellsten Westing et al. 1989). Although some hypoxanthine may be converted 

back to AMP, during rest and lower intensities of exercise, hypoxanthine appears 

to be converted to uric acid via xanthine oxidase and increases in uric acid have 

been observed during high intensity exercise performance (Hellsten et al. 1988). 

The findings from this study indicate a significant decrease in uric acid from rest 

to immediately post exercise for both the TBM and the FFM protocols. This may 

be explained by the antioxidant properties of uric acid and the decrease observed 

may have resulted from quenching actions attempting to limit oxidative stress 

damage. Measurements taken at 24 h post exercise for both TBM and FFM 

protocols show increases in concentrations of uric acid. The levels produced 

indicate that the purine nucleotide cycle has been active during both protocols and 

that the magnitude of activation was similar for both groups.
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This finding may also indicate that the antioxidant properties of uric acid were 

attenuated on cessation of exercise. Possible decreases in intracellular levels in 

combination with the accumulation of hypoxanthine and uric acid in plasma 

during exhaustive exercise implies that skeletal muscle during both the TBM and 

FFM protocols could be undergoing metabolic stress similar to that produced by 

ischaemia. This would be true for both oxidative stress due to exercise with 

glycogen depleted muscle as well as oxidative stress due to ATP utilisation 

exceeding the rate of regeneration during high intensity performance. Muscle 

phosphagen content plays a primary role in maximal exercise as observed by 

several researchers (Cheetham et al. 1986 ; Hiroven etal. 1987). The increase in 

PPO and pedal revolutions observed during the FFM protocol, may be suggesting 

a more efficient mechanism of ATP resynthesis which may contribute to less 

oxidative stress. The increases observed by definition indicate that the FFM 

protocol is more related to high intensity performance than the TBM protocol. 

This suggestion may explain in part the lack of significant difference in [La'jg

production between the TBM and FFM protocols. Also, it has been demonstrated 

(Cheetham et al. 1986) that the phosphagen system provides the predominance of 

fuel in the first seconds of high intensity activity. It is possible therefore that any 

activity that produces greater peak power with no difference in lactate production 

must derive the predominance of energy from phosphagenic sources. Smith et al. 

(1991) demonstrated that aerobic metabolism is active during the early stages of a 

30 s high intensity cycle ergometer test but the recorded activity is minimal 

(>5%). It seems unlikely that the contribution from aerobic glycolysis provided 

the extra energy required to produce the observed increase in PPO during the 

FFM protocol, but may have contributed to energy supply in the latter stages of 

testing during both protocols.
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This also suggests that additional oxidative stress via aerobic metabolism may 

have occurred as both experiments proceeded but was greater during the TBM 

protocol. Alpha-tocopherol concentrations were reduced for both TBM and FFM 

from rest to immediately post exercise. Alpha-tocopherol is a membrane bound 

Hpid soluble antioxidant that quenches singlet oxygen, stabilises the superoxide 

anion and stabilises the hydroxyl radical (Kanter, 1994). The decrease in 

concentration observed for both the TBM and FFM protocol indicate that Alpha- 

tocopherol was active as an antioxidant but the increases in lipid peroxidation 

observed suggests an imbalance in the antioxidant and prooxidant cellular 

mechanisms. The higher pedal velocities, and lower resistive forces may have 

resulted in a more economic use of energy derived from phosphagenic sources. 

In conclusion, the increase in PPO observed for FFM may be indicating a more 

efficient mechanism of ATP resynthesis which may contribute to less muscle 

damage by the mechanisms outlined by Cerny et al. (1983). The increase in PPOs 

observed during the FFM protocol, and lack of significance between [La~]g

concentrations suggest that this method of resistive force selection represents a 

more valid index of ATP-PC activity and/or muscular/mechanical efficiency. The 

measures of LH, MDA, Mb and activity of CK recorded indicate significantly less 

muscle damage and oxidative stress when the FFM protocol was compared to 

protocols that include the fat component of body mass. However, more research is 

needed to identify the relative contribution of the energy systems to oxidative 

stress damage during this type of activity, and to establish if increased membrane 

permeability and/or mechanical trauma was responsible for the elevated CK and 

Mb levels observed.
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CHAPTER EIGHT

8.0 REALISATION OF AIMS

Examination of the null hypothesis in the present thesis required the realisation of 

four experimental objectives presented at the end of chapter two. These were;

Objective 1. To investigate the contribution of the upper 
body via the influence of hand grip on high 
intensity cycle ergometer performance.

Objective 2. To observe the friction loaded cycle ergometry 
performance for a single high intensity test 
when the loading procedures were dependent 
on total-body mass (TBM) or fat-free mass 
(FFM). The British Association of Sport and 
Exercise Sciences 1988 guidelines were consulted to determine 
individual ergometer cradle loads.

Objective 3. To examine and analyse responsiveness to sympathetic nervous 
activity via plasma adrenaline (A) and noradrenaline (NA) during 
and following 30 s of friction loaded high intensity cycle 
ergometry when the loading procedures were dependent on total 
body mass (TBM) and fat-free mass (FFM).

Objective 4. To analyse markers of oxidative stress
malondialdehyde (MDA) lipid peroxidation (LH) and selected 
antioxidants, and indicators of skeletal muscle damage markers 
namely total creatine kinase (CK), myoglobin (Mb) during 
and following 30 s of friction loaded high intensity cycle 
ergometry when the loading procedures were dependent on total 
body mass (TBM) and fat-free mass (FFM).
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8.1 TESTING THE NULL HYPOTHESES (Ho)

The following section will consider the four hypotheses which were tested by this 

theses.

Null Hypothesis (1) There is no difference in peak power output when
the hand grip during high intensity performance is 
excluded.

HYPOTHESIS REJECTED

The with - grip protocol yielded significantly greater peak mechanical power 
output and greater fatigue index than the without - grip protocol (886 ±1 24 W 
and 815±151 W, respectively; and 35 ± 10% and 25 ± 8%, respectively; P < 
0.05). The electrical activity of the anterior forearm musculature was measured in 
the twelfth subject during the performance of each of the test protocol in an initial 
attempt to quantify any differences in muscular activity between protocols. While 
peak mechanical power output was greater during the with - grip protocol, than 
during the without - grip protocol, the electromyographs showed much greater 
forearm muscle activity during the with - grip protocol. Thus the protocol which 
allowed for the greatest measure of peak leg power output was also associated 
with considerable arm muscle activity.

Null Hypothesis (2) There is no difference in the friction loaded cycle
ergometry performance for a single high intensity 
test when the loading procedures were dependent 
on total-body mass (TBM) or fat-free mass (FFM

HYPOTHESIS REJECTED

Increases (P < 0.05) in peak power output (PPO) were found between TBM and 
FFM (1015 ± 165 W TBM vs 1099 ± 172 W FFM). Decreases (P < 0.05) were 
observed for the time taken to reach PPO (3.8 ± 1.4 s TBM vs 2.9 ± 1 s FFM). 
Pedal velocity Increased (P < 0.05) during the FFM protocol (129.4 ± 8.2 rpm 
TBM vs 136.3 ± 8 rpm FFM).
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Null Hypothesis (3) There would be no differences in adrenal
medulla responsiveness to sympathetic nervous 
activity when the loading procedures were 
dependent on total body mass (TBM) and fat-free 
mass (FFM).

HYPOTHESIS REJECTED

Increases (P < 0.05) in the concentrations of adrenaline, noradrenaline and lactate 
from rest to immediately post exercise were observed for both the TBM and FFM 
protocols, with decreases in concentration noted (P < 0.05) immediately post to 
24 h post exercise. There were no differences (P > 0.05) recorded between the 
TBM and FFM protocols at any of the blood sampling stages.

Null Hypothesis (4) That there would be no difference in markers of free
radical damage, selected antioxidants and 
skeletal muscle damage markers when the loading 
procedures were dependent on total body mass 
(TBM) and fat-free mass (FFM).

HYPOTHESIS REJECTED

Increases in CK activity were recorded from rest to immediately post exercise 
during both the TBM and FFM protocols (P < 0.05 ; P < 0.05 respectively) and 
decreased from immediately post to 24 h post exercise during the FFM protocol 
only. LH increased from rest to immediately post exercise for both the TBM and 
FFM protocol (P < 0.05 ; P < 0.05 respectively) and decreased 24 h post exercise 
for both protocols. Differences in LH concentrations were also observed 
immediately post exercise between the TBM and FFM protocols (P < 0.05). 
Increases in MDA concentrations were recorded from rest to immediately post 
exercise for TBM (P < 0.05), with a decrease recorded from immediate post to 24 
h post exercise. Differences in MDA concentrations were recorded between the 
TBM and FFM protocol immediately post exercise.
Differences between TBM and FFM concentrations were also recorded 
immediately post exercise for Mb (P < 0.05).
Blood lactate values ([La"]B) increased (P < 0.05) from rest, to immediately 
post exercise, and returned to resting values 24 h post exercise for both the TBM 
and FFM.
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Alpha-tocopherol and uric acid concentrations decreased from rest to immediately 
post exercise for both TBM and FFM protocols (P < 0.05 ; P < 0.05 
respectively) and increased 24 h post exercise. There were no changes observed in 
Retinol concentrations for any of the blood sampling stages.
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CHAPTER NINE

9.0 SUMMARY OF FINDINGS

The protocol for friction loaded high intensity cycle ergometry exercise has 

undergone many modifications and refinements since its introduction in 1974. 

The use of a higher force in order to maximise power output is a major challenge 

and is highly recommended (Bar Or, 1987). Further research is needed to pinpoint 

the optimal braking force for subgroups such as children, athletes of various 

specialities, the overweight, the underweight and the disabled. The biochemical 

and neural events associated with each test are warranted to facilitate a better 

understanding of high intensity performance. To date, the loads used during cycle 

ergometry have been based on total body mass values (TBM) and have ranged 

from 75 g.kg- 1 to 130 g.kg- 1 (Inbar et al. 1996). The resistive forces have also 

been based on specific guidelines for different populations and sexes (British 

Association for Sport and Exercise Sciences ; B.A.S.E.S. 1988) or have been 

derived individually using various optimisation procedures. The FFM method of 

resistive force selection appears to be more representative of active muscle tissue, 

and is in agreement with other researchers (Inbar et al. 1996 ; Van Mil et al. 

1996). Optimisation for FFM should provide more accurate and meaningful direct 

comparisons within and between specific athletic and non athletic groups than 

protocols that include the fat mass. When applying the FFM method of resistive 

force selection in conjunction with an optimisation protocol, the results obtained 

should provide not only realistic methods for determining optimal resistances, but 

also accurate and reliable power profiles. Tharp et al. (1984) suggested that the 

values generated during high intensity cycle ergometry exercise are highly 

correlated to body mass.
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They also suggest that although a heavier person should produce a higher cycle 

ergometer score, the values obtained when expressed in relative to FFM produced 

a better index of high intensity ability when comparisons between subjects were 

made. However, results from this study indicate that heavier resistive forces 

produce greater errors in frictional force transmitted to the flywheel, especially 

when they include the fat component of body mass. Mclnnis et al. (1999) have 

stated that because total body mass consists of fat and fat free mass, individuals 

who weigh the same may have very different body compositions. Differences 

observed may also reflect individual variation in body composition and specificity 

of training status between subjects. The FFM protocol appears to represent a more 

appropriate way of externally loading the ergometer cradle. This method appears 

to identify more subtle changes in resistive force profiles which may have resulted 

from smaller relative load increments. The smaller load increases appear to 

accommodate the sensitive changes in power outputs during a force velocity test 

that the TBM protocol disregards. The higher PPOs observed for FFM indicate 

that this method of braking force selection does not overestimate the capacity of 

the active muscle mass, and therefore maximises both resistive load and pedal 

revolutions. Using the TBM method, increases in braking force are greater for 

any given loading stage, as a result, the increased pedal contribution to power 

production may be overlooked. The relative strengths of correlations recorded 

between power outputs generated for the two protocols (greater for FFM), and the 

significant differences between loading procedures for TBM and FFM suggest 

that the FFM optimisation protocol is related more closely to the active tissue 

utilised during short term experimental high intensity exercise. 

As for all force velocity relationships in humans, morphological factors contribute 

to force and power measurements, and may bias or improve power profiles 

(Boscoetal. 1979).
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Morphological factors relate to differences in size and structure of lever arms and 

also include length and pennation angle of muscle fibres.

Force velocity relationships are also interrelated to factors that modify longer 

duration performances such as the efficiency of oxygen utilisation, muscular 

blood flow or perceived exertion (Pugh etal. 1974). Power, the composite product 

of two factors (force and speed) can take virtually an infinite number of values. 

Therefore a range of results is possible with varying contributions from both 

factors, especially when the criterion is optimisation of absolute maximal power 

(Inbar et al. 1996). This is true in the present study, the greater power was 

achieved during both the TBM and FFM protocols by increasing the applied 

forces and by increasing the number of pedal revolutions.

With the increasing load, recruitment of more motor units with more muscle 

fibres per motor unit is most important until the load becomes too heavy (Astrand 

et al. 1986). Maximal muscular tension can be produced when the muscle is 

lengthened, and it declines during the concentric phase of muscle contraction. 

Within the range of the force velocity interrelationships, those associated with 

maximised short term power should be expected to most closely approximate the 

maximum single contraction as defined by the classical force velocity curve (Hill, 

1938). Deviations from the classical relationship are mostly due to fatigue and the 

necessary muscular co-ordination associated with repetitive high frequency 

motion. The inter subject differences observed between the TBM and FFM 

protocols may be related to the individual inability to generate high levels of 

velocity. There may be many reasons for this including the proportion of fast 

twitch fibres (type H) in the exercising muscle, and differences in physiological 

and biochemical factors that relate to both genetics, and training status.
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Type II fibres are known to have faster contraction times and rates of tension 

development than slow twitch (type I) and are more dependent on glycolysis to 

maintain ATP rather than the slower process of oxidative phosphorylation 

(McCarmey et al. 1983). Thorstensson et al. (1975) have confirmed a greater 

proportion of type II fibres in athletes engaged in activities requiring short lived 

or sprint performance power development. In the classical experiments describing 

the effects of contraction time on the work and efficiency of the elbow flexors 

(Hill, 1922) and quadriceps group during cycling (Dickinson, 1929), it was 

demonstrated that brief maximal and sub-maximal contractions were associated 

with an increased waste of potential energy. In a system performing mechanical 

work where heat is liberated and free energy wasted, relatively more free energy 

must be supplied to maintain performance (Wilkie, 1960). In the present study 

during both the TBM and FFM protocols, the PPO values obtained were recorded 

with energy supplied almost exclusively from the degradation of phosphocreatine 

(PC) and glycolysis. Wilkie, (1968) demonstrated that in muscle, the breakdown 

of PC and glycogen over a cycle of relaxation and contraction is directly 

proportional to the sum of the heat and work produced. Moreover, during 

contraction, heat production is at a maximum under conditions in which the work 

is maximal (Fenn and Marsh, 1935). In this study, during the initial stages of 

performance, the work production was greatest when the subjects were optimised 

for FFM. This may be suggesting a greater or more efficient utilisation of muscle 

phosphagens when FFM is compared to TBM. In most cases the time to PPO 

increased when the subjects were optimised for FFM, suggesting a possible 

alteration in the energy system contribution, with glycolysis being used to a lesser 

extent in the early stages of the FFM protocol. This may also indicate an increased 

degradation of PC and glycogen and greater changes in metabolic substrates.
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These factors could have exerted inhibiting effects on the biochemical processes 

associated with muscle contraction, and may contribute to fatigue. Increased H+ 

in muscle may decrease force generation by impairing Ca2+ release from the 

sarcoplasmic reticulum (Nakamura et al 1972), or by disturbing cross bridge 

formation. High levels of blood acidity and lactate accumulation are also observed 

following maximal exercise (Harris et al. 1977). At high rates of contraction there 

may be less time to washout the metabolites from muscle, and the intramuscular 

accumulation of waste products may have proceeded at an accelerated rate 

(Grimby and Saltin, 1977). Results on animal studies have demonstrated that 

individual fast twitch motor units, and whole muscles with a high percentage of 

type n fibres, are capable of higher levels of tetanic tension, and are more 

susceptible to fatigue, than type I fibres (Vandewalle et al. 1987). Studies on 

intact human muscles have reported that individuals with muscles containing a 

high proportion of type n fibres are capable of faster contraction velocities, and 

therefore greater force output (Thorstensson et al. 1975), but are more prone to 

fatigue during repeated dynamic contraction. Nilsson et al. (1977) demonstrated 

a strong correlation (P < 0.05) between an increase in the ratio of electro 

myographic activity to power associated with fatigue, with a high percentage of 

type II fibres, suggesting that diminished force was due to a selective drop out of 

this type of fibre. DiPrampero, (1981) has suggested that a reduction in contractile 

speed rather than the depletion of high energy phosphates may be a major cause 

of fatigue during activities requiring maximal power output. Maximising power 

output during short duration cycle ergometry is further complicated by the circular 

motion of the pedals. The circular motion affects the nature of force application, 

and increases in the degree of the skill and co-ordination required for the given 

motion sequence frequency (Soden and Adeyefa, 1979).
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It has also been demonstrated that the internal work associated with the 

acceleration and deceleration of the leg mass increases with the square of the 

increased pedalling rate (Kaneko and Yamazaki, 1978).

Therefore, the energy loss at 80 rpm already amounts to 5% of the external power 

output and would exceed 20% at 120 rpm. With changing power outputs, 

variations in cycling rates may be more limiting than the changes in applied 

force. The increase in power output observed in this study when the subjects were 

optimised for FFM may also be the result of increased voluntary command of the 

supra spinal centres. This greater contribution may increase fibre recruitment, by 

the optimisation of individual motor unit firing frequency, and by the 

synchronisation of the firing patterns between the motor units themselves 

(Macdougall et al 1991). This increase depends on the muscles' ability to 

translate high frequency impulse excitation through the various excitation 

processes with minimal time delay. Also, the muscle needs to associate and 

dissociate the actin and myosin as they repeatedly rotate through successive cross 

bridge cycles. It is also possible that an increase in neural stimulation may 

enhance recruitment frequency of the muscle spindles which may result in a 

corresponding increase in muscular contraction.

The results recorded for the FFM protocol suggest that existing optimisation 

protocols may need to be reviewed if increased power output is desirable. 

Increased PPO values resulting from higher pedalling rates during optimisation 

procedures for FFM, may maximise muscle contraction dynamics. These findings 

are in contrast with previous authors (Katch, 1974 ; Patton et al. 1985). However, 

other researchers (Van mil etal. 1996 ; Inbar etal. 1996, and Blimkie etal. 1988) 

have found similar relationships to the findings observed in this study. Namely, 

that during high intensity cycle ergometry the power profiles generated are related 

to the subjects FFM or to the mass of the muscles that perform the test.
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Results from this study indicate that the total power and relative contribution of 

the energy systems involved during experimental high intensity cycle ergometer 

exercise may need re - evaluating.

Findings also suggest that the present loading methods used for cycle ergometry 

that are inclusive of TBM significantly underestimate attainable maximal power 

outputs. The results of biochemical analysis indicate no difference in 

catecholamine concentration recorded between the TBM and FFM protocols in 

spite of the FFM protocol recording the highest PPOs. The results also show 

significantly greater muscle damage observed during the TBM protocol with an 

accompanying significant decrease in PPO. The TBM protocol produces 

significantly greater oxidative stress with a reduction in PPO compared to the 

FFM method of resistive force selection. Results from this study indicate that 

procedures that produce realistic power values, and that are less damaging and 

relate to the active muscle tissue utilised during this type of exercise, may need to 

be explored in preference to methods that include both lean and fat masses.
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APPENDIX ONE



Field of Health and Exercise Sciences 
University of
Sub/ecf Consent ___

please complete in Capital Letters

Surname: First Name(s): 
Date of Birth: Date of Visit: 
Address:

Tel. No.:

Please tick where appropriate
YES NO

Do you, or have you ever suffered from either:
Diabetes?
Asthma?
Epilepsy?

Have you ever had pains in your chest or heart? 
Do you ever feel faint or dizzy?
Have you ever been diagnosed with high blood pressure? 
Do you smoke?
Has your GP instructed you to refrain from physical exercise due to a 
persistent bone or joint problem?
Have you recently suffered from any illness which required you to 
be in bed or off from work?
Is there any reason, otherwise unmentioned which would prevent you 
from participating in laboratory testing requiring maximal exertion?

Please give a brief resume as to what physical exercise you performed yesterday

Do you take any nutritional supplements? If yes, please give a brief outline of the type, 
frequency and dosage.

IMPORTANT
Please provide any further information concerning any condition/complaints which you are
suffering from and any medication which you may be taking by prescription or otherwise.

I confirm that I have read and understood this consent form and agree to participating in the 

research project

Signature of Participant Date




