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FORCE GENERATING CAPACITY OF HUMAN MUSCLE

CAROLYN ANNE GREIG

The proportion of raaximun force (% PF max) utilised during
cycling exercise was determined within a group of trained and untrained
subjects. Maximum forces were determined Isoklnetically and
submaximum forces were measured during continuous progressive exercise
tests.

A large individual variation in the proportion of maximum force
utilised at equivalent values of power output was demonstrated. The
mean value obtained from the group of subjects was 50Z (at 70 rpm and
100% of VOi max), although this was much greater in subjects possessing
a high aerobic capacity. The data suggest that the limitation to
sustained dynamic exercise, which is a balance between “central® and
"peripheral®™ factors, may tend towards the latter in certain
individuals.

Measurement of % PF max at equivalent values of power output over
a range of pedal frequencies (40 - 100 rpm) revealed a systematic
reduction (28% at 100% VO» max) when fast frequencies were compared
to slow. These results suggest the advantage of employing high pedal
frequencies during sustained exercise: furthermore, there was no
detrimental effect upon exercise efficiency, again, when slow and
fast pedal frequencies were compared.

The underlying mechanism of a reduction of % PF max with
increasing frequency of contraction was also investigated using
surface integrated electromyography (IEMG). Percentage of maximum
IEMG activity (% IEMG max) also demonstrated a reduction with
increasing frequency of contraction (at equivalent values of power
output) in parallel with % PF max. It is suggested that at high
contraction frequencies, a selective recruitment of fast twitch motor
units :,»y occur which would be capable of maintaining a given power
output but with a lower level of force.

Finally, the effect of oral supplementation of L-Carnitine upon
maximum and submaximum exercise performance was investigated. The
submaximal cardiac frequency response to exercise and pre- and post-
exercise plasma metabolite concentrations were unchanged under
Carnitine supplemented conditions, implying that Carnitine is of little
benefit to exercise performance.



ACKNOWLEDGMENTS

1 would like to thank my Supervisor, Professor Anthony Sargeant
for his direction and continued support and encouragement during
the experimental work and the preparation of this Thesis.

Grateful thanks to Dr Patricia Dolan for her assistance with the
earlier experiments, her support and her confidence in me.

Many thanks also to Dr David Jones and Dr Olga Rutherford of
the Faculty of Clinical Sciences, University College Hospital Medical
School for their constant help and sound advice.

Thank you to the Staff of the Metabolic Unit, University College
Hospital for performing the muscle biopsies and biochemical analyses,
which were often required.

Without the co-operation of the subjects who took part in the
experiments there would be no Thesis; 1 am therefore indebted to them.

1 gratefully acknowledge the financial support received from the
Sports Council of Great Britain.

My warmest thanks to Moira Harris, who typed this Thesis.

Finally, 1 would like to thank my Parents for their never-ending

support, encouragement and understanding.






Page

CHAPTER 4
THE EFFECT OF PEDAL FREQUENCY UPON THE

EFFICitNCY OF CYCLING EXERCISE

Introduction
Methods
Results

Discussion

CHAPTER 5
THE RELATIONSHIP BETWEEN FORCE GENERATION
AND SURFACE INTEGRATED EMG ACTIVITY DURING

MAXIMUM DYNAMIC EXERCISE

Introduction
Methods
Results

132
Discussion

CHAPTER 6
THE RELATIONSHIP BETWEEN FORCE GENERATION,
OXYGEN UPTAKE AND SURFACE INTEGRATED EMG
ACTIVITY DURING PROLONGED CYCLING EXERCISE: EFFECT
OF PEDAL FREQUENCY
Introduction
Methods

Results

Discussion






Appendix 1

Circiiit Diagrams illustrating the rectification and integration of the
surface electromyogram.
(Courtesy of the Department of Medical Physics, University College

Hospitad).

Appendix 2

Individual data illustrating the changes in leg force and surface
integrated EMC activity during the course of a 45 second maximal
effort on a cycle ergometer at 40 rpm (Table 1), 70 rpm (Table 2),

100 rpm (Table 3) and 125 rpm (Table 4) respectively.

Appendix 3
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Effect of pedalling rate on the muscle force required during cycling

exercise in man. J. Physiol. 377 : 109P.

B: Reprint of : Greig, C., Hortobagyi, R., Sargeant, A.J. (1985).

Quadriceps surface E.M.G and fatigue during maucimal dynamic

exercise in man. J. Physiol. 369 : 180P.

Reprint of : Greig, C., Sargeant, A.J., V~lestad, N.K. (1985).
Muscle force and fibre recruitment during dynamic exercise in man.
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Sargeant, A.J., Forte, C.A. (1987).
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submaximum exercise capacity. Eur. J. Appl. Physiol. 56 : 457-460.






INTRODUCTION

Measurement of force-generating capacity

The key to both human and animal movement lies in the ability of
skeletal muscle to generate force and the speed with which it is able
to do so. Until this century, little was known about the relationship
between force generation and speed of contraction within skeletal
muscle. The first investigations were conducted by Hill (1922)
who reported an inverse relationship between maximum force generation
and contraction velocity in human muscle, maximum force generating
capacity decreased as velocity of contraction increased. Although
the subsequent in vitro studies of Gasser and Hill (1924), Fenn
and Marsh (1935) and Hill (1938) demonstrated a similar reduction
in force generation with increasing velocity of contraction, a
curvilinear relationship was obtained. This apparent discrepancy
between in-vivo and in-vitro results could be explained by the fact
that in the latter studies force was measured in direct line with
the actual tension developed within the muscle, that is, the muscle
was isolated and free of the joint, whereas in-vivo, the situation
is more complex, with factors such as the angle of pennation of
the muscle fibres and the muscle/joint lever system itself influencing
the tension developed (Lindahl and Movin, 1967; Alexander and Vernon,
1975). It is interesting to note, however, that there are reports
in the literature of in-vivo studies which have demonstrated a curvi-
linear force-velocity relationship, for example, Wilkie (1950)
investigating the elbow flexor musclesusing an isotonic loading
technique and more recently Thorstensson, Grimby and Karlsson (1976)
investigating the force velocity characteristics of the quadriceps
muscle group (although their data does appear to be linear if the

value obtained for isometric tension is excluded). More recently



studies of the force-velocity relationship of the leg extensor
muscles using a specially modified cycle ergometer have reported

a linear relationship (Sargeant, Hoinville and Young, 1981; McCartney,
Heigenhauser, Sargeant and Jones, 1983; Dolan, 1985). The
discrepancy between the results of in-vivo iInvestigations may be
explained by the different characteristics of the muscle groups

or by differences in the test procedure employed.

Although the important relationship between force-generation
and velocity of contraction has received more attention in recent
years, the majority of relevant studies have been concerned with
the measurement of maximum force-generating capacity at a given
velocity of contraction. It is clear that during normal daily
activities maximum muscle function is rarely used. Indeed, it is
impossible to sustain maximum values of force generation since muscle
fatigue will occur after only a few seconds.

It would be more appropriate to measure how much of an individual®s
maximum force generating capacity is utilised during more moderate,
sustained dynamic exercise, In an attempt to represent normal daily
activity, than to confine measurements of force generation to brief
maximal bursts of activity. This functional (and non-invasive)
measurement could also yield useful information concerning the level
of peripheral stress experienced by the individual during dynamic
activity.

Measuring the proportion of maximum force generating capacity
utilised during dynamic exercise is not without problems, since
the measurement of maximum force is obviously still required and
this is dependent upon the velocity of contraction. Wilkie"s study
of the elbow flexors (1950), employed the use of afterload as the

controlled variable. An alternative approach would be to use an
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isokinetic technique, that is, a technique in which the velocity

of contraction is controlled and the external forces generated are
measured. Recently, apparatus based upon this principle (such as

the Cybex dynamometer) have become commercially available. However,
measurements of maximum force at high velocities are not reliable
using this device, since the muscle under investigation may be unable
to develop its maximum tension before passing the optimum joint
angle. According to Thorstensson (1976), isokinetic devices such

as the Cybex are only reliable at velocities below 252 of the maximum
voluntary contraction velocity.

Another approach which has attempted to overcome this problem
employs the use of a specially modified motor driven cycle ergometer
which allows force to be generated during a brief maximum test but
does not allow the subject to alter the frequency of contraction
(Sargeant, Hoinville and Young, 1981). Thus maximum forces are
generated under isokinetic conditions and over a large range of
contraction velocities.

Having established the maximum force generating capacity of
a muscle or muscle group at a particular velocity of contraction,
submaximum forces recorded during more moderate sustained exercise
may then be expressed as a proportion of the maximum available force
generating capacity.

There are several reports in the literature concerning the
measurement of submaximum forces during sustained dynamic exercise,
particularly cycling, (Hoes, Binkhorst, Smeekes-Kuyl and Vissers,
,1968; Blgland-Ritchie and Woods, 1976; Sargeant and Davies, 1977).
Forces exerted upon either the cranks or pedals of a cycle ergometer
were measured and found to increase linearly with increments in

exercise intensity. The force data obtained from these studies.
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however, was not expressed as a proportion of raaxitmini force
generating capacity - probably due to the methodological difficulties
in measuring maximum forces under identical conditions, particularly
contraction frequency which has previously been mentioned. One

of the few attempts to measure proportional force utilisation, or
relative force generating capacity, has been made by Sjcigaard, (1978),
during dynamic cycling exercise. The proportion of maximum force
utilised by a group of untrained individuals at values of power
output requiring 70% and 100% respectively of maximum oxygen uptake
(VOi max) was measured over a range of pedal frequencies and was
shown to increase with increments in exercise intensity up to a
mean value which did not exceed 49% (SD + 9.7%) at 100% of TOI max.
The results of this study indicate the presence of a large reserve
of force generating capacity, even when the subjects had achieved
maximum aerobic power.

If one were to use the proportion of maximum force-generating
capacity as an index of the peripheral “stress®™ experienced by the
individual, it would appear from the data obtained by Sj~gaard,
that under the conditions described in the study the major limitation
to sustained dynamic exercise is not peripheral in origin. This
observation is consistent with several previous studies performed
under similar conditions, in which the major limitation to sustained
dynamic exercise has been shown to be determined by the maximum
capacity of the oxygen transport system (3evegard and Shepherd,

1967; Davies and Sargeant, 1974; Gollnick, Armstrong, Saubert, Piehl
and Saltin, 1972), that is, a limitation of “central®™ origin rather
than peripheral. It would appear, nevertheless, that the major limita-
tion to sustained dynamic exercise is a balance between central

and peripheral factors; the former being predominant under the



conditions mentioned above, with a large reserve of force-generating
capacity available even at VOi max. It is conceivable however that
this situation may alter under certain conditions, such as supra-
maximal exercise and also within trained individuals.

Sjiigaard (1978) did not measure proportional force utilisation
in groups of trained subjects, and therefore it was not known whether
a "similar® situation (that is, a large reserve of force-generating
capacity available, even at VOi max) existed in individuals whose
muscles had undergone specific adaptation as a result of physical
training. Physical training may result in changes in muscle fibre
cross-sectional area, enzyme activity and production and clearance
of muscle metabolites which may be expected to Influence force
generating capacity. Therefore, would the level of peripheral stress
during sustained dynamic exercise, as assess"rd by measurement of
proportional force utilisation, be similar to that of the untrained
individual? An attempt to answer this question was made recently
by KZnstlinger, Ludwig and Stegemann (1985) who studied endurance-
trained cyclists in addition to a group of healthy untrained (although
recreationally active) subjects. The proportion of maximum force
generating capacity utilised at 60 rpm and 100% of VO. max was measured.
The study reported that at 100% of VO. max, values of the proportion
of maximum force utilised were 7A,1% (- 6,1) for the group of cyclists
compared to 62.5% (- 9.4) for the untrained subjects. This result
was attributed by the authors to the fact that the cyclists reached
higher maximum work-loads than the untrained subjects - this was
indeed the case, but it also surely suggests that the level of
peripheral stress was greater in the group of cyclists, and if so,
then the risk of a major limitation of peripheral origin (ie peripheral

muscle fatigue) could be the case. Fatigue is defined as the
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inability of a muscle to maintain the required or expected force
(Edwards, 1981) and is, during brief maximal contractions,
peripheral in nature, that is, due to changes at or beyond the
neuromuscular junction (Stephens and Taylor, 1972; Jones; 1981)
or to depletion of high energy phosphates within the muscle, (Hultman,
Bergstrom and McLennan-Anderson, 1967; Karlsson, Diamant and Saltin,
1971) or to lactate accumulation from anaerobic glycolysis (Karlsson,
1971; Tesch et al, 1978). Lactate accumulation causes a reduction
in muscle pH which not only inhibits glycolysis (Ui, 1966) but may
also affect muscle contractility directly, (Dawson, Gadian and Wilkie,
1978; Donaldson, Hermansen and Bolles, 1978).

Factors affecting force generating capacity

The limited data reported so far suggests that the measurement
of the proportion of maximum force utilised during dynamic exercise
could yield useful information concerning the degree of peripheral
limitation experienced by the individual and the difference iIn mag-
nitude of this limitation between trained and untrained individuals.
It would be interesting to know, however, whether it is training
"per se” which affects proportional force utilisation at a given
intensity, or, Iif the differences are due to inter-individual
differences in factors such as muscle cross-sectional area
(Maughan, Watson and Weir, 1983 a, b; Young, Stokes, Round and
Edwards, 1985), or Tfibre type distribution (Young, 1984; Grindrod,
Round and Rutherford, 1987). These factors are known to affect
force generation (Tesch and Karlsson, 1978; Komi, Rusko, Vos and
Vihko, 1977; Maughan, Watson and Weir, 1983 a, b; Young, Stokes,
Round and Edwards, 1985), but their influence upon the proportion
of maximum force utilised during sustained exercise has been the

subject of no previous investigations.
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Several previously mentioned studies have demonstrated the
effect of contraction velocity upon maximum force generating capacity
(Hill, 1922; Thorstensson, Criraby and Karlsson, 1976; Sargeant,
Hoinville and Young, 1981) but it is unclear whether the proportion
of maximum force utilised at a given power output is similarly affected.
To date, the only report in the literature is that of Sj~gaard (1978),
which has already received mention. Proportional force utilisation
was measured over a range of pedal frequencies (AO-100 rpm) during
cycling exercise in a group of untrained subjects. Although the
(mean) maximum value achieved at 100% of VOi max did not exceed
49%, the study demonstrated a systematic reduction in the proportion
of force utilised with increments in pedal frequency when data
obtained at equivalent values of power output were compared. No
investigation has been subsequently performed to confirm this result
but it suggests the possibility of "manipulating® the amount of
force generating capacity utilised by simply altering the frequency
of contraction.

Increasing contraction frequency may have an effect upon
proportional force utilisation with subsequent beneficial effects
(ie a reduction in peripheral stress), but the employment of this
procedure may carry an energetic cost. If this is the case, there
would appear to be little point in trying to alleviate one limitation
if only to decrease the efficiency of the activity being performed
and thus indirectly create another limitation.

The mechanical efficiency of an individual during steady-state
exercise is expressed as the ratio of mechanical work accomplished
to the metabolic energy expended. A synonymous term used is "gross”
efficiency. Values of gross efficiency during exercise rarely exceed

30% (Benedict and Cathcart, 1913; Seabury Adams and Ramey, 1977;
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Stuart, Howley, Gladden and Cox, 1981). These values are consistent
with Hill"s original efficiency equation derived from measurements
of the work done by the elbow flexors pulling a heavy fly-wheel
(1922). However, controversy exists concerning the use of the gross
efficiency calculation, since it does not isolate the “unmeasured
work®™ (that is, the energy required for accelerating and decelerating
the limbs, stabilising the body and respiratory and cardiac work;
Garry and Wishart, 1931), from the performance of the external work
in question. A variety of definitions have subsequently emerged
which subtract the oxygen cost of the measured work, sometimes referred
0 as "base-line correction factors®. In net efficiency, the
denominator is defined as the energy expended above that at rest.
Work efficiency uses as the denominator the energy expended above
that at zero load. Delta efficiency is defined as the average
gradient of the relationship between work performed and energy expendi-
ture between two specified limits for the work (see Gaesser and
Brooks, 1975). In addition to the bewildering array of definitions
exist equally confusing results of investigations of the effect
of contraction frequency upon exercise efficiency. During studies
of cycling exercise Gaesser and Brooks (1975) have reported a
decrement in gross, net, work and delta efficiencies with increments
in pedal frequency. A reduction in net efficiency at high pedal
frequencies (86-88 rpm) has also been demonstrated by Pugh (1974).
Several investigations have concluded that there are optimum pedal
frequencies for exercise efficiency (Dickenson, 1929; Garry and
Wishart, 1931; Bannister and Jackson, 1%7; Seabury, Adams and Ramey,
1977; Hagberg, Mullin, Glese and Spitznagel, 1981; Coast and Welch,
1985), although these results disagree upon the absolute value of

this optimum and whether it is modified by physical training. Clearly,
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in considering "worthwhile strategies’ for sustained dynamic exercise,
in terms of speed and load which involve changes in force generating
capacity, it is important to examine the effect of varying these
factors upon the metabolic cost of the exercise.

Control of muscle force generating capacity: Patterns of motor

unit recruitment

A discussion of muscle force generating capacity would be
incomplete without reference to the mechanisms by which it is
controlled. Sherrington first defined the "motor-unit®™ as the
functional unit of motor system output and formulated the idea of
"recruitment” to describe the gradation of total muscle force by
addition and subtraction of active motor units (Liddell and
Sherrington, 1925; Eccles and Sherrington, 1930). Denny-Brown (1929)
showed that under some conditions such as the stretch reflex, motor
units iIn slow, red muscles were recruited more readily than those
in fast, white muscles. Denny-Brown introduced the idea of
"threshold” grades among the motor units innervating a given muscle
and suggested that these were scaled according to relative intensities
of excitatory and inhibitory input.

He then went on to demonstrate, in electromyographic studies
of human subjects, an orderly pattern of recruitment during voluntary
contractions, with the lowest threshold units showing the smallest
EMG potential amplitudes (Denny-Brown, 1949). (Electromyography
is a method of studying the electrical activity of a muscle.
To develop tension in a muscle the motor units have to be activated.
When a motor unit is activated, the movement of ions along the muscle
fibre membrane results in an action potential.)

A major advance was made in 1965 when Henneman and co-workers

formulated the “size principle®” of motor unit recruitment (Henneman,
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Somjen and Carpenter, 1965 a, b). Based upon a technique of
"labelling* the motor axons innervating gastrocnemius motor neurones
and using the spike amplitudes to infer the size of the parent motor
neurones, they suggested that small force; slow twitch units were
innervated by small alpha motor neurones while larger faster units
were innervated by correspondingly large motor neurones. Functional
thresholds varied along the same continuum, starting with the lowest
thresholds among the smallest motor neurones.

Quantification of the level of activity of whole muscles have
most often been derived from integrated surface EMG (IEMG), a technique
in which surface electrodes applied to the overlying skin record
the summated potentials derived from many motor units. The
investigation of muscle activity during dynamic exercise using the
technique of electromyography may not only provide information
concerning patterns of recruitment, but in conjunction with
measurements of force generation”™information concerning the
magnitude and origin of peripheral muscle fatigue (Stephens and
Taylor, 1972; Nilsson, Tesch and Thorstensson, 1977).

An alternative method of studying patterns of motor unit
recruitment involves a technique in which the glycogen content of
histochemically identifiable Type 1 (low threshold) and Type Il
(high threshold) units is estimated and the degree of depletion
related to the activation of the unit. Using this technique. Gollnick,
Piehl and Saltin (1974) demonstrated a preferential utilisation
of slow twitch fibres during sustained submaximal cycling exercise
at a constant pedal frequency. Fast twitch fibres were only
activated either at supramaximal work-loads or by prolonged
exercise at higher work-loads after a large number of slow twitch

fibres had already been depleted of glycogen. Thus their results
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were in accordance with the size principle.

There are several reports in the literature, however, which
indicate exceptions to this orderly pattern of motor unit recruitment.
Glycogen depletion studies of human vastus lateralis muscle indicate
preferential recruitment of Type lla fibres with a lesser degree
of Type Ilb and only a moderate depletion in Type | fibres during
repeated maximum voluntary dynamic contractions (Secher and Nygaard,
1976). Electrophysiological studies (Grimby and Hannerz, 1977)
have also demonstrated preferential activation of high threshold
motor units during extremely rapid voluntary shortening of the human
extensor digitorum brevis muscle. The results of these studies
suggest that there may be some functional significance in
preferentially recruiting high threshold units, which give greater
power per unit stimulus, under some conditions, such as movements
which require a rapidly alternating movement of a limb in order
to be effective (Spector, Gardiner, Zernicke, Roy and Edgerton,
1980).

Since changes in the proportion of force generating capacity
utilised during dynamic exercise have also been reported to occur
when contraction frequency is increased, it is suggested that there
may be a "link® between this phenomenon and changes in patterns of

motor unit recruitment.

Establishing a method of measuring the proportion of maximum
force generating capacity utilised during dynamic exercise may yield
useful information concerning the level of peripheral stress
experienced when the exercise is sustained. Once the proportional
utilisation of maximum force generating capacity is known, then

attempts may be made to offset or alleviate this component.
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Varying the contraction frequency may be one such method, however,
alternative methods have been employed in an attempt to offset the
peripheral limitation to sustained exercise. (As suggested previously,
the major limiting factor to sustained dynamic exercise may be
a balance between central and peripheral factors. Therefore in
such cases where the balance may be "pushed” towards a peripheral
limitation, it would be advantageous to employ methods to alleviate
this.) One such method has been oral supplementation of the
substance L-carnitine. Carnitine is a quaternary amine which plays
a central role in lipid catabolism and energy production. Fritz
(1955, 1963) identified carnitine as part of the shuttle mechanism
whereby long chain fatty acids are converted to acyl carnitine
derivatives and transported across the mitochondrial membrane.

Animal studies have demonstrated that the utilisation of fat as

a fuel exerts a sparing effect upon stores of muscle glycogen
(Rennie, Winder and Holloszy, 1976). The facilitation of fat
oxidation by carnitine supplementation could therefore be beneficial
towards endurance performance by increasing the aerobic energy

flux, sparing muscle glycogen and thereby increasing both endurance
capacity and aerobic power.

A recent study by Marconi, Sassi, Cardinelli and Ceretelli
(1985) claims to have demonstrated a 6% increase in the aerobic
power of a group of athletes after 2 weeks of oral supplementation
of carnitine (4g per day) although Cooper, Jones, Edwards, Montanari
and Trevisani (1986) failed to demonstrate an improvement in the
performance times of experienced marathon runners.

Aims of the Thesis

The aim of this Thesis was to measure the proportion of maximum

force generating capacity (or relative force generation) utilised
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during normal dynamic exercise. Differences between untrained
and trained subjects were investigated.

In Chapter 3 the effect of contraction frequency upon relative
force generation was investigated and the implications, both in
terms of offsetting peripheral stress and changes in the mechanical
efficiency (Chapter 4) were discussed.

These studies were followed by electromyographic investigations
(Chapters 5 and 6), conducted in order to explain the mechanism
underlying the relationship between relative force generation and
contraction velocity.

Finally, the effect of oral supplementation of L-carnitine
was studied (Chapter 7) in an attempt to offset the peripheral

limitation to sustained dynamic exercise by an alternative mechanism.
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INTRODUCT ION

There are several reports in the literature concerning the
measurement of force generation during either prolonged submaxiraum
(Hoes, Binkhorst, Smeekes-Kuyl and Vissers, 1968; Bigland-Ritchie
and Woods, 1976; Sargeant and Davies, 1977) or brief maximum (Sargeant,
Hoinville and Young, 1981; Dolan, 1985) cycling exercise. However,
few studies have been performed in which both submaximum and maximum
forces have been measured and therefore data concerning the
proportion of maximum force utilised (or relative force generation)
during cycling exercise is limited. Sj”~gaard (1978) measured the
relative leg force generation of six untrained male subjects (age
range 20-3A years) during cycling exercise at two values of power
output requiring 70% and 100% of maximum oxygen uptake (VOi max)
respectively, over a range of pedal frequencies from 40-100
revolutions per minute (rpm). Sjtigaard reported a systematic linear
increase in relative force generation with increasing exercise
intensity (expressed as % of VOi max). At 100% of VO> max, however,
relative force generation did not exceed 49%; in other words, a
large reserve of force-generating capacity was still available, ever
when the subject was exerting maximum aerobic power.

A similar study by K;nstllnger, Ludwig and Stegemann (1985),
relating relative force generation to work-load (Watts) at a pedal
frequency of 60 rpm reported a mean value of 67.5 - 8% (SD) at
maximum levels of exercise in a group of eighteen male subjects which
included ten endurance-trained athletes. In this study, however,
the mean peak leg forces recorded during the progressive exercise
test were expressed as a proportion of the maximum isometric
contractile force (MVC) rather than the maximum dynamic force

generated at 60 rpm.
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The purpose of the study described in this chapter was to
measure the leg forces generated during a continuous progressive
exercise test, in a large group of subjects (n » 33), and also to
determine whether relative force generation could be influenced by the
differing physiological and biochemical characteristics of the
subjects®™ muscles. With this in mind, groups of athletes as well as

healthy untrained individuals, were studied.

SUBJECTS

Thirty three subjects volunteered to participate iIn this study.
The group included twenty healthy untrained subjects; thirteen males
and seven females (age range 18-39 years) and thirteen athletes; ten
males and three females (age range 17-43 years). Physical
characteristics of the untrained and trained subjects are given in
Tables 1 and 2 respectively.

The untrained subjects included colleagues and students within the
Polytechnic of North London and the Department of Medicine, University
College Faculty of Clinical Sciences. The trained subjects were all
members of local athletic and cycling clubs.

Informed consent was obtained from all subjects prior to testing.

METHODS

Measurement of Maxiimm Force Generating Capacity under Constant

Velocity Conditions

Maximum leg forces were measured isokinetically during a twenty
second effort performed on a modified cycle ergometer (Fig 1)
(Sargeant, Hoinville and Young, 1981). The ergometer was modified
by the addition of a 3 hp electric motor driving the cranks through a

variable speed gearbox enabling the appropriate pedal frequency to
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ULv (litres)

ATHLETIC AGE HT  BODY WT
SUBJECT SEX (Muscle + Bone)  LBM%
DISCIPLINE (YRS) (W) (Kg) R leg L leg

MS CYCLING M 25  1.73  72.1 4.73  4.50 00.0
NA CYCLING M 17 1.79 70.6 3.03 3.04 00.2
AF CYCLING M 36 1.60 66.0 3.66  3.44 09.9
AM CYCLING M 43 1.00 74.3 3.56 3.76 07.7
PS CYCLING M 24 1.79 73.0 4.12  4.12 90.4
IR TRI-ATHLON M 10 1.70 77.0 3.70 3.65 00.0
NS  MARATHON RUNNING M 32 1.01  69.9 3.62 3.50 91.2
SP MARATHON RUNNING M 30 1.0l  60.2 4.13  3.00 00.3
MG WEIGHT LIFTING M 21 1.70 100.0 6.36 5.99 06.4
el WEIGHT LIFTING M 22 1.74 71.9 4.05 5.00 04.6
LM HIGH JUMP F 10 1.04 66.4 3.25  4.07 01.2
JH DISCUS F 22 1.06 03.0 2.96 3.15 72.6
ML SHOT PUT F 22 1.67 67.7 2.93 2.97 76.2

TABLE 2: PHYSICAL CHARACTERISTICS OF THE TRAINED SUBJECTS (nh : 13)

ULV: Upper Leg Volume (Litres)

% LBM: Percentage Lean Body Mass
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be set. The leg forces exerted on the pedals were continuously
monitored by silicon strain gauges bonded to the cranks of the
ergometer. The output from the strain gauges was relayed to brass
slip rings which were mounted on discs attached inside each crank.
The discs were in contact with metal pick-ups which relayed the
output from each crank via separate Wheatstone Bridge circuits to
an uv oscillograph recorder (EMI SE 9150). In this way force was
recorded continuously and separately for each leg.

Crank position was indicated on the force recording by a
photoelectric transistor and lamp which were aligned and mounted on
either side of the left slip ring disc. The disc was indented at
15° intervals so that when the cranks were moving, corresponding
markers were produced on the force record, through a separate
channel. The Top Dead Centre of the left-hand crank was indicated
by a triple marker.

Prior to and immediately after each test, both left and right-
hand ergometer cranks were calibrated separately at a position
corresponding to 90° from top dead centre by exerting a known force
upon them.

After the first calibration, the subject was seated comfortably
for normal cycling upon the ergometer, allowing some slight knee
flexion at the bottom dead centre of each crank position. The saddle
height was recorded and used for subsequent tests. The subjects”
shoes were attached to the pedals with the ball of the foot over the
pedal spindle.

After switching on the motor at its slowest speed, the

variable gearbox was adjusted to give the appropriate pedal frequency.

The subjects were then allowed between five and fifteen seconds to

accustom themselves to the pedal frequency; during this time they
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were instructed to make no muscular effort but to merely allow their
legs to be taken around by the motor. After this time, the subject
was asked to make a maximum effort for twenty seconds iIn an attempt
to speed up the motor. The characteristics of the motor were such
that pedal frequency remained almost unchanged (<A%) during the
course of the twenty second test (Sargeant et al 1981, Dolan 1985).

Throughout the test, peak force for each leg, which was exerted
at 90° from Top Dead Centre, was determined separately. The mean
of the three highest consecutive values of peak force during the
twenty second test was calculated for each leg individually. The
calculated mean of the right and left leg values was taken to be the
Maximum Peak Force (PF max).

Measurement of submaximum and maximum oxygen uptake and leg

forces during a progressive exercise test

In order to measure oxygen uptake and the leg forces exerted in
response to standardised submaximum and maximum work-loads, the subject
was seated on the same ergoneter as described for the determination of
PF max. The chain of the ergometer, however, was connected to drive
a conventional friction-braked ("Monark®) ergometer Tflywheel, (Greig.
Sargeant and Rutherford, 1985). This system enabled mean peak force,
oxygen uptake and external power output to be measured
simultaneously. (Fig 2.)

A continuous progressive exercise test was conducted at a pedal
frequency of 70 rpm. This pedal frequency was maintained with the
aid of a metronome and frequent checking of the rpm by the iInvestigator
via a stopwatch. The work-load was increased incrementally every five
minutes from unloaded pedall ing. Work-loads were chosed to span the
subjects”™ capacity up to and including maximum.

A semi-continuous open circuit technique was used to record
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inspired volume (Parkinson Cowan dry gas meter), mixed expired CO.

(PK Morgan infra-red analyser 901-Mk 2) and mixed expired 0, (Sybron
Taylor paramagnetic oxygen analyser, 570A, connected to a Dalton DC
voltmeter 1045). The CO, analyser was calibrated prior to testing
with atmospheric air and a mixture containing approximately 4% CO,,
17% 0, and 79% N,. This gas mixture had previously been checked by
Haldane gas analysis. The 0, analyser was calibrated with atmospheric
air and 100% N,.

To record the electrocardiograph, the skin was cleaned
thoroughly using an abrasive paste (Omni Prep, Weaver and Co, USA).
Light-weight disposable electrodes (Palmer Bioscience) were attached
to the skin on the raid-axillary line V5 position on the left
(exploring electrode) and right (earth electrode) sides and below
the right collar bone (reference electrode), ten to fifteen minutes
before the progressive test. The subject was then connected to a
telequipment oscilloscope (SSIB) which displayed the ecg. The output
from the oscilloscope was relayed to a channel on the uv oscillograph
recorder. In addition, cardiac frequency was summed over every
thirty seconds and displayed on a meter.

Using this system, inspired volume (VI), fractional mixed expired
oxygen (Fe0,), fractional mixed expired carbon dioxide (FeCO.) and
cardiac frequency (fc) were recorded every thirty seconds over the
final two minutes of each increment in work-load along with the ecg
as previously described by Sargeant, Crawley and Davies (1979).

The peak force generated during a sample of fifteen revolutions
was measured for each leg and during each increment in work-load and
a mean value was calculated. The mean values obtained for each leg
were further averaged to obtain a value of mean peak leg force

corresponding to each increment in work-load.
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Measurement of % Type Il Ffibre area from needle biopsy samples

Twenty five of the subjects volunteered to have a needle biopsy
which was performed within the Department of Medicine, University
College Faculty of Clinical Sciences, after obtaining approval by
the Committee for the Ethics of Human Procedures, University College
Hospital.

A needle biopsy technique (Bergstrom,1962; Edwards, Young and
Wiles, 1900) was used to obtain a sample of muscle from the lateral
part of the quadriceps femoris. This site was chosen since it is
free of major blood vessels and nerves and it is the major extensor
of the knee joint and therefore particularly suitable for studies in
which structure is to be related to function.

Prior to the biopsy, blood coagulation indices were checked. A
sterile technique was used to administer a local anaesthetic (20
lignocaine) into the skin and subcutaneous tissues and a 6-7 mm
incision was made with a pointed blade to allow the needle into the
muscle. Immediately after the biopsy, the sample obtained was
mounted on a cork disc and the fibres were orientated under a
dissecting microscope, supported by a mounting medium, and then
rapidly frozen in isopentane cooled to its freezing point with
liquid nitrogen. The samples were stored at - 169“C until analysis.
Serial transverse sections (4”m) were cut with a microtome at - 2S5 C
and stained for the enzyme myosin ATP-ase after pre-incubation at
ph 9.4 to identify Type 1 (pale staining and low activity) and
Type Il (dark staining and high activity) muscle fibres.

Measurement of fibre areas and percentage composition of
Type I and Type Il fibres was made using a semi-automatic system

described by Jones, King and Round (1980). A total of at least
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eighty fibres of each type were measured by two investigators.
Where there was a difference > IOfi between the two, a third person
repeated the measurement. Estimates of fibre frequency did not
vary by >7?1 between the two investigators. The coefficient of
variation, made from paired unilateral quadriceps samples in
thirty subjects, has been found to be 171» for fibre frequency

and 8S for fibre diameter. (Wiles, Young, Jones and Edwards,

1979.)

Measurement of Upper Leg (Muscle plus Bone) Volume

An anthropometric technique (Jones and Pearson, 1969) in which
the volume of the upper leg is partitioned into segments which are
similar to truncated cones, was used to calculate upper leg muscle plus
bone volume. (Eig 3.)

With the subject standing erect and the feet slightly apart, the
height above the floor and the circumference were taken at four sites
on each leg. The sites were; the gluteal furrow, one third of the
subischial height up from the tibial-femoral joint space, the minimum
circumference above the knee and the maximum circumference around the
knee joint space.

Skin-fold thicknesses were measured with Harpenden calipers at
two sites on each leg, the anterior and the posterior thigh in the
mid-line at the level of one-third subischial height. Since the
calipers pick up a double layer of skin-fold tissue under pressure,
the reading was converted to a true single measurement using an

appropriate regression equation (based on a comparison between
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FIGURE 3: Diagram of the leg showing the sites at which
anthropometric measurements were made for
determination of upper leg volume.

(After Jones and Pearson, 1969)

34



X-Ray fat, caliper fat and the linear relationship between them) to
each sex and to the fat site. (Jones, 1970.)

The formula to calculate the volume of a truncated cone was
applied to each segment of the upper leg in turn, and the results
were summated to give a value for upper leg volume. To calculate
muscle plus bone volume, the corrected fat caliper readings for each
thigh were summed and subtracted from it’s diameter. The inner cone
volumes were calculated as described.

Measurement of Lean Body Mass

The calculation of lean body mass was made according to the
method described by Durnin and Rahaman (1967). Skinfold thicknesses
were taken, using Harpenden calipers, at four sites on the left side
of the body. The sites selected were: Biceps and Triceps, over the
mid-point of each muscle belly; Subscapular, just below the tip of
the inferior angle of the scapular at an angle of approximately
to the vertical; Suprailiac, just above the iliac crest in the mid-
axillary line. The log- of the sum of the four skinfold thicknesses
was inserted into the appropriate regression equation (based upon the
linear relationship between body density and skinfold thickness)
to give a value of body density. The regression equations are given
below:

Men: y

1.1610 - 0.0632 x
Women: y = 1.1581 - 0.0720 x
Calculation of percentage body fat from body density measurements
was based upon the equation given by Siri (1956) and shown below:
Fat (o = [(4.95/Density) - 4.50] x 100
Lean body mass was then calculated by subtracting the product of

body weight (kg) and percentage body fat from body weight.
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PROTOCOL
The subject arrived at the Laboratory in a post-absorptive
I state, was informed of the procedures involved, and written consent
was obtained.

Physical anthropometry was performed for determination of upper
leg (muscle plus bone) volume and lean body mass. The subject”s
height and body weight were also measured.

The subject then performed the twenty second isokinetic test at
70 rpm for determination of Pf max. After a rest period, during which
the ecg electrodes were attached and the ergometer chain altered to
drive the conventional “Monark™ ergometer, a continuous progressive
exercise test was performed, also at 70 rpm.

When the trained cyclists were tested, the ergometer saddle was
changed to a racing saddle to ensure optimal performance. The
cyclists also wore their cycling shorts and shoes which were equipped
with metal rims on the soles to insert in front of rims on the pedal
spindles.

During the progressive test, throughout which mean peak forces
were recorded, the subjects were instructed to maintain a constant
pedal frequency of 70 rpm; several of them experienced some difficulty
in maintaining this frequency. Any data, therefore, which was
collected when the pedal frequency was outside the range t 5 rpm of
the required 70 rpm, was excluded from further analysis.

Muscle biopsies were performed at a time convenient to the
subject and to the medical staff of the Department of Medicine,
University College London, but were always within one month of
the other measurements.

STATISTICS

Conventional statistical methods were employed to calculate
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means (X), standard deviations (SD), standard error of the means (SE),
and linear correlation coefficients (r). Determination of linear
regression was performed using the method of least squares. Intra-
individual differences and differences between mean values were
tested for significance using Student®s t-tests for paired and
unpaired (two-sample) data. The level of significance was denoted
with "p" values. The coefficient of variation was defined as

sb/; X 100.
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RESULTS

Analysis was performed on the data obtained from 32 subjects
since one of the trained subjects (PS) was unable to maintain pedal
frequency within the defined criterion throughout the whole duration
of the progressive test.

The mean peak leg forces exerted on the cranks of a cycle
ergometer were recorded during each increment in power output through-
out a continuous progressive exercise test performed at 70 rpm.

fig 4 describes the relationship between VOj (1/min) and mean
peak force (N) recorded during the progressive test. The data was
obtained from 32 subjects, with a total of 127 observations. The
relationship was linear (y = 49.05 + 104.36x; obtained from regression
analysis) with a significant correlation coefficient, (r = 0.95,

p <0.005).

The mean peak forces were expressed as a proportion {% Pf max)
of the maximum force generating capacity measured isokinetically at
the same pedal frequency. (See Tables 3 and 4 for actual PF max
data).

When ?, PF max was related to exercise intensity, expressed in
terms of % VO, max, the result again was a significant linear
relationship between the two (y = 3.29 0.47x, r = 0.68, p <0.005),
There iIs a systematic increase In % PF max with increasing exercise
intensity (Fig 5).

The mean data for the group corresponding to increments in power
output requiring 25, 50, 75 and IOOTi respectively of VO, max is
illustrated in Fig 6. (These data are interpolated values derived
from regression analysis.) Relative force generation increases from
15 - IS (SEM) at an exercise intensity requiring 25S of VO, max, to

50 t 2% (SEM) at 100S of VO, max.
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v TYPE 11 - (70 rpm) VOj max mean

SUBJECT FIBRE AREA /10LV] [ml/min/IULV] rpm
198 392 71
210 305 67
256 510 72
234 493 71
255 383 71
189 441 68
187 391 69
176 386 71
201 519 68
191 444 67
336 442 7
212 451 69
198 336 71
152 510 7
221 425 68
207 342 71
176 540 69
210 456 68
221 419 71
243 393 69

TABLE 3: UNTRAINED SUBJECTS (n = 20)
MAXIMUM PEAK FORCE AT 70 RPM, MAXIMUM AEROBIC POWER,
% TYPE 11 FIBRE AREA, AND MEAN PEDAL FREQUENCY

DURING THE PROGRESSIVE EXERCISE TEST
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FIGURE 6
Relationship between exercise intensity (S VO, max)
and relative force generation

mean data i ISEM are shown
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Although an obvious linear relationship exists between % PF max

and % VO, max, large differences in the individual response, in terms

of relative force generation, at any given exercise intensity were

observed. The intersubject variation apparent at one exercise

intensity requiring 75?1 of VO, max is demonstrated in the form of

a histogram (Fig 7).
Although the mean value of relative force generation at this

exercise intensity is 39S, the range of values extends from 24?1 to

562. The values of 24% and 56?1 correspond to data obtained from a

weightlifter and a marathon runner respectively. In fact, the data

obtained from the “power® athletes were below the mean value for the

group, whereas that obtained from the endurance-trained cyclists and

runners was above the mean value (Table 5). this does not mean that

the untrained subjects were confined to the mid-range; Table 5 shows

that values of relative force generation obtained from the untrained
subjects were represented at the extremes of the range as well as the
mid-range.

The relationship between maximum dynamic strength (PF max at
70 rpm) and relative force generation at an exercise intensity

requiring 75% of VO, max 1is illustrated in Fig 8. The relationship

was significant (y = 52.81 - 0.02x, r = - 0.49, p<0.005) but with

high intersubject variability, which was not reduced when maximum

peak forces were standardised for upper leg muscle (plus bone) volume
(y = 54.65 - 0.07x, r = -0.44, p <0.005).

The relationship between relative force generation (at 75%
VO, max) and % type Il fibre area was highly significant
(y : 53.72 - 0.03x, r : - 0.67, p <0.005) although not without
variability (Fig 9. Subjects with a high % Type 11

fibre area

exerted a relatively lower proportion of maximum force generating
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FIGURE 9
Relationship between 5 Type Il fibre area and
relative force generation at a power
output requiring 75?1 of VO, max

y . 53.719 - 0.299x; r » -0.666; p<0.005



capacity than those with a low % Type Il fibre area. Conversely,
subjects with a high aerobic power (VO, max) generated a high
proportion of maximum force generating capacity at any given work-
load. This is illustrated in Fig 10 which relates relative force
generation (at 75'1 VO, max) to maximum oxygen uptake (standardised
for upper leg muscle (plus bone) volume). The relationship is also
highly significant (y = 13.99 + 0.09x, r = 0.67, p <0.003).

To sunvnarise the results obtained from the present study; the
mean peak forces exerted on the cranks of a cycle ergometer were

measured over each increment iIn power output during a progressive

exercise test performed at 70 rpm. Mean peak force increased linearly
with increasing values of oxygen uptake. When the mean peak forces
were expressed as a proportion of maximum force generating capacity
(at the same pedal frequency) and related to exercise intensity
(1 VO, max), the result was again linear, with relative force
generation increasing from 15l at 25?1 of VO, max to 50% at 1000 of
VO, max. A large intersubject variation in relative force generation
at any given exercise intensity was observed which was apparent in the
untrained as well as the trained subjects.

Relative force generation was shown to be significantly related to

maximum aerobic power, and significantly inversely related to maximum

dynamic strength and ‘i Type Il fibre area.

DISCUSSION

Relative Force Generation during dynamic exercise

The mean peak forces exerted on the cranks of a cycle ergometer
were measured during a continuous progressive exercise test performed
at 70 rpm, up to and including VO, max. The data obtained from

thirty two subjects were analysed. The linear relationship obtained
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FIGURE 10
Relationship between maximum aerobic power
and relative force generation at a power

output requiring 75S of VOi max

y » 13.99 ¢ 0.05 x; r = 0.667; p<0.005
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FIGURE 11: Section from a biopsy sample obtained from the
Vastus Lateralis muscle of subject GW (Weightlifter).
The section has been stained for the enzyme myosin ATP-ase after
pre-incubation at pH 9.A to identify Type 1 (pale staining and
low activity)and Type 11 (dark staining and high activity)

muscle Tfibres
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between mean peak force generation and oxygen uptake is iIn agreement
with previous studies on animal (Wilson and Stainsby, 1978) and human
muscle (Bigland-Ritchie and Woods, 1976; Sargeant and Davies, 1977).

A linear relationship between mean peak force and external power

output has also been reported during dynamic exercise, (Hoes, Binkhorst,
Smeekes-Kuyl and Vissers, 1968; Kunstlinger, Ludwig and Stegemann,
1989).

The modified cycle ergometer described by Sargeant et al (1981)
was used to measure maximum peak forces under isokinetic conditions
(70 rpm). The leg forces subsequently measured during the progressive
test were expressed as a proportion of maximum force generating
capacity (under the same conditions of crank velocity) and were
related to exercise intensity expressed as percentage of VOj max.
Relative force generation was shown to increase with increasing
exercise intensity, as demonstrated by SJdgaard (1978). (The data
obtained by Sjdgaard also appears in a report by Lollgen, Graham and
Sjiigaard, 1980.)

The most interesting result of the present study was the large
intersubject variation in relative force generation at any given
exercise intensity. A power output requiring 75?2 of VOj max, for
example, required a range of 24 to 56 of the maximum dynamic force.
The values of 24?1 and 5671 were obtained from a weightlifter and a
marathon runner respectively. In fact, relative force generation
was above the mean value at all exercise intensities studied for the
endurance-trained athletes and below the mean value for the “power*
athletes. This illustrates how qualitative differences within human
skeletal muscle, which are more pronounced in a trained athlete,
determine the proportion of maximum force required during sustained

dynamic exercise and this may be expected to have profound effects
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upon the level of peripheral stress experienced by the subject.

Relative Force Generation; relationship to muscle strength

and aerobic power

The relationship between relative force generation and maximum
dynamic strength (PF max at 70 rpm) was investigated in the present
study and shown to be significant (as was the relationship when
maximum dynamic strength was standardised for upper leg muscle (plus
bone) volume). The results clearly demonstrate, however, that there
were certain individuals of similar maximum dynamic strength (per litre
of muscle mass) who showed differences in relative force generation at
given values of power output during the progressive test. This
variation was presumably due to differences in aerobic potential
between the subjects, le.those subjects of a similar PF max (per litre
ULV) but a greater PF max, (at a given value of power output), also
demonstrated a greater aerobic potential (VOj max ml 1 ULV min )]
(see Tables 5, 4 and 5). A further illustration of the influence of
aerobic potential upon % PF max is given in Figure 10. These data
suggest that those subjects whose muscles have a high aerobic potential
must exert a greater proportion of their maximum force generating
capacity in order to maintain a given value of power output.

Similar results were demonstrated by Kunstlinger et al (1985) in
which mean peak forces generated during a continuous progressive
exercise test conducted at 60 rpm were measured in a group of
endurance-trained cyclists and a reference group. Their data showed
that at 100’1 of VO, max, values of relative force generation
(expressed iIn terms of % MVC) were significantly higher in the group
of cyclists, although both groups were of similar maximum isometric
strength. Curiously, there were no differences in the VO, max between

groups, but this data was not standardised for muscle size, a
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procedure which may have revealed differences in aerobic potential
responsible for the differences in relative force generation.

A major factor influencing both aerobic potential and dynamic
strength (per unit muscle size) is the fibre type distribution,
which is discussed below.

Relationship between Relative Force Generation and % Type Il

Fibre Area

Skeletal muscle fibres differ consierably in various properties.
Links between the contractile properties of a muscle and its
metabolic and morphological characteristics, in terms of the
distribution of fibre types have been firmly established (see
reviews by Close, 1972: Burke and Edgerton, 1975; Saltin and
GollInick, 1983). Although fibre type distribution within human
skeletal muscle is rather homogenous, there are large inter-
individual variations in the proportions of Type 1 (slow twitch) and
Type 11 (Fast twitch) fibres within any given muscle. This variation
and the associated differences in enzyme activities and capillarisa-
tion are reflected in various measures of physical performance, such
as endurance and muscle strength, (Thorstensson, 1976; Thorstensson,
Grimby and Karlsson, 1976; Coyle, Costill and Lesmes, 1979).
Thorstensson (1976) demonstrated for the first time in human skeletal
muscle the functional significance of Type Il muscle fibres by
showing a correlation between muscle performance (maximum contraction
speed and the ability to produce force at high velocities) and Type 11
fibre distribution and area. A high percentage area of Type 11 fibres
would seem favourable in power type athletic events where success
depends upon maximising force generation, and several studies have
shown that power athletes do tend towards a predominance of Type 11

muscle fibres. (EdstrBm and Ekblom, 1972; Gollnick, Armstrong,
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Saubert, Piehl and Saltin. 1972; Costill, Daniels. Evans, Fink and

Krahenbuhl, 1976; Thorstensson, Larsson, Tesch and Karlsson, 1977.)
See also Fig 11.

A significant inverse correlation between X Type IT fibre area

and relative force generation was demonstrated in the present study.

The power athletes with a high % Type Il fibre area generated a lower

proportion of their maximum force generating capacity than the
endurance-trained cyclists and runners, at any given value of power
output. This is not to say that the untrained subjects were confined
to the mid-range regarding % Type 11 fibre area; several of them
demonstrated a high X Type 1l fibre area (Table 3) and concomitant
with this was the generation of a lower proportion of maximum force

for a given exercise intensity. This implies that it was not the

"state of training®™ per se which influenced relative force generation

but the X Type 11 fibre area, thus supporting the suggestion by Tesch,

Wright. Vogel. Daniels. Sharp and SjBdin (1985) "that peak force
relative to MVC is modified by the CSA occupied by Type Il (fast
twitch) Tfibres™.

Evidence from recent studies relating (isometric) force per unit
of muscle cross-sectional area (Force/CSA) and X Type Il fibre area
suggests that these fibres may be intrinsically “stronger than
Type 1 fibres. A Retrospective study by Young (1984) suggests that
Type 11 muscle fibres may be twice as strong as Type 1 fibres and
this has been confirmed in a more recent study (Grindrod. Round and
Rutherford, 1987).

Therefore, with the knowledge of the metabolic and morphologic

characteristics of Type Il muscle fibres, plus the possibility that

they may be intrinsically stronger than Type 1 fibres, it is

suggested that those individuals with a high X Type 1l fibre area.
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whether trained or untrained, may be able to maintain a given power

output utilising a lower proportion of maximum force generating
capacity.
The relationship observed in this study between % Type Il fibre

area and relative force generation was also subject to individual

variation, that is, certain of the subjects with a similar % Type 11

fibre area generated different proportions of maximum dynamic force,

at a given power output. This may be due to the large coefficient of

variation (17%) associated with the determination of fibre frequency

of distribution from biopsy samples, and also to the fact that force

generation may be influenced by factors other than % Type 11 fibre
area, such as the angle of pennation of the fibres or differences
in the lever system through which the muscle transmits force
(Lindahl and Movin, 1967; Alexander and Vernon, 1975).
The Functional Sianificance of Relative Force Generation
Previous studies have lent support to the view that the limiting

factor to sustained high intensity dynamic exercise, where relatively

large muscle groups are employed, such as cycling, is the ability
of the cardiovascular system to transport oxygen to the exercising
muscle, rather than the capacity of the muscle to utilise it.
(Davies and Sargeant, 1974; Bevegard and Shepherd. 1967.)

In other words, the major limitation to sustained high-intensity
exercise would not appear to be due to peripheral muscle fatigue.
The results of the present study support this statement; the mean
value of relative force generation (% PF max) for the group of
thirty two subjects was approximately half of the maximum available
force-generating capacity (at 70 rpm).

If one looks however at individual data obtained from the present

study, a large variation in relative force generation is observed.
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and it is suggested that in certain subjects» that is» those with a
high aerobic power» peripheral muscle fatigue resulting from high
levels of relative force generation may become a critical factor in
limiting endurance capacity.

Cycling exercise involves frequent dynamic contractions.
According to Asmussen (1973)» this type of exercise can only be
performed for long periods of time if the developed force does not
exceed 10-20% of MVC. Obviously the work load in relation to the
duration of the contraction period and the intervals between the
periods of contraction are critical in determining the length of time

the work can be endured. Therefore» in order to assess the role of

relative force generation as a possible limiting factor to maximum

cycling exercise» it is obvious that the response not only to different

exercise intensities should be investigated» but also the response to

different pedal frequencies. This subject forms the basis of the

study described in the following chapter.

CONCLUSIONS

Relative force generation was measured during a progressive
exercise test conducted at 70 rpm and performed by thirty two subjects.
At any given value of power output a large variation in the individual
response was observed. This variation was significantly related to
differences in maximum dynamic strength, aerobic power» and % Type Il
fibre area within the group. At a power output requiring 100% of VOj
max» the mean value of relative force generation did not exceed half

of the maximum force generating capacity» however» certain of the

subjects did generate well over this value and it is suggested that

peripheral muscle fatigue resulting from high levels of relatice force

generation may be a critical factor in determining endurance capacity.
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INTRODUCT ION
The force developed at different velocities of contractile

element shortening describes a fundamental mechanical property of

skeletal muscle. The larger the force exerted by a muscle, the

slower the velocity of contraction and vice versa. In dynamic

muscle contractions the relationship between force generation and

velocity of contraction was first investigated by Fenn and Marsh (1935)

and later described by Hill (1938) as a rectangular hyperbola. Hill"s

eguation relating the two variables of speed and load was applied

to human muscle by Wilkie (1950), who calculated the velocity of

contraction of the elbow flexors under conditions in which the after-

load was the controlled variable. These measurements however, cannot

be made in movements involving large muscle groups or more than one

joint. An alternative practical approach is to control the velocity

of the movement and measure the external force generated, to

characterise the functional force-velocity relationship for the

movement. Several investigations using isokinetic techniques to

study the force-velocity relationship in the human knee extensor

muscles have been performed. Several of these have reported the

hyperbolic relationship obtained from earlier studies (Thorstensson,

Grimby and Karlsson, 1976; Sjdgaard, 1978; Coyle, Costill and Lesmes,

1979) but other studies have demonstrated a linear force-velocity

relationship rather than a hyperbolic one (Sargeant, Hoinville and

Young, 1981; McCartney, Heigenhauser and Jones, 1983; Dolan, 1985).

An explanation offered for this discrepancy by McCartney et al

is that the classical force-velocity testing was performed on

isolated animal muscle, whereas the forces generated during a knee

extension movement (eg in cycling) result from the co-operative

action of several muscles operating across at least two joints.
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(In addition, the motor units within these muscles are recruited
physiologically, as opposed to the maximum electrical stimulation
of isolated muscle preparations.)

During cycling exercise, at any given submaximal work-load,
force generation will decrease with increasing pedal frequency, thus
appearing to reduce the level of peripheral stress. However, maximum
force generating capacity (PF max) also decreases with increasing
frequency of contraction. If this was to result in a constant
proportion of maximum force utilised (S PF max) for a given work-load,
then the benefit of high frequencies of contraction in terms of a
reduction in peripheral stress would be offset.

The purpose of the present study therefore, was to investigate
the relationship between % PF max at given values of power output and
crank velocity, during a continuous progressive test performed on a
cycle ergometer in order to assess the importance of % PF max as a

possible limiting factor to maximum exercise.
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METHODS

SUBJECTS

Eleven subjects, (participants of the previous study.) which

included five endurance-trained athletes, were investigated in the

present study. Physical characteristics of the subjects are given

in Table 1.
PROTOCOL

Maximum peak force was determined for each subject using the

isokinetic ergometer described in the previous study. The twenty-

second test was performed over a range of pedal frequencies from

40-125 rpm respectively in order to establish a force-velocity

relationship for each subject.

Continuous progressive exercise tests were conducted at 40, 70

and 100 rpm respectively, using the same apparatus and protocol as

previously described. The tests were conducted in pairs and on

separate days; one test to determine maximum peak force was followed,

after a rest period of approximately one hour by a progressive test
conducted at the same pedal frequency.

Mean peak force generation and oxygen uptake were measured over

the final two minutes of each increment iIn power output during each

of the progressive tests. In addition, ratings of perceived

exertion (RPE), using the scale described by Borg (1970), were

obtained from the subjects during this period. Venous blood

samples were also obtained from one endurance-trained subject (MS)

and one untrained subject (AS) (at 40 and 100 rpm respectively)

for determination of plasma lactate concentration, using a slight

modification of an enzyme based fluorometric technique (Lloyd,

Burin, Smythe and Alberti, 1978).
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RESULTS

Maximum peak forces (PF max) were determined using the previously
described technique over the range of pedal frequencies 40-125 rpm.
Linear regression analysis was performed on the individual data to obtain
values of PF max corresponding to 40, 60, 70, 80 and 100 rpm respectively
(Fig 1). The relationship in each individual was linear over the
range of pedal frequencies studied. The variability betwen individual
force-velocity data was reduced considerably, but not completely,
when maximum peak forces were standardised for upper leg muscle (plus
bone) volume (Fig 2). The relationship obtained was linear and
described by the equation: y = 274.79 - 1.05x, r = - 0.966. The
mean value of PF max decreased from 230.2 N/1 ULV at 40 rpm to
135.4 N/1 ULV at 125 rpm respectively, with a mean x intercept (V max)
of 262.7 rpm.

The mean peak force (N) was determined for each increment in work-
load during the progressive exercise test which were conducted at
40, 70 and 100 rpm respectively. (The actual mean pedal frequencies
recorded during the tests were 39.9, 69.0 and 98.9 respectively, but
will be referred to as 40, 70 and 100 rpm respectively, for purposes
of clarity.)

The relationship between peak force and oxygen uptake was linear
for each subject and at each pedal frequency studied. The data
obtained from one subject (RA) are illustrated in Figure 3.

When the mean peak forces were expressed as a percentage of
maximum (% PF max) and related to exercise intensity (S VO, max) the
relationship was significantly linear for each pedal frequency studied.
Again, the data obtained from one subject (RA) are illustrated in
Figure 4.

The following linear regression equations describe the relation-
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FIGURE 1
Relationship between pedal frequency (rpm) and
maximum peak force (PF max) obtained from eleven
subjects. Linear regression analysis was performed on
the individual data to obtain values of PF max
corresponding to 40, 60, 70, 80 and 100 rpm respectively
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Peak
Force

IN)

FIGURE 3
Relationship between oxygen uptake (Imin
and mean peak Force (N) obtained at
40, 70 and 100 rpm respectively. Individual

data from subject RA are shown.

40rpa: y -13.88 ¢ 199.5x; r = 0.996
TOrpa: y =21.34 & 112.7x; r = 0.992

100rpa: y -30.65 ¢ 72.3x; r - 0.989
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%Maximum
Peak Force
(%6PF max.)

FIGURE 4
Relationship between exercise intensity (.%VO, max)
and relative force generation (S PF max) obtained
at 40, 70 and 100 rpm respectively. Individual data

from subject RA are shown.

40rpa: y - 2.62560-737x;r = 0.994
70rpm: y =2.627 ¢ 0.496x; r « 0.992

100rpa: y - 4.53440.381x;r = 0.989

68



ship obtained at each pedal frequency for the group as a whole:

mean rpm
y r4.485+0.674x; r =0.855; p <.0.005 39.9
y =1.86540.522x; r =0.915; p~0.005 69.8
y :2.226+0.454x; r =0.832; p<0.005 98.9

where y = S Pfmax and x = SVOj max.

The relationship between relative force generation and exercise
intensity illustrated above was characterised by a decrease in slope
as pedal frequency increased from 40 rpm to 100 rpm. In other words,
at any given exercise intensity, there was a systematic decrease in
relative force generation when fast pedal frequencies were compared
to slow.

Since the regression analysis performed on the relationship
between % VO, max and % PFf max obtained from the whole group cannot
indicate individual variation at any particular exercise intensity,
analysis was also performed on the individual data to determine
values of % PF max corresponding to 25?1, 5071, 75?1 and 100S of
VO, max respectively (see Tables 2-4). The mean values at these
exercise intensities (i ISEM) are illustrated in Fig 5.

Mean values of relative force generation were significantly
lower (p<0.05) at work-loads requiring 50S, 75?1 and 100% of VO, max
when data obtained at 40 rpm and 70 rpm were compared (using t-tests)
and at work-loads requiring 75% and 100% of VO, max when data
obtained at 70 rpm and 100 rpm were compared.

Fig 6 describes the relationship between relative force
generation and pedal frequency at two values of power output
requiring 75% and 100% of VO, max respectively. At each power
output there was a systematic and significant reduction in relative

force generation as pedal frequency increased from 40-100 rpm.
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EXERCISE INTENSITY (S VO, max)

SUBJECT MEAN RPM
25 50 75 100

NA 25 4B 71 94 38
MS 13 39 65 90 39
sp 23 a1 59 76 39
NS 30 61 91 121 38
RA 2 39 5B 76 40
DM 1B 33 49 64 a1
AS 14 25 36 46 40
TH 19 a2 64 87 40
OR 12 26 39 52 a4
X 19.4 39.3 59.1 78.0 39.9

G ISEM) @.0) G.7) G.6) a.7n 0.3)

TABLE 2

Individual values of relative force generation
(plus mean t ISEM) corresponding to values of
power output requiring 25. 50, 75 and 100S of VO, max
respectively at a mean pedal frequency of 40 rpm

Data obtained from nine subjects are shown

(that is. 1 5 rpm of the desired frequency) regarding maintenance of
pedal frequency
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EXERCISE INTENSITY (S VO, max)

SUBJECT MEAN R
25 50 75 100

NA 2 21 40 59 73
MS 13 29 45 61 68
AF 19 34 50 65 67
sP 2A 35 46 56 74
NS 23 39 56 72 66
RA 15 27 40 52 71
DM 14 25 36 a7 69
AS 12 22 32 43 71
TH 13 28 42 56 69
OR 15 25 35 45 69
cG 17 27 36 46 71
X 15.2 28.4 41.6 54.7 69.1

(@ I1SEM) 1.8) @.mn @.2) (2.8) (.

TABLE 3

Individual values of relative force generation
(plus mean t ISEM) corresponding to values of
power output requiring 25, 50, 75 and 1007 of VO» max
respectively as a mean pedal frequency of 70 rpm

Data obtained from eleven subjects are shown

71



EXERCISE INTENSITY {% VO, max)

SUBJECT MEAN RPM
25 50 75 100

NA 14 29 45 60 98
MS 20 34 47 61 97
AF 14 28 43 57 99
sp 18 33 49 65 97
RA 14 24 33 43 98
DM 1 23 34 46 102
AS 8 18 28 38 97
TH 6 21 35 50 102
DR 15 22 29 36 99
6 9 20 31 42 100
X 12.9 25.2 37.4 49.8 98.9

(@ ISEM) .4 a.7n (2.5) (3.3) (0.6)

TABLE A

Individual values of relative force generation
(plus mean t ISEM) corresponding to values of
power output reguiring 25. 50. 75 and 100« of VO, max

respectively at a mean pedal frequency of 99 rpm

Data obtained from ten subjects are shown

The data obtained from subject NS were excluded this analysis
since they failed to meet the established criterion (that is, ¢ b rpm
of the desired frequency) regarding maintenance of pedal frequency
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FIGURE 5
Relationship between exercise intensity (S VO, max)
and relative force generation at pedal
frequencies of 40, 70 and 100 rpm respectively

mean data T ISEM are shown
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FIGURE 6
Relationship between pedal frequency (rpm) and
relative force generation (S PF max) at two
values of power output requiring 75!» and 100tS
of VO, max respectively mean data (t ISEM) obtained

from eleven subjects are shown
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The data obtained at each exercise intensity appeared to

describe a hyperbolic relationship. This was confirmed when the

additional data obtained from the smaller sub-group of five subjects

were analysed (Table 5). Figure 7 illustrates the relationship

between relative force generation and pedal frequency obtained from

this sub-group at a power output requiring 75?1 of VO, max. Again,

a systematic decrease in relative force generation was observed with

increasing pedal frequency, which achieved statistical significance

when data obtained at 40 rpm and 70 rpm were compared (as in the
larger group of subjects), but not when data obtained at 70 rpm and
100 rpm were compared.

The mean values of » PF max at any given pedal frequency were

observed to be lower, when compared with the data obtained from the
larger group of subjects. This was probably due to the fact that
the latter group included five endurance-trained athletes; since they

possess a greater aerobic potential per litre of muscle they would

be required to exert a greater proportion of their maximum force
generating capacity in order to maintain a given relative work
output.

Figure 8 compares data obtained from the present study with

that obtained by Sjiigaard (1978). At a power output requiring 70iS

of VO, max, the relationship between relative force generation and
pedal frequency, in each study, was hyperbolic. Values obtained from

the present study, however, were significantly greater (p<0.05) at

each pedal frequency. This was particularly apparent when the slow
pedal frequencies (40 rpm) were compared.

Regression analysis was peformed upon the linear relationship

obtained between exercise intensity {% VO, max) and rating of

perceived exertion (RPE), using the Borg RPE scale (6 - 20), at
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EXERCISE INTENSITY (S VO, max)

MEAN

RPM 25 50 75 100
41.0 16.0 34.3 52.8 70.5
a.n .1 G.1) 5.6) (.1)
60.4 16.7 29.1 41 .4 53.7
(0.6) @.4) .9 2.9 4.0)
69.6 14.8 26.6 38.4 50.2
(0.6) ©.7) (0.0) .9 (3.0)
79.0 16.0 27.0 38.0 49.0
@.0) @.e) .1) .9 (3.6)
99.2 13.0 24.6 34.8 45.6
0.9) .9 @.9 3.2 4.2)

TABLE 5

Relationship between pedal frequency (rpm) and
relative force generation (S PF max) at values
of power output requiring 25, 50, 75 and
100S of VO, max respectively Mean data {} 1SEM)
obtained from a sub-group of five subjects
over the range of pedal frequencies 40-100 rpm

are shown
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CRRMJ

FIGURE 7
Relationship between pedal frequency (rpm)
and relative force generation C% PF max)
at a value of power output requiring
75S of VO, max Mean data (t ISEM)
obtained from a sub-group of five subjects
over the range of pedal frequencies

40-100 rpm are shown
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Sj~gaard
(1978)

SO « TO »0

CRANK VELOCITY BPM

FIGURE O
Relationship between pedal frequency (rpm)
and relative force generation (?; PF max) at a
value of power output requiring 70X of VO, max
Mean data (t ISEM) obtained from Tfive
subjects are shown Data (mean - I5EM)
obtained by Sjiigaard from six untrained

subjects are also shown
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each pedal frequency. The following equations were derived:

mean rpm
y z q.071 ¢0.190x r = 0.962 39.9
y z 4.045 +0.153X r = 0.919 69.8
y Z 4.072 ¢0.143X r z 0.914 98.9

where X z exercise intensity (% VOj max)
and y = rating of perceived exertion (RPE)
The slope of the % VO, max/RPE relationship demonstrated a

progressive decline with increasing pedal frequency (Eig 9). The slope

was significantly greater (p<0.05) at 40 rpm than at 70 and 100 rpm

respectively, although the difference in the slope between 70 rpm and

100 rpm, did not achieve statistical significance.

This data would indicate that at equivalent values of exercise

intensity, the subjective rating of perceived exertion is lower at

higher values of pedal frequency.

Plasma lactate concentration was measured in two subjects (one

endurance-trained cyclist (MS) and one untrained (AS)) during the

progressive tests performed at 40 and 100 rpm respectively. The

data obtained are illustrated in Figure 10 and are shown related to

exercise intensity % VO, max). Values of plasma lactate concentra-

tion obtained during unloaded pedalling were similar in both subjects

at each pedal frequency; of the order of 1 millimolar. The data

illustrates that at a given submaximal exercise intensity, values of
plasma lactate concentration were greater at 40 rpm than at 100 rpm.

This was particularly marked in the endurance-trained subject.

To summarise, relative force generation was determined over a

range of pedal frequencies from 40-100 rpm. At any given value of
power output, a systematic decrease in relative force generation

was observed with increasing pedal frequency, which achieved
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RPE
(Borg Scale)

26v02 max.

FIGURE 9

Relationship between exercise intensity (S VO, max)

and rating of perceived exertion (RPE) during
continuous progressive exercise tests performed at

40 rpm (22 observations), 70 rpm (20 observations)

and 100 rpm (10 observations) respectively.

Interpolated values obtained from linear regression

analysis are shown.

40rpa: y » 4.071 ¢ 0.190x;

r - 0.962
TOrpa: y > 4.045 ¢ 0.153x; r » 0.919
I00rpa: y - 4.072 « 0.143*; r - 0.914
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significance at high values of power output. The relationship
between relative force generation and pedal frequency appeared to be
hyperbolic and this was confirmed when the additional data obtained

from a sub-group of subjects was analysed.

82



DISCUSSION

Maximum peak forces were determined over a range of pedal
frequencies using an isokinetic cycle ergometer. A force-velocity
relationship was calculated for each of the eleven subjects
participating in the study. In each subject there was a marked
linearity of the relationship between maximum peak force and
velocity. The decrease of muscle force with increasing velocity

of contraction is well documented, but in classic in vitro studies

has been described as hyperbolic rather than linear in nature. In

these studies the force-velocity relationship was derived using
animal muscle, free of the joint, during which force was measured
in direct line with the actual tension developed within the muscle.
The maximum peak forces measured in the present study were the
resultant of a relatively complex situation in which the forces
exerted upon the cranks during cycling result from the co-operative
action of several muscles operating across more than one joint.

It is of interest however, that Thorstensson, Grimby and
Karlsson (1976) in studies of knee extension using a Cybex
dynamometer also demonstrated a linear force-velocity relationship
if the value for maximum isometric tension was excluded. In vivo
studies of this type measure peak torque (angular force) but this
may not always reflect actual muscular tension, for the following
reason:

In vivo, a muscle will register its peak torque when its
joint angle has an optimal mechanical advantage (Thorstensson et al,
1976). Also, it takes a finite amount of time for individual
fibres to develop peak tension. Thus the decline in peak torque

could be a reflection of the muscle’s inability to develop its

maximum tension before it passes the optimal joint angle. Increasing
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the velocity of contraction would position the joint angle at a
progressively disadvantageous mechanical advantage when the muscle
develops its peak tension, resulting in the previously noted
pattern of decline iIn peak torque with increasing velocity.

In the present study it is conceivable that a curvilinear effect
may have been demonstrated at faster or slower pedal frequencies.

The minimum pedal frequency at which maximum peak force was measured
was 40 rpm and the maximum was 125 rpm. However, even in the subjects
in whom data was collected over a wide range of pedal frequencies,
there was no suggestion of a curvilinear relationship. In addition,
studies performed by Sargeant et al (1981) and Oolan (1985) have also
demonstrated a linear force velocity relationship during cycle
ergometry in which a wide range of pedal frequencies were studied

(22 rpm-171 rpm and 23 rpm-180 rpm respectively).

A considerable inter-subject variation was observed in the slope
of the force-velocity relationship and its x and y intercepts. This
variation was reduced when measurements of maximum peak force were
standardised for upper leg muscle (plus bone) volume, determined
between the knee and the gluteal fold. The mean data (Fig 2) is
described by the equation y : 274.79 - 1.05x. At zero force the mean
intercept on the x axis was 262.7 rpm.

Applying the standardising procedure did not reduce the inter-
subject variability to within the coefficient of variation of the
measurement (ie 67i: Dolan, 1985), indicating that the differences
in maximum peak force generation were not accounted for solely by
the volume of active muscle. It is known, however, that force
generation is the resultant of several factors other than muscle

volume, such as % Type Il fibre area, the angle of pennation of the
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muscle fibrest and the leuer system through which the muscle exerts
force (cf Discussion; Chapter 2). An additional factor is that the
group studied included both trained and untrained subjects of widely
differing physical characteristics and fibre type distribution and
area. This lack of homogeneity within the group would therefore also
contribute to the overall inter-subject variability observed within
the force-velocity relationship.

The relationship between relative force generation and exercise
intensity {% 00i max) was determined during progressive exercise tests
over the range of pedal frequencies 40-100 rpm respectively. The
relationship was linear for each pedal frequency studied but the slope
was observed to decrease as pedal frequency increased. At all values
of power output studied, there was a systematic decrease in relative
force generation with increasing pedal frequency. This decrease
achieved statistical significance at higher values of power output. In
agreement with the results of the previous study by SjiSgaard (1978),
the relationship between relative force generation and pedal frequency
at a given value of power output, appeared to be hyperbolic. However,
the actual values of relative force generation obtained from the
present study were greater, particularly at the slower pedal
frequencies (40-60 rpm). Although the data which was compared with
that of SjfSgaard was obtained from a similar group (n = 5) of
predominantly untrained subjects, the group nevertheless, included
one endurance-trained cyclist whose results would tend to elevate
the mean values obtained (see Discussion; Chapter 2). Perhaps of
greater importance however is that in Sj~gaard®s study, power outputs
requiring 70 and 100S of U0, max measured at 60 rpm were determined,
and these values of power output were performed over the range of

pedal frequencies described. This does not take into account the
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relationships between external power output, pedal frequency and
mechanical efficiency. Previous studies have reported that the
optimum pedal frequency for mechanical efficiency is within the range
of 50-70 rpm, (Benedict and Cathcart, 1913; Dickinson, 1929; Garry and
Wishart, 1931; Wilkie, 1960; Bannister and Jackson, 1967; Pugh, 1974;
Gaesser and Brooks, 1975; Seabury, Adams and Ramey, 1977). This
implies that at any pedal frequency outside of this range, a greater
energy supply 1is required to maintain an equivalent power output.
Conversely, a given value of energy supply may maintain different
values of power output (and therefore force generation), depending
upon the pedal frequency. This (ie the fact that the same relative
work-loads may not have been compared) may explain the discrepancy
between the results of the present study and those obtained by
SJdgaard.

The question arises as to why % PF max at a given value of power
output decreases with increasing pedal frequency. Citterio and
Agostoni (1984) suggest that at high contraction velocities the
pattern of motor unit recruitment may alter in favour of a relatively
small number of fast twitch units which would still be capable of
maintaining the required power output, (since they give greater
power per unit stimulus than slow twitch units). Their study, in
which moving average electromyography (MA) of the quadriceps muscle
bellies was recorded during cycling at different pedalling rates and
work-loads, showed that the MA did net increase or increased less
when an increment in power output was achieved by increasing the
pedal frequency rather than the load. They attributed this phenomenon
to a "derecruitment” of slow twitch units and the recruitment of a
smaller number of fast twitch units.

Selective recruitment of fast twitch units can occur. Although
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previous electrophysiological and histochemical studies have
demonstrated an orderly recruitment of motor units in a progression
from slow twitch to fast twitch units (Milner-Brown, Stein and Yemm,
1973; Stephens and Usherwood, 1977; Gollnick, Piehl and Saltin,
1974), there are nevertheless some reports indicating exceptions to
this rule (Griraby and Hannerz, 1973; Secher and Nygaard, 1976;
Stephens, Garnett and Buller, 1978).

If preferential recruitment of fast twitch units does occur at
high pedal frequencies, could it occur in such a way so as to result
in a lower level of % PF max, while maintaining power output?

Studies of patterns of motor unit recruitment, particularly during fast
dynamic contractions are subject to difficulties; in experimental
technique and interpretation of the results; nevertheless an attempt
was made (using quadriceps surface electromyography) to determine a
relationship between the decrement in relative force generation with
increasing pedal frequency and patterns of motor unit recruitment.

This study is described in a later Chapter of this Thesis.

The functional significance of a reduction in relative force
generation with increasing pedal frequency becomes apparent when
one considerts that competitive endurance cyclists prefer pedal
frequencies which are well above the apparent optimum for mechanical
efficiency. Competitive cycling is unique among human powered sports
in that the athlete can attain the same velocity despite markedly
different rates of limb movements by varying the gear ratio. Road-
racing cyclists could theoretically vary their pedalling rate to
either extreme and attain the same speed; however, they routinely engage
high pedal frequencies, from 80 - 110 rpm in competitive events
(Hagberg, Mullin, Bahrke and Limburg, 1979; Konopka, 1981).

This is in marked contrast to the recreational/
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untrained cyclist who adopts much lower pedal frequencies, 50-70 rpm,
which is, according to previous studies (see Pg.fc) the optimum

range for mechanical efficiency. It is therefore suggested that the
competitive cyclist adopts a “strategy” through the course of training
whereby a high pedal frequency is maintained in order to decrease the
proportion of maximum force generating capacity utilised, particularly
at higher power outputs, and thus the onset of peripheral muscle fatigue
is delayed.

Not only would this strategy have a direct effect of delaying the
onset of peripheral fatigue and thus prolonging exercise, but an
indirect effect, as evidenced by the data obtained regarding the
rating of perceived exertion (RPE) at high pedal frequencies and
equivalent values of power output. Previous studies have shown that
the feeling of strain in the exercising muscle may be an important
peripheral factor in the rating of perceived exertion (Ekblom and
Goldbarg, 1971; Pandolf and Noble, 1973; Lollgen, Ulmer and Nieding,
1977; Lollgen, Graham and Sjdgaard, 1980). Slower pedal frequencies
when compared to faster frequencies at equivalent values of power
output require a larger proportion of relative force generating
capacity which may be associated with an elevated perception of
exertion resulting from the greater relative force applied to the
ergometer cranks. Although Edwards, Melcher, Hesser, Wigertz and
Ekelund (1972) suggest that mechanical factors and forces acting upon
the legs during exercise (ie peripheral factors) make a relatively
unimportant contribution to perceived exertion, this suggestion is not
confirmed by the results of the present study. In agreement with
Pandolf and Noble (1973) and Lollgen, Ulmer and Nieding (1977), the
results of the present study demonstrated lower RPE values at high

pedal frequencies and equivalent power outputs, a result which would



indicate an important relationship between relative force generation,
perceived exertion and pedal frequency.

In addition, higher values of plasma lactate concentration (at
equivalent values of work-load) were observed at slow pedal frequencies,
in the two subjects studied. This was probably due to a more sustained
contraction and increased muscle ischaemia at the slow pedal frequency.

These data indicate that high pedal frequencies are advantageous
in that they require a lower proportion of maximum force-generating
capacity which may result in a slower rate of lactate accumulation
in plasma, (and presumably muscle, although this was not measured in
the present study), with a concomitant reduction in the perception of
exertion. If the proportion of force-generating capacity necessary
to sustain a given power output contributes to the perception of
effort it is perhaps not surprising that high pedal frequencies are
preferred, particularly by the trained cyclist.

To summarise, the utilisation of high pedal frequencies require
a lower level of relative force generation (at a given value of power
output) and this is likely to result in a reduction in peripheral
stress. This “strategy”™ however, may carry an energetic cost since
several previous studies have reported an optimum range of pedal
frequencies for mechanical efficiency of 50-70 rpm (see Pg )- Of
interest are recent reports in the literature which suggest that
competitive cyclists are actually optimally efficient over their
preferred range of pedal frequencies (80-110 rpm) (Hagberg, Mullin,
Giese and Spitznagel, 1981: Coast and Welch, 1985). There would
therefore appear to be conflicting data concerning the relationship
between pedal frequency and mechanical efficiency, particularly in the
trained racing cyclist. In order to clarify this and to confirm the

suggestion that a lower relative force generation may be preferred to
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INTRODUCTION

The mechanical efficiency of an individual during steady-state
exercise is expressed as the ratio of mechanical work accomplished
to the metabolic energy expended. A synonymous term used IS "gross”
efficiency. Calculations of efficiency during steady-state exercise
are based on open-circuit indirect calorimetry and the assumption
that the energy requirements are met by respiration. In exercising
humans, however, energy is also expended to perform some other
unmeasured work, which is necessary for the performance of the
external work of interest. In exercise this includes the energy
required for accelerating and decelerating the limbs, stabilising
the body, and respiratory and cardiac work (Garry and Wishart, 1931).
It also includes the energy required for the transportation of ions
against electrochemical gradients and the synthesis and mobilisation
of substrates (Stainsby, Gladden, Barclay and Wilson, 1980). Several
methods of calculation of efficiency have been used in an attempt to
isolate the unmeasured work from the performance of external work in
order to obtain a value of efficiency which is representative of the
"muscle” efficiency. (Muscle efficiency is the product of the
respective efficiencies of oxidative phosphorylation and excitation-
contraction coupling and has been calculated, using thermodynamic
considerations, to be approximately 29°; Whipp and Wasserman, 1969.)

Three definitions which subtract the oxygen cost of the
unmeasured work, sometimes referred to as base-line correction
factors, have been suggested by Gaesser and Brooks (1973), (Fig 1).
In net efficiency, the denominator is defined as the energy expended
above that at rest. Work (or apparent) efficiency uses as the
denominator the energy expended above that at zero load. Delta

efficiency is defined as the average gradient of the relationship
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between work performed and energy expenditure between two specified
limits for the work done (Fig 2).

The variety of definitions of efficiency are equalled by the
confusing range of values for the various measures, since it is
obvious that the selection of the base-line correction factor will
change estimates of energy expenditure and therefore efficiency.
Stainsby et al contend that the idea of a constant physiological
base-line is invalid. For base-line subtractions to be valid, the
energy use represented by these base-lines must be unchanged when
the work-load changes or the exercise conditions are altered. This
would not appear to be the case, since many processes which do not
contribute directly to the energy expended by the muscles in the
performance of external work may increase or be attenuated by changes
in work-load. For example, gastro-intestinal processes may be
attenuated with increases in work-load (Hill, 1965). Mean body
temperature increases during exercise which in turn increases the
rate of metabolism by the Q10 effect (Hagberg, Mullin and Nagle,
1978). As the intensity of exercise increases, the energy use for
ventilation of the lungs must also increase (Otis, 1964; Hesser,
1977). Therefore, the validity of base-line correction must be
questioned, this, of course, leaves the calculation of gross
efficiency as the alternative. Values of gross efficiency during
exercise rarely exceed 300 (Benedict and Cathcart, 1913; Seabury,
Adams and Ramey, 1977; Stuart, Howley, Gladden and Cox, 1981). These
values are not only in agreement with Hill"s original efficiency
equation (1922) but also lend credibility to the belief that these
efficiencies are actually the efficiency of the muscles in performing
positive external work (muscle efficiency = 29?0). According to

Stainsby et al this apparent agreement has no physiological basis;
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in addition, Gaesser and Brooks have reported that the gross efficiency
calculation does not accurately describe the relationship between
energy output and work-load.

It would appear therefore, that any calculation of efficiency
does not truly reflect muscle efficiency. However, if one is aware
of the limitations of the various methods of calculation and is
careful in their interpretation, the calculated values of exercise
efficiency are nevertheless useful and may be used safely for
comparative purposes, providing the conditions of the experiments
are matched as closely as possible.

Perhaps it is not surprising, in view of the use of different
definitions of efficiency, the different experimental protocols
and the state of training of the subjects studied, that the data
relating to the effect of work-load and pedal frequency upon exercise
efficiency are inconsistent. Previous studies have reported
increases in gross, net and work efficiencies with increments in
work-load at constant pedal frequency (Gaesser and Brooks, 1975;
Seabury, Adams and Ramey, 1977). Delta efficiency however has
oeen shown to decrease with increasing work-load (Gaesser and
Brooks, 1975; Stuart, Howley, Gladden and Cox, 1981). The available
data concerning the effect of pedal frequency are just as equivocal.
Gaesser and Brooks have reported a decrement in gross, net, work and
delta efficiencies with increasing pedal frequency (range 40 rpm -
100 rpm), however a decrease in net efficiency at high pedal
frequencies (86-88 rpm) has also been demonstrated (Pugh, 1974).
Several investigations have concluded that there are optimum pedal
frequencies for exercise efficiency (Dickinson, 1929; Garry and
Wishart, 1931; Bannister and Jackson, 1967; Seabury, Adams and

Ramey, 1977; Hagberg, Mullin, Giese and Spitznagel, 1981; Coast
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and Welch, 1985). Their results disagree, however on the absolute
value of the optimum pedal frequency, whether it changes with work-
load and the state of training of the subject. The majority of
studies support an optimum pedal frequency within the range of 40-70
rpm but the studies by Hagberg et al and Coast and Welch using
trained cyclists have determined optimum pedal frequencies of 91 rpm
and 83 rpm respectively.

The purpose of the present study was to investigate the effect
of pedal frequency upon the exercise efficiency of a group of subejcts
which included three trained racing cyclists, in order to determine
whether there is an optimum pedal frequency, which differs between
untrained subjects and trained cyclists, and to determine whether the
previously observed phenomenon of a reduction in relative force
generation during cycling at high pedal frequencies is indeed an
advantage which would not be offset by a large decrement in cycling

efficiency.
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Gross efficiency = work accomplished : W x 100
E

energy expended

Net efficiency = work accomplished = W *

energy expended above E-e
that at rest

100

Work efficiency work accomplished = W X 100
energy expended above El-Eu

that of unloaded

cycling
Delta efficiency delta work accomplished z _W x 100
delta energy expended E

external work performed
gross energy output,
resting energy output
energy output, loaded cycling
energy output, unloaded cycling

increment in external work performed above previous
work rate
E z Increment

work rate

including resting metabolism

in energy output above that at previous

From Gaesser and Brooks, 1975

FIGURE 1: DEFINITIONS OF EXERCISE DEFICIENCY
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FIGURE 2
DEFINITIONS OF BASELINES FOR THE ENERGETIC COST OF CYCLING
EXERCISE. R REPRESENTS THE ENERGY REQUIRED FDR PHYSIOLOGICAL
rWINTENANCE AT REST. UP REPRESENTS THE ENERGY REQUIRED FOR
UNLOADED PEDALLING. DELTA EFFICIENCY IS DEFINED AS THE RATIO
OF DELTA UJORK TO DELTA ENERGY.

From Stainsby et al. 1980
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METHODS
Exercise efficiency was measured during a series of progressive

exercise tests conducted at 40, 70 and 100 rpm respectively and

performed by eleven subjects, which included three trained racing

cyclists. The tests and the subjects themselves, were the same as

those described in the previous Chapter.

Exercise efficiency was calculated using two different methods;

one which incorporated a base-line correction factor (delta

efficiency) and the other (gross efficiency) in which no base-line

was used. (See Fig T.)

RESULTS

The data obtained from two of the subjects at 40 rpm and one

subject at 100 rpm were not included in the subsequent analysis of

the results since they failed to achieve the previously described
criterion regarding pedal frequency.

The relationships obtained between work performed (W) and energy

expenditure (E) are illustrated in Figures 3-S and were observed to
be linear for each pedal frequency studied.

The slope of the relationship demonstrated a decrement with
increasing pedal frequency, from y = 14S.47 +4.39 x at 40 rpm to

y 1 297.12 + 3.98 x at 100 rpm respectively. (The slopes were

determined by regression analysis.) The intercept of the relation-

ship, however, increased from 40 rpm to 100 rpm, demonstrating that

the energy expenditure of unloaded pedalling increased as a function

of increasing pedal frequency.
Linear regression analysis was also performed on the individual

data in order to obtain values of delta and gross efficiency

respectively for each subject. Delta efficiency was calculated
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FIGURE 3
Relationship between work performed (Watts)
and energy expenditure (Watts) during a
progressive exercise test performed at 40 rpm

9 subjects; 49 observations

y « 145.67 & 4.39x; r » 0.987; p<0.005
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riGURE 4
Relationship between work performed (Watts)
and energy expenditure (Watts) during a
progressive exercise test performed at 70 rpm

11 subjects; 50 observations

y - 184.0 & 4.41x; r - 0.965; p<0.005
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FIGURE 5
Relationship between work performed (Watts)
and energy expenditure (Watts) during a
progressive exercise test performed at 100 rpm

10 subjects: 35 observations

y >299.12 » 3.98x: r > 0.992; p<0.005
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as the reciprocal (I/b) of the slope of the equation describing the
relationship between work performed and energy expenditure. Gross
efficiency was caiculated for values of power output requiring 50,
100 and 200 Watts respectively (interpolated data). The values
obtained for delta and gross efficiency are illustrated in Tables 1
and 2 respectively.

The mean value obtained for delta efficiency was observed to
increase significantly (p <0.05) with increasing pedal frequency,
from 23.2 * 2.0S at 60 rpm to 25.4 + 1.6< at 100 rpm. (However, a
non-significant difference was observed when data obtained at 70 and
100 rpm were compared.) Values of gross efficiency demonstrated a
significant reduction at each value of W when data obtained at 40 rpm
and 100 rpm were compared. (The data obtained at 200 Watts are aiso
illustrated in Fig 6.)

The effect of increasing power output (at constant pedal
frequency) upon efficiency was again dependent upon the method of
calculation. Since the relationship between work performed and
energy expenditure was linear over the range of pedal frequencies
studied, values obtained for delta efficiency were independent of
power output. However the mean data obtained for gross efficiency
demonstrated a significant (p<0.Q5) and systematic increase with
increments in power output. This pattern was apparent over the range
of pedal frequencies studied (Fig 7). The data appeared to describe
a hyperbolic relationship at each pedal frequency, achieving a
common plateau as higher values of power output were achieved.

The mean values of delta efficiency and gross efficiency (at a
value of power output of 200 Watts) obtained from the trained
cyclists (subjects NA, WS and AF) were compared with the rest of the

group (Table 3). Values of gross efficiency at 40 rpm and 100 rpm
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DELTA EFFICIENCY (S)
SUBJECT

AO RPM 70 RPM 100 RPM
NA 26.3 26.8 25.1
MS 26.3 25.0 25.7
AF - 22.3 25.3
sp 21.4 20.2 23.9
NS 26.3 1B.8 -
RA 21.9 23.9 26.3
DM 21.6 23.6 28.6
AS 22.6 26.8 26.0
TH 24.2 24.0 26.0
OR 21.5 24.1 23.2
ce - 24.4 23.7
X 23.2 23.6 25.4

(i1s0) 2.0 2.4 1.6

TABLE 1

Values of delta efficiency (S) obtained
during continuous progressive exercise tests
performed by 11 subjects.

Mean data & 1SO are also shown.
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X B3252R60HH 5 %

,\
8

ROSS trricith\ey ()
40 RM 70 RM 10 RM
S 10 A0 D 10 20 0 10 20

B7 172 190 70 15 16.9 99 M2 182
104 149 190 90 132 173 104 148 188
- - B2 166 190 106 1O 188
1“3 172 179 6.6 182 192 96 B7 174
133 14 23 B2 D.7 197 - -
1“4 174 14 B1 169 198 104 149 19.0
13.6 167 188 29 167 196 95 145 11
1B.7 183 203 22 167 D4 104 149 189
28 168 198 5 16 169 95 159 182
138 168 189 B4 172 21 01 41 175
B30 170 201 103 44 179

130 165 19.2 101 144 184
@ 03 @ 69 @) o b 0» 09
TASLE 2
Values of gross efficiency (5) obtained

during continuous progressive exercise tests
perfcr-ed at AC, 7C and 100 rpm respectively

values are calculated for increments

in pouer cutput corresponding to
50, 100 and 200 watts respectively

(*leen data (* 1SO) are also shown
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FIGURE 6
Relationship between pedal frequency (rpm)
and gross ( — ) and delta (~) efficiency
values of gross efficiency corresponding to
200 watts are shown

Mean data (i 1S0) are presented
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riCURE 7
Relationship between work performed (watts)
and gross efficiency (S) during continuous
progressive exercise tests performed at
40, 70 and 100 rpm respectively

Mean data (i 1S0) are shown
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40 RPM
EFFICIENCY (S)

e gross
24.8 19.4
.1 (0.6)
22.8 19.6
1-8) a-4

Comparison of mean values (i

of delta and gross efficiency obtained

70 RPM
EFFICIENCY (%)
e gross
24.2 17.7
@-3) ©.9)
23.2 19.7
@5 (05
TABLE 5

1S0)

100 RPM
EFFICIENCY {%)
e gross
25.4 18.6
0.3 ©-3)
25.4 18.3
.9 ©.7

from the sub-group of trained cyclists and

the rest of the group

[Values of gross efficiency corresponding to

a power output of 200 watts are presented]
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mere similar in both groups at all pedal frequencies. Values of
delta efficiency were identical at 100 rpm but slightly higher in
the group of cyclists at 40 rpm and 70 rpm.

To sutimiarise the results; exercise efficiency was measured during
progressiue exercise tests conducted ouer a range of pedal frequencies.
Delta efficiency increased with increasing pedal frequency and was
independent of pouer output. Comparison of gross efficiency data at
40 and 100 rpm houeuer, demonstrated a significant decrement as pedal
frequency increased. According to measurements of both delta and gross
efficiency, the group of cyclists studied were no more efficient at
the higher pedal frequency (100 rpm) than the rest of the

group.

O15CUSSION

Exercise efficiency was calculated from data obtained from a
group of eieuen subjects during continuous progressiue exercise tests
performed at 40, 70 and 100 rpm respectiueiy. Two different methods
of calculation were used; one (delta efficiency) in ujhich a base-line
correction factor was incorporated into the calculation and the other
(gross efficiency) which did not inuolue a correction factor.

The relationship obtained between work performed and energy
expenditure was observed to be linear over the range of pedal
frequencies studied. This result is in agreement with previous
studies of cycling exercise (Banister and Jackson, 1967; Pugh, 1974;
Suzuki, 1979) but at variance with other studies which have
demonstrated a curvilinear relationship (Gaesser and Brooks, 1975;
Stuart, Howley, Gladden and Cox, 1981). The data obtained by
Gaesser and Brooks however does achieve linearity if the zero work

(unloaded pedalling) data is discounted.
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Individual regression analysis was performed on the relationship
obtained between work performed and energy expenditure for each of the
subjects. The mean values obtained for delta efficiency demonstrated
a systematic increase from 23.2I» at 40 rpm to 25.45 at 100 rpm. The
range of values obtained are in good agreement with previous data
concerning absolute values of delta efficiency derived from laboratory
studies as well as from theoretical-thermodynamic studies (Hill, 1922;
Lupton, 1923; Whip and Wasserman, 1969; Gaesser and Brooks, 1975;
Suzuki, 1979; Stuart et al, 1981). The observed increase in delta
efficiency with increasing pedal frequency is in agreement with some
previous studies but at variance with others (using the same method of
measurement). Suzuki (1979) demonstrated an increase in delta
efficiency from 25.35 at 60 rpm to 28.85 at 100 rpm in one group of
subjects whose quadriceps muscles contained a predominance of fast-
twitch fibres but a decrease in another group of subjects whose
quadriceps contained a high proportion of slow-twitch fibres.

Gaesser and Brooks (1975) observed a decrease in delta efficiency
(31.75 - 14.65) from 40 rpm to 100 rpm, however their method of
calculation was puzzling, since it incorporated a base-line obtained
at 60 rpm which was subsequently used to calculate values of delta
efficiency over the whole range of pedal frequencies studied (rather
than using a base-line appropriate to the pedal frequency under
study) .

The data obtained from the present study resulted in an
increase in delta efficiency with increasing pedal frequency. The
data did not demonstrate a well-defined “optimum®™ pedal frequency
which has been shown in previous studies relating either efficiency
or oxygen uptake to pedal frequency (cf introduction). Indeed,

comparison of data obtained at 70 and 100 rpm did not reveal a
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significant difference in delta efficiency, indicating that although
there appeared to be a "trend” towards an increase with increasing
pedal frequency, there was in fact little change ouer the range of
pedal frequencies studied.

Due to the linearity of the relationship between work performed
and energy expenditure, delta efficiency remained constant when power
output was increased at constant pedal frequency. This result is at
uariance with previous studies iIn which the same method of calculation
(but based upon a curvilinear work/energy relationship) was used to
measure exercise efficiency (Gaesser and Brooks, 1975: Stuart et al,
1981) but in agreement with the results of Garry and Wishart (1931)
and Pugh (197a) using a net efficiency calculation.

The data obtained for exercise efficiency using a method which
did not incorporate a base-line correction factor demonstrated a
decrease with increasing pedal frequency and an increase with incremartts
in power output at constant pedal frequency. This result, and indeed
the range of mean values of gross efficiency obained (10.1t - 21.0t)
are in agreement with previous studies (Gaesser and Brooks, 1975;
Seabury, Adams and Ramey, 1977; Stuart et al, 1981). It is clear,
however, that concerning the effect of pedal frequency on exercise
efficiency, this method of calculation did not accurately describe
the relationship between work performed and energy expenditure. The
slope of the relationship decreased with increasing pedal frequency
(Figs 3-5), indicating that a smaller increment in energy
expenditure was required to achieve a given increment in power output,
but this was not reflected in the values obtained for gross efficiency.
It is obvious that using a method of calculation of efficiency which
does not incorporate a base-line correction factor cannot be

representative of the true "muscle efficiency”™ and in the opinion of
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Benedict and Cathcart (1913), T"indicatea little of the potentialities

of the human body for severe muscular work and gives no conception

of the possible efficiency of the human body as a machine”.

In the present study, it was believed that the delta efficiency

data represented a more accurate description of the work/energy

relationship. Since the mean values of delta efficiency at 100 rpm

were the same for both the group of trained cyclists and the other

members of the group, it is suggested that cycling training at high

pedal freguencies does not necessarily effect an increase in

efficiency at these speeds, nor may it bring about an increase in

the optimum pedal frequency for exercise efficiency which has been

previously suggested (Hagberg et al, 1981; Coast and Welch, 1985).

The metabolic and hormonal responses of trained cyclists have been
found to differ from those of untrained subjects when exercising at

the same relative power output (Bloom, Johnson, Park, Rennie and

Sulaiman, 1976) but their response in terms of cycling efficiency,

as evidenced by the results of the present study and the previous

study by Pugh (1974), would appear to be similar. Although the

present study was performed in a laboratory, and involved only a small

group of cyclists, the results are nevertheless in agreement with those

of Pugh (1974) who studied six competition cyclists who performed both

out of doors on their own bicycles and in the laboratory, using an

ergometer equipped with racing frame and saddle.
The results of the present study suggest that trained racing

cyclists are no more efficient at high pedal frequencies than

untrained subjects. The data also indicatea that cycling at a high

pedal frequency of 100 rpm does not cause a major reduction in (delta)

efficiency when compared with cycling at 70 rpm, in fact a small (but

non-significant) increase was observed in the present study. Cycling
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at high pedal frequencies uould appear to be advantageous in terms of
both efficiency and relative force generation, as identified in the
previous Chapter. Indeed one could speculate that since relative
force generation is reduced at high pedal frequencies, and at
equivalent values of pouer output, then the oxygen requirements of
the exercising muscles may also be proportionately reduced, thereby

bringing about a slight increase in efficiency.

CONCLUSIONS

Exercise efficiency uas measured during progressive exercise
tests conducted over the range of pedal frequencies 40-100 rpm. The
method of calculation which appeared to best describe the relation-
ship between work performed and energy expenditure was that which
incorporated a base-line correction factor (delta efficiency). Using
this method, efficiency increased with increasing pedal frequency and
was independent of increments in power output (at constant pedal
frequency). No apparent difference in delta efficiency was
demonstrated at 100 rpm between the small group of trained cyclists
and the remainder of the group. It is suggested therefore, that the
advantage of cycling at high pedal frequencies in terms of a
reduction in relative force generation is not offset by a reduction
in exercise efficiency, indeed it may even be augmented by an increase

in efficiency at these frequencies.
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INTROEXiICTION

Electromyography (EMC) is a method of studying the electrical

activity of a muscle. To develop tension in a muscle the motor units

(a single motor neurone and the muscle fibres which it innervates)

have to be activated. When a motor unit is activated, the movement

of ions along the muscle fibre membrane results in an action potential.

Quantification of the level of activity of whole muscles have most

often been derived from integrated surface EMG (IEMC). a technique in

which surface electrodes applied to the overlying skin record the

summated potentials derived from many motor units. This technique

has been used in many investigations into the relationship between

the force generated by a muscle and its electrical activity as well

as sites of origin and mechanisms of fatigue during both maximum

isometric (Lippold, 1952; Stephens and Taylor, 1972, 197T;

Bigland-Ritchie, Jones, Hosking and Edwards, 1978; Bigland-Ritchie,

Jones and Woods, 1979; Bigland-Ritchie, Kukulka and Woods, 1900) and

dynamic contractions (Nilsson,

Tesch and Thorstensson, 1977; Komi and

Viitasalo, 1976: Tesch, Komi, Jacobs, Karlsson and Viitasalo, 1983),

although the latter are fewer in number, particularly those concerned

with cycling exercise, (Bigland-Ritchie and Woods, 1976; Citterio and

Agostoni, 1984; Viitasalo, Luhtanen, Rahkila and Rusko, 1985), the

subject of the present study.

Nilsson et al, 1977, in a study of rapid maximum knee-extension

movements, demonstrated a rapid decline in peak force to approximately

5011 of initial values after 50 maximal contractions. No corresponding

change however in the IEMG activity of Vastus Lateralis was observed.

As a result of this, the IEMG/Force ratio, which illustrates changes

in the relationship between electrical activity and force generation

(first used by Stephens and Taylor, 1972), increased. This is in
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agreement with the study of Bigland-Ritchie» JoneSi Hosking and
Eduards (1970) of maximum (uninterrupted) isometric contractions of
the quadriceps in uhich the surface EfIG activity of Vastus Lateralis
uas measured. Nilsson et al suggest that since during this type of
activity a large decrement in peak force generation occurs uithout a
concomitant change in IEMG activity» the major site of fatigue nxjst
occur distal to the neuromuscular junction, that is, uithin the muscle
itself. This suggestion however is at variance with the results of
Stephens and Taylor, (1972) uho in their study of maximum isometric
contractions of the First Dorsus Interosseus (FDI) muscle, demonstrated
a proportional decrease in both force and (smooth, rectified) EWG
activity, uhich suggested the neuromuscular junction as the site of
fatigue. Many factors houever must be considered uhen evaluating

this discrepancy, such as differences in the size and structure of

the muscle under investigation, the number and type of motor units
recruited in maximum isometric and dynamic contractions, and the
intermittent nature of dynamic contractions.

The aim of the present study uas to investigate the relationship
betueen peak leg force, the electrical activity (surface IERG) of
Vastus Lateralis, Vastus (»ledialis and Rectus Femoris muscles
respectively, and peripheral muscle fatigue during a maximum cycling
test performed over a range of pedal frequencies, and to establish
maximum values of IEl« activity of these muscles, to be used in

subsequent experiments.
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HETHODS

Five male subjects (age range 26-60 years) were studied. The
group included tuio endurance-trained athletes and one trained racing
cyclist. The physical characteristics of the subjects are given in
Table 1.

Weasurement of Peak leo force

This uas measured as described in Chapter 2, except that the test
uas performed over a 65 second period rather than over the 20 second
period described previously. This uas done to ensure the full
characterisation of the changes in force and EfC activity as a result
of the maximum test. The test was performed at four pedal frequencies,
60, 70, 100 and 125 rpm respectively (with the exception of subjects NS
and SP uho performed the maximum test at 60, 70 and 100 rpm
respectively).

Weasurement of Integrated EWG (IEWG) activity

EWG activity uas recorded using surface electrodes with built-in
preamplifiers (Medelec EA 1000) placed over the muscle bellies of
Vastus Lateralis (UL), Vastus (ledialis (Vtn) and Rectus Femoris (RF)
of one leg (Figure 1). Before positioning the electrodes, the skin
uas carefully cleaned and prepared using 70S alcohol, an abrasive
scouring pad and abrasive paste ("Omni®, Weaver and Co, USA), in order
to minimise the resistance between the electrodes and the skin. It
has been previously suggested that electrode/skin resistance should
not exceed 10,000 ohms (cf Lenman and Ritchie, 1983). In the present
study, however, skin resistance never exceeded 5,000 ohms.

The position of each electrode was outlined using an indelible
felt-tipped pen. A mapping technique using polythene sheeting was
then used to record the position of each electrode in relation to the

upper leg. This allowed the electrodes to be placed in exactly the
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same position on the leg for each of the tests.

The EMG signals were amplified, full-wave rectified and
integrated over every 100 ms. The three channel integrator (response
time 100 ms frequency range 0.1 Hertz-300 Hertz) was designed and
constructed by the Oepartment of Medical Physics, University College
Hospital (See Appendix 2 for circuit diagrams). The leads connecting
the electrodes to the integrator were taped to the leg, insulated and
kept as short as possible to avoid movement artefact. Both the subject
and the cycle ergometer were earthed. Surface raw and integrated EIMG
activity were recorded simultaneously with the leg forces applied
to the ergometer cranks. A fan was directed at the subjects®™ legs
during each of the tests, to avoid any distortion of the EMC signal
due to sweating underneath the electrodes. Immediately after each
test, the subject relaxed completely in order to check that the

baseline EMC activity had remained unaltered.

117



Age Height

yrs) (@)
MS 25 1.73
SP 30 1.81
NS 52 1.81
AS 40 1.78
TH 29 1.75

TABLE 1:

Body Weight
(CC)]

72.1
68.2

69.9

72.8

% Type 11
fibre area

51
17
10
52

55

PHYSICAL CHARACTERISTICS OF THE FIVE

MALE SUBJECTS STUDIED
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Vastus
Medians

:Position of
alectiodas

FIGURE 1
Diagram oF the upper leg showing the

positioning of the surface EMC electrodes.
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RESULTS

The data obtained from subject AS for the Rectus Femoris muscle
at 70, 100 and 125 rpm respectively were not included in further
analysis due to an unsatisfactory EnO signal resulting from sweating
beneath the EPG electrode.

Over the course of each 45 second maximal effort, there was a
marked loss of leg force. This decrement increased significantly
with increasing pedal frequency (Table 2). The changes in IEHG
activity however, were of a much smaller magnitude than the changes in
leg force (Table 2). This is illustrated in Figures 2 and 3
respectively, which show a typical result obtained from the Vastus
Lateralis (VL) muscle of one subject at one pedal frequency (70 rpm).
Figure 2 illustrates samples of "raw”™ data (raw ERG, IEPC and leg
force) obtained from the first five revolutions and the final five
revolutions of the 45 second test. The progressive changes in force
generation and IECIG during the test are illustrated in Figure 3. It
is clear that the overall decrement in force (-57<) far exceeded the
overall decrement in IEFIG activity (-12.9"). The mean percentage
changes over the 45 second test in force and the IEdG activity of
UL, W and RF muscles at 40, 70, 100 and 125 rpm respectively, are
shown in Figure 4. (For absolute IEFC and Force data, see Tables 1-4,
Appendix 1.) At each pedal frequency there was a decrease in peak
leg force compared to control values. This decrement achieved
statistical significance (p<0.05) at 70, 100 and 125 rpm
respectively. In addition, the mean percentage decrement in force
increased systematically and significantly (p<0.05) with increasing
pedal frequency.

The majority of the percentage changes in IE*IG activity were

non-significant (Table 2). However, significant decrements in the
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FICI« 2
Samcieof “raw® data (raw tnC« ICIC. it tha
graphical summation of tht intagratad signal
and leg force) obtained from the Vastus Lateralis
of one subject (AS) at a pedal fraquancy of
70 rpm. The samples were obtained from the
first five revolutions ("Fresh®) and the final

five revolutions (“Fatigued™) of the AS second test.
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FiGure U
Mean percentage changes [conipared to control values]
in leg force and IEMG activity of VL, VM and RF
muscles during the course of a A5 second test
performed at 40 rpm, 70 rpm, 100 rpm and

125 rpm respectively.
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IEMG activity of VL at 125 rpm. M at 70 and 125 rpm and a significant

increment in RF activity at 70 rpm compared to control values were

demonstrated. The only significant systematic percentage change in

IEHO activity observed with increasing pedal frequency uas that of

a decrement in RF activity.
The result of the large decrements in force coupled with the small

decrements or increments in IEP1G activity, uas an increase in the

IEIC/force ratio. Absolute values of the change in the IEMG/force

ratio compared to control values are given in Tables 1-4, Appendix 1.

The mean percentage changes (from control values) of the IEriG/force

data for each muscle are illustrated in Figures 5-7 respectively.

These figures clearly show the progressive increase in the IEPIG/force
ratio throughout the course of each 45 second test.

The mean data

demonstrated an increase in the IEI*C/force ratio, in all muscles and

in all subjects, with the exception of RF at 125 rpm, where there

were slight decrements in the ratio between revolution numbers 31-40.

No significant correlation uas observed between the overall
percentage change in the I1EMG/force ratio and percentage Type Il fibre

area in any of the muscles tested or at any pedal frequency studied.

However, at 70 rpm and 100 rpm the ratio for UL and UW muscles of the

untrained subjects (mean % Type 11 fibre area = 53.5«) were well above

those of the trained endurance athletes (mean % Type 11 fibre area
26.0«) .

Although Rectus Femoris uas the only muscle to demonstrate a
systematic speed related change with regard to the magnitude of

IEMG activity, other speed related changes in the pattern of IEriG

activity were observed. Each muscle demonstrated a progressively

earlier onset and end of the active phase with increasing pedal

125



FIGURE 5
Percentage increases in the IEMG/force ratio
[compared to control values] during the course of a
U}second test performed at 40 rpm {# - # ),
70 rpm ¢m W ), 100 rpm (M—A ) and 125 rpm (O— C
respectively.

IEMG activity was recorded from Vastus Lateralis (VL)
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FIGURE 6
Percentage increases in the IEMG/Force ratio
[compared to control values] during the course of a
45 second test performed at 40 rpm (- 9 )70 rpm (M
100 rpm (A----—- A) and 125 rpm (0 --—0 ) respectively.

IEMG activity was recorded from Vastus Medialis (VM)
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FIGURE 7
Percentage increases in the IEMG/Force ratio
[co-npared to control values] during the course of a
45 second test performed at 40 rpm (# * ). rpm
(a__ M), 103 rpm ( A—-A) and 125 rpm (O--———-0 )
respectively.

IEMG activity was recorded from Rectus Femoris(KF)
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frequency (Table 3; mean data, Figure 8). The duration of IEMG
activity expressed in terms of degrees of crank revolution did not
change significantly in RF when slow pedal frequencies were compared
to fast, however there were significant reductions in the duration of
activity of VL and VM muscles.

Another interesting observation was the fact that IEMG activity
of RF at 100 and 125 rpm was very much reduced compared with the
slower pedal frequencies, although the muscle continued to be
activated over a large proportion of the cycle, (see Tables 3 and 4,

Appendix 1, respectively).

129



notL NesccT; Kal

@ & Tm 9 sr A Ik S

00 *  _@* g4

ke A -4t EJ] —X2 B« I —4 Z
3 -32 B3 —-3»

« 4255 Wb BB 13 I W9 B3

- 7 -B3 U9

° & -9 R R T

W AF* 13 71 403 3 ZFx A3 N3

E 13 B3 B0 -89 DI* 703 .4Q9 2

- TRl I W03 S0 M2

W o B w5 7 o ©2

A - - * 2 -2 B3

s a 20R B & B £3 P2 &9
m -8B« B« B* - 91

™ A .@7 Tl B -92 2 I« -T3 rg

- @b k6 133 -0 %

v 5% 8 s 90 A3 M8 w1 o

ol 9} A .1 W7 > -3 18D 7 M1 @«

@) @ @3 &3 49 4h &2
ﬁégiﬁ & o7 &

TA6LC 3
Irtlviciual data shoeing onset (SON) and
end (SOF) to the active phase of Itnc activity
(expressed in terms of degrees of crank
revolutions frcm Tcp Dead Centre) of UL. Vin
and muscles respectively» at each pedal
frequency studied.
flean data (~ 1S0) are also presented,
[note: Subjects SP and NS did not perform the
maximum test at 125 rpm. Data obtained from
subject AS (RF muscle) at 125 rpm
Mas excluded from further analysis due to an

unsatisfactory CPC signal.)

130

70
B9
«12
Trd
©™3
2*1
1
M.

n2
17

P3

n>
mo

09

g
52

Ty &3 @ 63 B3 @

f%g 137~
@3 Tl

P3 33
02 1

wek P %

& &
@ &

& 22






DISCUSSION

Changes in Force generation and surface IEMG activity during

short-term maximum exercise

Peak leg force and surface IEMG activity of vastus lateralis,
vastus medialis and rectus femoris muscles respectively were measured
during a 43 second maximum test, performed over a range of pedal
freguencies. Over the course of the test a marked loss of force
was observed at each of the pedal freguencies studied and this
decrement increased systematically from 40 rpm to 125 rpm. This
result is in agreement with previous studies (Sargeant, Hoinville
and Young, 1901; McCartney, Heigenhauser, Sargeant and Jones, 1983;
P Dolan, Personal Communication, 1985) in which a greater rate of
loss of leg force with increasing pedal freguency was reported.
This result may be explained by the fact that during maximal
exercise of short duration, the energy for muscular contraction is
derived almost exclusively from the splitting of phosphorylcreatine
(PC) and glycolysis (Karlsson, 1971; Hargaria, di Prampero, Aghemo,

Derevenco and Mariani, 1971; Tesch, Sjcjdin, Thorstensson and

Karlsson, 1970; Boobis, Williams and Wooton, 1983). With increasing
freguency of contraction the rates of these processes will increase
concomitantly, (provided that muscle power output has also increased).
The result of this will be greater changes in metabolic substrates and
products (such as hydrogen ions and adenine nucleotides) which in

turn may exert inhibitory effects on the biochemical processes
associated with muscle contraction and may therefore contribute to

the greater observed rate of fatigue. Furthermore, at high frequencies
of contraction, there will be less time for the removal of metabolites
from the working muscle, and their intra-muscular accumulation may

proceed at an accelerated rate.
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The changes in the surface IEMG activity of VL, VM and RF

muscles respectively over the course of the 45 second test were of

a much smaller magnitude than the observed changes in force generation,

and with the exception of RF, were not systematic. This resulted in

an increase of the IEMG/Force ratio which was observed for each of

the subjects and at each pedal frequency studied. This finding is

in agreement with those reported by Nilsson, Tesch and Thorstensson,

1971, and by Bigland-Ritchie, Jones, Hosking and Edwards (1978) but

in contrast to the findings of Stephens and Taylor, (1972). The
latter, however, were studying maximal isometric contractions of the

First Dorsal Interosseus (FDD muscle and therefore the differences

between the type of contraction and the size and structure of the
muscle studied must be considered when comparing the results obtained

from these studies.

Nilsson, Tesch and Thorstensson demonstrated a significant

correlation between the relative increase in the IEMG/Force ratio

and the percentage Type 1l quadriceps fibre area, indicating that

the factor responsible for the decrease in force generation was

localised mainly within the more glycolytic fast twitch fibres.

Indeed, an increased rate of fatigue during maximum dynamic

contractions has been demonstrated in subjects possessing a high

% Type Il fibre area of the muscle under study. (McCartney,

Heigenhauser, Sargeant and Jones, 1983; Dolan, 1985.)

In the present study, no significant correlations were

demonstrated between S Type Il fibre area and the IEMG/

Force ratio for any subject, muscle or pedal frequency, although

the untrained subjects (mean S Type Il fibre area z 54S) did tend

towards a higher IEMG/Force ratio of the VL and VM muscles at

70 rpm and 100 rpm, than the endurance-trained athletes (mean S Type
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Il fibre area = 26°-).

In sumnary therefore, the decline in maximum leg force measured

over the course of the 45 second test was not matched by changes in

the surface IEMG activity of the three muscles studied. This

resulted in an increase in the IEMG/Force ratio which would suggest

that the major site of fatigue during this type of contraction is
located distal to the neuromuscular junction and is therefore

peripheral rather than central in origin. In order to interpret

the results in this way, it must be assumed that surface IEMG
recordings are closely related to intramuscular EMG activity and

provide a quantitative measure of total muscle fibre activity, and

in addition, that the VL, VM and RF muscles are representative of

the muscles involved in cyclical knee extension movements.

Validity of surface IEMG measurements

The validity of surface IEMG as a technique of measuring the

electrical activity of the underlying muscle has been accepted by
Bouisset and Matéon (1973) who demonstrated a linear relationship
between surface IEMG and intrmuscular IEMG activity during sub-

maximum dynamic contractions of the elbow flexors. The relation-

ship was independent of the velocity of contraction. The results

of the study suggested that the activity of fibres near the surface
of the muscle were representative of the activity of all the fibres

involved in the activity in question and that the linearity of the

relationship showed a direct ratio between the two which indicated

that any value of surface IEMG activity was, via a constant, a

value of intramuscular IEMG activity. In addition. Grieve and

Cavanagh (1974) have demonstrated that within a given localised
region of the quadriceps there was little between-site variability

of surface IEMG activity, but the variability increased when the
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region uas extended.

Although several muscles are employed during cycling exercise«
the quadriceps is the largest and also shows the most vigorous
activity during the downward thrust (Houtz and Fischert 1959).
Previous studies have therefore used UL as representative of the whole
of the quadriceps (Bigland-Ritchie and Woods, 1976! Nilsson, Tesch

and Thorstensson, 1977). Although it is accepted that the quadriceps

is the major muscle group involved in cycling exercise, It is evident

from the results of the present study, however, that RF differed from
un and UL with respect to changes in both magnitude and duration of
IEFIG activity with changes in pedal frequency. The assumption that
UL alone is representative of quadriceps activity must therefore be
questioned.

Chances in Duration of IEriG activity with oedal frequency.

Changes in the pattern of IEnG activity with respect to duration

of activity at different pedal frequencies were observed in the

present study. Each muscle demonstrated a progressively earlier

onset and end to the active phase with increasing pedal frequency, a

phenomenon which has not been previously reported. A probable

explanation for the earlier onset of IEPIG activity is that at high

pedal frequencies there is less time in which to develop maximum

tension, therefore the muscle in question must be activated earlier in

the cycle enabling maximum tension to be generated at the optimum
joint angle. The earlier end to the active phase is more difficult to
explain: since time to peak tension is reduced with increasing frequency
of contraction, a progressively earlier onset and a reduction in total
duration of activity during the cycle may perhaps be expected.

Although this was evident within UL and UM muscles, it was not the

case with the activity of RF, which did not demonstrate any reduction
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in total duration of activity even though the onset and end of

activity were earlier in the cycle. Care must be taken in the inter-
pretation of results obtained from RF since it is a two-joint muscle,
acting as a hip flexor as well as a knee extensor. This may explain

the differences in the results obtained from this muscle.






INTRODUCT ION

Regulation of force generation is achieved by two mechanisms,
either by varying the number of active motor units (recruitment) or
the motor unit firing rate (rate coding). The relative importance of
recruitment versus rate coding to force generation would appear to
be dependent upon the size and functional demands of the muscle under
investigation: in a small muscle, such as the first dorsal interosseus
(fD1), rate coding plays the major role in the generation of high
levels of force, (Milner-Brown, Stein and Yemm, 1973), whereas in
larger muscles such as biceps brachii and deltoid, motor unit recruit-
ment appears to be of greater importance (Kukulka and Clamman, 1981;
De Luca, Le fever, McCue and Xenakis, 1982). It is generally accepted
that during isometric contractions, the order of motor unit recruit-
ment is dependent upon motor unit size. This phenomenon, which was
first described by Henneman, Somjen and Carpenter (1965) and is known
as the Size Principle, has received support from subsequent investiga-
tions, (Milner-Brown, Stein and Yemm, 1973 b; 1973 c; Monster and
Chan, 1977; Stephens and Usherwood, 1977). It must be noted however,
that in addition to size, motor unit contraction strength and fatigue-
resistance are also important factors influencing the pattern of
recruitment during graded voluntary contractions (Stephens and
Usherwood, 1977; Garnett and Stephens, 1981).

It is generally accepted that slow twitch motor units are
composed of small, slow conducting motorneurones and Type 1| muscle
fibres, while fast twitch units are composed of larger, faster
conducting motorneurones and Type Il muscle fibres. Methods such as
the glycogen depletion technique (which involves the indentification
of Type 1 and Type 11 fibres) have therefore also been applied to the

investigation of patterns of motor unit recruitment during isometric



contrsctions, the results of which would also appear to support the
Size Principle (Gollnick, Karlsson, Piehl and Saltin, 1974).

Few data are available regarding pattarns of motor unit recruit-
ment during dynamic movements. Using a single-fibre EMG technigue,
Grimby (1904) demonstrated that low-threshold motor units were
mainly responsible for force generation at low levels but high
threshold units were important at high levels of force generation,

a relationship which is compatible with the Size Principle. The
majority of investigations of patterns of motor unit recruitment

during dynamic exercise, however, have utilised the glycogen

depletion technique. This is a method which involves repeated

sampling of muscle before, during and after exercise. The glycogen
content of the fibres is usually estimated from histochemically-stained
transverse sections of the samples using the periodic acid Schiff (PAS)
stain which is specific for glycogen (Halkjaer-Kristensen and
Ingemann-Hansen, 1979). Using this technique, Gollnick, Piehl and
Saltin (1974) demonstrated a preferential utilisation of slow twitch
fibres during prolonged submaximum cycling exercise at constant pedal
frequency. Fast twitch fibres were only activated either at supra-
maximal work-loads or by prolonged exercise at lighter loads after a
large number of slow twitch fibres had been depleted of glycogen.
Varying the pedal frequency (and therefore relative force generation)
had no effect on the pattern of fibre depletion as indicated by a
decline iIn PAS staining intensity. Although the authors did not

exclude relative force generation on the pedals as a factor contributing
to the pattern of fibre depletion, they suggested that the oxygen supply
to the working muscle was more important than relative tension output

or contractile speed iIn determining patterns of glycogen depletion.
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The patterns of fibre depletion observed by Gollnick et al are
at variance with the study of Vdllestad (198"), who demonstrated,
using an objective method of determining PAS staining intensity
(vdllestad, Vaage and Hermansen, 1984), Type 1 and Type 11(A) fibre
recruitment from the beginning of submaximal cycling exercise (75S of
VO, max). The difference between these results may be due to the recent
improvement in the technique used to estimate changes in PAS staining
intensity, and the inability of Gollnick et al to histochemically
identify the Type Il fibre sub-groups. Unfortunately, Viillestad et al
did not investigate the effect of varying pedal frequency using their
glycogen depletion technique. This subject has however been studied
by Citterio and Agostini (1984), although they used the technique of
surface EMG. When pedal frequency was increased at constant force the
EMG signal from the quadriceps muscle bellies either remained constant
or increased less than when similar increments in power output were
achieved by increasing force generation at constant pedal frequency.
They attributed this phenomenon to a "derecruitment”™ of slow twitch
motor units at high pedal frequencies, in favour of the recruitment
of a smaller number of fast twitch units.

In summary, the use of different techniques to study patterns
of motor unit recruitment during dynamic exercise, have given similar
results in terms of a progressive recruitment of motor units in
accordance with the size principle with increases in either exercise
intensity or duration. Conflicting data, however has been obtained
concerning patterns of recruitment when the frequency of contraction
is altered.

The aim of the present study was to investigate the relationship

between force generation, exercise intensity and surface IEMG

activity during continuous progressive cycling exercise over a range

140



of pedal frequencies. It was hoped that this investigation, in
conjunction with the data obtained from the recent glycogen

depletion study of Vdllestad (1985) would provide further information
concerning regulation of force generation during dynamic exercise,

a subject upon which little data presently exists.
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METHODS

SUBJECTS

The same group of subjects (as described in the previous chapter),

which included three endurance-trained athletes, participated in the

present study. The physical characteristics of the subjects are given

in Chapter 5, Table 1.

PROTOCOL

Continuous progressive exercise tests were performed by each
subject at pedal freguencies of 40, 70 and 100 rpm respectively,

using the same apparatus described in Chapter 2. During the final

two minutes of each increment in power output, peak leg force and

surface IEMG activity of VL, VM and RF muscles respectively were

recorded, using the methods previously described. Oxygen uptake was

also measured during this period.

Each progressive exercise test was performed (after an
appropriate rest period) after the corresponding 45 second maximum
test, ensuring that the EMC electrodes remained in exactly the same

position for both maximum and progressive tests. A mapping technigue
was again used to ensure the correct repositioning of the electrodes

for subsequent pairs of tests.
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RESULTS

The relationship between force generation, exercise intensity and
surface IEMG activity (recorded from VL, VM and RF muscles respectively)
was investigated during a series of continuous progressive exercise
tests performed over a range of pedal frequencies. The actual mean
pedal frequencies recorded during the tests were 39+1.0 (SD),

70 + 2.5 (SD) and 98 + 2.4 (SD) but will be referred to as 40, 70 and
100 rpm respectively for purposes of clarity.

The data obtained from subject NS at 70 rpm and at 100 rpm were
not included in further analysis since they failed to achieve the
defined criterion regarding maintenance of pedal frequency which has
been previously described. The data obtained from subject TH at
70 rpm was only included in analysis which involved VL alone (Table 5)
since the IEMG signals obtained from VM and RF at this pedal frequency
were unsatisfactory (due to sweating beneath the EmG electrodes).

Relationship between Force Generation and Surface IEMG activity

Surface IEMG activity was recorded during the final two minutes
of each increment iIn exercise intensity during the progressive tests,
simultaneously with leg force. The total IEMG activity of each
revolution (expressed in arbitrary units) was measured during
a 10 revolution period and then averaged for each muscle individually.
Values obtained for VL, VM and RF were then summed to obtain one
value of IEMG activity representative of each increment iIn exercise
intensity.

The individual data describing the relationship obtained between
force generation and IEMG activity at each pedal frequency are
illustrated in Figures 1-3 respectively. The relationship between

force generation and IEMG activity over the range of values achieved
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FIGURE 1
Relationship between force generation (N) and
surface IEMG activity (arbitrary units) of the
quadriceps obtained during a continuous progressive
exercise test performed at rpm.
Data obtained from L)-subjects are shown.
Values corresponding to maximal IEMG activity for each

subject at this pedal frequency are also presented.
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FIGURE 2
Relationship between force generation (N) and
surface IEMG activity (arbitrary units) of the quadriceps
obtained during a continuous progressive exercise test performed
at 1*0 rpm.
Data obtained from jrsubjects are shown.
Values corresponding to maximal IEMG activity for each

subject at this pedal frequency are also presented.
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during the progressive tests appeared to be linear at each pedal
frequency. Values corresponding to maximal activity of “fresh™ non-
fatigued muscle, (obtained from the 45 second maximum test described
in the previous Chapter), are also shown.

The IEMG/Force ratio (Table 1) increased significantly (p 0.05)
with increasing exercise intensity at 40 rpm and 70 rpm. No
significant increase in the ratio, however, was observed during
exercise at 100 rpm.

Relationship between exercise intensity (% VO» max) and surface

IEHG activity

Exercise intensity, expressed in terms of percentage of maximum
oxygen uptake ( VO, max) was related to surface IEMG activity, also
expressed as a percentage of maximum {% IEMG max). % IEMG max
increased linearly with increments in D VOj max; this relationship
was significant (p 0.05) for each pedal frequency (Figures 4-6).

Individual linear regression analysis was performed upon the
% VO, max/S IEMG max data, at each pedal frequency in order to obtain
values of % IEMG max corresponding to 25?1, 50iS 75!, and 100S respec-
tively of VO, max. These values are illustrated in Table 2. The
mean data corresponding to 25% and 100?71 respectively of VO, max
increased significantly from 17% to 78% at 40 rpm, 10% to 71% at
70 rpm and 8% to 54% at 100 rpm. At no time did the mean percentage
activation reach maximum values, (ie 100%) during the course of the
progressive tests.

Effect of Pedal Frequency upon surface IEMG activity, relative

force generation and power output

Figure 7 illustrates the effect of pedal frequency upon
percentage activation (% IEMG max). The mean data (+ ISEM) obtained

at values of exercise intensity corresponding to 75% and 100%
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Subject 2SS

Subject 258

0.55
0.18
0.59

Subject 258

Table 1:

50S 75S
0.59 0.71
1.21 1.59
0.54 0.74
0.82 1.16
0.56 0.48
70 RPM
50S 75S
0.68 0.85
0.58 0.58
0.62 0.84
100 RPM
50S 758
0.62 0.57
0.50 0.55
0.22 0.54
0.51 0.71

Individual data illustrating the IEMG/Force

ratio corresponding to values of exercise

intensity

(obtained from regression analysis) reqyiring

2SS, SOs,
at eachpedal

frequency studied
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riCURE u
Relationship between percentage of maximum
oxygen uptake (S VO. max) and percentage of
maximum IEMG activity (S IEMC max) of the
quadriceps during continuous progressive cycling
at 40 rpm.
Individual data from 5 subjects are shown

(26 observations)

y . 5.172 ¢ 0.57X-. r - 0.839; pM.005
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FIGURE 5
Relationship between percentage of maximum
oxygen uptake (S VO, max) and percentage of
maximum IEMG activity (S I1EMG max) of the
quadriceps during continuous progressive cycling at 70 rpm
Individual data from 3 subjects are shown

(12 observations)

y « 0.903 ¢ 0.63x; r « 0.817; p<0.005
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FIGURE 6

Relationship between percentage of maximum oxygen
uptake (. VO, max) and percentage of maximum
IEMG activity (S IEMC max) of the quadriceps

during continuous progressive cycling at 100 rpm

Individual data from ft subjects are shown

(15 observations)

y = - 8.558 0.80x; r « 0.953; p<0.005
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FIGURE 7
The relationship between pedal frequency (p<n)
and percentage activation (% IEMG max) at
two values of power output requiring 73S and
100% respectively of VOj max.

(Mean data t [ISEH are shown)
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respectiuely of UOi max are shoiun. (Indiuidual data at each pedal
frequency are presented in Table 2.) A significant decrement
(p<0.05) of t IEMG max uias demonstrated when data obtained at

AO rpm and 100 rpm were compared. The differences in $ IERG max
between AO and 70 rpm respectively and between 70 and 100 rpm
respectivelyt were of a smaller magnitude and did not achieve
statistical significance. The effect of pedal frequency upon { IEP1G
max was similar to the previously described effect upon relative force
generation (J PF max). % PF max was also calculated for each subject
and at each pedal frequency during the present study. The results
are illustrated in Table 3. No differences were demonstrated at each
pedal frequency between the magnitude of > IEFIG max and % PF max at
50, 75 and 100j respectively of i/, max. $ PF max was, however,
significantly greater (p<0.05) than t IEWG max at 25j of UO, max
(and at each pedal frequency).

IEMG data corresponding to values of power output requiring
75 watts and 150 watts respectively were also obtained by inter-
polation from regression analysis (Table A). For each of these valLES
of power output, a significant decrement (p<0.05) of IEMG activity
was demonstrated with increasing pedal frequency.

No differences in the IEfC/Force ratio were observed at each
pedal frequency when data obtained at 25X and 50% of UO, max were
compared. A significant decrement (p<0.05) was demonstrated,
however, when higher values of exercise intensity (ie 75% and 100%
of U0, max) were compared.

Since recent glycogen depletion studies have involved muscle
sampling from Uastus Lateralis, percentage activation was also
calculated for this muscle alone. The data obtained is illustrated

in Table 5. With only one exception, (70 rpm; 100% of UO, max).
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no significant differences were observed between percentage
activation of VL and that of VL. VM and RF together.

In summary, % IEMG max increased linearly with increments in
exercise intensity over the range of pedal frequencies studied. A
significant increase in the IEMG/Force ratio was observed as
exercise intensity increased at 40 rpm and 70 rpm, but changes
occurring at 100 rpm werenon-significant. S IEMG max decreased
with increments in pedal frequency when equivalent values of exercise
intensity and power output were compared, a phenomenon similar to
that previously described for relative force generation. The IEMG/
Force ratio at equivalent values of exercise intensity was unchanged
at low and moderate levels (25S and 50S respectively of VO, max) but
significantly lower at higher levels (75« and 100« respectively of

VO, max).
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Individual

S PF max data corresponding to values
of power output requiring 25?1, SOS, 75S and
100S respectively of VO, max.

Data obtained at 60 rpm, 70 rpm and 100 rpm are

shown
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AO RPM

jbiect 75 150
SP 167.2 296.8
NS 3A2.2 592.7
AS 154.9 301.9
MS 251.8 461.9
TH 125.8 228.5

Table u\

70 RPM
75 150
82.1 191.9
78.9 157.6
117.4 218.8

Individual data illustrating surface
(arbitrary units) at values of power output

100 RPM
75 150
87.3 120.3
52.7 99.9
91.1 161.8
43.1 82.9

IEMG activity

requiring 75 watts and 150 watts respectively
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TABLE 5

Individual S IEMG max data (obtained from

Vastus Lateralis muscle alone) corresponding to

25S, 50S, 75.0

iring

values of power output requ

max.

and 100?; of VO,

70 rpm and 100 rpm are

Data obtained at AO rpm,

shown
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DISCUSSION

Quadriceps surface IEMG activity, leg force, oxygen uptake and

power output were measured during submaximum and maximum cycling

exercise performed over a range of pedal frequencies.

The relationship between leg force and surface IEMG activity

was essentially linear over the range of values attained during the

course of each progressive test, a result which is in agreement with

previous studies of cycling exercise, (Bigland-Ritchie and Woods,

1976; Hendriksson and Bonde-Petersen, 1974; Citterio and Agostoni,

1984) .

A significant increase in the mean IEMG/Force ratio did occur

over the range of values achieved during the course of the progressive

tests at 40 and 70 rpm respectively, although this was not the case

at 100 rpm. This was probably due to the fact that a greater

utilisation of maximum force generating capacity occurs at lower

pedal frequencies, which places a greater peripheral demand upon the

body, with a greater likelihood of peripheral fatigue (as evidenced

by an increase in the IEMG/Force ratio) particularly at higher

values of exercise intensity.

Linear regression analysis was performed upon the oxygen uptake/

IEMG data, the data being expressed in each case as a percentage of

maximum, further analysis giving values of IEMG max corresponding

to 25, 50, 75 and 100% respectively of VO, max. The mean

percentage activation of the subjects studied remained submaximal

during the course of each progressive test; the highest mean value

recorded was 78% at 100% of VO, max and a pedal frequency of 40 rpm.

However, the individual data obtained from subject NS, a marathon

runner, were interesting in that when regression analysis was

applied to the data obtained at 40 rpm, it appeared that values of
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1311S of maximum activating capacity and 121S of maximum force

generating capacity were necessary in order to maintain a power output

requiring 1005S of VOj max (Figure 8). The functional significance of
this data is that subject NS would of course never reach VO, max
during a progressive test at this pedal frequency, since the
requirement in terms of force generating capacity would be above the
subject™s maxifTium.

Although the mean values of % IEMG max remained submaximal at
100858 of V02 max, it is possible that the actual number of motor units
activated within the quadriceps may have been maximal. Force

modulation may be achieved in two ways, either by recruitment of
motor units or by rate coding and it is therefore possible to activate
a maximal number of motor units but record submaximal electrical
activity, since some motor units may be firing at submaximal
frequencies.

The results of the present study in conjunction with a recent
glycogen depletion study, (Viillestad, 1985) confirm the above
suggestion. In a study of prolonged cycling exercise performed at
70 rpm, Vtillestad demonstrated an approximate 1:1 relationship
between percentage oxygen uptake and percentage activation of Type |
and Type 11 fibre sub-groups, determined by glycogen depletion
analysis of serial samples of musde obtained from Vastus Lateralis
(VL). At levels of power output requiring 100S of VO, max, almost
all of the fibres within the muscle samples were observed to have
been active. Figure 9 illustrates the relationship obtained by
Vdllestad between exercise intensity and percentage activation of
Type 1 and Type Il muscle fibres, at a pedal frequency of 70 rpm.

The figure shows an initial recruitment of Type 1 and Type 11 A

(fast/fatigue-resistant) Tfibres followed by a systematic recruitment

160



PFmax IEMQmax

FIGURE a
Individual data obtained from subject NS,
showing values of S IEMG max and S PF max
(derived from regression analysis) required to

maintain 100S of VO, max.
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FIGURE 9
Relationship between exercise intensity (S VO, max)
and percentage activation of Type 1 and Type 11
muscle fibres during sustained cycling exercise

at 70 rpra

[From Vidlestad, 1905]
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FIGURE 10
Relationship between 5 VO, max and
SPFmax ( = ). S IEMG max ( A )
and fibre type activation ( # ) during
cycling exercise at 70 rpm.
[fibre type activation = - data is from

vdllestad, 1985]
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of Type Il fibre sub-groups, in order of increasing fatigue
sensitiuity (ie Type Il A fibres followed by Type Il AB and Type Il B),
with increments in exercise intensity. Thus the order of motor unit
recruitment during prolonged dynamic exercise would appear to be

in accordance with the Size Principle.

Figure 10 illustrates the same relationship as depicted in
Figure 9, except that only the data for all fibre types are shown.

The S IEfC max and < PF max data obtained (at 70 rpm) from the present
study are also illustrated. It is clear that at 100j of UO, max
almost all of the muscle fibres within UL were activated with only

61< of maximum force generating capacity and 71S of maximum electrical
activity utilised. This suggests that a certain proportion of

motor units within Uastus Lateralis and indeed the quadriceps (since
the IEFC activity of UL in the present study appeared to be
representative of that of the quadriceps) were firing submaximally

at maximum work-loads.

This result would indicate that rate coding is an important
factor influencing force modulation at high levels of tension output,
since at supramaximal exercise intensities, variation in firing rate
would be solely responsible. This finding, which is in agreement
with UMl lestad (1985), would appear to be more compatible with force
modulation in small muscles rather than large muscles (Milner-Brown,
Stein and Yemm, 1973 b, 1973 c; Kukulka and Clamman, 1981; De Luca,

Le Fever, McCue and Xenakis, 1982). The latter studies, however,
were related to isometric rather than dynamic contractions of large
and small muscles. Unfortunately, it was not possible to combine
IEMG and glycogen depletion data to investigate the regulation of
force generation at different pedai frequencies. It is evident,

however, that the relative importance of recruitnwnt versus rate
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coding to force regulation may be dependent not only upon muscle

size, but also upon the type and frequency of contraction. Further

studies are necessary to clarify this.

As pedal frequency increased, a reduction in i IEI»G max uas

observed uhich uas of approximately the same order of magnitude and

in parallel uiith t PF max. The reduction in % PF max uith increasing

pedal frequency would therefore appear to be the direct result of a

decrease in % IEWG max. It uias not possible, from the present data,

to determine whether the decline in * IEI»C max was due to either a

reduction in motor unit firing rate, or a “derecruitment’ of motor

units. Since, however, equivalent values of power output were

maintained at high pedal frequencies with a concomitant reduction in

IEl« activity (Table A), a possible explanation would be a derecruit-

ment of slow twitch motor units in favour of the recruitment of a

smaller number of fast twitch units, (since they provide greater power

per unit stimulus). Indirect support for this suggestion is provided

by the results of Citterio and Agostoni (1984) who demonstrated that

quadriceps surface IE*IG activity remained constant or increased less

when an increment in power output was achieved by increasing pedal

frequency at constant force, than when a similar increment was

achieved by increasing force at a constant pedal frequency. This

phenomenon was also attributed to a derecruitment of slow twitch

units with the recruitment of a smaller number of fast twitch units,

that is, a selective activation of motor units according to the

Speed of movement.

Certain factors, however, must be taken into consideration

which may conflict with this proposal, (in addition to those factors

previously discussed in Chapter 5 concerning the validity of surface

IEFG measurements, etc). Firstly, if a preferential recruitment of



fast twitch units occurred at high pedal frequencies in order to
maintain an equivalent value of power output, an increase in the
IEMG/Force ratio may have been expected, since fast twitch units are
more fatigue sensitive than slow twitch units. This was not
demonstrated in the present study; the IEMG/Force ratio did not
change significantly at low and moderate levels of exercise intensity
when slow and fast pedal frequencies were compared, and indeed, a
decrease was observed at higher levels. (Table 1.)

A selective activation of fast twitch motor units would also
appear to be at variance with the Size Principle. However, there are
reports in the literature, using both electrophysiological and
histochemical techniques, indicating exceptions to the orderly
recruitment of motor units (Grimby and Hannerz, 1973; Secher and
Nygaard, 1976).

In conclusion, the results of the present investigation into
the relationship between force generation and surface IEMG activity
during prolonged cycling exercise suggest the possibility of a
selective motor unit involvement at high pedal frequencies. This
phenomenon may also explain the previously described reduction in
% PF max when fast frequencies are compared to slow at equivalent

values of power output.
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INTRODOCTION

The major part of this Thesis has described the investigation

into the relative force generating capacity of human muscle and its

importance as a possible contributing factor limiting the ability

to sustain prolonged dynamic exercise. One method of offsetting

this limitation which has been previously discussed is to increase,

by the subject®s own volition, the frequency of muscle contraction.

The investigation which forms the final part of this Thesis concerns

the attempt to reduce the peripheral limitation to sustained cycling

exercise, not by a behavioural mechanism, but by increasing the

aerobic energy Tflux, by oral supplementation of the substance

L-Carnitine.

Carnitine (B-hydroxyt -trimethylamino butyrate) is a quaternary

amine which plays a central role in lipid catabolism and energy

production. Fritz, (1955, 1963), identified carnitine as part of the

shuttle mechanism whereby long chain fatty acids are converted to

acyl carnitine derivatives and transported across the mitochondrial
membrane. Carnitine may play a role in pyruvate oxidation by
reversing the inhibition of pyruvate dehydrogenase by Acetyl CO A

(Bookelman, 1978) and it may also be involved in branched chain amino

acid oxidation (Van Hinsbergh, Veerkamp and Glatz, 1979).

Physical training increases the capacity of skeletal muscle to

oxidise fatty acids (Havel, Carlson, Ekelund and Homoreu, 1964;

Issekutz, Miller and Rodahl, 1966; Mole, Oscai and Holloszy, 1971).

This requires an increased transport of fatty acids into mitochondria
and changes in carnitine levels and/or the activities of its

associated enzymes may be involved in the biochemical adaptation to

chronic training (Froberg, Ostman and Sjdstrand, 1972). This has

been reinforced by Lennon, Strathan, Shrago, Nagee, Madden, Hanson

168



and Carter, (1983) ufio haw/e shouin that muscle carnitine levels are

Indeed greater in trained as opposed to untrained individuals.

Animal studies have demonstrated that the utilisation of fat as

a fuel exerts a sparing effect upon the muscle glycogen store (Rennie,

blinder and Hollszy, 1976). The facilitation of fat oxidation by

carnitine supplementation could therefore be beneficial toward

endurance performance. Recently, Marconi, Sassi, Cardinelli and

Ceretelli, (1985) claim to have demonstrated a 6< increase in the

aerobic power (00, max) of six athletes after oral supplementation
of carnitine for two weeks (4g per day). ImprovarEnts in aerobic
capacity, indicated by an increase in endurance time at a work-load
requiring 80< of UO> max have also been claimed by Eclache, Quard,
Carrier, Berthillier, Mamot and Eischenberger (1979) (see Marconi

et al 1985). A recent study (Cooper, Jones, Edwards, Corbucci,

Montanari and Trevisani, (1986) however, has demonstrated no
detectable improvement in the performance times of experienced
marathon runners during a period of carnitine supplementation (49
per day).

The purpose of the present study was to investigate the effects
of oral L-Carnitine supplementation upon submaximum and maximum

exercise performance: Two, strictly controlled double-blind trials

were performed.
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METHODS

SUBJECTS

Three male and six female subjects, all healthy but untrained,
participated in the first trial (Table 1). Their ages ranged from
26-31 years (mean 27 years). In the second trial there were four
male and six female subjects, (Table 2), ages ranging from 24-37
years (mean 28 years). The subjects gave written consent and all
procedures were approved by the Committee for the Ethics of Human
Investigation, University College Hospital.

PROTOCOL

Each trial was a double-blind cross-over. In the first trial,
the placebo or L-Carnitine was taken for fourteen days and after
completing an exercise test the subjects immediately changed to the
other substance (Figure 1). In addition, two endurance-trained
athletes were studied under single-blind conditions; the investigators
knowing the substance being taken. (For their physical characteristics
see Table 5.) In the second trial the substances were taken for
twenty eight days and there was a two week break before starting the
other compound (Figure 1). Four of the subjects participated in both
trials.

I_-Carnitine was obtained from Sigma Tau (Pomezia, Italy) as a
solution suitable for oral administration. Peppermint essence (1 ml L
was added and the solution dispensed in 10 ml ampoules containing
1g of carnitine. A placebo solution was made containing 60g sucrose,
5g citric acid, 1 ml of peppermint essence and 10 mg quinine per L.
This was dispensed in individual 10 ml ampoules. The subjects took

two ampoules per day containing either placebo or carnitine.
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SUBJECT

mC
MH
NM
HC
PO
MT
JF
SG
KF

i IS0

Physical characteristics of the nine uotrarned subjects

SEX

A m mm A nm = =

AGE (yrs)

TABLE 1

in Trial
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37
27
26
23
29
24
23

1

BOOYWEIGHT

61.0
70.0
70.6
61.4
37.9
64.3
58.8
77.6
48.3

(V)

involved



SUBJECT SEX AGE (yrs) BOOYWEIGHT  (kg)

mC M 37 61.0
MH M 27 70.0
MA M 31 74.0
SA M 25 67.0
PD F 29 58.0
CG F 25 56.0
OR F 25 66.0
CF F 25 A5.5
MT F 2A 6A.0
ON F 36 66.0
X 28.A 62.8
t ISD i A8 t 8.1
TABLE 2

Physical characteristics of the ten untrained subjects involved

in Trial 2
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EXERCISE TESTS

The subjects were thoroughly familiarised with the experimental
procedure before the control measurements were made at the start of each
trial.

On the days when exercise tests were performed, the subjects

were asked to refrain from strenuous physical activity prior to testing

and to avoid smoking, eating and drinking sweetened beverages for at

least three hours beforehand. Otherwise, the subjects continued their

routine activities throughout the trial period.

The exercise response in each trial was measured during a
continuous progressive exercise test performed on a cycle ergometer
and at 70 rpm. Oxygen uptake (VO,), carbon dioxide output (VCO,) and
cardiac frequency (fc) were measured over the final two minutes of each
increment iIn power output, as previously described in Chapter 2. In
cases of doubt where the conventional criterion of a plateau of VO,
against work-load was not observed, the maximal measurement was
repeated on the following day. Venous blood samples (10 ml) were

obtained before and within five minutes of the cessation of

exercise.

ANALYSES

Plasma L-Carnitine was assayed according to the method described
by Di Donato, Cornelio, Storehi and Rimoldi (1979). Plasma B-hydroxy-
butyrate concentration (Trial 1) was measured using slight modifica-
tions of enzyme baaed fluorometric methods described by Lloyd, Burin,
Smythe and Alberti (1978). Plasma lactate concentration (Trials 1
and 2) was measured by a conventional automated enzymic method, and
plasma 2 ,J-Diphosphoglyceric acid (2,3-DPG) concentration (Trial 2)

was measured using a kit supplied by the Sigma Chemical Company,

Poole, England. Haemoglobin measurements (Trial 2) were made by the
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RESULTS
The various procedures were well tolerated by all subjects and

no untoward effects of carnitine were reported.

All of the exercise tests were performed at the same time of day

and after an equal period of time following the final dose of each

substance.
TRIAL 1
Maximum cardiac frequency

The mean maximal heart rate on placebo was 195 beats min-1 with a

range of 180-207 beats min-1. After two weeks of oral supplementation

with carnitine, the mean maximal heart rate was 192 beats min-1 with a

range of 178-210 beats min-1. Although seven of the nine subjects

demonstrated a decrease in maximal heart rate, this did not reach

conventional levels of significance using a paired t test (p<0.1)
(Table 3).

Maximum oxvoen uptake (VOi max)

No significant changes were seen in the maximum oxygen uptake

as a result of oral carnitine supplementation (Table 3).

Effect of carnitine on respiratory exchange ratio (RER)

The RER, the ratio of CO, produced to O, consumed, was determined

for both carnitine and placebo runs. Mo significant differences
were found at any time during the progressive exercise tests.

The pre- and post-exercise measurements of plasma lactate and
B-hydroxybutyrate under placebo and carnitine supplemented conditions
were not significantly different (Table 4).

Submaximum Cardiac Frequency

Cardiac frequency at 50S (fc 0.5) and 75S (fc 0.75) respectively

of VO. max was interpolated for each individual from linear regression

of the submaximal cardiac frequency/oxygen uptake data. Figure 2
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illustrates the change in the relationship between VOj and fc with
oral carnitine supplementation in one subject (PD). Following
carnitine supplementation there was a significant reduction of fc 0.5
from 133 + 13 to 128 t+ 13 beats min-1 (p<0.05). The reduction of

fc 0.75 from 166 = 11 to 161 t 12 beats min-1, however, did not reach
conventional levels of significance(p<0.02) (Table 3).

The two endurance-trained athletes participating the single-
blind study showed the same pattern of responses as the untrained
subjects in Trial 1 (Table 5). There was no increase in VO, max
following carnitine supplementation, but at 50S of VO» max there was
a reduction in cardiac frequency of 16 beats min-1 in one subject and
3 beats min-1 in the other. The submaximum reduction in cardiac
frequency at 75S of VOj max however was absent in one gF the subjects
and onlv slight in the other (Table 5).

The results of Trial 1 suggested that carnitine supplementation
may lead to a reduction in submaximum cardiac frequency with no
change in either maximum cardiac frequency or oxygen uptake. To
obtain further information and to test possible mechanisms for this,
a second trial was undertaken in which the substances were taken for
twice the duration, and a gap of two weeks was left between the two
substances to ensure there was no cross-over effect. In addition to
measurements of plasma carnitine and lactate, haemoglobin (pre-
exercise) and plasma 2,3-DPG concentration (pre and post-exercise)
were also measured.

TRIAL 2

Maximum Cardiac Frequency

After four weeks of oral carnitine supplementation, the mean
fc max increased from 186 beats min-1 (range 170-210) to 187 beats

min-1 (range 168-210), but this difference did not achieve
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FIGURE 2
Trial 1: Effect of oral supplementation
of L-Carnitine upon the relationship between
oxygen uptake (V0j) and cardiac frequency

(fc) in one subject (PD)
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statistical significance (Table 6).

Suboiaximum cardiac frequency

Linear regression analysis was perforined upon the individual
submaximum cardiac freguency/oxygen uptake data to obtain values of
cardiac freguency at work-loads requiring 25, 50 and 75S respectively
of VO, max. Figure 3 illustrates the mean values obtained at each
exercise intensity during both carnitine and placebo supplementation.
Although there was a slight decrease in the mean cardiac frequency at
each exercise intensity, It was not statistically significant (f>0.05);
the data obtained at 50! and 73S of VO, max are given in Table 6.

Blood Biochemistry

There was no significant difference (p~0.05) in the plasma
lactate concentration before and after exercise when placebo and
carnitine supplemented conditions were compared. This was also
observed for the pre-exercise plasma 2,3-DPG concentration, although
the mean post-exercise value was significantly lower when under
carnitine supplemented conditions. However no significant difference
was observed when pre- and post-exercise values were compared for each
condition. The pre-exercise haemoglobin concentration was unaltered
(p 0.05) after carnitine supplementation. (Table 7.)

Four subjects (MC, MH, PD and MT) participated in both trials,
but the data obtained from Trial 2 were not consistent with those of
Trial 1. With only two exceptions (MC - fc 0.75; MT - fc 0.05)
the change in submaximum cardiac frequency was iIn the opposite

direction in Trial 2 compared with Trial 1.
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C
(b/min.)

25 75 100

50
XVO2 max.

riGURE 3
Trial 2: Effect of oral supplefnentation of
L-Carnitine/placebo upon submaxiimm and
mexinHiiti cardiac frequency (fc), at values of
power output requiring 25, 50, 75 and 100S
respectively of VO, max
Mean data t 1SO are shown

(Placebo supplementation O; L-Carnitine supplementation °)
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PLACEBO CARNITINE

PRE EX POST EX PRE EX  POST EX
56.0
TOTAL CARNITINE A1.3
1 t 8.2
Xjmol/1 1 8.4
0.94
PLASMA LACTATE 0.86 11.82 i
mmol/1 t 0.31 1 4.45 1 0.39
HAEMOGLOBIN y il 13.5
g/dl t 0.0 1.3
2,3-DPG 19.23 20.64 17.15 16.00
’ t 2.89
Ajmol/g haemoglobin t 2.97 't 2.61 t 1.51
TABLE 7

Trial 2: Pre and post exercise values for plasma total

carnrtrne. plasma lactate, plasma 2,3-DPG and haemoglobin

concentrations in ten untrained subjects

Mean data t 1SO are shown
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DISCUSSION

The effect of orally administered carnitine upon the submaximum
and maximum exercise performance of a group of untrained subjects was
investigated in two trials, both of which were performed under double-
blind conditions and several months apart. The protocol of each
trial was essentially the same, but in the second trial the same dose
of carnitine was administered for a longer duration. In addition,
two endurance-trained athletes were studied in parallel to Trial 1,
although under single-blind conditions.

In Trial 1 there was an indication of a reduced heart-rate
response at moderate levels of power output (50?1 of VO2 max) as a
result of carnitine supplementation. It is suggested that this was
not due to an habituation effect, since the subjects were carefully
familiarised with the experimental procedures before the commencement
of each trial to eliminate any such effects, (Davies, Tuxworth and
Young, 1970) and the order in which placebo and carnitine were given
were randomised.

Discounting any habituation effect, there is no obvious
explanation for the observed response iIn terms of the known actions
of L-Carnitine. The evidence obtained from the RER measurements
and blood metabolites does not suggest any appreciable change in
the pattern of fuel utilisation. The improvement in aerobic
capacity, that is, the ability to maintain a given value of oxygen
uptake under the same conditions of speed and load but with a
reduction in heart-rate suggested that the action of carnitine may
have been to effect changes in either stroke volume or oxygen
extraction within the exercising muscle, but no direct evidence
exists to support either of these points. The effect of carnitine

upon the submaximum heart-rate response warranted further
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investigation and for this reason the second, more extensive trial
was undertaken. In addition to the extension of the duration of
carnitine and placebo supplemented periods, pre-exercise plasma
haemoglobin and pre- and post-exercise plasma 2,3-DPG concentrations
were also messured.

L-Carnitine has been used in the treatment of chronic anaemia
(Trovato, Ginardi, Di Marco, Dell"aira, and Corsi, 1982) with
beneficial effects, increasing the haematocrit and haemoglobin
concentration. It was notknown whether carnitine could cause
erythrocytopaenia in otherwise healthy subjects, although such an
effect could have explained the results of Trial 1.

In human erythrocytes, 2,3-diphosphoglyceric acid (2,3-DPG)
is bound to haemoglobin in approximately an equimolar ratio. Since
haemoglobin has a preferential affinity for 2,3-DPG over oxygen,
an increase in the level of this compound results in a decreased
haemoglobin/oxygen affinity, (Benesch and Benesch, 1959). 2,3-DPG
therefore serves as an important regulator of the oxygen supply from
haemoglobin to meet tissue demands. The effects of carnitine upon
2,3-DPG have as yet not been investigated. Obviously, if carnitine
were to increase 2,3-DPG concentration, this would have the effect
of decreasing haemoglobin/oxygen affinity, thus shifting the oxygen
dissociation curve to the right and facilitating the extraction of
oxygen at the tissue level. This would be of even greater advantage
during exercise, when the tissue demand for oxygen increases.

The results of Trial 2, however, appeared to be at variance with
the initial observations of Trial 1. Although there was a decrease
in the submaximum heart-rate response at moderate levels of power
output, the shift was small and not statistically significant. The

data obtained concerning plasma haemoglobin and plasma 2,3-DPG
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concentrations were also non-significant and cast doubt upon the

earlier suggestion that carnxtine may cause an increase In oxygen

extraction by the working muscle either by erythrocytopaenia or by

an increase in 2,3-0PG concentration.

in addition, the results of the four subjects who participated

in both trials were inconsistent.

It is possible that the longer duration of oral carnitine

supplementation in Trial 2 may have caused an increase in the rate

of carnitine clearance from muscle, thus minimising the possible

benefits of the extended duration of supplementation. Unfortunately,

no data exist with which to support this suggestion.

Since it was not possible to reproduce the significant result

of Trial 1, it must be concluded that there is little evidence to

suggest a beneficial effect of oral carnitine supplementation upon
, ...rci» ir .n,,

appear to be small and inconsistent.

The data obtained from the present studies differ from those of

Marconi et al (1985) who examined trained athletes. The subjects

participating in the present studies werehealthy but untrained and

it is possible that this could account for the different results,

although the data obtained from the two endurance-trained athletes

involved in the single-blind trial were similar to those obtained

from the untrained subjects in Trial 1.

The known function of carnitine is in the oxidation of fatty

acids which is important during prolonged exercise. The effect of

carnitine supplementation might therefore be seen during relatively

prolonged exercise (ie a marathon) rather than the type of shorter-

term testing utilised

in the present studies. However, the

previously described observations of Cooper et al (1986) on the
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The aim of this Thesis was to Investigate the force generating
capacity of human muscle during sustained dynamic exercise.

A large Individual variation In the proportion of maximum
force utilised (that Is, relative force generation) at equivalent
values of power output was demonstrated. At 70 rpm and at 100Z
of VOi max, the mean value of relative force generating capacity
In the group of subjects studied was 50Z, although this was much
greater In those subjects who possessed a high aerobic capacity,
which was evidenced by a positive linear relationship between relative
force generating capacity (% PF max) and VO> max and a significant
Inverse linear relationship between X PF max and )(Type 11 fibre
area. The data also suggested that although It Is generally accepted
that the major factor limiting sustained dynamic exercise Is central
In origin (that Is, the cardiac output) (Bevegard and Shepherd,
1967; Davies and Sargeant, 1974), nevertheless, certain Individuals
may be more likely to suffer a peripheral limitation In view of
the fact that they utilise a relatively large proportion of their
maximum available force generating capacity at any given value
of power output.

Relative force generating capacity was then measured over
a range of pedal frequencies to determine whether or not it was
Independent of the frequency of contraction. In agreement with
previously reported data, maximum force generating capacity decreased
with Increasing pedal frequency. In addition, however, relative
force generating capacity also demonstrated a reduction with increments
In pedal frequency when equivalent values of power output were
compared. (This reduction was of the order of 28Z when pedal
frequencies of 40 and 100 rpm were compared at 100Z of VOi max.)

These data suggest that It may be of great benefit to utilise high
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frequencies of contraction during sustained exercise. In terms

of reducing the "risk®™ of peripheral fatigue as a possible limiting
factor. Indeed, it is a common observation that trained racing
cyclists frequently employ pedal frequencies in excess of 80 rpm
during training and competition. In addition, the data also strongly
suggest that progressive cycle ergometer tests designed to measure
the individual®s maximum aerobic power ought to be conducted at

high pedal frequencies (70-100 rpm) rather than the standard 50-60
rpm in order to reduce the risk of a peripheral rather than a central
limiting factor.

The employment of high pedal frequencies may be advantageous
from the view of alleviating peripheral fatigue but they may be
achieved at the expense of a reduction in optimal efficiency, since
many previously reported studies indicate an optimal pedal frequency
for cycling efficiency of 50-70 rpm. Although the previous data
concerning the efficiency of dynamic exercise appear to be largely
dependent upon the method of calculation, the results described
in this Thesis demonstrated a trend towards an increase in cycling
efficiency (delta efficiency) with increasing frequency of
contraction, which is in agreement with more recent studies, and
which also indicates an even greater advantage of cycling at high
pedal frequencies.

The underlying mechanism of a reduction in relative force
generation with increasing frequency of contraction was investigated
using the technique of surface integrated electromyography (IEMG).
Maximum IEMG activity (IEMG max) was Tfirst established during an
isokinetic test (which was also utilised to measure maximum peak
force) conducted over a range of pedal frequencies. During the

course of each test the IEMG/Force ratio increased significantly.
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which was dua to a decraoant in force generation with little change
in 1EMG activity.

Relative IEMG activity (X IEMG max) was investigated during
a further series of progressive exercise tests conducted over a
similar range of pedal frequencies. Z IEMG max also demonstrated
a reduction with increasing frequency of contraction (at equivalent
values of power output) in parallel with Z PF max so that the 1D1G/
Force ratio remained little changed. It is suggested that as
frequency of contraction increases, a selective derecruitment of
slow twitch motor units may occur in favour of the recruitment
of a smaller number of fast twitch units, which give greater power
per unit stimulus. Since, however, the Force/lEMG data was obtained
from a small group of subjects performing over a limited number
of pedal frequencies, and the data obtained are at variance with
previous studies (Gollnick et al, 1974) utilising the technique
of glycogen depletion, it is evident that further studies are required
in order to investigate patterns of motor unit recruitment during
sustained exercise of varying contractile frequency and their subse-
quent effect upon relative force generation.

In the final part of this Thesis, an alternative approach
to reducing peripheral stress during sustained exercise was
examined. The effect of oral supplementation of L-Carnitine upon
maximum and submaximum exercise performance was investigated during
two double-blind trials. The results of Trial 1 demonstrated a
reduction in the submaxiraum cardiac frequency response at moderate
levels of power output after carnitine supplementation. The mechanism
of this action was further investigated in a second, more extensive
trial. The results obtained, however, were inconsistent with those

of Trial 1, in that a significant reduction in the cardiac frequency
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response was not demonstrated. In addition, no significant differences
between pre- and post-exercise blood metabolite concentrations,

which were used as indicators of a peripheral effect of carnitine,

were observed. It was concluded that carnitine supplementation

was of little benefit to exercise performance.
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BfliactofpadalUognt* oa ilm motel* fere* ragnind daringcycling «MrdM
HtBUB

Bt C.Gbko, O.RtrmuoBD uid A. J. Saboiakt™®. Dtpartount of Modieine,
Univertit) CoUtgt London, London WC1X6JJ, and *IFI/>, AeademU Medical
Centre, Vnivereit® of AnUterdam, Ameterdam 110 i AZ, The Netherlande

In a preTiona conunnnicatiion we reported the muecle foroe and fibre recruitment
pattenif during dynamic ezeroiee performed pecalling a ocle eigometer at
70 reT/min (Greig, SaigeantA Voleetad, 1086). We have now inveatigated theeffact
of differat pedalling ratea on the muacle force required in lubmazimal ezrcice.
Ten healthy young aubjecta ware atudied performing a aeriea of three progresaive
ezerciee teataat «*=* <1 p*inming ratea of 0. 70 and 100 reT/min. During the leat
2min ofeadi S min incremental work lced, mean peak force and ozygen uptake
© waredetermined. At aadi pedalling rate there waa a progresaiTe lirear increcee
o~ withwork lced, and at any work load 7~ waa inTendy related to the pedalling
rate. Marimnm legforce waa alaomeaaured oeer the aame range of pedalling
rateaudng an iaddinetio cycle ogometer (Sargeant, Hoinville A Young, 1081), and
thni  during progresshra teastacould be ezpresaed aaa proportiono f the maz imum
force arailable at the aame cekMity of contraction.

Intareatingly, and degpite the fact that mazimum force iteelf decresaed with
incresaing Iriccity, the reenitaihowed that theproportion ofm azimal force required
<t any giran aubmazimal lerd of  aleo ®Ilwith increseed pedalliy rate. Hence
atawork load correapondingto75% of A proportionofthemaz imum foree
requiredwaa 54+ 1 3% at40 rer/minbutonly30+7% at 100 rer/niin (meanta.D. ;
P < OfQI).Thiagreater reeerre of force-generating capacity athiNier pedalling ratea
aupeataa loner peripheral atresa, and thiacould be an inportant factor indelaying
the oneet of fatigue during auatained actirity.

However , itihouldbe recogniized that auch an apparent advantage could be offeet
or negated iftherewere any agnificant decrease inmechanical efficiey conaequent
upon the higher pedalling ratea, lince thiawould necesaitate a greater energy aupply
for the lame eztemal power output (gee, for ezarple, Benedict A Cathcart, 1913;
Hilll, 1922). Thia agpect iathe aubject of further ineatigation.
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Quwlricp.nuuec+~ em.g. and fUigu. dtuiiig m «dm .l djrnwnlc Mwciae

irT o.«», T.Howoiiovi* ~k1A. J.
PclyUcknic of North L on”, Kentuh
K~ rtatd InUzrtt, tUUarrt OtzUUy, B«dop*d. AU»«U «_. 44. H im , Hungary
In the oresent itndy we hare mewured the euriMee.m.g. end the leg forcese xer™
during » « T mnximL effort on an iK>kinetio cycle ergometer
K 1981). Eiperimento were performed on 8 h~"thy

J«!m Sifi*edelec EA1000) weremtunt® overthebe”™ °ij“ ~*~ | In *th ei
n medieli. (VM) wd rectu. femori. SRF& of one leg. The
rectified midintegr.t«l(i.e.m.g.)everylOOm -Ju’\m ALY dy”
«roMannlied to the cntnka. Decpite the marked lose of force (~ 80 /«) over« =.me
ie.m .g.~vity remainedat the control level or ilighUy
an increase in the i.e.m.g./foroe ratio at all speeds, m aUm uscles” IUlwbjecU.
These fin<i"g«are inagreement with those reported by Nilsson, Tesch ft TlroretelissOT
Jones. Hosking ft Edwards (1978). but m contrart

S fin ~ ofStophens ft Taylor (1972). who were, hoover, studying maximal
«.metric contractions of the first dorsal intero®us m .

The pattern of em.g. activity demonstrated some speed-reUted chan”. H e

duiwed a progressively earlier onset

higher ~though the duration ofactivity expressed mtermsofd e g * ofc

~ o ™ very lowtotal artivity compared with the slow g>eeds. although tte i r ~
appeared to be activated over a much longer proportion of ‘f*

obSiintions point to the need for caution in companng dynamic

oSLned at dSuent movement speeds, since even ina” r*Sr tm
2Tippe~- tobe marked change in the pattern of activation and po-ubly the
proportional contribution of active muscles.

Support from TV Brrititi. Coundil « kI 11» Sport. Goundil i. grstrfuHy sckno*lodgei.

urusNCXS
BiauasD-Rnc-is. B.. Jon... D. A. Hcino. O.P.A Krmsans. R H. T. .T S) .«... Si. wri.
10771 AHitokiuial ttand 101.1*4-198
gmsallt aj ﬁOInVIIX E.A Yocno A (1*~J Apl. nyruM. » ]&75]182
Sramsns. J. A ATavios. A (1*72). 3. Phyrul 220.1-18.
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fofc« and flbr* ikcruilm«at duriag dynamic aaerciaa in man
By C Gaaio, A. J. SAaoaAirrt and N. K. VeLLwraD*. ki wnan
Iay.Pdyt~nic of North London. London NWS 3LB. XAeo<Umic M tdicACtnirt, 1105
AZ Am M ~m . The Netherlands and * InslUnte of MuseU Physudon. P O. Box 8149
Dtp, Oslo 1, Norway

We have meaeured the leg foroea exerted during progremve exereiie teata on a
conventional cycle ergometer and expre-ed theae aaa prop o” of the maximum
force available at the aame pedal speed of 70 revimin (see Sargeant, HomviUe A
Young, 1081). In a group of thirty-one healthy subjects the mean proport” of
m.rimal force utiUxed was 23+5% («d )» *»0'* ‘o«™* corresponding to 40 /. of

nM increMing lineariy to 51+9% *t 100%

N. | rroportrm or MXiMBlrorce Utilii«i(—Iland of sctire msete abres (e —=) in

miJtion toexsfctee intenmty. Values an ateo given for the coponent 9bn-type
populatioiie: type 1. O; type 1A, A; types IIAB and 11B corbined

Subsequently the proportion and type of the active muscle Bbres in vastus lateralis
were identified from glycogen-depletion meaaurementt of needle biopsies (see
Vallestad Vaage A Hermaneen. 1984). The reaulU indicated that at maximum
oxygen uptake virtually all of the muscle fibres would : ave been active even though

only ~ 50% of maximal force was being generated (Fig. 1). observation was
presumably a reflection of submaximum activation of muscle fibres.
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8ABCRAHT. A J.. Hoinviujs. E. A Youvws. A (1981). J. appt- Wyeiid. 51.117°1 IM.
VSLLXNAD. N. K., Vaaos. O. A Hsbmamssii. L. (1984). Aete physiol, stand. 122. 433-141.
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Inie effect of oral supplementation with L-camitine
lon maximum and submaximum exercise capacity

IC. Orig®, K- M. Flpck",D. A. Joms ",M. Cooper*®, A. J. SargcaW* aoO C. A. Forte*

Dcpanmenl of Mcdkiiw, Univenily CoUcfc London. Ftcuhy Cinicml Sdoncei, Univcniiy Street,

London WCIE 6J3J, EnfUnd

mWerLgroep Intpanningify$iologie, Acndeniic Mcdicnl Centre, Anuterdnm, The Nctherlnnds

SoauBoiy. Two tridl were conducted to inesti-
ke the effects of L-camitine supplementation
gponmax imum and submaximum exercise capac-
. Two groups of healthy, untrained sbjects
were studied in double-blind cross-over ks,
Oral supplementation of 2g per day L-caraitire
wes used for 2 weeks inthe firsttrial and the same
dose but for 4 weeks in the second tridl. Maxi-
mum and submaximum exercise capecity were as-
S5 during a continuous progressive gcle w-
(aneter exercise testperformed at 70 rpm. Intrid
I, plasma concentrations of lectate and P-hy-
droghutyrate were measured pre- and post-eer—
de. In tridl 2, pre- and post-eercise plasma lac-
Hewere measured. The results of treatment with
L-camitine demonstrated no significant changes
nmaximum oxygen upuke (Fo,>.) of in maxi-
mum heart rate. In i 1, there was a small im-
provement in submaximal performance as evi-
denced by a decrease inthe heart—rate response t©
awork-load requiring 50% of Fy,-..- "B more
extasive trial 2 did not reproduce the significant
reslitobuined intrid 1 that s, therew u no sig-
nificant decrease In heart rate at any given sub-
maximal e@rcise inasity, under camitine-aLp-
plemented conditias. Plasma metabolic concen-
tratias were unchanged following L-camitire, in
both triks. It s concluded, thet in cotrast t©
otrer reports, camitire supplementation may be
of little berefit o exercise performance since the
obsened effects were small and Inoorsistent.

Key words: L-Camitine - Fo  — Submaxi-
mum heart rate

Offprimt rt*uesis to: D. A. Jones at the above address

latroohction

Camitire (F-hydroxy y-trimethylamino butyrate)
isa quatemary amine which plays a catral role
in lipid caubolism and energy production. Atz
(16, 1963) idtified camnitire as part of the
shuttle mechanism whereby long chain fatty acids
are converted o acyl camiire derivatives and
transported across the mitochondrial membrane.
Camitire may play a role in pyrovate oxidation
by reversing irhibition of pymvate dehydrogen-
ase by Acetyl CoA (Bookelman etal. 1978) and it
may also be involved in branched chain amino
add oxidation (Van Hinsbergh et al. 19/9).

Training increeses the capadty of deletal
musde to axidise fatty adds (Havel et al. 1934;
Isseutz et dl. 1966; Mole et d. 1971). This re-
quires an incressed trangoort of fatty adds into
mitochondria and changes in camitire leels
and/or the activities of its assodated enzymes
may be involved in the biochemical adaptation t
chronic training (Froberg et al. 1972). This hes
been reinforced by Lennon etal. (1983) who have
shown that muscle camitire leels are indeed
greater in trained as opposed to untrained indi-
vidals.

Recerttly, Marconi et a. (1985) have reported
a 6% incresse in the maximal aerobic capadty of
six athletes after oral supplementation of cami-
tire for 2 weeks (4g per day)- Improvements in
submaximal capadty, indicated by an inoreese in
endurance time at a work-load of 80% Fo,— ..
have been demonstrated by Eclache et d. (19/9).
We have also observed that subjects taking cami-
tire report feeling better able to cope with sub-
maximal eercise. These (unpublished) observa—
tias were, honever, all open trials in which both
subject and investigators knew what was being
taken and the possible baefits. For this reason
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we have now carried out two strictly controlled
double-blind triaks of camitire obse”ng the ef~
fects on both submaximal and maximal eerise
CeCity.

Sohjectaand amthoda

The fInt trial conaittcd of thcac male and six female rabjema.
(Table 1) all fit but untrained. A fn ranged from 26 to 31 yean
(mean 27 yean) and body weigbu from SS to 7Skg. In the
second trial Uiete wen four male and six female subjecta, agea
ranging from 24 to 37 yean (mean 28) and ureighta from « to
70 kg. The aubjeett gave written conteM and all piocedutea
wen approved by the Committee for the Etbica of Human In-
vestigation, Univeiaity College Hoaphal.

Thaidtsig». Both trials wen a double blind ooaaHtver. In the
fInt the placebo or L-camhine was taken for 14 days and alter
compkting an exerdK teal the subjecta iramedialely changed
to the other substance. In the second trial the anbatancea aren
taken for 28 days and then was a 2-week break befon starting
the other compound.

TaMe 1. Physical chaiaclerialica of the nine untrained subjecu
involved in trial 1

Subject SK Ale Body
(years) weiriK(kg)
MC M 37 61.0
MH M 27 70.0
NM M 26 70.6
HC F 23 614
PD F 29 57.9
MT F 24 64J
JE = 23 38.8
SG F 31 776
KF F 24 48]
X 271 63J
+1 SD +4.6 +S.6

C. Cnit ct *L: Oral mpplciiwiiuiioii with L-canitiM

lia, Italy) as a solutioo suiiaMe for oral adminotratioa. Pep-
perminl essence (I mil*') was added and the aolutioo dis-
pensed in 10nnl ampoules containing 1 g cartinine. A placebo
solutioo was made containing 60 g sucrose, Sg citric add, | ad
peppermint essence and 10 mg quinine in 11 H>0. This was
dispensed in individual 10-nd ampoules. The subjects took
two ampoules per day containing dthcr placebo or camitiae.

Exerdse resring. The subjects were throughly faauHarised with
dw cxpcfimenisl procedure before the control measuremenu
were made at the start of the trial. On Uw days when exercise
lesu were performed, the sabjccts were asked to refrain from
strenuous physical activity prior to testing and to avoid smok-
ing eating and drinking sweetened beverages for at least 3b
beforehand. Otherwise, sn b j~ continued their routine activi-
ties throughout Uw trial period.

The exercise response in each trial was measured during a
progressive test performed on a cycle ergometer. W oik-lo”
rverc chosen to span the subjects capacity up to and including
a maximum. At submaximal levels oxygen uptake (Ko,). cw-
bon dioxide output (1°»,) and cardiac frequency (fc) were
mrisiiirrd over the final 2 min of each S-min workload, as pre-
viously described (Sargeam el aL 1979). Maximal oxygen up-
oil* (~o,_) was measured at supranwiimal loads. In cases of
doubt emerc dw conventional crilction of a plateau of Vo,
against workload eras not observed, the maximal measure*
raena erere repeated on Uw folloeriag day. Vetwus Mood sam-
ples (10 ml) were obtained before and 3 min postwxercise.

Blochamieal aaalyta. L-Cattinitw and its esters erere assayed
according to the method described by Di Donato et al (1979).
P-Hydroxybutyrate eras measured using slight modifications
of eniymc-bascd fluorrHacitic methods described by Lloyd et
al (1978). Lactate eras measured by a conventional automated
enzymic method.

RtMhg

The various procedures were well tolerated by dll
sbjects and no untoward eflects of camitire
were reported.

TaMe 2. Trial I: effect of oral supplemenuUon of L”~amitine and placebo upon maximum oxygen upuke, maximum cardiac
frequency and submaximum cardiac frequency at a value of power output requiting 50H of lo , «

Subject Ko,,, (ml emin"" kg"")
Placebo L-C Placebo
194.6
+82

fc,pu (beats mmin*")

fcii (beats-min*')

L-C Placebo L-C
1913 1332 128.4
+114 +13.4 +13.1



C. Greif et al.: Oral lapplemcmalion with L<amitiiw

TaMa 3. Pic- and poet-eacrdM valuta for plaama total canil-
tine, plaimt lactate and 3-hydcoayb«ityfata la antraiiied lub-
jectt. (Trial 1) Mean + | SD

Placebo Carnitine

Pre~x Poetica Pre«ex PO«.<X
Total carnitine SSJ — 719
(jimol 1*") +74 - +16J
Lactate 104 117 114 101
(mmol 1~") +0.66 +2.1 + OJt +2.6

butyrate 0.069 0.074 0.073 0.098

(mmol 1~ +0.05 +0.03 + 0.09 +0.003

Maximum cardiacfrequency (fc max)
and maximum oxygen uptake

There were no significat differences (P>0.1) be-
tween measurements of placebo and camitire
maximal heart ratesand max imum oxygen uptake
ineither trial (Tables 2, 4).

Effect o fcarnitine on respiratory exchange ratio
(RER)

The RER, the ratioof COi produced to Oi con-
sumed, was determined for both camitire and
placebo rus. No significat differences were
found in erther trial at any time during the pro-
gressive eercise s

Submaximum cardiacfrequency

Cardiac frequency at 50% (fc 0.5) and 75% (fc
0.75) of interpolated for each individ-
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wal from lirear regression of the submaximum
cardiac fieguency/oxygen uptake data. Values of
cardiac frequency at 50% of Vo,,,,, were sigifi-
catly reduced (©<0.05) alAer camitire supple-
mertation in il 1 (Teble 2) but not in trial 2
("<0.2:Table 4). Cardiac frequency at 75% of
showed no significant differences in either

Blood biochemistry

Intri 1 the pie- and post-eercise measurements

of plasma lactate and P-hydroxybutyrate concen-
traticnunder plabeco and camitiire supplemented
oconditions were not significantly different (Teble
3. In il 2, there was not sigificant difference
between pie- and post-e@arcise values of plasma
lectate concentration (Teble 5).

Plsrasrima

The effect of orally administered camitine upon
submaximum and maximum eercise perform-

TiUt5. Trial 2: pre- aad pou-aicnciM valta for pluma total
carnhioc and plauna lacute in ten untrained lubjectt. Mean
+1 SD

Placebo Carnitine

Pre-ex ITND( Pre-ex Pott-ex
Total carnitine 41.3 — 56.0 —
(tunol 1-") +S.4 +8.2
Pluma lactate 0.8 118 0.9 10.7
(mmol 1) +0.3 +4.4 +0.3 +3.0

TaMe 4. Trial 2; efTect of oral aupplemenution of L-oarnhine and pUceiw upon maximum oayfen uptake, maximum cardiac
fre(JueiKy and iubtnaximum cardiac frequency u a value of power output requiting 50% of fo,_.

Subject k'o._(n"I min™ k") Trm (beau *min™ ') fc») (beau =min* )
fiacebo L-C Placebo L-C Placebo L-C
MC 46.6 43.8 184 174 123 109
MH €04 — 17 17S 118 129
MA 59J 61.7 116 187 138 133
SA 60.7 61J 210 210 130 142
PD 319 314 190 197 132 135
CG 35.0 391 188 193 124 132
OR 334 317 170 168 126 113
CF 32.9 338 200 198 132 146
MT 34.7 327 182 184 123 119
DN 37.2 36.2 177 174 112 109
X 45.2 43.6 186 187 130 127
(1 SD) +12.0 +110 +12 +13 +13 +13



460

aticeewu investigated in two trials, both ofwhich
were performed under double-blind coditions,
and saveral months apart The protoool of each
trial was essentdally the same, but in the second
tridl the same dose of camitire was adninistered
for a longer duration.

In trial 1 therewas an indication of a reduced
heartrate response at moderate leels of power
output (50% of Vo, )asa resuttofcamitine sup-
plementation. We io not feel that thiswas an ha-
brtuation effect since the subjects were carefully
fami liarisad with the experimental procedures be-
fore the commencement of the trial to elimirate
any such effects (Davies etdl. 1973), and theorder
in which placebo and camitire were given was
randomiseid.

The suggestion of a change in submaximum
edrcise heart rate with camitire treatment war-
ranted further inestigation, and for this reason
the second, more extensive tridks, was undertaken.
Although there was a suggestion of a decreased
heart rate at submaximum load in some sbjects
there was no significant effect of camitire.

Our results differ from those of Marconi etal.
(1985), who examined trained athletes. Our sub-
Jects were fit but esstdally utrained, and it B
possible that this could account for the differait
reaults. However, we have also examined the ef-
fects of camitire in two trained endurance run-
rers and found no evidence of change inoxygen

The known function of camitire Is in the oxi-
dation of fatty acids, which s inportant in pro-
longed eercise. The effect of camitire supple-
merntation might therefore be seen during pro-
longed exercise rather than the type of short-term
testirg used in this study. However, our observa—
tias on the performance of marathon runnen ar-
gue agpinst this (Cooper etd. 195).
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