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ABSTRACT

The loss of strength and power with muscle fatigue are common experiences 
but the causes remain incompletely understood. What is clear is that there 
are several sites at which failure can occur in isolated muscle preparations, 
and the situation is even more complicated with human muscle working in 

situ. Work that has been done on human muscle has concentrated on 

isometric contractions which are of limited value in interpreting changes in 

whole body exercise. This work described in this thesis examines the 
mechanical characteristics of fresh and fatigued human quadriceps muscle 
during voluntary and stimulated contractions. Force and angle were 
measured with a modified Cybex n+ isokinetic dynamometer over a range 
of angular velocities (0-300 degrees/second).

Initially several protocols were examined, designed to overcome 
problems associated with mechanical artefacts on the force records and delay 
in activating the muscle. The isometric length-tension curves produced by 

voluntary and femoral stimulated contractions had absolute forces and 
angle/force relationships which were similar provided measurements of force 
were made over a limited range of knee extension with the muscle near to 
the plateau of force. Percutaneous stimulation, which has been extensively 
used with studies of isometric contractions proved unsatisfactory for dynamic 
contractions as the proportion of muscle stimulated varied with the length 

of the muscle.
The power measured during a shortening contraction varied according to 

the protocol. The shapes of the voluntary contraction (VC) and femoral 

nerve stimulated release contractions (FNR) force-velocity curves were 
consistent with the classic Hill relationship but that of the voluntary release 
contraction (VR) displayed a bi-phasic nature. EMG recording showed a 
silent phase during VR contractions indicating loss of activation at slower 

velocities probably accounting for the biphasic force-velocity relationship. 

The greater forces produced by VC over FNR were most likely caused by 
the addition of force from the hip extensors stretching the rectus femoris.
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To determine the degree of central fatigue present during 6 minutes 
of repeated maximum voluntary isokinetic extensions at 90 degrees/second, 

VC and FNR test contractions were compared after each minute of 

contractions and over 5 minutes of recovery in 2 subjects. Two protocols 
were used which might have been expected to produce different degrees of 
central fatigue. In the first protocol one quadriceps muscle only was 
exercised and tested, in the othe^ both quadriceps and both hamstrings were 

exercised. Heart rate, PC02, P02, perceived exertion and 5 minute post 
exercise venous lactates were measured. One subject demonstrated 
sub-maximal voluntary activation (about 20%) throughout the fatiguing 
contractions, while the second subject showed no evidence of central fatigue. 
In neither case was there any greater central fatigue during the harder 
exercise indicating that central fatigue is not a consequence of the secondary 

effects of exercise, acidosis, high heart rate or ventilation.

Avoiding the complications of central activation by using FNR, the 

differential effects of fatigue on isometric and isokinetic contractions w ^  
examined using a series of three 15 second isometric contractions and testing 
the muscle with FNR contractions at a range of velocities. Force sustained 
during the shortening contractions was more severely affected than was the 

ability to maintain isometric force. The changes in the force-velocity 
relationship were accompanied by changes in the rate of relaxation from an 
isometric tetanus, suggesting that the two phenomena share a common 

mechanism. It is suggested that the mechanism is a slowing of cross bridge 

detachment in fatigued muscle.
Finally, a comparison was made between the fatiguing effects of intermittent 

dynamic and isometric contractions. Dynamic exercise resulted in greater 
fatigue in one subject but the effect was not so clearly seen in a larger 

group of subjects.
The results presented in this thesis stress the importance of measuring the 

performance of dynamic contractions rather than relying on isometric 

contractions in the study of fatigue. The work takes the experimental 
investigation of fatigue one step closer to the goal of understanding the 
complexities of whole body exercise.
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Skeletal muscle is the largest organ in the body and there has been a great deal 

of research with animal and human muscle to elucidate the intricacies of its structure, 

function and dysfunction. The work described in this thesis seeks to probe some of 

the causes of one type of dysfunction, namely muscle fatigue, in the intact human 

quadriceps muscle group. Initially a Cybex 114- isokinetic dynamometer was 

modified and used to measure force output from both stimulated and voluntary 

contractions of the quadriceps to obtain a reliable method of measuring power. Once 

suitable methods were established they were applied in a series of experiments to 

identify the components of fatigue which may be attributed to central and peripheral 

processes during contractions in which the muscle is allowed to shorten. The novel 

element of this work is the investigation of dynamic contractions since most previous 

work on muscular fatigue has concentrated on isometric contractions.

1.1 SKELETAL MUSCLE STRUCTURE

The functional unit of voluntary contraction is the motor-unit, comprising a 

motor-neuron and the muscle fibres which it innervates (Sherrington, 1929). Motor 

units can be visualised microscopically and identified using the glycogen depletion 

technique (Edstrom & Kugelberg, 1968) showing the fibres in a single motor-unit to 

be dispersed in up to 30% of the total muscle. All fibres within a motor-unit are 

identical in terms of their histochemical and contractile properties (Pette & Vrbova, 

1985). The motomeuron to fibre ratio varies a great deal, being of the order of 

1:100 in muscles requiring precise movement (Buchthal & Schmalbruch, 1980) such 

as the extra-ocular muscles and about 1:1000 in the larger postural muscles such as 

the medial gastrocnemius (Eisenberg, 1983). In addition, the sizes of the fibres 

themselves vary between muscles and with gender; diameters ranging from 2500/^m  ̂

in women to 7500jnm  ̂in men.

It has been known since the days of Ranvier that muscles possess different 

contractile properties which are related to the colour and biochemical composition of 

the muscle fibres, although the precise relationship between biochemical and 

mechanical properties remains an area of considerable interest.
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1.2 HISTOCHEMISTRY

Brooke and Kaiser (1970) differentiated muscle fibres by the ability of a 

fibre’s myosin ATPase to withstand pretreatment at various pHs. They identified 

type I, Ha, lib and lie fibres with the He fibres only being found in embryonic or 

regenerating tissue. Peter et al (1972) in the guinea-pig and rabbit, Kugelberg (1973) 

in the rat and Burke et al (1973) in the cat, linked the histochemistry of the muscle 

fibre to the physiology by examining the relationships between speed of contraction, 

fatiguability and the histochemical properties. On the basis of the myosin ATPase, 

mitochondrial enzymes and the glycolytic enzymes, muscle fibres can be broadly 

divided into Fast Fatiguable, Fast Oxidative Glycolytic and Slow Oxidative, but for 

practical purposes throughout this thesis the following terms will be used. Type I for 

slow twitch, fatigue resistant fibres; Type 2b for fast twitch, fatiguable fibres and 

Type 2a for the fast twitch oxidative fibres.

1.3 TWITCH CHARACTERISTICS

Fibre types may be distinguished by the time course of a twitch contraction 

ie. the time to peak tension (TPT) and the rate of relaxation. The twitch/tetanus ratio 

varies between 1/10 and 1/5 in mammals with the type 2 fibres achieving greater 

force with a faster rise time and rate of relaxation than type 1 (Jami et al 1982). 

Close (1964) showed an inverse correlation between Vmax and the time course of 

twitches in the fast and slow muscles of the rat. Barany (1967) showed an inverse 

relationship between myosin ATPase and twitch contraction time in the cat. 

However, Brody (1976) studying two slow muscles in the rabbit found the same 

myosin ATPase activities with different TPT and Fitts et al (1980) using thyrotoxic 

rats found an increase in the TPT and rate of relaxation with a maximum velocity of 

shortening (Vmax) that was normal. Kugelberg and Thomell (1983) in rat tibialis 

anterior and soleus showed a relationship between the amount of terminal cistemae 

in the sarcoplasmic reticulum (SR) and TPT, suggesting that the time course of a 

twitch may be controlled by the Câ "̂  regulating properties of the SR and not the 

cross-bridge kinetics.

12



A single electrical stimulus applied to an isolated muscle will produce a range 

of twitch characteristics dependant upon the length of the fibres. Rack & Westbury 

(1969) showed in the cat soleus that the peak force and time course of contraction 

varied as the muscle lengthen, for reasons that are not fully understood.

1.4 THE LENGTH-TENSION RELATIONSHIP AND THE GENERATION

OF FORCE

H.E. Huxley (1953) proposed that contraction was caused by changes 

in the amount of overlap between the interdigitating filaments of actin and myosin. 

In 1957 Huxley elaborated a mechanism for contraction based on the sliding filament 

theory, proposing force generation at a large number of independent sites, with the 

cross-bridges, located on the filaments. The main piece of experimental evidence 

supporting this hypothesis was produced by Gordon, Huxley & Julian, (1966), who 

established the relationship between tension and striation spacing in a single frog 

fibre, relating the degree of filament overlap to the force produced.

The maximum number of cross-bridges that can be formed will be set by the 

degree of filament overlap and the number of actin binding sites exposed by the 

binding of calcium to troponin. However, only a proportion will be attached at any 

one moment and this fraction will be a function of the rates of attachment and 

detachment. The rate constant for attachment is usually designated f and that for 

detachment, g.

If n is the fraction of cross-bridges attached, then the rate of attachment is 

given by f(i-n) and the rate of detachment by g x n. During a strictly isometric 

contraction when force has reached a constant value, the rates of attachment and 

detachment will be equal so
f(l-n) = g.n 

or n= f/(f+g)

If the rate constants for attachment and detachment were equal the proportion 

of attached cross-bridges would be 50%. During an isometric contraction the 

proportion of attached cross-bridges is usually thought to be about 80% which means 

that f must be about four times g. The proportion of attached cross-bridges, given
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by the fraction n, is independent of the absolute values of f and g provided that there 

is sufficient time for the equilibrium between attached and detached cross-bridges to 

be established; this will only be the case during isometric contractions when the actin 

and myosin binding sites remain in the same relative positions.

1.5 MUSCLE MECHANICS IN MAN

The study of the mechanical properties of single muscles is more complicated 

in intact man than in animals. There are two main problems: Firstly it is difficult to 

stimulate a single muscle tetanically without current spreading to other muscles and 

without causing pain or discomfort to the subject. Secondly it is not possible to 

measure the force output from a muscle directly as all muscles act across at least one 

joint. Despite these restrictions many useful studies have been made on humans 

confirming the length-tension relationship found in isolated muscle using voluntary 

contractions of the biceps brachii (Wilkie, 1950; Ismail & Ranatunga, 1978), with 

stimulated and voluntary contractions of the tibialis anterior (Marsh et al, 1981) and 

using voluntary contractions of the quadriceps (Narici et al, 1988).

1.6 THE RATE OF RELAXATION FROM AN ISOMETRIC TETANUS 

Skeletal muscle shows a characteristic pattern of relaxation from an isometric 

tetanus. After a short delay, force declines in an exponential fashion. This 

exponential decline allows the use of the 1/2 time constant of force decay (l/2tR) for 

relative measurements. The l/2tR is length related being faster at shorter muscle 

lengths. A notable characteristic of the relaxation rate and the main reason for 

considering it here is that it slows with fatigue. The mechanism regulating the rate 

at which a muscle relaxes from an isometric tetanus is unknown but there are two 

schools of thought.

1. Relaxation may be governed by the rate at which intra-cellular calcium ions 

(ICCa^^  ̂are sequestered by the sarcoplasmic reticulum (SR).

2. The rate constant for the exponential phase of relaxation is a reflection of the 

rate of cross-bridge detachment (Edwards et al, 1975a).
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1.7 FORCE-VELOCITY RELATIONSHIP

The force produced by a muscle varies with the degree of overlap between the 

actin and myosin filaments. Force generated during a dynamic contraction is also 

related to the velocity of shortening or lengthening of the muscle. In an isometric 

contraction there is no muscle shortening and thus no work is done and all liberated 

energy appears in the form of heat. With a dynamic, concentric contraction the 

muscle shortens and work is performed equal to force x distance moved. In 1924 

Penn studied this phenomenon with isolated frog sartorius muscle and showed that 

during shortening the total energy released in the form of heat plus work done was 

greater than when the muscle length was held constant (Fenn Effect). Some years 

later in 1938 A.V.Hill demonstrated that the amount of heat produced during a 

shortening contraction was dependent upon the velocity of the shortening. Hill 

derived a characteristic hyperbolic equation to describe the relationship between force 

and velocity.

(P+a)V = b(Po-P)

where Po=Isometric force, P=dynamic force, V= velocity of shortening, a = thermal 

constant and b=mechanical constant.

This relationship has been found to hold true for many muscles. The value 

of a/Po describes the curvature of the force-velocity relationship and thus the power 

curve of a muscle (Power= force x velocity). Woledge (1968), in a study on the 

slowly contracting muscle of the tortoise, considered that differences in concavity 

represent a functional adaptation of cross-bridge interaction towards a mechanical 

efficiency which is relevant to the function of the muscle.

The mathematical formulation of the Huxley (1957) theory allows quantitative 

predictions of the force-velocity relationship. In this model the myosin binding 

site oscillates backwards and forwards and, when it attaches to an actin binding site, 

exerts a force pulling the binding site towards the central equilibrium position. To 

produce movement in one direction it is necessary to specify that the attachment will 

only occur when the myosin binding site is on one side of the equilibrium position; 

the force generated being proportional to the displacement x. Cross-bridges which
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are carried beyond the central position will generate force opposing the movement; 

to keep this opposing force to a minimum it is necessary that there should be a rapid 

dissociation once the cross-bridge moves into regions where the value of x is 

negative; the rate constants for attachment (f) and detachment (g) with positive values 

of X are postulated to vary with displacement in a linear fashion. The rate constant 

for detachment for negative values of x is assigned a high and constant value (gj).

Vmax represents the maximum rate of cross-bridge turnover which is 

confirmed by a complementary increase in metabolism, as shown by Barany (1967). 

He showed that Vmax was highly correlated to the activity of myosin ATPase which 

led to the hypothesis that the maximum velocity at which myosin and actin filaments 

may actively pass each other during contraction is rate limited by the hydrolysis of 

ATP at cross-bridge sites (Close, 1972).

Recent studies by Edman (1988) on the dynamic properties of isolated frog tibialis 

anterior have resolved Hill’s hyperbolic curve into two exponential phases. The first 

phase is from Po to 78% Po and the second from 78%Po to Vmax. The differences 

in the first phase, Edman suggests, are due to restricted numbers of binding sites at 

the slower velocities of contraction, where the density of attached bridges is greatest. 

This in turn alters the independence of the cross-bridge system and results in a change 

in cross-bridge kinetics.

1.8 ACTIVATION

1.8.1 Central processes

Voluntary movement involves a complex series of events, under constant 

modulation by afferent inputs, which link the desired cerebral command to the 

resultant action at the level of the cross-bridge. The chain of command controlling 

the force output has central and peripheral elements. The central component is 

usually considered to consist of the higher centres and spinal cord, and functions as 

the controller of voluntary muscular force. The peripheral components include the 

motor nerve and all the steps leading to the activation of the cross-bridge. The 

genesis of voluntary motor activity is a highly complex mechanism that is not well 

understood. It involves the co-ordination of the cerebellum, basal ganglia and several
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association areas of the cortex which produce a programme for activation that is 

relayed through the motor cortex (Rothwell, 1987). Peripheral receptors from 

muscles, joints and other sensory inputs (vision, balance, etc) feedback either at a 

spinal level or directly into the cerebellum, which acts as the co-ordinating centre for 

the motor system. Central drive descends to the motor-neuron pool where afferent 

input from peripheral receptors may modify it directly, producing a finalised neural 

drive to the muscle or muscles. This neural drive achieves the control of muscle 

force by varying the firing rate of motor-units (frequency modulation) and/or the 

number of active motor-units (recruitment). Early work using needle electrodes to 

study individual motor-units in man (Adrian & Bronk, 1929) and in cats 

(Denny-Brown, 1929) showed the importance of the two mechanisms of force 

regulation, but it was left to Henneman et al, (1965) in a study of efferent activity in 

the ventral root of the cat, to demonstrate precise patterns of ordered recruitment in 

different sized motor-neurons supplying the gastrocnemius. The small, slow, fatigue- 

resistant motor units are recruited first with the large, fast and fatiguable motor units 

being recruited only at the highest forces. Henneman also showed similar patterns 

of de-recruitment by inhibitory inputs, the large units being deactivated before the 

small ones. Later work on humans (Milner-Brown et al, 1973) demonstrated the size 

principle occurred in the first dorsal interosseous (EDI). In the tibialis anterior and 

in other muscles, Desmedt & Godaux (1977, 1978) showed that with increasing speed 

of contraction there was a lowering of the force threshold at which all motor-units are 

recruited. At the onset of very fast movement the recruitment threshold is so low that 

the faster conduction velocities of the larger axons causes an apparent reversal of 

recruitment order. Recruitment order of the EDI may also be changed by stimulation 

of the cutaneous nerve (Garnett & Stephens 1981) increasing the threshold of small 

units and decreasing the threshold of large units. The gradation of force by 

recruitment alone may not be precise enough for the control of fine movements. In 

the cat soleus Grillner & Udo (1971) have shown 90% of motor-units to be active at 

50% of maximal tension. Similarly in the human EDI all motor-units may be active 

at 40% of maximal voluntary contraction (MVC), further increases in force being 

controlled by increases in frequency of activation from 9-40Hz (De Luca et al, 1982). 

The EDI is a small muscle (120 motor-units) and is used for dexterous movements.
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The deltoid, however is a large muscle (1000 motor-units) with force increasing by 

recruitment up to 80% MVC, the firing rate increasing from 13-25 Hz and playing 

a minor role in force modulation. Maximal firing in the deltoid may leave some 

motor-units in an unfused state, implying that maximal force obtained voluntarily may 

leave a latent potential for extra force that may be activated by training (Rothwell, 

1987). In the human forearm this latent potential is not present with rate modulation 

varying between 8 Hz for weak contractions rising to 35Hz at MVC (Freund, 1983). 

Generally the range of firing rates is limited but it may well increase with fast 

dynamic contractions; Desmedt & Godaux (1977) reporting transient firing rates in 

the rising phase of tibialis anterior contraction of 60 120Hz. The relative contributions 

of rate and recruitment modulation are never exclusive, each mechanism contributing 

to the gradation of force produced by a muscle.

1.8.2 Peripheral activation

The process linking the electrical events of the membrane to the activation of 

the actin-myosin complex within, was coined "excitation-contraction (EC) coupling" 

by Sandow (1952). That intra-cellular Ca2-H (ICCa^^) was involved in the regulation 

of contractile activity (Heilbrunn, 1947) had been discovered by direct injections of 

Ca^^ into skinned muscle fibres. The trigger for Ca^  ̂ release was first visualised 

with electron-micrography by Huxley & Taylor (1958) who demonstrated structural 

associations between invaginations of T tubular system (TTS) and the sarcoplasmic 

reticulum (SR). That the effect was by action on the myofibrils was shown by Ebashi 

et al (1967) on muscle extracts. Further work was done studying calcium transients 

into the sarcoplasm using Ca^  ̂ sensitive photoproteins such as aequorin, or 

fluorescent indicators such as quin 2 and fura 2, microinjected into fibres (see Blinks 

et al, 1982, for review). The majority of Câ "̂  is stored within the terminal cistemae 

of the SR principally bound to calsequestrin giving a resting sarcoplasmic [Ca^^] of 

approximately lO'^M (MacLennan & Wong, 1971).

The mechanism linking the TTS and the SR has been extensively investigated 

and there are four current ideas: direct depolarisation of the SR by action potentials 

passing down the TTS; Ca^^-induced Ca^  ̂release (Endo, 1977); Inositol triphosphate 

has been postulated as a triadic junction chemical second messenger (Vergara et al.
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1985) but the time course of Câ '*' release appears too slow (Walker et al, 1987); and, 

finally the most likely theory, voltage sensitive channels proposed by Schneider and 

Chandler (1973). Skeletal muscle membranes possess many voltage sensitive Câ *̂  

channels which are characterised by their ability to bind dihydropyridine (DHP), 

while the Câ "̂  channels in the SR characteristically bind ryanodine. It is postulated 

that the DHP channels function as voltage sensors and are directly linked, via electron 

dense feet (Donaldson 1989), to the Ca^  ̂channels in the terminal cistemae of the SR 

(Chandler et al, 1976 a,b; Caswell & Brandt, 1989). Depolarisation of the TTS may 

move voltage sensitive molecular plugs which normally block these Câ "̂  channels in 

the resting state, allowing Câ "̂  to flow out of the SR into the sarcoplasm, which in 

turn may induce Ca^^-induced Ca^  ̂ release.

Sarcoplasmic [Ca^^] of lO’̂ M allows Câ "*" binding to troponin and initiates 

contraction (Ebashi et al, 1967). In the absence of Ca^  ̂ the tropomyosin strand of 

the troponin-tropomysin complex blocks the myosin binding sites on the actin 

molecule, this being known as the "steric binding" model of Ca^^ activation (Parry 

& Squire, 1973). The addition of Ca^  ̂ induces a conformational change in 

troponin-C, causing it to bind more closely to troponin-I and, at the same time, 

causing it to dissociate from actin. The tropomyosin being attached by troponin-T 

also moves revealing the myosin binding sites, allowing actin-myosin interaction 

(Graberek et al, 1986) and thus cross-bridge cycling.

1.9 DEACTIVATION

Relaxation of muscle fibres requires the removal of sarcoplasmic Ca^^. The 

process of Ca^  ̂ re-accumulation by the SR occurs through an ATP-dependent carrier 

mediated mechanism, pumping Câ "̂  into the SR through longitudinal vesicles 

(Connolly et al, 1971; Briggs et al, 1977; Blinks et al, 1978; De Meis & Vianna, 

1979; Martonosi, 1984).

Ca^^ uptake is initiated by the binding of two calcium ions to the ATPase and 

phosphorylation of the membrane bound enzyme. The phosphorylated enzyme 

undergoes conformational change releasing Ca^  ̂ into the lumen of the sarcoplasmic 

reticulum and Pi into the sarcoplasm. Ca^  ̂ is then transported to the terminal
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cistemae where the majority binds to the principal intracistemal binding protein 

calsequestrin for storage and the rest is maintained as free Ca^  ̂ (MacLennan & 

Wong, 1971). Studies on frog muscle, using the photoprotein Fura 2 to follow the 

free intracellular Ca^  ̂ movements (Cannel, 1986; Lee et al, 1991), described two 

phases during relaxation. Cannel, using unfatigued muscle, attributed the first rapid 

phase to Ca^  ̂ uptake by parvalbumin and the SR and the second phase of slow 

decline to Câ '̂  release from troponin with cross-bridge detachment. The Ca^  ̂

binding protein, parvalbumin, is present in the sarcoplasm of type 2 mammalian 

fibres and this may buffer free Ca^^, thereby increasing the rate of relaxation. The 

two mechanisms act to reduce sarcoplasmic free Câ "̂  to levels of between 10"̂  to 

10'*M (Martonosi & Beeler, 1983; Smith et al, 1983) which allow the blocking of 

cross-bridge sites by troponin.

As previously mentioned, type 2 fibres have a faster relaxation than type 1 

fibres. The reason for this difference has been studied with isolated SR preparations. 

Fiehn & Peter (1971) suggested that type 2 fibre SR sequestered Ca^^ at a faster rate 

than type 1 fibre SR. Briggs et al (1977) examined preparations from various fast 

and slow mammalian muscles showing type 2 fibres to have faster rates of calcium 

uptake than type 1 fibres. The difference, they suggested, was due to either the total 

volume of SR or increased density of Ca^^-sequestering sites. Many 

electron-microscopy studies have shown greater amounts of SR in type 2 fibres than 

type 1 fibres. Larson & Salviati (1989) have shown that, in the rat, the SR volume 

is larger, and the fractional filling rate is faster, in type 2 than type 1 fibres. In 

human skeletal muscle the story is more controversial. Salviati et al (1983) using 

human muscle homogenates and measuring accumulation of calcium oxalate within 

the SR, showed little difference in the volume of SR between fibre-types. However 

a doubling in the rate of Ca^  ̂ transport in type 2 over type 1 fibres was shown, 

implying differences in the kinetics of the specific Ca^^ATPases between the fibre 

types. Later work by Alway et al (1989) using stereological measurement on the 

triceps surae showed type 2 fibres to have five-fold the amount of SR compared to 

type 1 fibres; 5.2% compared to 0.8% unit volume per fibre.

20



1.10 FATIGUE

Muscle fatigue can be defined as a loss of ability to produce force and/or 

power. Most studies have induced fatigue by isometric contraction and judged the 

degree of fatigue by decrement in the isometric force. Little attention has been paid 

to the study of active force loss in muscles during shortening or lengthening 

contractions. This is surprising in view of the obvious relevance of dynamic 

movement to normal muscle function but understandable considering the difficulties 

associated with the measurement of dynamic force during fatigue and the relative ease 

with which isometric forces may be measured. Additionally there are the 

complications of skill and co-ordination involved with changing muscle lengths, 

together with the effects of constantly changing peripheral feedback. The 

consequences of fatigue on power production are either overlooked or assumed to be 

comparable to those in the isometric situation.

The sequence of events linking central commands to action at the cross-bridge 

sites has already been described and failure in any of the successive stages may 

impair contractile performance. Conveniently the possible factors which cause fatigue 

may be grouped into central or peripheral components.

1.10.1 Central Fatigue

It is not uncommon for poor athletic performance to be attributed to lack of 

central drive or motivation. Central fatigue occurs when the central drive is 

insufficient to fully activate the muscle and it is possible that not all people are 

capable of fully recruiting and/or maximally activating all the motor units of a muscle 

by voluntary effort, even in the unfatigued state. Merton (1954) compared voluntary 

contractions of the AP to those induced by direct electrical stimulation via the nerve. 

Activation was maximal in the fresh state and for up to 3 minutes of MVC, whilst the 

isometric force declined 50%. Belanger & McComas (1981) using the technique of 

superimposing electrically evoked, twitch contractions upon voluntarily contracting 

muscle (twitch interpolation) to examine sub-maximal activation, showed that most 

muscles may be fully activated. Other work by Bigland-Ritchie et al (1978) on larger 

muscle group, the quadriceps, using femoral nerve stimulation to maximally activate 

the muscle, has shown that full activation of an isometric contraction can be
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maintained by "highly motivated and experienced subjects" provided with visual 

feedback of force output for periods of up to 60 seconds. Grimby et al (1981) also 

state that central fatigue is a problem with leg extension. Peripheral feedback from 

muscle spindles, golgi tendon organs and free nerve endings, acting at a spinal level 

also affect the final motor drive. Inhibition of central drive may occur if there is pain 

associated with contraction and also some pain free joint injuries appear to inhibit full 

activation (Stokes & Young, 1984).

1.10.2 Peripheral Fatigue

Fatigue in the peripheral nerve, at the neuro-muscular junction and along the 

excitable muscle fibre membrane, can be examined by studying the compound muscle 

action potential (M-wave) recorded by a surface electrode over a stimulated muscle. 

Merton (1954), using the adductor pollicis, showed no significant changes in M-wave 

with force loss during MVC, indicating that neuro-muscular transmission was 

unimpaired. Stephens & Taylor (1972) have shown evidence in support of failure at 

the NMJ as a likely site for fatigue. However, Merton’s findings were confirmed by 

Bigland-Ritchie et al (1982) and Bigland-Ritchie & Woods (1984) who demonstrated 

no NMJ failure over a 60 second MVC in the adductor pollicis muscle. The failure 

of transmitter release during fatigue is an obvious potential source of muscle 

activation failure but is probably only a significant problem in patients with 

myasthaenia gravis.

Sustained high frequency tetanic stimulation (50-100 Hz) is accompanied by 

a slowing of conduction velocity along the muscle membrane together with a 

broadening and flattening of the action potential. Juel (1988) showed the change in 

wave form with fatigue to be attributed to a slowing of fibre conduction velocity. 

Jones et al (1979), using isolated mouse soleus, showed that increasing extracellular 

K concentration or reducing extracellular[Na] caused similar changes in the electrical 

properties of the muscle membrane which they associated with a loss of force. 

extracellular[K] in the unfatigued muscle is low (4mM) but sustained contraction 

causes large fluxes of K from the muscle which may increase the extracellular [K] to 

9mM (Hnik et al, 1976; Sjogaard, 1985) as measured by intramuscular K electrodes. 

Any increase of the extracellular[K] measured at the fibre surface will be more
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extreme within the TTS as the surface to volume ratio is higher, so that most flux 

will occur in an area of restricted diffusion. Thus there is a possibility that although 

the electrical activity at the muscle surface may be normal the situation within the 

TTS may be very different with compromised Na'*'/K'  ̂pumps limiting action potential 

propagation, possibly leaving a central core of inactive contractile machinery (Jones, 

1981). Indeed, there now appears direct proof of this. Westerblad et al (1990) 

measured the distribution of Câ '*' released in single fibres after fatigue and found less 

Ca^^ release in the fibre interior, presumably from a blocking of action potential 

transmission in the TTS. Lee et al (1988) have suggested that the pH decrease and 

the small membrane depolarisations that occur with fatigue, raise the resting 

IC[Ca^^] which in turn impairs the signal transmission between TTS and the SR 

(Lannergren & Westerblad, 1989). Lee et al (1991) using Fura 2 have demonstrated 

a decline of IC[Ca^^] and a decreased sensitivity to Câ "̂  with fatigue.

Many factors affect Na'^/K'^ pump capacity although it would appear that 

training increases the number of Na'^/K'  ̂pumps in muscle, conceivably, increasing 

tolerance to high firing rates (Kjeldsen et al, 1986). Lannergren & Westerblad (1986, 

1987) measured membrane potentials in single fibres from frog muscle after 20 

seconds of stimulation at 70 Hz and demonstrated a decline in membrane potential 

from -90 to -60 mV. A similar slowing and failure of the action potential occurs in 

strips of rat diaphragm poisoned with iodoacetate (Jones & Bigland-Ritchie, 1986) 

indicating a failure of the Na'^/K'^ transport mechanism. Jones et al (1979) showed 

that by reducing the stimulating frequency of a muscle there is a rapid increase in 

force, implying impairment of activation as opposed to metabolic depletion.

High frequency failure is not a physiological phenomenon as, during sustained 

contraction, there is a neural mechanism which decreases motor-unit firing frequency 

in adductor pollicis (Bigland-Ritchie et al, 1983), tibialis anterior (Grimby et al, 

1981), soleus (Kukulka et al, 1984) and quadriceps (Bigland-Ritchie et al, 1986). 

This is accompanied by an increasing l/2tR, effectively lowering the tetanic fusion 

frequency and preventing electrical failure due to high concentrations of extracellular 

K^. The reflex mechanism down-regulating the firing rate would appear to respond 

to the metabolic environment within the fatigued muscle (Bigland-Ritchie et al, 1986).
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1.10.3 Metabolism and Fatigue

ATP is crucial to the maintainance of a viable contractile apparatus by 

sustaining 3 dependent systems.

Maximum Activity

Actomyosin ATPase 8.6mmol/kg/s(dm) (Hultman & Sjoholm, 1983)

SR Ca^^ATPase 0.8mmol/kg/s(dm) (Kushmerick, 1983)

Na'^/K'^ATPase 0.6mmol/kg/s(dm) (Kushmerick, 1983)

Creatine kinase (CK) activity is greater than ATPase activities and Hultman

et al (1967) showed that only when phosphocreatine (PC) levels dropped below 60% 

of fresh muscle values did [ATP] fall. ADP levels are kept to a minimum by the 

action of adenylate kinase. The AMP formed in this reaction has a role to play in the 

stimulation of glycogenolysis (Aragon et al, 1980) together with inorganic phosphate 

and calcium.

Dawson et al (1978), in studies using NMR, could not directly relate the loss 

of force with changes in ATP although there was a correlation between ATP activity 

and the relaxation rate. Cooke & Bialek (1979) using skinned rabbit psoas muscle 

bundles showed that force generation was independent of [ATP] at the physiological 

levels found in fatigue, isometric force only declining below [ATP] of 40/xM. Cady 

et al (1989), in NMR studies on fatigued human first dorsal interosseous, showed 

[ATP] of approximately 8! mM with a force decrement of 50%. Hultman & Sjoholm 

(1986) biopsied human quadriceps, fatigued to 50% of fresh force by intermittent 20 

Hz stimulation and showed a 90% decrease of Per with ATP levels of 13 

mmolZkg(dm). Low [ATP] would therefore not appear to be directly responsible for 

fatigue although Ferenczi, Goldman & Simmons (1984) showed that in frog skinned 

fibres Vmax was reduced when [ATP] declined to 35% of fresh values. Severely 

depleted [ATP] would prevent detachment of cross-bridges and cause the muscle to 

enter a state of rigor which never occurs in healthy muscle.

Pharmacological studies on isolated muscle have shown channels in the 

muscle fibre membrane which are dependent on intracellular [ATP] (Spruce et al, 

1985). Castle & Haylett (1987) studied the effects of a variety of K'channel blockers
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on frog muscle that had been fatigued electrically. They concluded that the efflux of 

K*found in fatigued muscle was due to an increase in conductance of these ATP 

sensitive K^hannels, however [ATP] was not measured and may not have been in the 

physiological range.

Lannergren & Westerblad (1991) studied the effects of fatigue on mouse single 

fibres and noted three stages in the decline of tension. The first and second stages 

were attributed to impaired contractile apparatus but the third phase appeared to be 

predominantly due to failing excitation-contraction coupling. A fatigue mechanism 

suggested by Westra et al (1986), whilst studying the effects of age on rat muscle, 

involved the action of IMP in prevention of cross-bridge attachment via binding to the 

myosin light chains. Further work by de Haan (1990) examining the effects of 

different dynamic fatiguing protocols and using semi-isolated rat gastrocnemius 

suggested that force loss could be due to differences in nucleotide metabolism.

Accumulation of the lactate anion, within physiological levels, has no effect on 

contractility but decreases of intracellular pH as a result of glycolysis and 

accumulation have important consequences. Many studies on isolated, skinned muscle 

fibres from a variety of animal skeletal muscles show a decrease of force with 

decreasing pH (Frog:- Robertson & Kerrick, 1979; Edman & Mattiazzi, 1981: Rat:- 

Fabiato & Fabiato, 1978; Sahlin et al, 1981; Rabbit:- Donaldson & Hermansen, 

1978; Godt & Nosek,1985; Cooke et al, 1988). Increased [H^] appears to affect 

several mechanisms. There is a decrease in the amount of Câ "̂  released (Fabiato & 

Fabiato, 1978) and a reduction in the Câ '*' sensitivity of troponin reducing the activity 

of myosin ATPase, as reported by Blanchard et al (1984). This shifts the pCa/force 

curve to the right but at high frequencies of stimulation or maximal activation, where 

there is an excess of Câ "*", this may be of little consequence.

Decreased j pH affects the production of force in type 2 fibres to a greater 

extent than type 1 fibres (Donaldson & Hermansen, 1978; Fabiato & Fabiato, 1978) 

which Donaldson (1983) suggested was due to product inhibition at the cross-bridges. 

Decrease in pH does not appear to be the sole cause of fatigue for in muscle poisoned 

by iodoacetate, or in patients with myophosphorylase deficiency force loss still occurs 

even though] pH rises slightly (Cady et al, 1989).

Another metabolite which accumulates with fatigue is inorganic phosphate (Pi).

25



Cooke et al (1988) measured the isometric force, Vmax and ATPase activity in Ca^  ̂

activated, skinned rabbit psoas muscle whilst altering pH or [Pi]. With [Pi] 

maintained at 3mM a|pH decrease from 7 to 6 caused a 45% reduction in isometric 

force, ATPase declined by 30% and there was a reduction in Vmax of 25-30% 

implying action at the cross-bridge. Previous work by Cooke & Pate (1985) using 

chemically skinned rabbit psoas and Kentish (1986) using rat ventricle, showed that 

there was a decline of force with increasing [Pi]. Cooke et al (1988) showed a 

decrease in force by increasing [Pi] from 3 to 20 (mM, although Vmax was 

unaffected. The time course for the accumulation of Pi differs from that of force 

loss during fatigue with increases in [Pi] preceding force loss by approximately 30 

seconds. However the proportion of dibasic to monobasic phosphate is pH dependent. 

At pH 7, 2/3 of phosphate is in the dibasic form but as fatigue progresses and pH 

declines to 6.5 there is a reversal with 2/3 of the phosphate being in the monobasic 

form and the accumulation of monobasic phosphate has been implicated in fatigue (eg 

Miller et al, 1988). Nosek et al (1987) established a relationship between monobasic 

Pi and force loss in skinned muscle. However, if glycolysis is prevented, maintaining 

pH at 7, there is still a similar loss of force with a monobasic:dibasic ratio of 1:2 

(Cady et al 1989). Thus pH and Pi appear to possess independent and combined 

functions in the decline of force during fatigue but the precise mechanisms of their 

actions are, as yet, uncertain.

1.10.4 Slowing of relaxation with fatigue

It is well established that with fatigue there is a characteristic slowing of the 

rate of relaxation from an isometric contraction. The half time of the simple 

exponential decay may increase 2-3 times with fatigue in the intact human (Edwards, 

Hill & Jones, 1972; Bigland-Ritchie et al 1986) isolated mouse muscle (Edwards, Hill 

& Jones, 1975) and in rat gastrocnemius (de Haan, Sargeant & Jones, 1989). In 

human muscle this slowing of relaxation coincides with a reduction in the mean firing 

frequency of motor unit activation, thus maintaining tetanic fusion without causing 

electrical fatigue due to extra-cellular accumulation. It is suggested by 

Bigland-Ritchie & Woods (1984) that the maximal firing rate in a fatigued muscle is 

regulated to match changes in its contractile speed. Under anaerobic conditions there
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is minimal recovery of slowing or reduced tetanic fusion frequency. Recovery of 

slowing only occurs with restoration of the circulation, and has a half-time of about 

60 seconds (Wiles & Edwards, 1982) that parallels the time course of phosphocreatine 

resynthesis (Harris et al, 1976) although]pH which remains low for up to 2 minutes 

after fatigue (Cady et al, 1989), has some part to play.

The rate limiting step, or steps, for the relaxation of a muscle are unresolved, 

but there are two main hypotheses. The first is that the normally rapid 

re-accumulation of Ca^  ̂ by the SR is prolonged by the effects of metabolic changes 

on the ATP dependent Câ "̂  pump (Briggs et al, 1977). Dawson (1980) using NMR 

examination of frog muscle found that l/2tR was linearly related to the free-energy 

of ATP hydrolysis during fatigue, suggesting a relationship to the rate of SR Câ "*" 

uptake. More direct evidence comes from Allen et al (1989) who showed a prolonged 

intracellular[Ca^^] transient after fatigue in fibres with prolonged relaxation. Cannell 

(1986) in studies using the photoprotein aequorin on isolated frog muscle to follow 

intracellular[Ca^changes, showed two phases during relaxation of unfatigued 

muscle. The first rapid phase he suggested was due to Ca^  ̂ uptake by parvalbumin 

and SR and the slower second phase due to a release of Câ "̂  from troponin with 

cross-bridge dissociation. With fatigue this second phase slowed with a similar time 

course to the slowing of cross-bridge cycling observed by Lannergren & Westerblad 

(1989). Phase 2 decline was not evident in the work of Baylor & Hollingsworth 

(1988) who studied Câ "̂  uptake in frog fibres stretched beyond cross-bridge 

attachment.

The second hypothesis concerns changes in cross-bridge kinetics which 

considers the rate of relaxation from a tetanus to be limited by the rate of cross-bridge 

detachment. Experiments measuring the cross-bridge turnover rates in mouse muscle 

during an isometric contraction (Edwards et al, 1975) suggested that l/2tR reflects 

the kinetics of slower cross-bridge turnover during fatigue (see Jones, 1981). If 

during fatigue the slowing of relaxation is caused by action at the cross-bridge site 

then a change in the force-velocity relationship would be expected, whereas if the site 

of action is the SR the force-velocity relationship should be maintained. Crow & 

Kushmerick (1983) from experiments on mouse EDL reported reduced ATP turnover, 

which they attributed to slower cross-bridge cycling, together with slowing of
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relaxation and a decreased Vmax. Cooke et al (1988) showed a decrease in Vmax 

of 30% with decreasing! pH in rabbit psoas. De Haan et al (1989) studied the effects 

of fatigue in the rat medial gastrocnemius and showed a change in the force-velocity 

relationship, shifting the power curve to the left, together with a threefold increase 

in l/2tR. Ameredes & Clanton (1990), in studies on strips of canine diaphragm, 

reported a decline in isometric force to 73% together with a much greater decrease 

of 50% in dynamic force. Beleen & Sargeant (1990, 1991), in studies of short term 

maximal power output from the human quadriceps, have shown fatigue to affect faster 

velocities of contraction to a greater extent than slower velocities, an effect which 

they attribute to type 2 fibre drop-out.

The changes in ATP and ADP which are found in fatigue are unlikely to be 

large enough to affect cross-bridge kinetics, however the increase in Pi and H^ may 

be sufficient to affect the cross-bridge action. The simple exponential decay of force 

shown during relaxation of in vivo muscles implies the action of a single mechanism 

but it is possible that this conceals a more complex situation. Cannell (1986) 

demonstrated three phases in intracellular[Ca^during relaxation of frog muscle 

fibres and Westerblad & Lannergren (1991), for single mouse muscle fibres, showed 

two phases in the tension record of relaxation, a linear phase followed by a rapid 

exponential phase. Fatigued fibres and fibres made acidotic by raised pC02 levels 

showed a similar degree of force loss over 3 stages. The second stage was unaffected 

by caffeine and Westerblad & Lannergren attributed this to reduced kinetics at the 

cross-bridges. The accumulation of H+ likely acts by slowing the rate of cross-bridge 

cycling and the increased [Pi], especially at low pH may lead to a slowing in the rate 

of Ca^^ re-accumulation by the SR.

The above hypotheses make the fundamental assumption that the velocity of 

contraction is independent of [Ca^^]. Several studies have been undertaken on 

skinned muscle to verify this assumption. The conclusions are conflicting, Julian & 

Moss (1981) stating that Vmax is Ca^^-dependent and Podolsky & Teichholz (1970) 

and Brenner (1980) declaring Vmax to be independent of Ca^^.
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1.11 OUTLINE OF THESIS; GOALS, PROBLEMS AND STRATAGEMS

The work contained in this thesis concerns the nature of fatigue occurring as 

a result of, or revealed by, dynamic contractions of the quadriceps. Initially a Cybex 

11+ isokinetic dynamometer was modified and used to measure force output from 

both stimulated and voluntary contractions of the quadriceps to obtain a reliable 

method of measuring power. Once suitable methods were established they were 

applied in a series of experiments to identify the components of fatigue which may 

be attributed to central and peripheral processes during contractions in which the 

muscle is allowed to shorten.

1.11.1 Equipment

Equipment to accurately measure isometric force has been available for many 

years. Measurement of dynamic forces in vivo is considerably more complex as the 

velocity of contraction must also be measured. Early work by Wilkie (1950) used the 

biceps contracting against a constant load, whilst measuring velocity changes, as did 

later studies of the quadriceps by Tihanyi (1982). Using such systems there is a 

constant change of velocity and therefore momentum, thus requiring further 

calculations to evaluate forces due to inertia. Isokinetic dynamometers maintain 

preset angular velocities regardless of applied force thereby overcoming the problems 

of inertia. The applied force is measured at a variety of angular velocities and a 

force-velocity curve may be produced. The isokinetic dynamometer used in the 

following experiments was the commercially available Cybex 11+ (Nomeq) which 

allows a range of angular velocities from 0-3007sec, hence the maximum velocity 

tested was 3007sec which is probably between 1/3 and 1/2 Vmax for the quadriceps.

1.11.2 In-vivo muscle contraction

The extent of maximal voluntary activation is suspect even in fresh, unfatigued 

muscle (Ikai & Steinhaus, 1961; Gandevia & McKenzie, 1985; Bigland-Ritchie et al, 

1986). Previously workers have managed to maximally stimulate via the motor 

nerve, the anterior tibialis (Fitch & McComas, 1984), the triceps surae (Davies et al, 

1985; Sale et al, 1982) and the quadriceps (Kramer, 1987). Percutaneous electrical
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stimulation of the quadriceps is an established technique for twitch and tetanic pulse 

superimposition (Belanger & McComas, 1981; Bigland-Ritchie et al, 1978; Jones & 

Rutherford, 1987). Investigations using activation of the quadriceps by direct 

stimulation of the femoral nerve are limited. Bigland-Ritchie et al (1979) used short 

tetanic bursts to test for sub-maximal voluntary contraction and Kramer (1987) has 

used tetanic contractions to produce an isometric length-tension curve but no one has 

as yet produced supra-maximally stimulated dynamic contractions.

1.11.3 Quadriceps anatomy and biomechanics

Lower leg extension is primarily caused by contraction of the quadriceps 

muscle group (Snell, 1986). The quadriceps group has four constituent pennate 

muscles, the rectus femoris (RF), vastus intermedius (VI), vastus lateralis (VL) and 

vastus medialis (VM). The three vasti all have origins on the femur and insert into 

the patellar tendon; VL and VM also join to the capsule of the knee joint. In addition 

to leg extension VM also functions to stabilise the patella during contraction. The 

vasti all act across one joint whereas the RF, which also inserts into the quadriceps 

tendon distally, has a triple origin, one attaching to the femur and the other two 

attaching to the inferior iliac spine and the ilium. The RF thus acts across two joints 

and may function in hip flexion as well as leg extension. All four muscles are 

innervated by the femoral nerve, which is accessible to percutaneous electrical 

stimulation in the area of the inguinal canal. During leg extension there is movement 

in all three planes of motion but the dominant movement by far is in the sagittal 

plane. The knee joint is effectively a two joint structure composed of the tibio-femoral 

joint and the patello-femoral joint. The quadriceps tendon attaches to the patella which 

in turn attaches through the patella ligament to the tibia. The patella serves two 

important biomechanical functions, firstly displacement of the quadriceps tendon 

through the range of motion (ROM), lengthening the lever arm of quadriceps force. 

Secondly to distribute the large compressive forces that are generated on the femur.

Simple transformation of the linear contraction of muscle into rotatory 

movement about an axis is complicated by several factors. Each of the four individual 

muscles comprising the quadriceps group has its own length-tension relationship and 

each muscle possesses an individual degree of pennation. In addition to variation in
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muscle mechanics there are biomechanical changes in the joint over the ROM. The 

displacement of the quadriceps tendon varies with knee angle, changing the advantage 

of the force-lever ratio (Smidt, 1973) and being optimal at 45 degrees of flexion (Lieb 

& Perry, 1968). Additionally the centre of rotation in the tibio-femoral joint in the 

sagittal plane follows a semicircular path complicating matters further with an 

eccentric axis of rotation.

1.11.4 Force-velocity measurement

A variety of testing protocols has evolved to obtain voluntary force-velocity 

curves. Moffroid et al (1969) and Thorstenssen et al (1976) have chosen to record 

peak torques and have established a simple curve where force declines smoothly with 

increasing velocity. Perrine and Edgerton (1978) however have chosen to record 

torques at a specific short muscle length and have produced a curve with unexpectedly 

low forces at slow angular velocities.

1.12 PLAN OF THE WORK

The main concern of the work described here has been to examine the nature 

and extent of the changes in muscle function during dynamic exercise. The first 

priority was to modify and evaluate the action of the equipment used to measure the 

isokinetic properties of quadriceps muscle. This involved modifications to the Cybex 

dynamometer and the development of a suitable protocol for testing. The next phase 

of the work was to look at the extent to which central fatigue is a factor leading to 

loss of performance during dynamic exercise. The third stage was to examine the 

way in which fatigued muscle responded to testing, either isometrically or during a 

dynamic contraction. The final phase of the work was a comparison of the metabolic 

consequences of isometric and dynamic work.
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2.1. INTRODUCTION.

There are two methods of establishing force-velocity data from the intact 

human quadriceps, both measuring the rotational forces produced around the knee 

joint. Firstly the muscle contracts against a preset load and the velocity of the limb 

is measured. If a constant velocity is not attained then the forces required to 

overcome inertia must be evaluated and allowed for, which is a complicated affair. 

Alternately the angular velocity of the movement of a limb about a joint may be 

restricted to a known value, avoiding inertial complications, and the forces produced 

at this constant velocity recorded.

The torque measured in the leg or arms is, by definition, rotational and is thus 

a function of the linear force produced by the muscle, complicated by the 

biomechanics of the joint system and angles of action of the individual muscle fibres. 

For a muscle such as the elbow flexors, acting as part of a class III lever system, the 

linear velocity of the muscle will vary in a sinusoidal fashion with the angle. Thus 

although the angular velocity is constant the shortening velocity of the muscle will 

vary considerably. Hinson et al (1979) estimated that during constant angular rotation 

of the elbow flexor, muscle contraction was only linear during the middle of the 

ROM, rapidly accelerating from 0-70° flexion and decelerating beyond 120°. The 

mechanical arrangement of the knee is more complex than the elbow. A simple 

model of the knee has the joint as a pulley with the patellar tendon wrapped around 

the circumference. In this situation the angular movement will be translated directly 

into a linear movement of the muscle. However in the real knee the articular surfaces 

also slide over one another making it inappropriate to identify a centre of rotation. 

A further difficulty with composite muscles such as the quadriceps is that the 

constituent muscles will have different length tension relationships so that the 

contribution of muscles will vary with the angle of the knee. Force-velocity curves 

from in-vivo quadriceps are therefore unlikely to closely resemble the characteristic 

Hill relationship unless great care is made to measure force at same joint angle at 

each velocity.

The final problem with making measurements of human muscles working in
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situ is that it is difficult to know whether they have been fully activated. At high 

velocities the duration of the contraction is very short and there is genuine concern 

that, first, the subject may not be able to voluntarily activate the muscle, second, the 

generation of force within the muscle and the acceleration of a heavy limb may take 

an appreciable time and, lastly, the apparatus used may not have the sensitivity and/or 

frequency response required to make precise measurements of force and velocity. 

This chapter (sections 2.2 onwards) describes techniques and modifications to 

commercial apparatus which overcome or circumvent some of these technical 

problems.

2.2. THE CYBEX H+ ISOKINETIC DYNAMOMETER

The Cybex isokinetic dynamometer allows rotation of a limb about a joint, 

restricting angular velocity to that of the motor axle placed at the centre of rotation. 

The velocity of rotation can be preset (0-30Œ/sec) and is maintained by electronic 

servomotors which, theoretically, prevent acceleration. Muscle contraction will 

produce a rotational torque about the axle. Due to an internal worm gearing 

arrangement between the axle and the servo-motors any rotational torque produced 

at the axle is transmitted to an hydraulic connection that feeds a load cell. Thus the 

rotational torque produced by the muscle at the axle is transduced into linear force at 

the load cell. Because of this arrangement there is a storage of force when the Cybex 

is in isometric mode, which is unacceptable when measuring rapidly occurring events 

such as the relaxation of isometrically contracting muscle. The raw signal is 

amplified and displayed on a heated pen chart recorder with the limited paper speeds 

of 5 & 25 mm/s. Such a recording system is inadequate for scientific use and the raw 

signal may be exported to other more sensitive and versatile recording systems.

The Cybex 114- is not designed solely for scientific work, another important 

use being that of rehabilitation, which requires an adaptable and robust system. This 

has produced intrinsic problems in the measurement of force from steady muscle 

contraction which can be obscured by mechanical oscillations of the Cybex structure. 

Large force changes, such as occur during the accelerative and decelerative phases 

of contraction, act on the long levers (Fig 2.1) within the Cybex architecture causing 

mechanical vibration. In addition the lever arms and attachments supplied by Cybex
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Figure 2.1.
Attachment of Cybex 11 + 
dynamometer housing to the 
stable framework of the 
bench. The standard system 
rotates under load about point 
A, which causes mechanical 
oscillation with rapid force 
changes. To prevent this 
oscillation the system was 
modified by the addition of an 
adjustable brace (B).

FIGURE.2.2.

Standard and m od ified  angle-m easuring p o ten tiom eters.
The s ta n d a rd  sy tem  a tta c h e s  to th e  dynam om eter axle via a  chain, 
the looseness of w hich  allows 5° of u n m easu red  ro tation . The modified 
system  h a s  a  po ten tiom eter in sertin g  directly into the  axle w hich 
avoids th is problem .
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are designed for ease of use rather than scientific precision and all joints have low 

tolerances which produce further mechanical vibration.

There are problems with this system of isokinetic dynamometry. Acceleration 

of the test limb to achieve the angular velocity of the axle requires several degrees 

of joint range, the faster the speed the greater the range required for accommodation 

to the device (Ostemig et al, 1983). Thus the measurement of forces from joints with 

a small ROM may be restricted to the lower velocities. Further problems occur when 

the accelerating limbMever system reaches the preset velocity and must be decelerated 

to a constant velocity. Sapega et al (1982) used high speed film analysis to measure 

the alleged constancy of angular velocity during muscular contraction and found 

overspeeding of 42 and 200% at test speeds of 180 and 30^/sec. They concluded that 

the dynamometer exerted an "overshoot" torque in decelerating the limb to the test 

velocity, due to limitations in the mechanical coupling of the dynamometer under 

loading. Murray et al (1982) studied the changes of angular velocity in the lever arm 

by attaching accelerometers to it and reported marked fluctuations after the initial 

acceleration phase of the limb. Winter et al (1981) noted the same phenomenon, 

which they called "impact artefact" and attributed to the rapid slowing and releasing 

of the dynamometer servosystem. Sapega et al (1982) showed that measurements 

could be made after the oscillations of the overshoot had resolved but this requires 

an extensive ROM to increase the artefact-free portion of recording at fast speeds. 

Gransberg & Knutsson (1983) incorporated a ramp acceleration control to the 

servo-motors , allowing a more gradual acceleration of the lever to the test velocity 

permitting the lever/limb combination to achieve dynamometer speed more smoothly, 

thus reducing impact artefact. The Cybex 11+ is fitted with a ramp acceleration 

controller, which can be adjusted to accelerate to test speeds in 0.1 to 0.3 seconds, 

although this has not been used in the present investigation.

The joint angle is provided by a rotary potentiometer lying adjacent to the axle 

and connected to it by a linked chain. Slack in this chain allowed 5 degrees of 

unmeasured movement (Fig 2.2). The amplified signal from this variable resistor 

feeds into a heated pen recorder with limited paper speeds of 5 and 25 mm/sec but 

may be exported to a more versatile recorder.
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FIGURE.2.3.

M odified lever arm and force m easuring system .
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2.3 MODIFICATIONS TO THE STANDARD CYBEX H+

2.3.1 Force Measurement

The force measurement system was modified by attaching 2 silicon strain 

gauges (Kulite Sensors) midway along the lever arm. The gauges were arranged in 

a half-Wheatstone bridge formation (Fig 2.3) with a Fylde conditioning (492BBS) and 

differential amplifier (254GA). The output was fed into an A/D convertor (Amplicon 

PC-26) and the digitised signal processed by a data handling package (Amplicon 

Microscope) using an IBM compatible PC. This system bypasses the mechanical 

linkages of the Cybex force transducing system. Dual recordings of force and torque 

were made with the Cybex in isokinetic and isometric modes. Sample records of 

brief dynamic contractions at 90o/sec are shown in Fig 2.4. The scales of force and 

torque are different but there is no obvious difference between the recordings and a 

linear regression of force against torque, over angular velocity range 0-300°/sec 

showed a close relationship (R=0.97, Fig 2.5). During isometric mode, however, 

a marked hysterisis was apparent in the torque trace during the declining phase of 

applied force (Fig 2.6).

2.3.2 Mechanical compliance

A bracing arm was fitted at the base of the dynamometer housing to stabilise 

the Cybex. A further source of oscillation proved to originate in the loose attachment 

of the standard lever arm to the axle, which was rectified by bolting the lever to the 

axle. The effects of the changes in mechanical compliance on force recording were 

measured by the rapid unloading of the lever arm with a lOKg mass (Fig 2.7a&b). 

The natural, undamped, mechanical resonant frequency of the whole system increased 

from approximately 167 Hz to 500 Hz.

2.3.3 Angle measurement

A variable resistance was fitted directly into the centre of the axle shaft (Fig 

2.2), providing direct measurement of rotation and removing the 5 degree error 

caused by ’lash’ in the chain system. The output was fed through the same digital
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FIGURE 2.5.

DUAL RECORDINGS OF ISOKINETIC AND ISOMETRIC 
CONTRACTIONS SHOWING THE CORRELATION BETWEEN 
THE FORCE AND TORQUE SIGNALS.
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system mentioned above and displayed as a second channel on the PC.

2.3.4 Subject-machine interfacing

For measurements of the quadriceps in the sitting position, subjects were 

strapped firmly to the seat by two large inextensible straps; one across the lap 

restraining hip movement and one across the upper torso to restrict flexion or 

extension of the back (Fig 2.8). The Cybex system measures angles and forces. The 

angles recorded are referenced to the machine body not the subject, so any movement 

of the subject within its strapping will not be registered by the Cybex. Despite very 

firm application of strapping, extension of the lower leg by compression of the soft 

tissues behind the knee joint and hip extension is likely, especially during the 

production of large forces. Such movement, allowing shortening of the quadriceps 

and increase in angle at the knee is not detected by the Cybex angle sensor which 

only records the position of the torque lever. In some experiments an electronic 

goniometer (Penny & Giles) was used. This goniometer attaches directly to the limbs 

(Fig 2.9) and the output was amplified by a Fylde amplifier and displayed with the 

Microscope software.

Simultaneous recordings of the Cybex, modified Cybex and Penny & Giles 

goniometers (Fig 2.10) during an isometric MVC show no extension with the Cybex, 

a 5 degree extension with the modified Cybex and a 15 degree extension with the 

Penny & Giles goniometer. Such differences in measurement indicate an important 

source of error when attempting to measure force at a specific angle. The 

discrepancy will be greatest when the forces are high so that a measured angle may 

correspond to different muscle lengths when recording during a slow (high force), as 

opposed to a fast (low force) contraction.

The Penny and Giles system proved the most accurate but was unfortunately 

very susceptible to local electrical interference and was unusable with electrical 

stimulation.

2.4. MUSCLE STIMULATION

To stimulate the quadriceps, square wave pulses were applied percutaneously
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FIGURE.2.6.

Dual recording of torque and force with the Cybex in 
isometric mode show that with the relaxation of applied 
force there is a storage of torque by the dynamometer.
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FIGURE.2.7.b. 
Braced response of the 
modified Cybex to rapid 
unloading. Point of release
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in one of two ways. Either direct supramaximal stimulation via the femoral nerve in 

the groin or stimulation of the nerve endings within the muscle. The stimulation 

circuit (Fig 2.10) used was common to both methods with square wave pulses being 

produced by a Devices variable frequency generator triggering a Devices pulse 

generator with the nominal output voltage being variable from 0-400 V. The 

frequency of stimulation used was 50 Hz, with 100 microsecond square wave pulses, 

with the voltage varying from subject between 140-240 V for femoral stimulation and 

180-400 V for percutaneous stimulation. With both methods used the anode was a 

strip of aluminium foil, 15 x 3 cms placed over the proximal third of the quadriceps, 

being held down by an elasticated fabric strap. For femoral nerve stimulation a long 

probe cathode with a hemispherical end (about 15mm diameter) was placed over the 

inguinal canal, just lateral to the insertion of the adductor longus. Percutaneous 

stimulation was achieved by placing another 15 x 3 cms aluminium strip to act as 

cathode, over the distal third of the quadriceps. Electrodes were liberally smeared 

with conductive gel. The electrical circuit was completed by a single pole electrical 

switch which the subject could control.

2.5. CALIBRATION OF THE CYBEX H + .

2.5.1 Angular velocity

Angular velocity was tested using two methods.

1/. Every six months the rotational speed of the Cybex motors was directly 

checked with a rotary tachometer.

2/. Every set of experiments had each angular velocity checked by measuring a 

linear portion of the angle trace over a measured time.

2.5.2 Angle

The electronic angle channel was manually calibrated at 10 degree intervals 

with a fixed angular scale for every experiment that was carried out. This was 

essential as the power source for the angle channel was a dry cell battery and output 

varied with battery condition.
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FIGURE.2.8.

S ch em atic  representation of subject m ovem ent during a voluntary  
isom etric  contraction.
D espite very firm a ttachm ent of the sub ject to the Cybex fram ew ork by two 
6 inch  wide inextensible, during high force contractions the pelvis rises an d  
the knee lowers. This results in a change of knee angle th a t is u n m easu red  
by the Cybex angle channel.
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FIGURE.2.9.
Force and angle record showing knee angle as m easured by th ree  
different sy stem s during an isom etric  contraction , o sten sib ly  w ith  th e  
lower leg held  @ 90*̂  of flexion. W hen force is applied by the  con tracting  
quadriceps the Cybex angle rem ains co n stan t b u t the modified angle system  
shows 5° of extension. Both of these system s m easure  the angle of the lever 
arm  bu t the  Penny & Giles goniometer m easures knee angle directly and  
shows 15*̂  of extension.
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2.5.3 Force

Force was calibrated weekly by the stepwise addition of a series of known 

weights to the Cybex lever arm which was held horizontal. The lever arm was then 

unloaded stepwise. The electrical signal was plotted against the applied weights to 

examine linearity, gain and hysterisis, a sample calibration graph of applied weight 

verses electronic deflection is shown in Fig 2.11.

A table of force calibrations ranging over the research period may be seen in 

Appendix A.

2.6 EMG RECORDING

The apparatus and methods for recording muscle electrical activity are 

described in Chapter 4.

2.7 LEG WEIGHT

Extension of the lower leg requires contraction of the quadriceps against 

gravity. The force of this contraction is not measured by the Cybex and must be 

added later to avoid distortion of the force-velocity relationship (Winter et al, 1981). 

This is especially important with forces obtained at the faster isokinetic velocities, 

where the gravitational component may reach one third of the total force produced. 

The passive forces acting can be measured by recording the forces a relaxed limb and 

lever produce, due to the effect of gravity, at every angle of flexion involved. Each 

subject had these forces measured and the force component at each specific knee 

angle was later added to all of the measured forces produced by quadriceps 

contractions at that knee angle.
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FIGURE.2.10.

C ircu its for both  p ercu tan eou s and fem oral s tim u la tio n , th e  anod e being  
co m m on  to  both  c ircu its .
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FORCE CAUBRATION GRAPH.
Calibration graph of force (Newtons) verses the m easured 
deflection (volts) for the  modified lever arm . Calibration 
was by the loading and unloading of weights from  the  arm, 
which was held horizontal.

See Appendix A for other calibrationa.
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3.1 INTRODUCTION

In 1938 Hill described the relationship between force and velocity for skeletal 

muscle, fitting a hyperbolic curve to the experimental data which, with only minor 

deviations, has been successfully applied to a wide variety of amphibian, reptilian, 

avian and mammalian muscles. The vast majority of this work has been with muscles 

maintained in vitro or in situ where the distal tendon of the muscle is isolated to allow 

the muscle to contract in a linear fashion. Examining human muscle in vivo means 

that force has to be recorded through the skeletal lever system and this presents a 

number of problems.

Wilkie (1950) was one of the earliest workers to investigate the relationship 

between force and velocity in human muscle and the curve he obtained for the 

forearm flexors was similar to that obtained with isolated muscles. In the 1960’s 

isokinetic dynamometers became commercially available and presented a much more 

convenient method for generating force-velocity measurements for a variety of muscle 

groups.

Several workers have produced force-velocity curves for the leg extensor 

muscle group but there are a number of problems and uncertainties about these 

results. The main controversy revolves around the ability of subjects to maximally 

activate the large quadriceps muscle group when producing high forces at slow 

angular velocities. Thorstensson et al (1976) using a Cybex, measured the dynamic 

strength of knee extensors from 0-1807sec and found a smooth decline of force with 

increasing velocity. The Cybex is capable of testing angular velocities up to 

3(X)7second but Thorstensson and colleagues considered the force traces to be 

corrupted by artefact above 1807sec. Ivy et al (1981) produced a similar smooth, 

hyperbolic curve but extended the range of measurement to 30(T/second, 

circumventing the artefact problem with the somewhat dubious device of electronic 

signal damping. A criticism levelled at both of these studies is that the torques 

recorded were peak values and it is possible that peak torque may be developed at 

different angles at different velocities. Thorstensson et al (1976), Ostemig et al 

(1975) and Murray et al (1980) tested knee extension at a variety of isokinetic 

velocities and found that at higher speeds the peak torques occurred later in the 

movement probably because it takes a finite time for muscle to develop peak tension
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and at the higher velocities this will come relatively late in the movement which is 

of fixed angular displacement. Moffroid et al (1969) derived a limited force-velocity 

curve for knee extensors, 0-1087sec, with torques taken at the specific knee angle of 

65 degrees of flexion. The curve produced differed from the Hill relationship, 

flattening off as it approached zero velocity.

Interpretation of force recording at the faster isokinetic velocities is 

complicated by three factors, mechanical artefact (Sapega et al, 1982; Winter et al, 

1981), insufficient time to allow for full activation of the muscle and the effects of 

gravity on the limb/lever system. To overcome these problems Perrine & Edgerton 

(1978) used a Cybex to measure torque at a later time in the range of movement 

(ROM) corresponding to a knee angle of 30 degrees of flexion. At this angle the 

oscillations in the force record should have been damped out, maximum time for 

activation has been allowed and the gravitational force component may be added later. 

This technique produced a force-velocity curve that fitted the Hill equation for a 

limited range above 1447sec but produced unexpectedly diminished force below that 

velocity. These observations led to the postulate of neural restriction of force to a 

safe level during high force voluntary contractions. Wickiewicz et al (1984) also 

demonstrated this deviation from the hyperbolic relationship at slow velocities in the 

knee flexors, knee extensors, ankle plantar- and dorsi- flexors, which they attributed 

to an "inhibitory or disfacilitating mechanism". Ostemig et al (1983) produced a 

series of angle specific force-velocity curves for the quadriceps, from 70 - 30 degrees 

of flexion using an Orthotron to extend the range of test velocities to 400^/sec. All 

of the curves produced differed from the Hill relationship, exhibiting various degrees 

of flatness, especially where the measurements were made at 30 degrees of flexion 

with a large portion of the force-velocity curve being virtually horizontal. Gransberg 

& Knutsson (1983) suggested that these conflicting force-velocity relationships were 

due to measurement error and produced a computer controlled ramp acceleration into 

the test angular velocity that removed force oscillation due to rapid accelerative forces 

in the limb/lever system and provided more time for fuller activation of the muscle 

at the faster velocities. This increase in activation time was, however, at the expense 

of the ROM achieved at the constant velocity.

Thus far, all of the contractions discussed have been simple voluntary
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contractions from a relaxed start. A relatively new method of encouraging maximal 

activation throughout fast isokinetic contractions is to isometrically activate the 

muscle, pre-loading the locked dynamometer axle, and then ’release’ the contracting 

limb into a test velocity. This release technique has been used by Davies et al (1985) 

on the triceps surae and compared to the method of simple voluntary contraction. In 

principle, this method should eliminate the problem of there being insufficient time 

to achieve full activation. Even if this is the case there is also the problem of 

knowing whether the subject is capable of generating truly maximal force by a 

voluntary effort both for the initial isometric phase and during the isokinetic release.

To avoid the complications of possible sub-maximal voluntary activation the 

technique of electrical stimulation has been developed for isometric contractions. 

Percutaneous electrical stimulation of large muscles is unlikely to be activate the 

whole muscle due to the large surface area: volume ratio preventing sufficient current 

density, without causing severe pain. Bigland-Ritchie et al (1986) report stimulated 

isometric contractions of up to 70% of quadriceps muscle by this method but this is 

more than is commonly achieved with this muscle. Supramaximal electrical 

stimulation via the femoral nerve has been used on the human quadriceps by 

Bigland-Ritchie et al (1978) and Kramer (1987) but only for short periods of 

isometric contraction.

Davies et al (1985) were the first to stimulate a muscle to produce a dynamic 

contraction, supramaximally stimulating the triceps surae. Using a Cybex isokinetic 

dynamometer they produced an angle specific torque-velocity curve which exhibited 

a strong similarity to the Hill relationship.

In the series of experiments to be described in this Chapter, isometric 

length-tension curves were examined from 90-0 degrees of knee flexion using 

voluntary activation, percutaneous stimulation and supramaximal femoral nerve 

stimulation. Secondly the relative merits of simple voluntary extension (VC), 

isometrically preloaded, ’released’ voluntary extensions (VR) and ’released’ 

supramaximally femoral stimulated extensions (femoral nerve releases, FNR) were 

examined generating isokinetic length-tension curves, over the range of angular 

velocities 0, 30, 60, 90, 120, 180, 240 & SOOVsec.

43



3.2 METHODS

3.2.1 Subjects

Five subjects participated in the study, 4 male and 1 female, with ages 

ranging from 25 to 39 years. Approval was obtained from the University College 

Hospital Ethical Committee, and all subjects gave their informed consent.

Subject Sex Age Wt Ht MVC
Kg cm N

Subject 1 M 38 83 181 1047
Subject 2 F 39 66 179 520
Subject 3 M 25 78 184 1070
Subject 4 M 25 67 176 680
Subject 5 M 38 76 185 740

Subjects were seated in the Cybex chair, which was adjusted to give 

maximum support to the upper leg i.e. minimum gap between the back of the knee 

and the chair seat. Subjects were then very firmly restrained by 2 inextensible straps, 

one placed at 45 degrees to the vertical, across the hips and the other strapping the 

chest to the backrest (Fig 2.8).

The axle of the dynamometer was aligned to the centre of the knee joint with 

the lower leg at approximately 90 degrees of flexion and the lever arm adjusted to 

attach just above the malleoli of the ankle. The angle of the knee was set to 90 

degrees using an external goniometer to calibrate the Cybex angle channel.

3.2.2 Isometric Force Measurement

3.2.2.1 Maximal Voluntary Isometric Contractions

Each subject was encouraged to forcefully attempt to extend their leg as hard 

as possible whilst being provided with an analogue visual readout of their force 

output. A minimum of three measurements were taken at each leg angle and an 

average of the two greatest forces produced was recorded. Each contraction lasted 

between 1 to 2 seconds seperated by at least 2 minutes to allow for recovery. 

Gravitational corrections were made when the traces were analyzed (see section 2.7).
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3.2.2.2 Percutaneous Isometric Contractions

The stimulation circuit used is described elsewhere (section 2.4). All subjects 

received prior habituation to the procedure of percutaneous stimulation. The 

stimulating voltage was increased in 10 volt stages from 40 volts until the maximum 

voltage was reached that the subject was prepared to comfortably tolerate. 

Corrections for gravity were made when the traces were analyzed.

3.2.2.3 Supramaximal Femoral Isometric Contraction

Subjects were first accustomed to the uncomfortable procedure of femoral 

nerve stimulation. Initially, the stimulating voltage was set at a manageable 40 volts 

and was increased in 10 volt steps until the force output no longer increased with 

increments in voltage. Supramaximal stimulation was usually reached between 120 

and 240 volts.

3.2.3 Isometric Length-tension Measurements

Forces were measured from 0 to 90 degrees of leg flexion, recordings being 

made at 10 degree intervals. Force was recorded from contractions made voluntarily, 

as a result of percutaneous stimulation and by femoral nerve stimulation. Two 

minutes rest was allowed between contractions to prevent fatigue. Five subjects were 

measured once to establish variability and two subjects were measure on five different 

occasions for repeatability of methods.

3.2.4 Force-Velocity Measurements

Three protocols were used to obtain length-tension traces at angular velocities 

of 30, 60, 90, 120, 180, 240 and 3007sec. Subjects were seated and restrained in the 

Cybex chair, as described above, and the knee angle was manually set to 90 degrees. 

In all experiments at least 2 minutes rest was given between each contraction. The 

experiments were carried out once on five subjects to establish variation and repeated 

five times on two subjects for repeatability.

3.2.4.1 Voluntary Contractions (VC)

Subjects were familiarised with the procedure of maximally extending the
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lower leg against the resistance offered by the lever, which could move at a pre-set 

angular velocity. Subjects were exhorted to extend their legs with maximal force. 

At least 3 force recordings were made at each test velocity, except for 30 and 607sec, 

where only 2 recordings were taken to avoid the undue fatigue occurring with 

maximal contractions at slow angular velocities.

3.2.4.2 Voluntary Releases (VR).

The subject tried to maximally extend their leg against the Cybex lever which 

was locked in isometric mode. Once maximal isometric tension was developed, 

usually within one second, the leg was "released" at a test velocity. As with 

voluntary dynamic contractions at least three recordings were made at each velocity, 

except 30 and 607sec, where the contractions were more exhausting and only two 

recordings were taken.

3.2.4.3 Femoral Stimulated Releases (FNR)

The quadriceps were stimulated via the femoral nerve, whilst held with the 

knee at 90 degrees of flexion until maximal contraction was achieved, after which the 

leg was "released" into the test velocity. All velocities were tested twice.

3.3 RESULTS

3.3.1 Isometric Length-Tension Curves

Two subjects were tested isometrically on five different occasions using 

voluntary contractions, percutaneous contractions and by femoral stimulated 

contraction.

The length-tension curve produced by percutaneous stimulation exhibited a 

markedly different relationship to those produced by voluntary and femoral stimulated 

contractions (Fig 3.1a). The proportion of percutaneously stimulated muscle varied 

greatly between tests and within the length-tension curve itself, ranging from 40% of 

the MVC at 90 degrees of flexion to 80% at 30 degrees of flexion. The results from 

this technique proved so variable that it was considered unsuitable for producing 

isokinetic measurements.
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FIGURE.3.1.a.

Iso m etric  le n g th -te n s io n  curves from  voluntary, 
p e rc u ta n e o u s  stim ulated  & fem oral stim ula ted  
c o n trac tio n s .

Data from  subject 1, m e a n s + /- s d ,  n=5.
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The voluntary and femoral stimulated curves from subjects 1 & 2 proved to be 

similar. Coefficients of variation for the forces at the four knee angles on the force 

plateau (80, 70, 60 & 50 degrees) range from 5 - 15%, with a good coincidence 

between the voluntary and stimulated results of subjects 1 and 2 (Fig 3.1.a and b).

Isometric length-tension curves from 5 subjects, normalised to maximum 

values are shown in Fig 3.2 for both voluntary and femoral nerve stimulated 

contractions. The results show considerable inter-subject variation, with maxima of 

the voluntary and stimulated contractions varying by up to 20 degrees.

3.3.2 Isokinetic Length-Tension Curves

Sample isokinetic traces from the modified Cybex system for the 3 different 

protocols VC, VR and FNR, are displayed in Figs.3.3 & 3.4 (see edso Appendix B). 

Traces from the angular velocities of 90 and 240°/sec demonstrate the increasing 

proportion of force trace which was obscured by artefact as the angular velocity was 

increased. The forces at knee angles of 80, 70, 60 50, 40 & 30 degrees of flexion 

are indicated by arrows and show that, as the angular velocity increases, reliable 

force measurement can only be made at progressively shorter muscle lengths (smaller 

angle of flexion).

Protocol VC, where contraction started from a resting, unloaded state, 

produced large distortions in the first phase of the force record. Above 180°/sec it 

was increasingly difficult to identify portions of the curve which were unquestionably 

produced by steady shortening of the muscle.

Protocol VR, with a maximum voluntary isometric pre-load, reduced the 

amplitude of the impact oscillation but produced further confusing oscillations in the 

early phase of isokinetic contraction. As with VC the oscillations found with VR 

present ambiguities in interpretation of the force record which restricted measurement 

of isokinetic velocities to 240°/sec to about 30 degrees of flexion.

With the FNR protocol the oscillations which prevented useful measurements 

being made when using both VC and VR were eradicated. There was a brief impact 

spike immediately after the release, followed by an intermediate phase which was 

followed by a smooth phase of muscle shortening. Unambiguous measurements from 

the force trace could be made on the smooth phase from 70 degrees of flexion to full
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extension.

3.3.3 Isokinetic Length-Tension Data at 8 Test Velocities

The purpose of these experiments was to determine the influence of the angle 

at which force is measured when determining the force velocity relationships. In such 

a study it is important to remove any uncertainties in the level of activation which 

may occur with voluntary contractions. Consequently femoral nerve stimulation with 

release (FNR) was used to obtain length-tension curves for 8 angular velocities (0, 

30, 60, 90, 120, 180, 240 and 3007sec) on subjects 1 & 2 at the knee angles of 80, 

70, 60, 50 and 30 degrees of flexion. Figs 3.5.a&b show the mean results from 5 

runs on each subject. It can be seen that, as the test angular velocity was increased 

above 1207sec the convex shape of the individual length-tension curves was lost.

The forces produced at the longer muscle lengths become proportionately 

larger than the forces produced at the other angles in both subjects. Inspection of Fig

3.5 shows that forces produced at 70, 60 and 50 degrees of flexion are on or near the 

plateau of the length-tension curve. The traces appear free from artefact in this 

region (Figs.3.3 & 3.4) and maintain the expected decline of force with increasing 

velocity. When the forces from shorter muscle lengths were studied a change in the 

relationship of force with velocity was observed. At the knee angle of 30 degrees of 

flexion, on the steeply declining limb of the length-tension curve, the forces measured 

at 30 and 607sec showed a reversal of that found when measurements were made at 

60 degrees of flexion.

3.3.4 Force-Velocity Curves.

3.3.4.1 Force-velocity curves derived by FNR

Force-velocity curves from subjects 1 & 2 are shown in Figs 3.6a&b. Forces 

were measured at 70, 60, 50 & 30 degrees of flexion. The forces at 80 degrees were 

complicated by oscillations derived from the transient phase of release and those at 

30 degrees were variable, probably because this angle is on the sharply descending 

portion of the length tension relationship and small uncertainties in the angle can lead 

to large differences in the measured force. Figure 3.7 shows the normalised FNR 

force-velocity curves from 5 subjects, comparing the relationships when forces were
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FIGURE.3.2.
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taken at angles of 60 and 30 degrees of flexion. With 60 degrees, the mean curve 

showed a smooth decline of force with velocity but when the angle was 30 degrees 

of flexion the curve assumed a bi-phasic relationship.

3.3.4.2 Force-velocity curves derived by FNR, VR & VC

Force-velocity curves at 60 degrees of knee flexion, derived from the 3 

different protocols of FNR, VR and VC are shown in Fig 3.8a&b for subjects 1 & 

2 respectively. The results from subject 2 show almost identical curves for all three 

protocols except for smaller forces over the slow velocity range of protocol VR. 

Subject 1 shows both voluntary curves to produce higher forces throughout the 

measured range, again with smaller forces over the slow velocity range of protocol 

VR. Fig 3.9 shows normalised curves from 5 subjects, using all three protocols. 

The forces from VC were greater than those found in the other two protocols, with 

VR and FNR producing similar forces at the higher velocities.

At the slower velocities, forces were less for VR than for VC or FNR. For 

subject 1 the forces produced by femoral stimulation were up to 25% lower than 

those of the VC and 35% lower than VR at test velocity ISOVsec. Subject 2, who 

produced lower absolute forces than subject 1, showed a small increase of voluntary 

forces for both VR and VC, above stimulated forces but only at higher angular 

velocities of 120°/sec and above. The forces produced during both voluntary 

protocols were less than with femoral stimulation in subject 2, when the angular 

velocity was low and the force production was relatively high.

At no point in any of the force-velocity relationships shown was the isometric 

force less than isokinetic forces.

3.3.4.3 Comparison of VC & VR

Valid comparison of the 2 voluntary protocols VR and VC can only be made 

from 0 to 180°/sec due to artifacts complicating the force trace of VC at angular 

velocities greater than this. Subjects 1 & 2 showed lower forces with the VR 

technique from 30 to 120°/sec. At these slow and medium velocities there was no 

force artefact to contend with at the points along the length-tension curve that were
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FIGURE.3.3.

Sam ple isok in etic  force-angle traces @ 90^ /sec from protocols  
VC (a), VR (b) & FNR (c) w ith  arrows ind icating th e specific  
k n ee angles o f 80 , 70 , 60 , 5 0  & 3 0  degrees o f flexion .
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FIGURE.3.4.

Sam ple iso k in etic  force-angie traces @ 2 4 0 ^ /sec  from protocols  
VC (a), VR (b) & FNR (c) w ith arrows in d icatin g  th e  specific  
knee angles o f 80 , 70, 60, 50  & 30 degrees o f  flexion .
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FIGURE.3.5.a.

L ength-tension  curves derived from fem oral stim ulated  
con tractions a t angular velocities ranging from  0 -3 0 0  degs/s.

Subject 1, m e a n s + /-  sd, n=6.
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Length-tension curves derived from fem oral stim ulated  
contractions a t angular velocities ranging from 0 -3 0 0  degs/s.
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FIGURE.3.6.a.
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FIGURE.3.6.b.

F o rc e -v e lo c ity  cu rv es  derived  by fem o ra l s t im u la te d  
c o n tra c tio n s  of th e  q u ad ricep s . The c u rv es  a re  ang le  
sp ec ific  to  70, 60, 50 & 30 d e g re e s  of flex ion .
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FIGURE.3.7.

Force-velocity curves derived by fem oral stim ulated 
contractions of the quadriceps. Forces are taken  a t two 
points of the  leng th -tension  curve, 60 & 30 degs of flexion.

Data from 5 subjects. M eans+ /-se , n=5.
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FIGURE.3.8.a.

F o rc e -v e lo c ity  cu rv es  derived  by p ro to c o ls  FNR, VR &VC 
w ith fo rce s  ta k e n  a t  th e  specific  knee  ang le  of 60 d eg rees  
of flexion.

D ata fro m  su b je c t 1. M e a n s + /- s d , n= 6 .
1200 T

e=FNR 
A=VC 
□  =VR

800"

c 600"

20 0 "

30 60 90 120 150 180 210 240 270 300
A ngular velocity  (d e g re e s /se c o n d ).

Statistical differences between the methods of 
contraction used (all forces are angle specific 
to 600 of flexion) to produce a force-velocity 
curve. Analysis is by Student's t-test.
VR=voluntary release, VC=voluntary contraction & 
FNR=femoral stimulated release.
ns = P>0.05, 3 = 0.05>P>0.01, vs = 0.01>P>0.001, w s  = P<0.001, 
n/a = not available.

Angular velocity 0 30 60 90 120 180 240 300
VR:VC
Significance s ns ns ns ns ns n/a n/a
FNR;VC 
Significance ns ns vs vs vs w s n/a n/a
VR:FNR
Significance ns ns s w s vs w s vs 3

Full table of results and statistical analyses are shown in
Appendix B.
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FIGURE.3.8.b.

F o rc e -v e lo c ity  cu rv es  derived  by p ro to c o ls  FNR, VR &VC 
w ith fo rce s  ta k e n  a t  th e  specific  k n ee  angle  of 60 deg rees  
of flexion.

D ata fro m  su b je c t 2. M e a n s + /-s d , n = 6 .
1000-r
900-- 
800 ■■ 

F 700 -
600"

e=FNR 
A=VC 
□  =VR

c 500

300”
20 0 "

10 0 "

0 30 60 90 120 150 180 210 240 270 300
Angular velocity (degrees/second).

Statistical differences between the methods of 
contraction used (all forces are angle specific 
to 600 of flexion) to produce a force-velocity 
curve. Analysis is by Student's t-test
VR=voluntary release, VC=voluntary contraction & 
FNR=femoral stimulated release.
ns = P>0.05, s = 0.05>P>0.01, vs = 0.01>P>0.001, 
w s  = P<0.001, n/a = not available.

Angular velocity 0 
VR:VC
Significance ns
FNR:VC
Significance ns
VR:FNR
Significance ns

30 60 90 120 180 240 300

vs s vs ns ns n/a n/a

ns ns s s vs n/a n/a

w s  vs s ns ns ns ns

Full table of results and statistical analyses are shown in
Appendix B.
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FIGURE.3.9.

Normalised force-velocity  curves from FNR, VR & VC 
protocols with forces taken a t the  specific knee  angle 
of 60 degrees of flexion.

Data from 5 subjects. M e a n s+ /-s e ,  n = 5.
= FNR 

A=VC 
□  =VR

P/Po 5 0 "

60 90 120 150 160 210 240 270 300
Angular velocity (deg rees /second).

Statistical differences between the methods of 
contraction used (all forces are angle specific 
to 600 of flexion) to produce a force-velocity 
curve. Analysis is by Student's t-test
VR=voluntary release, VC=voluntary contraction & 
FNR=femoral stimulated release.
ns = P>0.05, s = 0.05>P>0.01, vs = 0.01>P>0.001, 
w s  = P<0.001, n/a = not available.

Angular velocity 30 60 90 120 180 240 300
VR:VC
Significance vs s s s n/a n/a n/a
FNR:VC
Significance ns ns s s n/a n/a n/a
VR;FNR
Significance s ns ns ns ns ns ns

Full table of results zmd statistical analyses are shown 
in Appendix B.
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measured. Normalised force-velocity curves derived from the 2 protocols are shown 

for 5 subjects in Fig 3.9. Again, the force derived from VR was less than VC in the 

range of angular velocities from 30 to 120°/sec.

3.4 DISCUSSION

A review of the literature concerning force-velocity measurements in human 

muscle gives the general impression is that no two investigators have used the same 

protocol. Two basic relationships have been described, a simple smooth decline in 

force with increasing velocity of contraction (Thorstensson et al, 1976) and a 

bi-phasic curve exhibiting unexpectedly low forces at slow velocities (Perrine & 

Edgerton, 1978; Wickiewicz et al, 1984). The main difference in protocol between 

the two camps is the point on the isokinetic length-tension (or angle-tension) curve 

at which force should be measured. The measurement of peak torque generates the 

expected relationship and it is only when angle specific measurement is used that the 

bi-phasic nature of the curve becomes apparent. Moffroid et al (1969) and Ostemig 

et al (1984) chose specific angles on the length-tension plateau (65 degrees of flexion) 

and produced curves with a modest bi-phasic nature. Perrine and Edgerton (1978) and 

Wickiewicz et al (1984) controlled for angle specificity of 30 degrees of flexion, a 

point much further along the descending limb of the length-tension curve, to allow 

time for maximal activation and the dissipation of impact artifacts on the force record. 

In these cases the force-velocity relationship had a more extreme bi-phasic nature with 

isometric torque being approximately equal to torques produced at slow velocities. 

One of the most obvious explanations of the discrepancies in the literature is that in 

some cases, notably when measurements were made at slow velocities and low angles 

of flexion, the muscles were not fully activated by the voluntary efforts of the 

subjects.

In the study of isometric contractions percutaneous stimulation of a portion 

of the quadriceps muscle has been a valuable technique which is generally acceptable 

to subjects and has been widely used by a variety of investigators. At the outset of 

the present study it seemed likely that percutaneous stimulation would be a useful 

technique in the investigation of the dynamic properties of the quadriceps, both as a
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device to check that voluntary contractions were truly maximal and to activate the 

muscle during shortening. Percutaneous stimulation of a fraction of the quadriceps 

should be a perfectly acceptable method of assessment providing that the muscle is 

relatively homogeneous with respect to fibre type and that the portion stimulated 

remains constant throughout the range of movement. In practice, however, 

percutaneous stimulation proved unsatisfactory because, for the same stimulating 

voltage and electrode placement, the fraction of the maximum voluntary force which 

could be generated by stimulation varied with the angle of flexion. This implies that 

the amount of muscle stimulated varied with the position of the leg and it is possible 

to imagine that the changing shape of the muscle at different degrees of flexion would 

mean that the current from the electrodes would pass through different amounts of 

muscle. For stimulated contractions, therefore, it was necessary to resort to 

stimulation of the femoral nerve, a procedure which was not well tolerated by many 

subjects, and it is for this reason that the bulk of the work was carried out on just two 

subjects with occasional observations made on another five stoical volunteers.

During isometric contractions, femoral nerve stimulation produced forces 

which were very similar to the MVC although for subject 1 (Fig 3.2a) there was a 

definite tendency for the voluntary force to be greater with the knee in the more 

flexed positions. This was not due to submaximal stimulation as increasing the 

voltage by 20v and the frequency from 50 to 70Hz did not elicit any more force. 

Subject 2, who had smaller quadriceps muscles did not exhibit this phenomenon and 

it was noted that, of the other subjects tested, the stronger subjects also tended to 

generate more voluntary force whilst flexed and the composite curve for the five 

subjects (Fig 3.2) shows the effect quite clearly. Observation of the subjects showed 

that at high forces and with the knee flexed there was considerable extension of the 

hip. This would have two effects, first the angle of knee flexion will have been 

incorrectly measured (using the Cybex angle channel) and secondly it is possible that 

extensors of the back may have some effect on the measured force by stretching the 

rectus femoris. This would not occur during stimulated contractions and it is 

interesting that when a subject makes a voluntary effort the tendency is to extend the 

hip, while when the quadriceps is stimulated there is flexion of the hip as the rectus 

femoris pulls the trunk forwards. The involvement of the back muscles and their
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effect on force measured at the ankle is examined further in the next Chapter.

The voluntary isometric curve produced had a force plateau in the region of 50-70 

degrees of flexion, similar to that found by Kramer (1987) but very different to that 

produced by Narici et al (1988) who showed a pointed curve with no plateau. The 

femoral stimulated isometric length-tension curve (Fig 3.2) was very similar to the 

only other published stimulated curve (Kramer, 1987) with an extended force plateau, 

peak measurement at 60 degrees of flexion and the stimulated forces reaching 

approximately 90% of the voluntary forces.

The forces produced by femoral stimulation were supramaximal throughout 

the duration of both isometric and isokinetic contractions. The forces obtained from 

the FNR protocol at the specific knee angles of 70, 60 & 50 degrees of flexion, 

produced smooth, non-linear force-velocity curves similar to those produced by 

Davies et al (1985) in the stimulated plantar flexors, Wilkie (1950) in the biceps and 

Tihani (1982) in the quadriceps. Lower leg extension has complex biomechanics; 4 

pennate muscles, one of which spans two joints all act via a common attachment to 

the patella, to produce force about an eccentric axis of rotation. The shape of the 

femoral stimulated force-velocity curve is therefore unlikely to exactly fit the 

shortening characteristics of the classic Hill curve but it does produce a smooth 

decline of force with increasing velocity.

From the raw force traces it can be seen that unambiguous force-velocity curves 

(ranging 0-3(X)7sec) can be produced for angle specificities of 70 to 30 degrees of 

flexion. Comparison of the normalised force-velocity curves taken at specific knee 

angles of 60 and 30 degrees of flexion, where 60 degrees approximates to peak values 

at all tested velocities, demonstrates two very different relationships derived from the 

same isokinetic length-tension records. Sub-maximal activation cannot have been the 

cause as all contractions were supramaximally stimulated. The bi-phasic nature of the 

force-velocity curve is therefore most likely to be a function of length-tension 

asynchrony due to difficulty in the accurate measurement of true knee angle on the 

steeply descending limb of the length-tension records.

The assumption in using angle specific forces is that subjects in the experimental 

group have similar length-tension curves. Inspection of the isometric length-tension 

curves derived by voluntary and femoral stimulated contractions show differences of
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up to]30 degrees of knee flexion between individual force maxima. It must therefore 

be taken into account that, when using angle specific forces, what might be a peak 

force for one individual may well be only 50% of maximal in another.
An interesting aside is that the power curves from all subjects, whether 

stimulated or voluntary were still sharply increasing at the maximum velocity 

tested (see Appendix E) and showed no signs of reaching a plateau.

3.4.1 Summary

The objective of the work described in this chapter was to investigate ways 

of measuring the force velocity relationships of the quadriceps muscle and, in 

particular, to pay attention to the problem of ensuring that the muscles was maximally 

activated during the movement. The practical difficulties encountered have been to 

do with the presence of mechanical artifacts on the force record and the short range 

of movement over which it is possible to make reliable measurements. Experience 

has shown that the technique of releasing the limb from an isometric contraction 

caused by femoral nerve stimulation (FNR) was the most reliable, giving a smooth 

relationship between force and velocity. Percutaneous stimulation was unsuitable as 

the extent of muscle activation varied considerably with the position of the limb. The 

alternative techniques involving voluntary contractions both gave curves which had 

curious anomalies. The voluntary contraction technique (VC) produced, in some of 

the stronger subjects, forces which were greater than that obtained by femoral nerve 

stimulation, probably the result of other muscles contributing to the measured force. 

The voluntary release protocol (VR) showed an unexpected low force at the low 

velocities, which may be the result of a loss of activation immediately after the 

release. For these reasons it appears that the femoral nerve release technique is the 

method of choice. This is unfortunate since the majority of subjects found the 

technique to be less than enjoyable.

The following Chapter (4) contains an examination of the reasons underlying 

the anomalies in the length tension and force-velocities briefly mentioned above. 

Chapters 5 and 6 describe experiments using the FNR technique to look at the extent 

of central and peripheral fatigue occurring during dynamic exercise.
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4.1 INTRODUCTION

In the previous chapter methods were described to obtain the force/velocity 

relationships for the quadriceps muscle and in a number of situations curves were 

obtained which closely resembled the hyperbolic relationship first described by Hill 

(1938). However, there were also situations where curious anomalies were present. 

The first of these anomalies was the observation that in some of the subjects the 

forces obtained by voluntary activation were consistently greater than when the 

muscle was stimulated via the femoral nerve (Fig 3.1.a). This was despite the fact 

that the stimulation was demonstrably supramaximal. The second anomaly was that 

with voluntary contractions at slow speeds the force generated during the voluntary 

release manoeuvre (VR) was less than during the purely dynamic movement (VC) 

(see Fig 3.9.). This chapter examines possible causes of these phenomena.

4.1.1 Voluntary and Stimulated Force

Electrical stimulation is usually used to check that a voluntary contraction is 

maximal and one would expect that, if anything, the voluntary contraction force 

would be less than the stimulated force. That the voluntary contraction was larger 

than the stimulated contraction suggests that the voluntary contraction involved a 

different set of muscles or the same muscles but at a different length. It was noticed 

(Section 2.3.4) that during a voluntary contraction there was a tendency for the hips 

to extend and that this occurred despite all efforts to restrict the movement with 

strapping. This movement does not occur with electrical stimulation, in fact electrical 

stimulation causes the trunk to move forward and the hips to flex due to the 

contraction and shortening of the rectus femoris which is a bi-articular muscle passing 

over the hip. There are two consequences of this movement, the first is that, as the 

hip extends during the voluntary contraction, the angle of the knee increases and the 

three vasti muscles will decrease in length and may therefore be on a different part 

of the length tension curve when compared to the stimulated contraction where no hip
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extension occurs. The second consequence is that as the hip, extends the rectus 

femoris is stretched by the hip extensors and will, thereby, be transmitting additional 

force to the patellar tendon. To investigate this phenomenon, voluntary and 

stimulated isometric length-tension curves were produced from one subject lying 

supine, when no further extension can occur. These curves were then compared to 

length/tension curves produced with the subject seated in the conventional fashion.

4.1.2 The Comparison of Voluntary Dynamic (VC) and Voluntary Release (VR)

Contractions

The results presented in the previous chapter clearly showed that VR 

contractions produced lower forces than did VC over the slower angular velocities of 

30 to 120°/sec. Two mechanisms might account for this observation, the first being 

a decrease or inhibition of motor drive occurring as a result of the transition from 

isometric to dynamic contraction. The second is that there may be some co-activation 

of antagonist muscles during the isometric phase of the VR which persists during the 

release phase. In the following sections of this chapter experiments are described in 

which the electrical activity of the quadriceps and hamstring muscles were measured 

during VC and VR contractions at different angular velocities.
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4.2 METHODS

4.2.1 Subjects

Eight subjects participated in the study, 2 males and 6 females, age egp 

23 to 38 years.

Subject Sex Age Wt(Kg) Ht(cm) MVCCN)

Subject 1 M 38 83 181 1047
Subject 2 M 25 67 176 680
Subject 3 F 29 49 153 456
Subject 4 F 26 44 163 543
Subject 5 F 23 45 169 604
Subject 6 F 28 53 165 564
Subject 7 F 33 43 158 424
Subject 8 F 29 62 163 446

4.2.2 Contractions in the Sitting and Supine Position

Length-tension curves were constructed for isometric contractions generated 

either by voluntary effort or by supramaximal femoral nerve stimulation as described 

in the previous chapter. In one set of experiments the subjects were seated and 

strapped into the chair in the conventional position with the knee at a notional 9Œ, 

and in the other series of experiments the same subjects were lying supine (Fig 4.1).

4.2.3 Electromyogram Recording

Two areas of skin, one over the medial portion of the vastus lateralis and the 

other over the medial portion of the lateral head of the biceps femoris, were cleaned 

with alcohol and lightly abraded to reduce surface resistance. Self- adhesive, 

disposable surface electrodes (Arbo pink H82V) diameter 1 cm, were attached. The 

whole thigh was then covered with a thin elastic stocking to prevent movement of the 

electrodes with muscle contraction. The EMG signal was fed into a Neurolog
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F I G U R E . 4 . 1 .
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pre-amp and filter (NL824, bandwidth 0-2kHz) and then into a Neurolog Isolated 

differential amplifier NL820. The output was rectified to give a raw rectified EMG 

(RBMG) and could also be smoothed with a 500ms time constant (SRBMG), enabling 

quantification of the electrical activity. Unfortunately, because of the slow time 

constant of the smoothing circuit, rapid electrical events from the muscle surface 

could occur undetected by the SREMG but would be observed, but not quantified, by 

the REMG. The EMG signal was recorded with an analog to digital converter (ADC 

PC26, Amplicon, Hants) and the digitised signal recorded on an IBM compatible PC, 

using Microscope data handling software (Amplicon, Hants).

4.3 RESULTS

4.3.1 Sitting and Supine

Figure 4.2a shows the length-tension relationship for the quadriceps with the 

subject in the conventional sitting position and illustrates the difference between the 

voluntary and stimulated contractions with the mean maximum voluntary force being 

some 10% greater than the stimulated force at smaller angles of flexion (longer 

muscle lengths). Statistically significant differences between the two methods of 

contraction occurs only at 70®of flexion (0.05>P>0.01). As discussed in Chapter 

3 (Section 3.2.2), measurement of the angle of flexion during contraction is difficult 

because the high forces deform the Cybex seat and extend the hip during voluntary 

efforts so that the angle of the Cybex arm is less than the true angle of flexion. This 

hip extension does not occur with electrical stimulation of the quadriceps and the 

angle measured by the Cybex arm is much closer to the true angle of the knee.

With the subject in the supine position it was found that the voluntary and 

stimulated forces were very similar for the angles of knee flexion between 80® to 50® 

flexion (Fig 4.2b). At the angles of 90®, 40® and 30® of flexion however, voluntary 

forces were significantly lower than femoral nerve stimulated forces. Over the range
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FIGURE.4.2.a.

V oluntary  and  fem ora l s t im u la ted  le n g th - t e n s io n  
cu rves  fro m  quadriceps , with su b jec t  s i t t ing .

Data from  sub jec t  1.
Means + / - s d ,  n=5.
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Statistical differences between isometric femoral 
stimulated and voluntary contractions are displayed 
on the graph. Analysis is by Student's t-test
Non-significant differences are not shown: ns = P>0.05,
s = 0.05>P>0.01, vs = 0.01>P>0.001, w s  = P<0,001.
Full table of results and statistical analyses are shown 
in Appendix B.
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of knee angles used to study force-velocity characteristics in later chapters not only 

were the absolute forces the same but so was the shape of the length-tension curve.

4.3.2 Antagonist Muscle Activity

4.3.2.1 Activity during isometric contractions

The smoothed and rectified EMG activity (SREMG) was measured during a 

series of isometric contractions at 90 degrees of flexion with increasing levels of 

voluntary effort for both leg flexion and leg extension.

Figure 4.3a shows a typical record for a high force quadriceps contraction 

showing a small degree of electrical activity in the hamstrings while Fig 4.3b is from 

a low force contraction and shows virtually no antagonist muscle activity. Similar 

observations were made for increasing strength hamstring contractions and in Fig 4.4 

the SREMG activity is plotted against force for quadriceps contractions (Fig 4.4a) and 

hamstring contractions (Fig 4.4b). The forces and electrical activities have been 

normalised to the values obtained with maximum contractions. In both cases there 

was a linear increase in SREMG activity with increasing force, while activity of the 

opposing antagonist muscle was no more than 10% of the maximum activity.

4.3.2.2 Activity during dynamic contractions

Measurements of electrical activity of the quadriceps and hamstrings were 

made during maximum VC and VR contractions of the quadriceps at a range of 

angular velocities. Figure 4.5a shows records for a VC and Fig 4.5b for a VR 

contraction at a relatively slow velocity (60o/sec). There was no evidence of 

significantly greater hamstrings activity in the VR, as opposed to the VC contractions 

at the slower velocities of movement. It was of interest to compare the degree of 

activation of the quadriceps in the two types of contraction at different velocities. 

Unfortunately the SREMG signal declines with increasing angular velocity since the 

duration of the contraction was short compared to the time constant of the smoothing 

circuit. To allow for this the ratio of the VC and VR SREMG was calculated for
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FIGURE.4.2.b.

Voluntary and fem ora l s t im u la ted  le n g th - t e n s io n  
curves from  quadriceps , with sub jec t lying supine. 

Data from  sub jec t  1.
Means + / - s d ,  n=5.
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Statistical differences between isometric femoral 
stimulated and voluntary contractions are displayed 
on the graph. Analysis is by Student's t-test
Non-significant differences are not shown: ns = P>0.05,
s = 0.05>P>0.01, vs = 0.01>P>0.001, w s  = P<0.001.
Full table of results and statistical analyses are shown 
in Appendix B.
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each velocity.

Figure 4.6a shows the forces obtained by VC and VR contractions at three 

velocities, 60, 120 and 240°/sec, with VR forces being significantly lower at 60 and 

120°/sec. Fig 4.6b gives the ratio of VC and VR SREMG activities at these three 

velocities but only shows a significant difference in activation at the slowest velocity. 

This could not be said to be a convincing explanation of the force difference as the 

use of SREMG recording during short duration movements is unsatisfactory because 

of the slow response of this index of activation. Consequently the raw rectified signal 

was examined. Figures 4.7.a & b show force and EMG records for VR and VC 

contractions at the slow velocity and Figures 4.8.a & b for the higher velocity of 

240°/sec. At 607sec the EMG signal for the VR contraction showed a decrease 

immediately after the release which picked up again within about 15° of movement. 

The VC contraction showed a sustained and high activity throughout the range of 

movement. At the higher velocity no decrease in EMG activity was seen in the VR 

contraction and the VC activity was, again, high throughout the range of movement.

4.4 DISCUSSION

The work described in this chapter has been concerned with two curious 

features of the results obtained in Chapter 3. The first is the observation that 

voluntary forces were greater than those which could be obtained by supramaximal 

stimulation of the femoral nerve and the second was the decreased force seen in the 

VR manoeuvre at low speeds. The latter was the more surprising since the VR 

manoeuvre was introduced with the expectation that it would ensure a high level of 

activation during the dynamic phase.

4.4.1 Sitting and Supine Contractions

The results presented in section 4.3.1 clearly indicate that the difference in
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Iso m e tr ic  fo rce  an d  SREMG fro m  q u a d ric ep s  and  h am strin g s  during  
h ig h  a n d  low force v o lu n ta ry  is o m e tr ic  c o n tra c tio n s .
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FIGURE.4.4.a.

N orm alised SREMG activity  from  q u ad ricep s  and 
h am strin g s  with stepwise in c reases  of iso m etric  
c o n tra c tio n s  of th e  leg ex ten so rs  (90 degs of flexion). 

R esults from  one sub ject.
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Force, angle and SREMG from quadriceps and SREMG from hamstrings during 
isokinetic leg extension @ 60**/sec using protocols VC and VR.

FIGURE.4.5.a.
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FIGURE.4.5.b.
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FIGU RE.4.6.a.

Normalised fo rce-ve locity  curves using p ro tocols  VC Sc VR. 

Data from 8 subjects. M ea n s+ /-se ,  n = 8.
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Statistical differences in force production between 
techniques of contraction (VR=voluntary release & 
VC=voluntary contraction, see text for description) 
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FIGURE.4.6.b.

Dif ferent ia l  SREMG ac t iv i t i e s  of  q u a d r ic e p s  w h e n  us in g  
p r o t o c o l s  VC and VR. Re lat ive  ac t iv i t i e s  are e x p r e s s e a  
as  VCact /VRact  a t  3 a n g u l a r  v e l o c i t i e s  60,  120 & 2 4 0  d e g s / s e c .  

Data from  7 s u b j e c t s .  Means + / - s d ,  n = 7.
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Statistical differences in SREMG activity ratio 
(see text for description) with increasing angular 
velocity are displayed on the graph. Analysis is 
by < Student's t-test.
Non-significant differences are not shown on the graph 
ns = P>0.05, s = 0.05>P>0.01, vs = 0.01>P>0.001, 
w s  = P<0.001.
Full table of results and statistical analyses are 
shown in Appendix B.
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Force, angle and REMG from quadriceps and  R E M G  from  ham strings du ring
isokinetic leg extension @ 60Vsec using protocols VC a n d  VR.
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Force, angle and  R E M G  from quadriceps and  R E M G  from hamstrings during
isokinetic leg extension @ 240Vsec using protocols VC and  VR.

FTGURE.4.8.a.
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force can be attributed to the extension of the hip and knee which occurs during

voluntary contractions but not when the muscle is electrically stimulated. In making

a maximal voluntary contraction of the quadriceps there appears to be an obligatory

co-contraction of hip extensor muscles which will have two effects. The first is to

alter the effective length of the quadriceps muscles as a consequence of the knee

extension. The second effect is that in extending the hip and stretching the rectus

femoris muscle, additional force will be recorded. All of these effects were abolished

by having the subject in a supine position although this was not a position in which

many subjects would be happy to exercise on a regular basis! Apparently

the subject was unable to fully activate the quadriceps at 90°, 40° 
or 30° when lying supine (Fig 4.2b).

4.4.2 Activation of Quadriceps and Hamstrings

A linear relationship was found between SREMG activity and force for both 

the quadriceps and hamstring muscles. In neither case was the activation of the 

antagonist muscles more than 10% of the maximum activity and even this may be an 

over estimate since it is impossible to be sure that some of the antagonist activity may 

not have been cross talk between the two sets of electrodes. Similar observations 

have been made by other workers eg Shoemaker & Markoff (1982); Baratta et al 

(1988); Hagood et al (1990).

Measurements of SRBMG activity were unsatisfactory in that the limited 

duration of the movement combined with the slow time constant of the system 

combined to distort and reduce the signal at higher velocities. However within this 

limitation there was no evidence that activation of the antagonist hamstring muscle 

was the cause of the lower force seen during the VR contractions at lower speeds.

The ratios of quadriceps activity during VR and VC contractions suggested 

that there might have been a reduced activity during VR at the lowest velocity, but 

the evidence for this was not convincing. Examination of the raw records showed 

that there was a brief period of inhibition during the VR contractions immediately
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after the release which corresponded to a brief decline in force. Although it is

difficult to be certain, it seems likely that this inhibition, which was not seen at the

higher velocities, would account for the deviation of the force velocity curve seen

when using VR contractions.

The reason for the inhibition is not clear, but might be a consequence of

decreased muscle spindle activity when they are unloaded at the moment of release. 
The reason for the inhibition is not clear, but might be a consequence of

reciprocal muscle spindle activity in the antagonist hamstrings when rapidly

stretched at the moment of release.
Why this does not happen at the higher velocities is less easy to explain since the 

extent of the unloading would be that much greater at the higher velocities. However 

a decrease in motor neurone firing will only affect force if the movement lasts for 

longer than the duration of the spinal reflex.

4.3.3 Summary

There are two main conclusions to be drawn from the work presented in this 

chapter. The first is that when measuring quadriceps strength with subjects in the 

sitting position, it must be realised that the length of the muscle may vary due to 

extension of the knee and that the force may be augmented by a contribution from the 

hip extensor muscles.

The second point is of practical importance when choosing a protocol for 

isokinetic examination of the quadriceps. It appears that the voluntary release 

procedure, which might be expected to ensure maximum activation, does not achieve 

this objective. The VC procedure gave results which were very similar to those 

obtained by femoral nerve stimulation and would therefore be the method of choice 

for examination of fresh muscle. However, it remains to be seen whether the 

quadriceps can be fully activated during a dynamic movement by a voluntary effort 

when the muscle is fatigued.
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5.1 INTRODUCTION

Muscular exercise involves the contractile machinery of the muscle working 

under the control of the central nervous system and a failure in either would lead to 

loss of function and fatigue. Intense exercise gives rise to many sensations, such as 

breathlessness and pains in muscles and joints which are generally unpleasant and 

might lead to a loss of central drive. The idea that muscular activity might be limited 

by the central nervous system is deeply rooted in sports and lay thinking. Even for 

fresh unfatigued muscle it has been widely thought that voluntary effort is incapable 

of fully activating skeletal muscle, possibly, it is suggested, to prevent damage to 

tendons and bones. The test of this proposition is to compare the maximum voluntary 

contraction (MVC) force with that obtained by electrical stimulation of the muscle 

and, in 1954, it was clearly demonstrated that for the adductor pollicis muscle of the 

hand, supramaximal stimulation of the ulnar nerve generated tetanic forces which 

were comparable with the MVC (Merton, 1954; Bigland & Lippold, 1954).

Superimposing electrical stimulation has been used to test the extent to which 

a variety of muscle groups can be activated by a voluntary effort (Bigland-Ritchie & 

Woods, 1984; Gandevia & McKenzie, 1985; Rutherford, Jones & Newham, 1986). 

The general conclusion from this type of investigation is that in a fresh "unfatigued" 

state most normal subjects, without any specific training, can fully activate the major 

muscle groups used in everyday life.

5.1.1 Central Fatigue

Merton (1954) was the first to use electrical stimulation to study the question 

of central activation during fatiguing activity and concluded that full activation could 

be maintained during an MVC sustained for three minutes. This has been confirmed 

with well motivated and experienced subjects making contractions of the adductor 

pollicis (Bigland-Ritchie et al, 1983). Also, with some reservations, for prolonged 

contractions of the quadriceps lasting for 30-60s when subjects are provided with 

visual feedback, testing for maximality by stimulating the muscle either
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percutaneously or via the femoral nerve (Bigland-Ritchie et al, 1978). For muscles 

of the lower leg such as the dorsiflexors of the big toe (Grimby, Hannery & Hedman, 

1981) and the soleus muscle (Kukulka, Russell & Moore, 1986), there can be an 

appreciable component of central fatigue during voluntary contractions lasting about 

one minute.

Experiments involving sustained high force contractions require great 

concentration to maintain the force and after about 30s of maximal effort the pain in 

the muscle becomes intense. During activities such as sprinting where there is no 

visual feedback of the force generated, many muscle groups are active and there may 

be various distractions, it is likely that it would be very difficult, if not impossible, 

to fully activate all the necessary muscles by voluntary effort.

Central fatigue is not entirely a question of moral fibre. Motivation and the 

denial of pain are important considerations, especially in athletic events, but there are 

many afferent pathways to the central nervous system which do not impinge on our 

consciousness but may still influence motor-neurone excitability, central drive or 

coordination. Such afferents could include signals from muscles, tendons, joints or 

skin, all of which will increase with the intensity of exercise.

Nearly all the work on central fatigue in the past has involved isometric 

contractions and there is very little information as to the importance of central failure 

during dynamic exercise although McCarthy et al (1990) applied the technique of 

superimposing a short percutaneous stimulated tetanus upon a dynamically contracting 

muscle which was fatigued by repeated maximal isokinetic contraction. The work 

described in this chapter begins by evaluating the technique of superimposing 

electrical stimulation on voluntary dynamic movements, and, having found it lacking, 

goes on to estimate the contribution of central fatigue by comparing voluntary 

contractions with those obtained by stimulation of the femoral nerve. Two fatiguing 

protocols were used which were expected to provide very different levels of afferent 

feedback and possible central fatigue. In one case the exercise was simple knee 

extension involving the quadriceps of one leg. In the other, quadriceps and 

hamstrings were both used in the two both legs so that approximately four times the 

bulk of muscle was in use and high demands were made on the cardiovascular and 

respiratory systems.
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5.2 METHODS

5.2.1 Subjects

Two male subjects participated in the study, both were physically active as 

recreational athletes.

Subject Age Wt Ht MVC V02(max)
Kg cm N mlOz/Kg/min

1 39 82 183 1047 51
2 27 65 176 680 59

5.2.2 Isokinetic and isometric contractions

Protocols for the voluntary dynamic contractions (VC) and the femoral nerve 

stimulated releases (FNR) using the modified Cybex dynamometer were as described 

in Chapters 2 and 3.

In one series of experiments the Cybex lever arm was adapted by the addition 

of an extension that enabled both legs to push and pull against the bar (Fig 5.1a). 

During this experiment the subject fatigued by exercising both legs, but only the 

quadriceps of one leg was tested. To allow for testing the bar extension was rapidly 

removed leaving the single leg conventional attachment. Detachment took approx 1 

second and reattachment, prior to continuing the fatiguing exercise, approximately 

two seconds.

5.2.3 Percutaneous electrical stimulation

The stimulation circuit described in Chapter 2 was modified by the addition of 

a microswitch to the lever arm of the Cybex (Fig 5.1b). Closing this switch, as the 

movement began, started a Digitimer which was set to produce a tetanic train, the 

timing of which could be adjusted to trigger the stimulator at a certain angle and 

continue for a fixed time. Because of the variation of force with the angle of knee 

flexion, and the fact that percutaneous stimulation produced different percentages of 

the maximum force at different angles (see Chapter 3), it was important that the
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FIGURE.5 .1 .a.

A d a p ta tio n  o f th e  Cybex 11+ lev er a rm  to  a c c o m o d a te  th e  e x te n s io n  and  
flex ion  of b o th  legs.

FIG U R E .S.l.b .

System  for triggering pulse-trains at a fixed  p o in t in  th e range o f  
m ovem ent. M icroswitch position  ad ju stab le  th rou gh  270°.

Dynamome t e  r

Di g i  t i m e r

S t  i m u l a t o r

M i c r o s w i t c h
( a d j u s t a b l e  __
f o r  k n e e  a n g l e )

L e v e r  arm

A n k l e  
a t t a c h m e n  t
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stimulation should occur over the same range of movement at all velocities.

In the first series of experiments described in this Chapter the percutaneous 

stimulation was superimposed on contractions in which the femoral nerve was 

stimulated at different voltages to mimic maximal and submaximal quadriceps 

contractions. In the second set of experiments, percutaneous stimulation was 

superimposed on voluntary contractions at different velocities, in which the subjects 

tried to maintain a sub-maximal level of activation.

5.2.4 Respiration during exercise

During the second and most fatiguing protocol (2 quadriceps 4- 2 

hamstrings), expired air was collected into Douglas Bags via a wide bore flexible tube 

(diam=5 cm) fitted with a non-return valve. Expired gas was later analyzed for Og 

and CO2 . Expired volumes were measured with a dry gas meter and corrected to 

STP. VO2  max was determined using incremental work loads provided by an 

electrically braked cycle ergometer with O2 being analysed by a paramagnetic 

analyser, CO2  by an infra-red analyser and volumes by a Fleisch pneumotachometer.

5.2.5 Heart rate & Perceived Exertion

Heart rate was monitored by a telemetric heart rate monitor and values noted 

at the end of each minute. At the same time the subject was asked to point out a 

value of perceived exertion on a chart showing the Borg Scale.

5.2.6 Blood Lactate

Venous blood was taken from the antecubital vein, precipitated with 

perchloric acid and later analyzed by an automated enzymic method for lactate 

(courtesy of Dept of Pathology, University College & Middlesex Hospital). Blood 

was taken at rest and 5 minutes after the end of the fatiguing exercise.
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FIGURE.5 . 2 .

S e n e s  of FNR iso k in e tic  co n tra c tio n s  ^  90^/ s e c  w ith  s tep w ise  d e c rea se s  
of fem oral s tim u la tin g  voitage (200-160 Volts) p lu s  a 2 0 0 m s  (400 vo lt, 
30H z, 5 0 u s pulse-w idth) pu lse  tra in  p e rc u tan e o u s ly  su p e rim p o se d .

P T = p u l s e - t r a i n

F o r c e

PT

FNR ( 2 0 0 v ) + P T„ FNR ( l S 2 v ) + P T .

FNR ( 1 8 0 v ) + P T . FNR ( 1 6 8 v ) + P T .

FNR ( 1 6 4 v ) + P T . FNR ( 1 6 0 v ) + P T ,
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5.3 RESULTS

5.3.1 Percutaneous stimulation superimposed on FNR contractions

Figure 5.2 shows the effect of superimposed percutaneous electrical 

stimulation on femoral nerve release (FNR) contractions. The percutaneous 

stimulation was 50Hz for 200 msec beginning at an angle of knee flexion of 50°. The 

femoral nerve stimulation was initially supramaximal (a) and was then reduced in 

steps so that by the sixth contraction (f) only about one third of the muscle was being 

stimulated via the femoral nerve. Records f, e and d show clear evidence additional 

force being generated by the percutaneous stimulation but this was not so clear with 

records b and c.

5.3.2 Percutaneous stimulation superimposed on VC contractions

The experiment was repeated using voluntary dynamic contractions (VC) 

instead of the FNR contractions used in the previous section. The subject first made 

a maximal effort (Fig 5.3a) followed by a series of contractions in which a constant 

submaximal effort was produced. This proved to be a difficult manoeuvre for the 

subjects. Unlike isometric contractions where visual feedback can be used to guide 

the subject, there is no such information for the isokinetic contractions and even if 

the forces were displayed, the continuous change in force throughout the range of 

movement would make it very difficult to interpret. Another problem reported by the 

subjects was that after the percutaneous stimulation had finished they had little idea 

of the amount of effort put into the contraction before the stimulation so that the level 

of voluntary activation might have varied throughout the contraction. Some of the 

best examples of percutaneous stimulation superimposed on VC contractions are 

shown in Fig 5.3 c-f. In order to quantify the results it would be necessary to 

extrapolate the voluntary force to form a baseline from which to measure the 

additional force and the difficulty in doing this is evident from inspection of the traces 

in Figs 5.3 and 5.4.

In general it was found that the technique of superimposing percutaneous 

electrical stimulation was unreliable. At the very slowest velocities (30°/sec) it was 

possible to make an estimate of the degree of activation but at higher velocities the
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FIGURE.5.3.
Force traces from a maximal voluntary and a percutaneously stimulated isoKinetic 
contraction ((g) 90 degs/sec). Also shown are a series of voluntary isokinetic 
contractions ((g) 90 degs/sec) at various degrees of sub-maximal activation, each 
with a percutaneous pulse-train superimposed upon it.
Because of the nature of the force tranducing system the forces in these figures 
increase with a downward direction.

Maximum v o l u n t a r y  i s o k i n e t i c  
c o n t r a c t i o n  @ 90  d e g s / s e c .
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i s o k i n e t i c  c o n t r a c t i o n + P T ,
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f i g u r e .5 .4 .

S erie s  o f v o iu n ta ry  iso k in e tic  c o n tra c tio n s  (9€^/sec) a t  vary ing  deg rees  
o f su b -m a x im a l a c tiv a tio n  w ith  su p e r im p o se d  1 5 0 m s p u lse - tra in s  (400v. 
30H z, p u lse -w id th  50us) trig g ered  a t  6 0  d eg rees  of flexion.
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noise on the traces, coupled with the very short period of stimulation and the 

uncertain baseline of force, combined to frustrate the experiment. To compare 

voluntary and stimulated contractions it was decided that the best approach would be 

to alternate VC and FNR contractions.

5.3.3 A comparison of VC and FNR contractions during fatiguing exercise

5.3.3.1 Dynamic fatigue of one quadriceps muscle

The quadriceps of one leg were fatigued by repeated dynamic contractions at 

90°/sec. The range of movement was 90° so the contraction lasted one second with 

one second recovery while the leg returned passively to the starting position at 90° of 

flexion. The exercise was continued for six minutes and at the end of each minute 

the exercise was interrupted to record an FNR contraction. At the end of the 

fatiguing exercise FNR and VC were recorded at 1,3 and 5 minutes of recovery.

Figure 5.5 shows sample force-angle recordings taken during one such 

experiment during the fatiguing exercise (Fig 5.5a) and recovery (Fig 5.5b). Two 

subjects were each tested on five separate occasions. The isokinetic forces at 60̂  

flexion, for both VC and FNR, together with stimulated isometric forces from the 

pre-release portion of the FNR, were recorded and are shown in Fig 5.6a & b, for 

subjects 1 & 2 respectively. The forces were normalisai to the values obtained in the 

fresh muscle.

For subject 1 (Fig 5.6a) voluntary isokinetic forces (VC) declined to a greater 

extent than the FNR force during the first minute and for the rest of the exercise there 

was a 5-10% difference. During recovery the voluntary forces were significantly less 

than those obtained by the FNR contraction. An interesting feature of these results 

is the difference seen between the extent of fatigue of the dynamic contractions (force 

loss of about 50%) compared to the isometric force of the stimulated contraction 

which fell to about 75% of the fresh value.

The pattern of force loss for subject 2 was similar (Fig 5.6b) but showed little 

of no evidence of central fatigue, the VC and FNR contractions falling to a similar 

extent and, unlike subject 1, there was no difference between the contractions during 

the recovery phase. Again, the dynamic forces fell to a greater extent than did the 

stimulated isometric force.
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FIGURE.5 .5 .a.

F orce-ang le  tra c e s  from  VC an d  FNR c o n tra c tio n s  in  th e  fre sh  s ta t e  an d  
a f te r  1 a n d  6 m in u te s  of dy n am ic  fa tig u e .

VC FNR

F o r c e

,0 d e g s

FRESH

A f t e r  1 m i n u t e  f a t i g u e

A f t e r  6 m i n u t e s  f a t i g u e .
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FIGURE.5.5.b.

F o rce-an g le  tra c e s  from  VC an d  FNR c o n tra c tio n s  a f te r  1, 3 & 5 
m in u te s  re c o v e ry  from  6 m in u te s  dy n am ic  fa tig u e .

VC FNR

F o r c e

d e g s

An g l ee g s

A f t e r  1 m i n u t e s  r e c o v e r y .

A f t e r  3 m i n u t e s  r e c o v e r y .

A f t e r  5 m i n u t e s  r e c o v e r y .
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FIGURE.5.6.a.

Forces, normalised to fresh values, from isokinetic contractions (6 
90degs/sec) both femoral stimulated (FNR) and voluntary (VC), together 
with femoral stimulated Isometric contractions during fatigue and 
recovery. Fatigue was Induced by 6 x 1 minute periods of repeated 
Isokinetic contractions (@ 90 degs/sec) by the tested quadriceps muscle. 
All forces were measured at specific knee angles.
Isokinetic contractions @ 60 degs of flexion.
Isometric contractions @ 110 degs of flexion.

Data from subject 1. Means +sd, n=5.
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Significance table: ns=P>0.05, s=0.05>P>0.01, vs=0.01>P>0.001, 
ws = P < 0 .001

Full tables of results and statistical analyses are in 
Appendix B.
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Overall the degree of central fatigue evident during the steady state exercise 

(2-6 minutes) was surprisingly small. The exercise itself was perceived to be 

moderately difficult. The ratings of perceived exertion varied from about 12 

(moderately heavy) at the start of the exercise to 16 (fairly heavy) at the end and the 

heart rates were between 100 and 120 bpm for both subjects (Fig 5.7) indicating as 

moderate level of cardiovascular stress.

The experiments described in the following section were designed to 

determine the effect of a higher level of cardiovascular and respiratory stress on the 

ability of subjects to activate the quadriceps during dynamic exercise.

5.3.3.2 Central fatigue occurring during high intensity exercise

The experiments described in the previous section (5.3.3.1) were repeated 

with the one difference that the fatiguing exercise consisted of both quadriceps and 

both hamstrings working alternately to extend and flex the knees. The foot 

attachment of the Cybex was modified so that both legs could be exercised but when 

it came to testing the muscle at the end of each minute, the adapted bar was replaced 

with the usual attachment and just the one quadriceps was tested.

The exercise was perceived to be much more severe than the single leg 

exercise. Ratings of perceived exertion were around 19 towards the end of the 

exercise and heart rates were between 130-150 bpm (Fig 5.8a & b).

Ventilation rose progressively throughout the exercise in Subject 1 reaching 

1201/min after six minutes. For subject 2 the ventilation was fairly constant at about 

80 1/min. In both cases the oxygen consumption during the exercise was about two 

thirds V02max, estimated by cycle ergometry. Resting blood lactate in subject 1 was 

0.86 mmol/1 in and 1.01 mmol/1 in subject 2. The mean plasma lactate values five 

minutes post exercise were 5.31 ±_ 1.55 mmol/1 for subject 1 and 6.74 +. 0.6 mmol/1 

for subject 2.

The purpose of this set of experiments was to see whether the high level of 

perceived exertion and the evident cardiovascular and respiratory stress would 

increase the degree of central fatigue when it came to activating one muscle group.

As in the previous experiment each subject repeated the exercise five times 

and the results are shown in Fig 5.9a&b. The most notable feature of the results is
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FIGURE.5.6.b.
Forces, normalised to fresh values, from isokinetic contractions (8 
90degs/sec) both femoral stimulated (FNR) and voluntary (VC), together 
with femoral stimulated isometric contractions during fatigue and 
recovery. Fatigue was induced by 6 x 1 minute periods of repeated 
isokinetic contractions (8 90 degs/sec) by the tested quadriceps muscle. 
All forces were measured at specific knee angles.
Isokinetic contractions 8 60 degs of flexion.
Isometric contractions 8 110 degs of flexion.

Data from subject 2. Means ^sd, n=5.
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Femoral stimulated isokinetic:Voluntary isokinetic. 
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Significance table: ns=P>0.05, s=0.05>P>0.01, vs=0.01>P>0.001,
w s = P < 0 . 001.
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FIGURE.5.7.a.

H eartrate and perceived exertion during 6 mins 
of isokinetic contractions by one quadricep.

Data from subject 1. Means +sd, n=5.
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FIGURE.5.8.a.
H eartrate and perceived exertion during 6 mins 
of isokinetic contractions by both quadriceps 
and both hamstrings.

Data from subject 1. Means ^sd, n=5.
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FIGURE.5.8.b.

H eartrate and perceived exertion during 6 mins 
of isokinetic contractions by both quadriceps 
and both hamstrings.

Data from subject 2. Means +sd, n=5.
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FIGURE.5.9.a.

Force s, normalised to fresh values, from isokinetic contractions (@ 
90degs/sec) both femoral stimulated (FNR) and voluntary (VC), together 
with femoral stimulated isometric contractions during fatigue »nd 
recovery. Fatigue was induced by 6 z 1 minute periods of repeated 
isokinetic contractions (@ 90 degs/sec) by both quadriceps both
hamstring muscles. All forces were measured at specific knee angles. 
Isokinetic contractions @ 60 degs of flexion.
Isometric contractions @ 110 degs of flexion.

Data from subject 1. Means +sd, n=5.
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FIGURE.5.9.b.

Forces, normalised to fresh values, from isokinetic contractions (@ 
90degs/sec) both femorgü. stimulated (FNR) and voluntary (VC), together 
with femoral stimulated isometric contractions during fatigue 
recovery. Fatigue was induced by 6 x 1 minute periods of repeated 
isokinetic contractions (8 90 degs/sec) by both quadriceps and both
hamstring muscles. All forces were measured at specific knee euigles. 
Isokinetic contractions 8 60 degs of flexion.
Isometric contractions 8 110 degs of flexion.

Data from subject 2. Means +sd, n=5.
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how similar they are to those shown in Fig 5.6. The dynamic force decreased to

approximately 50% of the fresh value, while the isometric force declined to 70-80%

of the fresh value. The occurrence of central fatigue was also very much the same

as in the previous experiments. Subject 1 (Fig 5.9.a) showed evidence of central

fatigue in that the VC force was lower than that of the FNR during the fatiguing

exercise. At the end of the sixth minute the VC force was approximately 50% of the

fresh value while the FNR was 60% suggesting that 20% of the force loss of the VC

might be attributed to central fatigue. For subject 2, there was no evidence of

central fatigue during the fatiguing process. In contrast to the previous series of

experiments, however. Subject 2 did show evidence of central fatigue during the

recovery phase. Subject 1 also showed evidence of central fatigue during the

recovery phase as he had in the experiments with one leg exercise (Fig 5.6a)
These results may be a consequence of the rising post-exercise blood lactate

concentrations, which are maximal during the time scale of recovery.

5.4 DISCUSSION

The problem of knowing whether or not a voluntary isometric contraction is 

fully activated is one that has long been appreciated and for which there is a well 

established means of investigating. Isometric contractions are not, however, very 

common forms of activity in everyday life. Much more common is the shortening 

contraction in which work is performed lifting the body or some external load and it 

is, therefore, important that this type of contraction should be studied in more detail 

than has hitherto been the case.

There has been speculation for some years that the cause of fatigue may be 

different in isometric and dynamic contractions. A number of workers have raised 

the possibility that the ability to maintain full activation may be reduced as the 

complexity of the task increases (Green, 1986: Jones & Bigland-Ritchie, 1986) and 

Vandervoort et al (1984) reported decreased EMG activity in the quadriceps when the 

number of active muscles and contraction velocity increased. Ihae  have been few 

studies which have examined fatigue during dynamic contractions and only one 

(McCarthy et al, 1990) which has investigated voluntary activation in these 

circumstances.
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With isometric contractions of fresh muscle, the common technique for 

checking maximal activation is to superimpose single twitches (eg Rutherford et al, 

1986) on a contraction sustained for several seconds and much the same result can 

be obtained by using a brief tetanus. These methods require a reasonably steady 

contraction otherwise the superimposed force is difficult to identify amongst the noise 

on the force record. Tremor and oscillations on the force record become more 

pronounced as the muscle fatigues and it becomes more difficult to use the 

superimposition technique. It is for this reason that many of the studies of central 

fatigue have simply interrupted the voluntary contraction and then imposed a test 

tetanus (eg Bigland-Ritchie, 1976) and it is this latter technique that we have found 

to be the most useful in investigating dynamic contractions.

The experiments involving dynamic exercise of one leg demonstrated that 

central fatigue was responsible for about 20% of the loss of force in one subject 

during the fatiguing exercise, but that the second subject had no central component 

of the force loss. Although the sample of two was in no way representative of the 

general population the results do suggest that central fatigue is not a major problem 

with dynamic exercise of one leg. This is very much the same picture as seen with 

sustained isometric contractions of the quadriceps where some individuals show 

virtually no central fatigue while others may lose 20-30% of the maximum force 

(Bigland-Ritchie et al, 1986) through failure of activation.

One leg exercise was perceived as moderately hard by the subjects and the 

cardiovascular and respiratory loads were moderate. One of the possible causes of 

central fatigue is the unpleasant sensations associated with high heart rate and the 

hyperventilation of exercise. Exercising four muscle groups was perceived as very 

hard work and was accompanied by high heart rates and ventilation. It is interesting, 

therefore, that the extent of central fatigue was almost identical to that seen during 

the one leg exercise. This suggests that the cause of central fatigue is not the central 

effects of exercise, raised heart rate, ventilation or acidosis. The other group of 

possible cause of central fatigue are the sensations arising in the muscle itself as a 

result of high intensity work which may be a signal related to force, mediated via the 

Golgi tendon organs, or related to chemical changes via type 3 or 4 sensory nerve 

fibres. Maximum tension will be generated during isometric or low velocity
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contractions and so if the signal was coming from the tendon organs then central 

fatigue would be expected to be most evident at low velocities of movement. The 

present results were obtained at only one velocity but the fact that central fatigue was 

not a major problem at 907sec is consistent with the notion that it is high force which 

is the causative factor. McCarthy et al (1990) looked at activation failure in fatigued 

muscle during isometric contractions and at 20° and 150°/sec and found that the extent 

of central fatigue was greatest (36%) during the isometric contractions, less at 20°/sec 

and no significant central component at the highest velocity. These authors used a 

superimposition technique which we have found to be unreliable, especially at the 

higher velocities, but the results do add further weight to the arguments suggesting 

that central fatigue has its origins in high muscle force. A study involving eccentric 

contractions would be most interesting in this respect.

In contrast to these arguments are the observations of significant central 

fatigue during the recovery phase. For subject 1 this was seen for both one and two 

leg exercise, while for subject 2 it was seen only after the two leg fatiguing protocol. 

These results are unexplained but raise a host of questions about the interaction of 

mind and body indicating a possible role for central processes limiting the degree of 

muscle activation.

A notable feature of the results was the fact that the isometric and dynamic 

forces fell to different extents. This was true whether the dynamic forces were 

measured from the voluntary or femoral nerve stimulated contractions. There have 

been suggestions that dynamic force may be more susceptible to fatigue but the work 

to date has been based on animal muscle (De Haan et al, 1989), and the present 

results suggest that the same is true for human muscle. The work described in the 

following Chapter 6 examines this question in more detail.
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6.1 INTRODUCTION

The limits of human muscle performance are meticulously documented in the 

Guinness Book of Records and more extensively in the archives of the International 

Olympic Committee. It is well known, therefore, that maximum power output can 

only be sustained during a sprint for a matter of 10-20 seconds when the sprinter has 

to slow down and adopt the strategy of a middle distance athlete if he is to continue 

running. This common observation has been replicated in the laboratory with highly 

trained athletes sprinting on free running treadmills (Boobis, 1987) or performing 

maximal sprints on an isokinetic cycle ergometer (Sargeant et al, 1981). In contrast, 

studies of muscle fatigue which have used isometric contractions report losses of 

maximum force of the order of 20 to 40% over the course of 45-60 seconds during 

maximal voluntary or stimulated contractions (eg Bigland-Ritchie et al, 1978; Jones 

et al, 1979; Cady et al, 1989a): After 30 seconds maximal contractions there is 

generally very little loss of force reported, in contrast to the near halving of power 

output described for dynamic exercise on the treadmill or cycle ergometer.

There are three possible explanations for the apparent discrepancy in the rates 

of fatigue during isometric and dynamic exercise. The first is that central fatigue is 

a far greater problem with dynamic movements. The second is that the difference is 

a function of the manner of testing; so that the cause of fatigue may affect cross 

bridges which are sliding past one another during a shortening contraction more than 

cross bridges in a relatively static configuration during an isometric contraction. The 

third possibility is that the metabolic consequences of shortening and performing work 

are greater than during isometric contraction and that the more rapid ATP turnover 

accounts for the faster fatigue in the former situation.

The work described in the previous Chapter (5) touched upon the question of 

central fatigue during dynamic exercise. Coincidentally during these experiments it 

was noticed that, with FNR, the dynamic force at 90°/sec was more severely affected 

than the isometric. In the work described in the present Chapter the method of 

testing was first examined, comparing the consequences of fatigue for isometric and 

shortening contractions and extending the observation made in Chapter 5 by looking
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at the effects of fatigue on the full range of shortening velocities. This was followed 

by a series of experiments in which the fatiguing effects of isometric contractions are 

compared with contractions in which the muscle was allowed to shorten to see 

whether the metabolic costs of these two forms of exercise are different.

6.2 METHODS

6.2.1 Subjects

Five subjects participated in the study with ages ranging from 24-38 years.

Subject Age Wt Ht MVC
(yrs) (Kg) (cm) (N)

1 38 81 181 1047
2 26 65 176 680
3 34 54 165 483
4 27 72 174 660
5 28 75 172 446

6.2.2 Muscle strength testing

Isokinetic and isometric contractions were measured on the modified Cybex 

n+ isokinetic dynamometer as described in Chapter 2 and the technique for femoral 

nerve stimulation and release was described in Chapters 2 & 3.

In all the experiments described in this Chapter the isometric length-tension 

curve was first established from 50-80° degrees of flexion using femoral nerve 

stimulation. Three femoral nerve stimulated releases (FNR) were recorded from the 

fresh quadriceps. To do this the previous technique was modified so that the leg was 

held at 110° of flexion during the isometric phase and then released into the test 

isokinetic contraction. The purpose of this modification was to increase the range 

of movement so that the initial artefact on the force trace would be as far removed 

as possible from the portion of record which was to be measured. The pre-release 

isometric force (Pol 10) and the dynamic forces at 70°, 60° & 50° of flexion (D70, 

D60, D50) were measured for each record and the results for the three contractions 

averaged to give the fresh value. The quadriceps was then fatigued and after each 

fatiguing period a test FNR was rapidly applied. The time between cessation of
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fatigue and the FNR measurement was between 1 and 3 seconds. Only one angular 

velocity was tested during any one fatigue run and at least 24 hours were left between 

fatiguing runs.

Five subjects were tested once for the prolonged isometric fatigue (IF) 

protocol and four subjects for the intermittent isometric fatigue (IIF) and dynamic 

fatigue (DF) protocols. One subject (Subject 1 in the Figures) was tested 5 times for 

all three protocols.

6.2.3. Fatiguing Protocols. | (see Appendix D for diagramatic scheme)

6.2.3.1 Isometric fatigue (IF)

Three fresh FNR values were measured before the quadriceps was fatigued 

by sustained maximal voluntary isometric contraction, with the knee held at 110° 

degrees of flexion. Three periods of 15 second MVCs were performed by the 

subjects with FNR testing at the end of each period. After each isokinetic test the leg 

was returned passively to the fatiguing position, 110° flexion. After fatigue the leg 

was allowed to recover for 5 minutes and a further FNR was measured to establish 

the degree of recovery. The isokinetic velocities tested were 30, 60, 90, 120, 180, 

240 & 300°/second.

6.2.3.2 Intermittent isometric fatigue (IIF)

Following measurement of the fresh FNR values the quadriceps was fatigued 

by 3x1 minute periods of intermittent isometric maximal voluntary contractions (1 

second contraction: 1 second rest) with the knee held at 110° flexion. After each 

minute of fatigue and after 0.5, 1, 3 & 5 minutes of recovery, a test FNR was 

performed and the leg returned immediately to the fatiguing position. The subjects 

repeated the exercise five times with the muscle being tested at a different angular 

velocity on each occasion. The isokinetic velocities tested were 30, 90, 150, 240 & 

3(X)°/second.

6.2.3.3 Dynamic fatigue (DF)

Three fresh FNR values were measured then the quadriceps were fatigued by 

3x1 minute periods of isokinetic contractions at 90°/sec (1 second dynamic
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contraction: 1 second rest), with the knee being returned to 110 degrees of flexion for 

FNR testing at 1,2,3 minutes of fatigue and after 0.5, 1,3 and 5 minutes of recovery. 

The isokinetic velocities tested were 30, 90, 150, 240 & 3007second.

6.2.4 Processing of force records

The principle hypothesis tested in this Chapter is that fatigue has a more 

pronounced effect on dynamic as opposed to isometric contractions which would be 

apparent as a difference in the shape of the force/velocity curve. The conventional 

way of plotting these curves (as has been the case in previous chapters) is to express 

the dynamic force as a fraction of the isometric force. Force was measured at 60® 

flexion during the dynamic movement but the isometric force recorded was that of the 

stimulated contraction immediately before the release when the leg was held at 110° 

flexion and it was not practical to interrupt the fatigue protocol to measure isometric 

force at 60° on every occasion. Consequently, the assumption has been made that the 

fatigue of isometric force occurred to the same extent at all angles of flexion. The 

procedure was to measure the isometric force at 110° and, based on the length-tension 

relationship determined for the fresh muscle, estimate the isometric force at 60° 

flexion. The dynamic force, measured at 60°, was then divided by the estimated 

isometric force at this angle for the fatigued muscle.

6.2.5. Relaxation Rates

Relaxation rates were measured from isometric tetani with the quadriceps held 

at 90° flexion. For this series of experiments, an alternative testing arrangement was 

used where the subjects could be more securely held and there were fewer stray 

oscillations to complicate the force records (Fig 6.1). An ankle strap was attached 

above the malleolus and forces transmitted to a strain gauge via an inextensible steel 

cord. The amplified output from the strain gauge was fed into the ADC and 

microscope set-up described in Chapter 2.

The muscle was tested with two second tetani, 50 Hz, lOO^s pulse-width at 

a supramaximal voltage applied to the femoral nerve. Testing was carried out in 

fresh muscle, after each period of fatigue and after 1, 3 & 5 minutes of rest. Fatigue
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was induced by 3x15 second periods of sustained MVC’s. The half-times of 

relaxation were taken as the time taken for the force to fall from 0.50 to 0.25 Po.

Five subjects were tested on one occasion and one subject was tested on five 

different occasions.

6.3 RESULTS

6.3.1 The effects of sustained isometric contractions

The quadriceps were fatigued by three sustained 15 second maximum 

isometric contractions and the muscle was tested with a FNR at one velocity at the 

end of each 15 second block and during recovery. Each subject repeated the 

exercise on five different occasions, each time being tested at a different velocity. 

One lucky subject repeated all five velocities, each five times, giving a total of twenty 

five runs.

The results for one subjects, testing at one velocity (907sec), are given in Fig

6.2 and show essentially the same phenomenon as seen in the previous Chapter (Fig 

5.6). As a result of a total of 45 seconds contraction the isometric force had fallen 

to about 70% of the fresh value while the dynamic force generated at 90°/sec had 

declined to just over 50%.

The same effect was seen at all the velocities tested. Fig 6.3a shows the full 

force velocity curve during the development of fatigue in the one subject. After 15 

seconds contraction there was no significant shift in the curve at any velocity. By 30 

seconds the curve was clearly below that of the fresh muscle and by 45 seconds there 

were significant differences between the fresh and fatigued values at all velocities 

(P< 0.001 for 30, 60 & 1207sec; P<0.01 for 90, 180 & 3007sec; P<0.05 for 

240°/sec).

Values for fresh muscle, after 45 seconds fatiguing contraction and five 

minutes recovery are shown in Fig 6.3b. After 45 seconds there was a clear 

difference between the fresh and fatigued force/velocity curves and it was interesting, 

and reassuring, that after five minutes recovery the muscle function was restored to 

normal.

Slowing of relaxation is a notable feature of fatigue which has been tentatively
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FIGURE.6.3.a.
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FIGURE.6.3.b.

Normalised fo rce-ve locity  curves from quadriceps 
in the  fresh s ta te , fatigued by 45 second MVC and 
a fte r  5 m inu tes recovery.
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linked to the slowing of the maximum velocity of shortening (De Haan et al, 1989). 

Figure 6.4a shows that in the one subject, relaxation changed in a similar way to the 

changes in the force/velocity curve. After 15 seconds contraction there was little or 

no change in relaxation (compare 6.3a) while at 30 and 45 seconds the relaxation was 

significantly slowed. The same effect was seen with the group of subjects and it is 

notable that recovery was complete well before 5 minutes, a time when the 

force/velocity curves had returned to normal (compare Fig 6.3b).

6.3.2 A comparison of isometric and dynamic fatiguing exercise

The results presented so far have shown that fatiguing exercise, whether it is 

dynamic (see Chapter 5) or isometric (see Section 6.3.1) produces changes in the 

isometric force generated and in the force which can be sustained during an isokinetic 

contraction. The experiments reported in this section are a comparison of the 

fatiguing effects of isometric and dynamic exercise. Care was been taken to ensure 

that the duration of the muscle activity was the same. For the isometric exercise one 

second contractions were used with one second rest, while for the dynamic work, the 

contractions were at 907sec over a range of 90° so that the duration of activity was 

also one second, with a pause of one second while the leg passively returned to the 

starting position of 90° flexion.

6.3.2.1 Changes in isometric force

The consequences of the two forms of exercise for isometric force in subject 

1 are shown in Fig 6.5a. With both fatiguing protocols there was a rapid fall of 

isometric force to 80-75% of the fresh value after one minute of exercise. The 

effects of dynamic exercise were significantly greater than for the isometric 

contractions after 2 and 3 minutes of exercise. Curiously, the recovery following 

fatigue with dynamic contractions was slower than seen after fatigue with isometric 

contractions. However no significant differences were seen between the isometric and 

dynamic fatiguing regimes when the results of four subjects are pooled (Fig 6.5b).

6.3.2.2 Changes in force-velocity relationship

Changes in isometric force production were accompanied by changes in the
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FIGURE.6.4.a.
H alf-tim e  of relaxation  from  a s tim u la ted  te tan u s  
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FIGURE.6.4.b.

P ercen tage  changes in th e  h a lf - t im e  of re laxation  
from  stim u la ted  te ta n i on qu ad ricep s  during 
fa tigue (3x15s MVC's) and recovery.

Data from  5 sub jects. M e a n s+ /-sd , n=5.
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FIGURE 6.5.a.

Normalised, stimulated isometric forces during 
fatigue and recovery from exercising with 
intermittent isometric contractions (IIP) & 
intermittent dynamic contractions (DF).
Data from subject 1. Means+ sd, n=5.
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FIGURE 6.5.b.

Isometric forces, normalised to fresh values, from 
fatiguing protocols using intermittent isometric 
contractions (IIP) and intermittent dynamic 
contractions (DF).
Data from 4 subjects. Means+ se, n=4.
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FIGURE.6.6.a.

Normalised force-velocity  curves from quadriceps 
in the fresh s ta te  and fatigued by 3x1 m inute 
maximal isokinetic contractions (90degs/sec).

Data from subject 1. Means-t-/-se, n=6.
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vs=0.01>P>0.001, ws=P<0.001.
F u l l  t a b l e s  o f  r e s u l t s  and s t a t i s t i c a l  a n a ly s e s
a r e  shown in  A p p en d ix  B.
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FIGURE.6.6.b.

Normalised force-velocity curves from quadriceps 
in the fresh state, fatigued by 3x1 minute isokinetic 
contractions (90degs/sec) and after 5 minutes recovery.
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FIGURE.6.7.a.

Normalised force-velocity curves from quadriceps 
in the  fresh s ta te  and fatigued by 3x1 m inute 
in te rm itten t isom etric contractions.
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FIGURE.6.7.b.

N orm alised fo rce -v e lo c ity  curves from  quadriceps 
in th e  fresh  s ta te , fatigued by 3x1 m inu te  in te rm itte n t 
iso m etric  co n trac tio n s  and a f te r  5 m in u tes  recovery.

Data from  4 sub jects. M eans+Z -se, n=4.
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force-velocity curves similar to those shown in Fig 6.3a.

There was little change in the force-velocity relationship after the first minute 

of dynamic exercise (Fig 6.6a) but the changes were significant after 2 and 3 minutes 

exercise (see table attached). Although the data is limited it seems as if the time 

course of changes in the force-velocity curves (Fig 6.6a) differs from that of isometric 

force (Fig 6.5a). Grouped data (Fig 6.6b) showed clear differences at all velocities 

between the fresh and fatigued muscle after 3 minutes of exercise. Values had very 

nearly returned to normal following 5 minutes recovery.

The intermittent isometric exercise had very little effect on the force-velocity 

relationship. There were no significant differences in the results from Subject 1 (Fig 

6.7a) and only a small (but significant) change at 907sec after three minutes exercise 

seen in the grouped data (Fig 6.7b).

6.4 DISCUSSION

The main finding of the results presented in this Chapter is that the 

consequences of fatigue are greater if the testing is with contractions in which the 

muscle is allowed to shorten rather than with isometric contractions. The second and 

less well founded conclusion is that dynamic exercise, as a means of producing 

fatigue, is more effective than isometric exercise of the same duration and intensity.

6.4.1 A comparison of isometric and dynamic testing

The testing procedure (FNR) used in this series of experiments ensures that 

the differences seen between isometric and dynamic testing were not a consequence 

of central fatigue and the changes can be confidently taken to indicate a difference in 

the way muscle itself responds to these two ways of testing. In a fatigued muscle the 

development of isometric force can be relatively slow, taking up to 0.5 second to 

reach a maximum. Dynamic contractions are, by their nature, of limited duration 

since there is a finite range of movement. The dynamic contractions at 907sec, 

commonly used in the present work, lasted only one second so that if activation was 

slow to develop, an appreciable part of the movement would be with a submaximally
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activated muscle. The technique of FNR, in which the muscle was released from a 

full isometric contraction, circumvents this problem by ensuring that the muscle is 

fully activated before the movement begins. The greater loss of force during 

dynamic contractions must, therefore, be taken as a clear indicator that there has been 

a change in the mechanism controlling force during shortening.

The force a muscle can sustain during shortening is determined by the balance 

between cross bridges which are attached in positions generating force and those 

which have been taken past the neutral position, that is into negative values of x in 

the Huxley (1957) model, and are opposing movement. Simply decreasing the 

number of cross bridges in the force generating state, for instance by increasing the 

inorganic phosphate does not affect the rate of shortening. Consequently a change 

in shortening velocity implies a reduction in the rate of detachment of cross bridges 

in the region x < 0. The rate of detachment in this region is determined by the rate 

constant g2, which differs with different fibre types, being high in fast muscles.

The changes in the force-velocity relationships shown in Figs 6.3a & 6.3b 

were paralleled by change in relaxation from isometric tetani (Figs 6.4a & 6.4b), in 

fact there was a better relationship between force-velocity changes and relaxation than 

there was between force-velocity changes and fatigue of isometric force. The force- 

velocity relationship hardly changed after 15 seconds of isometric fatigue and likewise 

there was no significant change in relaxation. However there was a significant fall in 

isometric force at this time. These results suggest that there may be an common 

underlying mechanism responsible for the changes in force-velocity relationships and 

the slowing of relaxation from isometric contractions.

Slowing of relaxation from an isometric contraction is a widely accepted 

characteristic of fatigued skeletal muscle, with the half time of the exponential phase 

of decay increasing by up to 300%. The relaxation phase of a normal muscle is 

dependent upon aerobic conditions for recovery, as shown by arterial occlusion of the 

circulation. Release of the occlusion restores recovery from slowing and in human 

muscle the recovery has a half time of about 60s, which is similar to the time course 

of phosphocreatine resynthesis. The simple exponential decay of force from a 

relaxing muscle is characteristic of a single biochemical process but it is possible that 

there are two mechanisms operating, one that is ph dependent and the other pH
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independent (Cady et al, 1989b).

The rate limiting step/or steps for the relaxation of a muscle are unresolved, 

but there are two main hypotheses. The first is that the normally rapid 

re-accumulation of Ca^  ̂by the SR is prolonged by the affects of metabolic changes 

on the ATP dependent Ca^  ̂pump (Briggs et al, 1977). Dawson (1980) using NMR 

frog muscle found that l/2tR was linearly related to the free-energy of ATP 

hydrolysis during fatigue, suggesting a relationship to the rate of SR Ca2+ uptake. 

More direct evidence comes from Allen et al (1989) who showed a prolonged 

IC[Ca^^] transient after fatigue in fibres with prolonged relaxation and from Gollnick 

et al (1991) who have shown decreased Ca^^ uptake by the SR in man.

The second hypothesis concerns changes in cross-bridge kinetics and attributes 

the rate of relaxation from a tetanus to be limited by the rate of cross-bridge 

detachment. Experiments measuring the cross-bridge turnover rates in mouse muscle 

during an isometric contraction (Edwards et al, 1975) suggested that l/2tR reflects 

the kinetics of slower cross-bridge turnover during fatigue (see Jones, 1981). If 

during fatigue the slowing of relaxation is caused by action at the cross-bridge site 

then a change in the force-velocity relationship would be expected, whereas if the site 

of action is the SR the force-velocity relationship should be maintained. Crow & 

Kushmerick (1983) from experiments on mouse EDL reported reduced ATP turnover, 

which they attributed to slower cross-bridge cycling, together with slowing of 

relaxation and a decreased Vmax. Cooke et al (1988) showed a decrease in Vmax 

of 30% with decreasing pH in rabbit psoas. De Haan et al (1989) studied the effects 

of fatigue in the rat medial gastrocnemius and showed a change in the force-velocity 

relationship, shifting the power curve to the left, together with a threefold increase 

in l/2tR. The decrease in the maximum velocity of shortening with the onset of 

fatigue at a time when relaxation is also changing (Crow & Kushmerick, 1983; de 

Haan et al, 1989; Lannergren & Westerblad, 1989) and the results presented here are 

consistent with these findings. A reduction in ATP or an increase in ADP would 

both decrease shortening velocity by reducing the rate of detachment of the cross

bridge at the end of the power stroke. Unfortunately for this thesis the concentrations 

at which these changes are seen (less than 1 Mm ATP or about 4mM ADP; Cooke 

& Bialek, 1979; Cooke & Pate, 1985) lie outside the normal physiological range. It
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is unlikely that in fatigued normal muscle ATP would ever fall below about 4-3mM 

or ADP rise above 0.5mM. Low ph causes a reduction in the maximum velocity of 

unloaded shortening (Edman & Mattiazzi, 1981; Metzger & Moss, 1987; Chase & 

Kushmerick, 1988). Chase & Kushmerick (1988) showed the action of pH to be 

independent of any action of Pi and that increasing lactate, while keeping pH constant 

in skinned preparations, had no effect on shortening velocity. The precise step in the 

cross bridge cycle where H^ acts remains unknown, both for its effect in reducing 

force and slowing shortening velocity. It is tempting to extrapolate and state that 

the force-velocity changes seen in these experiments are due to the accumulation of 

H^ but without direct evidence it can only be inferred. This should be open to 

experimental investigation. Cady et al (1989a), faced with a similar hypothesis about 

the slowing of relaxation, investigated the changes occurring with fatigue in a patient 

with myophosphorylase deficiency and concluded that H^ was only part of the 

explanation. It would be most instructive to look at shortening velocity in such a 

patient, or, more practically, to investigate this in isolated muscle preparations 

poisoned with iodoacetate.

6.4.2 The consequences of isometric and dynamic exercise

The results shown in Fig 6.5 show that the dynamic exercise resulted in a 

greater degree of isometric force fatigue than a similar duration and intensity of 

isometric exercise. Both forms of contraction were maximal, lasted for one second 

and had one second rest between. The experiment was carried out with an intact 

circulation so that the degree of fatigue seen was a balance between the rate of fatigue 

during each contraction and the recovery occurring in the interval between 

contractions. The isometric contractions almost certainly occluded the circulation and 

it is likely that the dynamic contraction did likewise. At 90°/sec the force generated 

was 70-80% Po and it is generally accepted that the circulation is fully occluded 

during isometric contractions in excess of 20%. It is unlikely, therefore, that the 

difference seen between the two forms of exercise could be due to better 

maintainance of the circulation in one case rather than the other. Ideally the fatigue 

should be carried out with the limb rendered ischaemic but an inflated cuff around the 

thigh is not a practical proposition during dynamic exercise. Such an experiment is
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better suited to small muscles in the hand.

During an isometric contraction there is no movement, no external work is 

done by the muscle and all the energy liberated appears in the form of heat. During 

shortening, heat is still produced but the muscle also performs work which is the 

product of the force and distance moved. It was first observed by Fenn in 1923 that 

during shortening the total energy liberated, in the form of heat plus work, is greater 

than that occurring during an isometric contraction (Fenn effect). With a judicious 

selection of rate constants, the Huxley (1957) model produces a remarkably good fit 

of the observed force-velocity characteristics for skeletal muscle. It also gives an 

explanation of the Fenn effect: if one ATP is hydrolysed with every cross-bridge 

dissociation, the rate at which heat and work are produced will depend on the rate of 

cross-bridge turnover. In the isometric state the rate constant for cross-bridge 

detachment is relatively low but in the region beyond the equilibrium position gg is 

high and therefore turnover and liberation of energy will be high. As the velocity of 

shortening increases so the number of cross-bridges carried into an orientation where 

detachment is rapid, also increases, accounting for the increase in production of heat 

plus work. The rate of energy liberation will, however, begin to level off with 

increasing velocity since, although turning over more rapidly, there will be fewer 

cross-bridges actually attached.

If the total energy liberated is greater during a shortening contraction then the 

ATP turnover must be greater and all the metabolic consequences of this will be more 

pronounced for the dynamic form of exercise. That component of fatigue which can 

be attributed to metabolic changes would therefore be expected to be greater as a 

result of dynamic exercise.
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7.1 QUESTIONS

The importance of studying dynamic contractions has been stressed many 

times in this thesis as has been the surprising fact that very few workers have been 

concerned with this question. The reason for the lack of activity in this field is 

primarily one of practicality and the availability of suitable methods to study 

dynamic movements in human subjects.

Although the sites of fatigue are conventionally divided into "central" and 

"peripheral", they might equally well be divided into "central activation", 

"peripheral activation" and "cross-bridge interactions". Dynamic and isometric 

contractions could be differently affected by changes in each of these possible sites 

of fatigue.

7.1.1 Central activation.

Isometric and dynamic contractions could be affected differently by changes 

in central activation and it might be argued either way, that dynamic contractions 

are more or less sensitive to central fatigue. On the one hand, during a rapid 

movement it is necessary to fully activate the muscle within a short time interval if 

the muscle is to produce maximum force. Slow activation may well occur with 

fatigue as a result of reduced motor-neuron firing frequencies. On the other hand, 

it is known that during shortening contractions there is an increased activation and 

earlier recruitment of fast motor-units, probably as a result of decreased tendon 

organ inhibition. Clearly there is need for experimental evidence to balance the 

conflicting ideas.

7.1.2. Peripheral activation.

Superficially, it seems unlikely that the electrical properties of the surface 

and T tubular membranes and the release and binding of calcium should be 

affected by the nature of contraction, whether the muscle is shortening or 

remaining isometric. However there is increasing evidence that many of the 

processes of activation are sensitive to the metabolic status of the tissue. Isometric 

and dynamic contractions may well place different metabolic demands on the
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muscle fibre and thereby fatigue the muscle at different rates. Whilst the Fenn 

effect was described over 50 years ago, surprisingly little is known about about its 

significance to human muscle working in-situ. It would be very interesting to 

know whether contractions at different speeds in human muscle made significantly 

different demands on the energy resources of the tissue.

7.1.3. Cross-bridge interactions.

There has been a good deal of interest in the function, or malfunction, of 

cross-bridges in fatigued muscle, but most of it has been concerned with changes 

that result in lower isometric force. A decrease in the rate of cross-bridge 

formation (or the transition from the low force to the high force state) will lead to 

reduction in the isometric force and the accumulation of the Pi has been widely 

investigated in this respect. Conversely agents which decrease the rate of cross

bridge detachment will lead to an increase in the number of attached cross-bridges 

and therefore, isometric force. An increase in force in a fatigued muscle seems a 

contradiction in terms and it is for this reason that there has been little interest in 

the possibility of slow rates of cross-bridge detachment in fatigued muscle. What 

has been overlooked, however, is that a slow rate of detachment will have a 

marked effect on Vmax and the force which can be sustained as the muscle is 

allowed to shorten; precisely the situation where most athletes become aware of 

their failing muscle performance.

There has been some work carried out with isolated muscle preparations 

but, there have been no investigations of fatigue in human muscles exercising, or 

being tested, with dynamic contractions.

The work described in this thesis has addressed each of these topics, first 

measuring the extent of central fatigue during dynamic exercise, followed by an 

examination of the differential effects of fatigue on dynamic and isometric 

contractions. Finally, the question of the energy cost of the two types of 

contraction was addressed.
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7.2. METHODOLOGY.

One of the reasons why there has been so little work on the subject of 

dynamic exercise and fatigue in the past has been the problem of making reliable 

measurements of human muscle as it is shortening. Consequently a large 

proportion of the time spent on the present study was devoted to developing the 

methodology to make reliable measurements.

7.2.1. Equipment.

Although the measurement of the force-velocity relationship is a standard 

technique for the study of isolated skeletal muscle, and has been so for over fifty 

years, the methodology, even for isolated preparations, is full of technical 

difficulties to do with mechanical artefacts, inertia and activation. The problems 

become even more acute with the large forces that can be produced by human 

limbs.

The modem exercise dynamometers which are now commercially available, 

such as the Cybex, make use of isokinetic contractions which have the 

considerable advantage of avoiding problems of inertia. Nevertheless, few workers 

have managed to produce force-velocity curves which are comparable with the Hill 

relationship found with isolated muscle preparations. In Chapter 3 the use of the 

Cybex is examined in detail and it is clear that, in order to obtain reliable data, it 

is necessary to make force measurements at carefully selected angles, at a point 

where the force records are no longer obscured by vibration artefacts, but are still 

near the plateau of the length-tension relationship, so that errors in measuring the 

knee angle are not critical. Many of the unusual force-velocity curves obtained in 

the past can probably be ascribed to the angle at which the forces were measured.

The measurement of knee angle is, itself, a major problem, especially 

during voluntary contractions from strong subjects. The natural tendency during a 

voluntary contraction is for the subject to lean back and extend the hips. No matter 

how well restrained or hard the seat, it is impossible to prevent the subjects from 

doing this. The movement introduced two errors. The first is that the angle of the 

knee can change by up to 15® and the second is that the rectus femoris is stretched 

and in so doing probably transmits some of the force from the hip extensors to the
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quadriceps tendon. The effects are most evident for isometric and slow dynamic 

contractions where the forces are high and it is impossible to fully restrain the 

subjects. The problem is largely avoided by using stimulated contractions, where 

the hip extensors are not activated and the subjects tend to lean forwards when the 

quadriceps is stimulated and the rectus femoris shortens.

The errors involved in measuring the angle arise because the lever arm on 

the Cybex does not correspond to the true angle of the knee and this could largely 

be avoided if a device such as the Penny and Giles goniometer was used. 

Unfortunately the Penny and Giles model which was available was very sensitive 

to electrical interference both from the stimulation and the Cybex motor and was 

not routinely used.

7.2.2. Subjects.

A criticism of the present work might be that the general conclusions are 

drawn about the mechanisms of fatigue based on experiments on at most five 

subjects and that most of the investigations used only two experienced subjects. 

The small number of subjects was dictated by the unpleasant nature of the 

electrical stimulation. Many people found stimulation of the femoral nerve to be 

unacceptable and alternatives, such as voluntary contractions and percutaneous 

stimulation were not suitable (see below). Consequently the majority of the 

experiments were carried out on, and by, the author and one other subject. Whilst 

this is not an ideal arrangement it must be pointed out that many experimental 

investigations in human physiology have the same problem and most of the work 

on fatigue has been carried out on very limited numbers of subjects. Probably one 

of the most widely quoted papers, Merton (1954), described work on fatigue 

carried out on one subject and most other work has involved fewer than six 

subjects, the number usually corresponding to the number of authors on the paper. 

When questions of voluntary effort and the toleration of discomfort are involved, 

reliable measurements can often only be made when human subjects are fully 

familiar with the procedures and sensations involved and with the objectives of the 

study. This obviously introduces the risk of bias in the results and it needs to be 

emphasised that, for instance in the study of central fatigue, the results and
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conclusions apply to only "young, healthy and well motivated” subjects; similar 

reservations have been made on many previous papers on fatigue.

7.2.3. Experimental protocols.

The gold standard for muscle contraction in the present work has been the 

femoral nerve stimulated contraction. This had the advantage that the quadriceps 

could be maximally stimulated both to investigate the occurrence of central fatigue 

and to ensure that the muscle was generating maximal tension before being 

released into a dynamic contraction. This was unfortunate because there is no 

doubt that femoral nerve stimulation is unpleasant and potentially dangerous. 

Alternatives were explored. Percutaneous stimulation, so widely used with 

isometric contractions, proved to be unreliable during shortening contractions as 

the quantity of muscle stimulated varied with muscle length. It was hoped that the 

voluntary release technique would give reliable measures for the dynamic 

contractions, but it proved unreliable at low velocities because of a transient loss 

of activation when the muscle was released into the dynamic mode. The straight 

forward voluntary contraction gave similar results to the FNR procedures for low 

velocity contractions, but at higher velocities the delay before reaching full 

activation and the increased artefacts on the force trace made the technique 

unreliable. For investigation of central fatigue it is obviously not acceptable.

7.3. RESULTS

7.3.1 Central activation.

Fatigue of central origin is a well discussed topic in relation to sustained 

isometric contractions (e.g. Bigland-Ritchie et al, 1986). The general opinion is 

that for the major muscle groups, and for fit, young and well motivated subjects, 

central fatigue is of little importance during the first 30 seconds of maximal 

contraction but may account for 20-30% of the subsequent force loss. The work 

described in Chapter 5, comparing FNR and VC contractions suggests that central 

fatigue is no more of a problem with dynamic than is the case with isometric
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contractions. Only two subjects were investigated, one showed no evidence of 

central fatigue, the other showed a moderate degree (20% of the force loss). The 

fact that central fatigue was no greater during dynamic contractions than is 

experienced with isometric contractions is in line with the observations of 

McCarthy et al (1989) who found the greatest central fatigue during isometric 

contraction, less during slow dynamic contractions and no central component 

during fast dynamic contractions.

One of the possible causes of central failure is the unpleasant side-effects of 

exercise, the high heartrate, ventilation and acidosis. It is easy to imagine that 

these afferent stimuli could distract the subject or even affect the motor pathways. 

It was particularly interesting, therefore, to find the extent of central fatigue was 

no greater during two leg exercise where four muscle groups were active, 

ventilation and heartrate were high and the rating of perceived exertion was near 

to maximum, than with one leg exercise involving only the one quadriceps. 

Clearly the afferent stimuli are not the factors causing inhibition of the voluntary 

effort in these circumstances.

7.3.2. Peripheral activation.

The metabolic consequences of any intermittent activity will depend on the 

balance between utilisation of ATP and resynthesis. The hypothesis to be tested in 

the series of experiments described in Chapter 6, in which intermittent isometric 

and dynamic contractions were compared, was the latter would be more 

energetically demanding and therefore lead to greater muscle fatigue. The 

experimental evidence for this is, at best, inconclusive. For one subject the 

dynamic exercise caused change in both isometric and dynamic forces while for 

the group there was no difference as far as the isometric exercise was concerned 

but a small difference in the consequences for dynamic contractions. Had these 

experiments been carried out with an occluded circulation so that recovery was 

prevented, the conclusion would have to be that there was no significant difference 

between the two forms of exercise. As it is there is the possibility that the blood
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supply, and therefore the recovery processes, may have been better during the 

dynamic exercise. Every effort was made to ensure that this was not the case; the 

durations of contraction and the recovery intervals were the same for both types of 

exercise and the forces were both relatively high, above the level that would be 

expected to occlude the circulation. However during a dynamic contraction the 

force is only high for a fraction of the total contraction whereas for an isometric 

contraction the force is maintained at a high level throughout most of the one 

second contraction. The verdict on the Fenn effect, and it’s relevance to human 

muscle fatigue, must remain, for the moment unproven.

7.3.3 Cross bridge interactions.

A consistent finding in all the studies of fatigue (Chapters 5 & 6) is that the 

forces sustained by the dynamically contracting muscle were more severely 

affected than the isometric forces. Isometric fatigue is therefore seen to be an 

unreliable indicator of the of the performance of a fatigued muscle. The reason for 

this differential sensitivity to fatigue is probably a change in the kinetics of cross 

bridge interaction and could be explained by an decreased rate of detachment. 

Such behaviour could be caused by a decrease in ATP or an accumulation of 

ADP, but measurements of intracellular levels in fatigued muscle suggests that 

these substances do not change sufficiently to affect the cross bridge. A third 

possibility is the action of as the acidification of in vitro preparations has been 

shown to change the shape of the force-velocity relationship.

Changes in the force-velocity relationship occurred in parallel with a 

decrease in the rate of relaxation from an isometric tetanus, and work with isolated 

preparations has made a similar connection suggesting that slow relaxation and an 

increased curvature of the force-velocity relationship may have a common cause 

(De Haan et al, 1989). Cady et al (1989b) investigated the cause of slow relaxation 

making use of a patient with myophosphorylase deficiency. This patient showed 

the characteristic slowing of relaxation indicating that H^ accumulation was not 

the exclusive cause of relaxation. However, careful analysis of the recovery from 

exercise showed two possible causes of slowing, one which was pH independent 

and the other pH dependent. This latter mechanism could be responsible for the
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change in the force-velocity relationship seen in the present work. Similar 

experiments have not been carried out looking at force-velocity curves in patients 

with myophosphorylase deficiency but the hypothesis would be that such patients 

would show a slowing of relaxation from an isometric tetanus (pH independent) 

but not show the change in the force-velocity curve (pH dependent).

Before leaving the force-velocity curve, a number of doubts must be raised. 

A decrease in the number of cross bridge attachments would be expected to affect 

higher velocities of contraction more than lower velocities. This can be seen not to 

be the case in Chapters 5 & 6. The maximum decrease in dynamic force occurred 

at about 90®/sec and was less appreciable at velocities of 150°/sec and above. 

There is no obvious explanation for this behaviour. It is possible that at the higher 

velocities of the force-velocity relationship the measurement of force was 

unreliable being obscured by artefact so that the recorded force contained a greater 

and greater proportion of artefact as the velocity increased. In this respect it is 

notable that the force-velocity curves obtained in the present work do not conform 

to the Hill relationship in as much as the force appears to approach an asymptote 

of about 20-30% Po. There is however, no objective evidence that the measured 

values are unreliable.

A second objection, which is difficult to refute, is that the changes in 

relaxation and force-velocity relationship merely reflect the dropping out of the 

faster type 2 fibres so that, in the fatigued muscle what is being measured is a 

surviving population of type 1 fibres. Short of identifying fast and slow motor 

units and recording electrical activity during fatigue or finding muscles of uniform 

fibre type composition, there is little hope of resolving this issue.

7.4 GENERAL CONCLUSIONS.

In trying to understand the workings of human muscle and the mechanism 

of fatigue there is a natural progression from the study of isolated preparations, 

through to more complex systems working in situ, by performing simple tasks and 

eventually, it is hoped, to the study of muscle working in the freely exercising 

athlete. At the moment our knowledge and experimental investigations hover 

around the boundary between the study of isometric contractions and the study of
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dynamic contractions. The purpose of the work described here has been to advance 

our knowledge one step along the path, to the study of muscle in whole body 

exercise. The results have shown the importance of studying dynamic contractions 

and signal the end of the isometric contraction as the only measure of muscle 

function.
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APPENDIX A.

CALIBRATIONS OF THE FORCE 
MEASURING SYSTEM.
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TABLE OF RESULTS FROM SERIAL CALIBRATIONS OF THE 
MODIFIED CYBEX FORCE MEASUREMENT SYSTEM.

A series of weights of known mass were hung on the lever arm in increasing 
steps (LOADING) and then in decreasing steps (UNLOADING) and the stage 

deflections noted at each step. These calibrations were taken before and
after each major series of experiments. The forces and deflections shown i n 
Figure 2.11 are from the calibration dated 26-7-90.

Date of 
calibration: 26-7-90 4-5-90

Applied 
force (N) Ldng Unldng Ldng Unldng

44.53
88.98
133.42 
177.95 
222.39 
266.83 
311.47
534.0
845.43
1068.0

0.194
0.388
0.586
0.776
0.988
1.188
1.470
2.380
3.880
4.520

0.204
0.394
0.594
0.786
1.045
1.230
1.434
2.450
3.830
4.520

0.187
0.385
0.579
0.767
0.978
1.175
1.469
2.371
3.800
4.460

0.198
0.388
0.586
0.771
0.984
1.180
1.454
2.394
3.790
4.460

Date of 
calibration: 16-4-90 22-2-90

Applied 
force (N) Ldng Unldng Ldng Unldng

44.53
88.98
133.42 
177.95 
222.39 
266.83 
311.47
534.0
845.43
1068.0

0.187
0.380
0.581
0.762
0.974
1.185
1.462
2.364
3.790
4.460

0.192
0.384
0.581
0.770
0.977
1.192
1.450
2.370
3.810
4.460

0.196
0.392
0.591
0.771
0.990
1.194
1.484
2.393
3.840
4.570

0.194
0.395
0.595
0.780
1.020
1.199
1.467
2.386
3.845
4.570
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Date of
calibration: 15-12-89 3-10-89

Applied 
force (N)

44.53
88.98
133.42 
177.95 
222.39 
266.83 
311.47
534.0
845.43
1068.0

Ldng

0.189
0.374
0.575
0.755
0.962
1.170
1.451
2.360
3.764
4.490

Unldng

0.202
0.385
0.581
0.761
0.989
1.176
1.434
2.368
3.730
4.490

Ldng

0.190
0.392
0.597
0.784
0.998
1.192
1.540
2.410
3.970
4.460

Unldng

0.199
0.397
0.601
0.786
1.010
1.188
1.510
2.457
4.062
4.460

Date of 
calibration: 15-5-89 2-2-89

Applied 
force (N)

44.53
88.98
133.42 
177.95 
222.39 
266.83 
311.47
534.0
845.43
1068.0

Ldng

0.189
0.384
0.581
0.781
0.985
1.190
1.462
2.375
3.872
4.550

Unldng

0.195
0.392
0.587
0.784
0.992
1.210
1.481
2.387
3.884
4.550

Ldng

0.198
0.394
0.590
0.782
0.991
1.195
1.477
2.394
3.889
4.570

Unldng

0.203
0.399
0.601
0.786
1.020
1.210
1.489
2.387
3.893
4.570
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Date of
calibration: 19-12-88 13-9-88

Applied 
force (N)

44.53
88.98
133.42 
177.95 
222.39 
266.83 
311.47
534.0
845.43
1068.0

Ldng

0.187
0.378
0.583
0.763
0.971
1.178
1.454
2.359
3.760
4.485

Unldng

0.196
0.385
0.594
0.771
0.984
1.186
1.438
2.373
3.756
4.485

Ldng

0.192
0.387
0.586
0.773
0.991
1.185
1.476
2.378
3.885
4.470

Unldng

0.199
0.395
0.596
0.783
0.998
1.188
1.487
2.395
3.879
4.470

Date of 
calibration: 24-6-88 13-3-88

Applied 
force (N)

44.53
88.98
133.42 
177.95 
222.39 
266.83 
311.47
534.0
845.43
1068.0

Ldng

0.189
0.382
0.579
0.779
0.992
1.186
1.472
2.368
3.884
4.485

Unldng

0.190
0.393
0.587
0.788
0.993
1.195
1.484 
2.377 
3.894
4.485

Ldng

0.191
0.387
0.590
0.778
0.989
1.179
1.467
2.387
3.874
4.500

Unldng

0.210
0.395
0.600
0.776
1.008
1.188
1.476
2.395
3.897
4.500
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APPENDIX B. 

TABLES OF RESULTS AND STATISTICAL 

ANALYSES FROM FIGURES IN TEXT.

All statistical analysis uses a paired, two-tailed Student’s t-Test, 
provided by the PC software package SYSTAT.
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TABLE OF RESULTS FOR FOR FIGURE 3. La.
(Data from subject 1).

LENGTH-TENSION CURVES. ISOMETRIC FORCES (Newtons) FROM 
VOLUNTARY,FEMORAL STIMULATED AND PERCUTANEOUS 
STIMULATED CONTRACTIONS.

Angle of knee
flexion, (degs) 90 80 70 60 50 40 30

Voluntary contraction.
Case 1. 637 749 836 898 877 691 598 361
Case 2. 596 729 854 947 869 747 520 467
Case 3. 653 695 834 916 834 756 664 489
Case 4. 622 726 854 920 878 732 619 446
Case 5. 600 m 867 889 845 707 m 375
Means. 621.6 724.8 849.0 914.0 860.0 726.6 598.0 427.6
sd. 24.2 19.3 13.9 22.4 19.4 27.2 47.6 56.7

20

Femoral stimulated
Case 1. 722 812 924 868 833 680 598 361
Case 2. 653 831 945 898 780 719 629 514
Case 3. 695 796 957 983 919 806 622 457
Case 4. 595 775 931 1001 825 667 529 413
Case 5. 622 769 m 1047 977 784 619 446
Means. 657.4 797.0 942.0 959.0 867.0 731.0 599.0 438.0
sd. 51.8 25.7 14.0 74.3 79.5 61.8 41.0 55.5

Percutaneous stimulated
Case 1. 373 283 285 322 432 395 384 320
Case 2. 455 407 456 577 632 583 499 404
Case 3. 331 234 199 307 378 335 332 337
Case 4. 256 189 157 289 408 389 354 274
Case 5. 569 456 432 599 632 604 507 436
Means. 397.0 314.0 306.0 419.0 496.0 461.0 415.0 354.0
sd. 120.1 114.0 135.0 155.0 125.0 123.0 82.0 65.0
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STATISTICAL ANALYSIS OF FORCE DATA FROM FIGURE 3.1.a.

Angle of
knee flexion. 90 80 70 60 50 40 30 20

VoliFN
T value. 1.91 5.74 11.7 1.12 0.16 0.18 0.05 1.51
Probability. 0.129 0.005 0.0 0.299 0.882 0.868 0.967 0.64

VoliPerc
lv a lu e . 3.659 8.263 9.533 7.159 6.392 4.968 3.201 1.752
Probability. 0.022 0.001 0.001 0.002 0.003 0.008 0.033 0.155

FNiPerc
T value. 4.35 9.529 10.83 7.48 5.773 5.409 5.779 3.384
Probability. 0.012 0.001 0.0 0.002 0.004 0.006 0.004 0.028

FN = femoral nerve stimulated contractions. 
Perc =percutaneously stimulated contractions. 
Vol = voluntary contractions.
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TABLE OF RESULTS FOR FIGURE 3. Lb.(NewtonsV 
(Data from subject 2).

LENGTH-TENSION CURVES. ISOMETRIC FORCES (Newtons) 
VOLUNTARY AND FEMORAL STIMULATED CONTRACTIONS.

FROM

Angle of knee
flexion, (degs) 90 80

Case 1. 403 460 500
Case 2. 396 450 486
Case 3. 400 453 461
Case 4. 395 448 ———

Case 5. 421 449 525
Means. 403.0 452.0 493.0
sd. 10.6 4.8 26.7

Case 1. 
Case 2. 
Case 3. 
Case 4. 
Case 5.
Means.
sd.

395
390
397
393
427
400.0
15.1

407
456
447
428
426
433.8
19.2

482
548
519
495
471
503.0
31.0

70 60 50 40 30

Voluntary contraction.
437 490 476 377 313
527 525 468 373 277
492 480 444 362 298
526 514 426 352 269
564 582 544 443 330
509.0 518.0 472.0 381.0 297.0
47.7 40.0 45.0 35.8 25.1

Femoral stimulated
——— 604 576 477 363
587 606 534 417 303
577 586 463 410 302
5431 566 528 439 329
5467 592 563 488 349
563.3 591.0 532.0 446.2 329.2
22.1 16.2 43.8 35.0 27.2

20

STATISTICAL ANALYSIS OF FORCE DATA FROM FIGURE 3.1.b.

Angle of 
knee flexion. 90 80 70 60 50 40 30 20

Vol:FN
T value. 
Probability. 0.34

1.08 1.94 0.42 1.58 3.82 3.33 5.44 3.12
0.125 0.704 0.213 0.019 0.029 0.006 0.036

FN = femoral nerve stimulated contractions. 
Vol =voluntary contractions.
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TABLE OF RESULTS FOR FIGURE 3.2.
(Data from 5 subjects).

ISOMETRIC LENGTH-TENSION CURVES. NORMALISED FORCES FROM 
VOLUNTARY AND FEMORAL STIMULATED CONTRACTIONS.

Angle of knee
flexion, (degs) 90 80 70 60 50 40 30 20

Voluntarv contraction.
Sub 1. 81.0 82.0 92.0 100 96.0 86.0 81.0 65.0
Sub 2. 77.0 95.0 90.0 90.0 100 80.0 65.0 49.0
Sub 3. 90.0 100 98.0 92.0 80.0 62.0 51.0 35.0
Sub 4. 81.0 92.0 100 87.0 98.0 95.0 75.0 62.0
Sub 5. 84.0 94.0 99.0 100 96.0 78.0 69.0 41.0
Means. 82.7 92.4 95.8 93.9 94.0 80.2 68.4 50.4
sd. 4.8 6.6 4.8 5.8 8.0 12.2 11.3 13.0

Femoral stimulated
Sub 1. 57.0 56.7 63.0 93.0 100 88.0 69.0 52.0
Sub 2. 71.0 85.0 93.2 100 97.0 88.0 72.0
Sub 3. 91.0 99.0 100 99.0 98.0 76.0 69.0 53.0
Sub 4. 65.0 67.4 79.0 52.0 100 95.0 79.0 60.0
Sub 5. 71.0 83.4 97.0 1007 92.0 77.0 60.0 46.0
Means. 70.8 78.4 86.6 88.8 95.4 85.1 69.6 52.8
sd. 12.4 16.7 15.2 20.9 5.30 8.2 6.9 5.8

STATISTICAL ANALYSIS OF FORCE DATA FROM FIGURE 3.2.

Angle of 
knee flexion. 90 80 70 60 50 40 30 20

VoliFN
T value. 
Probability.

2.72 3.09 1.44 0.62 0.86 1.63 0.29 0.31
0.053 0.037 0.224 0.583 0.437 0.178 0.785 0.778

FN = femoral nerve stimulated contractions. 
Vol = voluntary contractions.
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TABLE OF RESULTS FOR FIGURE 3.5a.
(Data from subject 1).

FEMORAL STIMULATED FORCES MEASURED AT 5 SPECIFIC ANGLES 
OF KNEE FLEXION (80, 70, 60, 50 & 30 degrees) THROUGH ANGULAR 
VELOCITIES OF 0, 30, 60, 90, 120, 180, 240 & 300 DEGS/SEC.

Angle of 80 70 60 50 30
knee flexion.

ISOMETRIC
Case 1. 749 820 898 824 598
Case 2. 687 811 871 807 570
Case 3. 695 806 916 917 664
Case 4. 726 896 1047 977 619
Case 5. 725 867 939 845 539
M eans. 716.4 850.0 934.2 874.0 598.0
sd. 25.3 39.6 67.8 71.2 7.6

30 dees/sec
Case 1. 588 664 658 562 305
Case 2. 575 654 632 501 277
Case 3. 574 650 634 502 256
Case 4. 565 642 668 524 286
Case 5. 575 660 640 513 243
Means. 575.4 654.0 646.4 520.4 273.4
sd. 8.2 8.6 15.8 25.1 4.5

60 degs/sec
Case 1. 500 549 570 500 291
Case 2. 500 550 571 505 267
Case 3. 484 532 558 492 231
Case 4. 489 533 551 468 198
Case 5. 521 565 565 476 216
Means. 498.8 545.8 563.0 488.2 240.6
sd. 14.2 13.7 8.5 18.8 37.9

90 degs/sec
Case 1. 450 478 497 441 258
Case 2. 450 485 497 446 274
Case 3. 415 450 469 437 243
Case 4. 464 477 489 400 203
Case 5. 463 481 493 422 197
M eans. 448.4 474.2 489.0 429.2 235.0
sd. 19.9 13.9 11.7 18.6 33.8
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120 dess/sec
Case 1. 395 406 420 320 250
Case 2. 410 424 430 377 243
Case 3. 401 404 424 408 263
Case 4. 411 427 424 387 259
Case 5. 423 425 411 370 234
Means. 408.0 417.2: 421.8 382.4 251.0
sd. 10.7 1L2 LO 15.9 m

180 dess/sec
Case 1. 346 322 306 275 198
Case 2. 341 321 301 264 176
Case 3. 342 334 329 287 234
Case 4. 336 326 322 276 178
Case 5. 350 345 351 323 228
Means. 343.0 329.4I 321.8 285.0 202.8
sd. 5.3 10.0 19.8 22.7 27.2

240 dess/sec
Case 1. 307 285 275 264 161
Case 2. 374 320 295 235 135
Case 3. 295 289 283 266 172
Case 4. 301 290 279 287 190
Case 5. 352 314 310 318 205
Means. 325.8 299.4; 288.4 274.0 172.6
sd. 35.1 16.1 14.2 30.8 26.9

300 dess/sec
Case 1. 274 252 227 21 0 112
Case 2. 235 231 230 198 84
Case 3. 266 238 236 206 98
Case 4. 287 249 249 204 109
Case 5. 318 302 287 198 107
Means. 276.0 254.4; 245.8 203.2 102.0
sd. 30.2 27.9 24.5 5.2 11.3
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TABLE OF RRSTTTXS FOR FIGURE 3.5h.
(Data from subject 2).

FEMORAL STIMULATED FORCES MEASURED AT 5 SPECIFIC ANGLES 
OF KNEE FLEXION (80, 70, 60, 50 & 30 degrees) THROUGH ANGULAR 
VELOCITIES OF 0, 30, 60, 90, 120, 180, 240 & 300 DEGREES/SECOND.

Angle of 80 70 60 50 30
knee flexion.

ISOMETRIC
Case 1. 407 482 587 604 477
Case 2. 456 548 577 606 417
Case 3. 447 519 543 586 410
Case 4. 428 495 546 566 439
Case 5. 426 471 551 592 488
Means. 432.8 503.0 560.8 590.8 446.2
sd. 19.2 30.9 19.9 16.2 35.0

30degs/sec
Case 1. 418 425 370 277 229
Case 2. 399 428 377 437 218
Case 3. 423 474 481 365 284
Case 4. 435 460 441 402 253
Case 5. 422 465 411 372 268
Means. 419.4 450.4 416.0 370.6 250.4
sd. 13.0 22.4 46.1 59.6 27.2

60 degs/sec
Case 1. 342 356 326 253 281
Case 2. 336 353 330 365 271
Case 3. 354 385 382 340 306
Case 4. 367 393 377 273 223
Case 5. 354 380 391 345 283
Means. 350.6 373.4 361.2 315.2 272.8
sd. 12.0 17.9 30.8 49.1 30.6

90 degs/sec
Case 1. 298 306 287 224 242
Case 2. 300 302 278 304 223
Case 3. 316 327 324 285 198
Case 4. 312 329 319 278 256
Case 5. 314 329 331 271 230
Means. 308.0 318.6 307.8 272.4 229.8
sd. 8.4 13.4 23.7 29.7 21.7
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120 decs/sec
Case 1. 257 257 240 193 207
Case 2. 254 260 250 252 173
Case 3. 274 280 274 232 223
Case 4. 261 258 257 247 230
Case 5. 267 280 280 217 167
Means. 262.6 267.01 260.2 228.2 200.0
sd. M 1L9 16.6 24.0 28.7

180 degs/sec
Case 1. 200 199 178 146 157
Case 2. 234 220 206 201 131
Case 3. 253 229 220 168 98
Case 4. 214 203 182 178 127
Case 5. 225 216 200 171 121
Means. 225.2 213.4 197.2 172.0 126.8
sd. 20.1 12.3 17.4 19.6 21.2

240 decs/sec
Case 1. 173 165 136 107 120
Case 2. 208 189 169 148 112
Case 3. 214 201 166 144 103
Case 4. 188 164 155 137 99
Case 5. 194 179 158 97 83
Means. 195.4 179.6 156.8 126.6 103.4
sd. 16.3 15.8 12.9 23.1 14.0

300 degs/sec
Case 1. 157 136 109 81 92
Case 2. 195 181 154 141 104
Case 3. 216 203 164 125 87
Case 4. 170 149 137 112 82
Case 5. 168 146 129 93 73
Means. 181.2 163.01 138.6 110.4 87.6
sd. 23.9 28.0 21.5 24.1 11.5
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TABLE OF RESULTS FOR FIGURE 3.6a.

STATISTICAL ANALYSIS OF THE DIFFERENT FORCES DEVELOPED AT 
THE SPECIFIC KNEE ANGLES OF 70, 60, 50 & 30 DEGREES OF FLEXION 
DURING FEMORAL STIMULATED CONTRACTIONS AT ANGULAR 
VELOCITIES OF 0, 30, 60, 90, 120, 180, 240 & 300 DEGREES/SECOND. 
ALL FORCES WERE TAKEN FROM TABLE 3.5a.

All data is from subject 1, with statistical analysis being by Student’s t-
test.

Angular velocity
(degs/sec). 0 30 60 90 120 180 240 300

70:60
T value. 5.73 0.86 3.83 8.63 0.76 1.69 0.94 1.75
Probability. 0.005 0.438 0.019 0.001 0.489 0.167 0.402 0.156

70:50
T value. 1.30 13.3 6.47 4.16 3.09 4.29 1.55 3.81
Probability. 0.263 0.0 0.003 0.14 0.037 0.013 0.195 0.019

60:50
T value. 3.74 15.7 15.8 6.23 3.53 3.73 1.16 0.03
Probability. 0.02 0.0 0.0 0.003 0.024 0.02 0.312 3.43

60:30
T value. 10.8 44.5 23.1 21.9 35.0 14.4 8.7 13.7
Probability. 0.0 0.0 0.0 0.0 0.0 0.0 0.001 0.0
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TABLE OF RESULTS FOR FIGURE 3.6b.

STATISTICAL ANALYSIS OF THE DIFFERENT FORCES DEVELOPED AT 
THE SPECIFIC KNEE ANGLES OF 70, 60, 50 & 30 DEGREES OF FLEXION 
DURING FEMORAL STIMULATED CONTRACTIONS AT ANGULAR 
VELOCITIES OF 0, 30, 60, 90, 120, 180, 240 & 300 DEGREES/SECOND. 
ALL FORCES WERE TAKEN FROM TABLE 3.5b.

All data is from subject 2, with statistical analysis being by Student’s t-
test.

Angular velocity
(degs/sec). 0 30 60 90 120 180 240 300

70:60
lv a lu e . 3.76 2.79 1.67 2.21 2.18 7.15 5.17 5.23
Probability. 0.02 0.049 0.171 0.091 0.095 0.002 0.007 0.006

70:50
T value. 6.31 3.01 2.43 2.54 3.14 3.82 5.75 6.79
Probability. 0.003 0.039 0.072 0.085 0.034 0.031 0.005 0.002

60:50
T value. 5.67 1.5 1.99 1.52 2.65 2.01 3.82 4.44
ProbabUity. 0.005 0.209 0.117 0.225 0.057 0.138 0.019 0.011

60:30
T value. 7.15 14.4 4.54 3.95 3.81 3.24 5.37 5.27
Probability. 0.002 0.0 0.011 0.029 0.019 0.048 0.006 0.006
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TABLE OF RESULTS FOR FIGURE 3.7.
(Data from 5 subjects).

NORMALISED FORCES TAKEN AT THE SPECIFIC KNEE ANGLES OF 
60 & 30 DEGREES OF FLEXION DURING FEMORAL STIMULATED 
CONTRACTIONS AT 0, 30, 60, 90, 120, 180, 240 & 300
DEGREES/SECOND. ALL FORCES ARE NORMALISED TO ISOMETRIC 
MAXIMA.

Angular velocity 
(Degs/sec)

30 60 90 120 180 

60 degs flexion.

240 300

Case 1. 77 66 86 46 34 26 23
Case 2. 73 62 53 47 36 33 28
Case 3. 81 64 52 42 36 30 22
Case 4. 82 74 68 60 49 47 51
Case 5. 85 68 51 44 46 35 24
Means. 79.6 66.8 56.0 47.8 40.2 34.2 29.6
sd. 4.7 4.6 7.0 7.1 6.8 7.9 12.2

30 degs flexion.
Case 1. 59 55 52 53 41 37 29
Case 2. 68 66 66 60 54 45 39
Case 3. 55 52 49 46 38 38 23
Case 4. 65 62 64 59 49 44 41
Case 5. 74 68 61 45 40 37 32
Means. 64.2 60.6 58.4 52.6 44.3 40.2 32.7
sd. 7.5 6.9 7.5 7.0 6.6 4.0 7.3

STATISTICAL ANALYSIS OF NORMALISED FORCE DIFFERENCES 
BETWEEN FEMORAL STIMULATED CONTRACTIONS MEASURED AT 
60 & 30 DEGREES OF FLEXION OVER ANGULAR VELOCITIES OF 30, 
60, 90, 120, 180, 240 & 300 DEGREES/SECOND. ( Student’s t-
test).

Angular velocity 30 60 90 120 180 240 300

60:30
T value. 
Probability. 0.012

4.36
0.143

1.82
0.557

0.64
0.123

1.95
0.356

1.04
0.103

2.11
0.434

0.87
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TABLE OF RESULTS FOR FIGURE 3.8a.
(Data from subject 1).

FORCES PRODUCED AT THE SPECIFIC KNEE ANGLE OF 60 DEGREES 
OF FLEXION DURING ISOMETRIC AND ISOKINETIC CONTRACTIONS AT 
30, 60, 90, 120. 180, 240 & 300 DEGREES/SECOND. CONTRACTION WAS 
PRODUCED IN 3 WAYS:1/.VOLUNTARY CONTRACTION (VC). 
2/.VOLUNTARY RELEASE (VR).
3/.FEMORAL STIMULATED RELEASE (FNR).
(See text for details).

Angular velocity 0 30 60 90 120 180 240 300
(Degs/sec) 

Case 1. 868
Voluntarv contraction (VC).
890 759 587 556 539

Case 2. 898 717 636 645 587 487 - -

Case 3. 983 807 749 656 543 544 - -

Case 4. 1001 739 758 717 577 502 - -

Case 5. 1047 770 742 659 559 514 - -

Means. 759 785 728 653 564 517 - -

sd. 74.3 68.0 51.9 46.3 17.5 24.2 - -

Case 1. 868
Voluntarv release (VR). 
613 688 632 521 463 379 261

Case 2. 898 650 678 605 548 460 357 345
Case 3. 983 656 656 630 571 516 384 425
Case 4. 1001 671 669 617 618 527 442 400
Case 5. 1047 627 564 623 599 532 454 328
Means. 959 643 651 621 571 500 403 352
sd. 74.3 23.2 50.0 10.9 38.8 35.3 42.4 64.3

Case 1. 898
Femoral stimulated release 
658 570 497 470

(FNR)
306 275 227

Case 2. 871 632 571 497 430 301 295 230
Case 3. 916 634 558 469 424 329 283 236
Case 4. 1047 668 551 489 424 322 279 249
Case 5. 939 640 565 493 411 351 310 287
Means. 934 648 563 489 432 322 288 246
sd. 67.8 15.8 8.5 11.7 22.5 20.0 14.2 24.5
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STATISTICAL ANALYSIS OF DIFFERENCES IN FORCE PRODUCTION 
BETWEEN THE 3 METHODS OF CONTRACTION AT EACH TEST 
ANGULAR VELOCITY.

Angular velocity
(degs/sec) 0 30 60 90 120 180 240 300

VC:VR
T value. - 3.68 2.2 1.36 0.36 0.96
Probability. - 0.021 0.093 0.246 0.738 0.39

VC:FNR
T value. 0.87 4.68 6.5 7.2 9.77 13.8
Probability. 0.433 0.009 0.003 0.002 0.001 0.0

VR:FNR
T value. 0.87 0.25 3.9 15.6 5.3 15.0 6.5 3.5
Probability. 0.433 0.818 0.018 0.0 0.006 0.0 0.003 0.025
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TABLE OF RESULTS FOR FIGURE 3.8b.
(Data from subject 2).

FORCES PRODUCED AT THE SPECIFIC KNEE ANGLE OF 60 DEGREES 
OF FLEXION DURING ISOMETRIC AND ISOKINETIC CONTRACTIONS AT 
30, 60, 90, 120. 180, 240 & 300 DEGREES/SECOND. CONTRACTION WAS 

PRODUCED IN 3 WAYS:
l/.VOLUNTARY CONTRACTION (VC).
2/.V0LUNTARY RELEASE (VR).
3/.FEM0RAL STIMULATED RELEASE (FNR).
(See text for details).

Angular velocity
(Degs/sec). 0 30 60 90 120 180 240 300

Voluntarv contraction (VC).
Case 1. 500 446 336 328 299 285 -
Case 2. 486 380 358 331 320 245 -
Case 3. 461 400 395 341 286 274 -
Case 4. 525 414 387 365 315 261 -
Case 5. 495 409 377 337 294 251 -
Means. 495 410 371 340 303 263 -
sd. 23.7 24.0 23.8 14.7 14.3 16.4 -

Voluntarv release (VR).
Case 1. 500 318 294 292 246 212 216 132
Case 2. 486 308 302 266 240 279 212 123
Case 3. 461 315 290 285 295 234 187 216
Case 4. 525 368 341 318 280 235 207 182
Case 5. 504 328 351 323 268 229 197 197
Means. 495 327 316 297 266 238 204 170
sd. 23.7 23.8 28.3 23.7 23.0 24.8 11.8 40.7

Femoral stimulated release (FNR)
Case 1. 482 425 356 306 257 199 165 136
Case 2. 548 428 352 302 260 220 189 181
Case 3. 519 474 385 327 280 229 201 203
Case 4. 495 460 393 329 259 203 164 149
Case 5. 471 465 380 329 280 216 179 146
Means. 503 450 373 398 267 213 180 163
sd. 30.9 22.4 17.9 23.7 11.9 12.3 15.8 28.0
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STATISTICAL ANALYSIS OF DIFFERENCES IN FORCE PRODUCTION 
BETWEEN THE 3 METHODS OF CONTRACTION AT EACH TEST 
ANGULAR VELOCITY.( Student’s t-test).

Angular velocity
(Degs/sec) 0 30 60 90 120 180 240 300

VCiVR
lv a lu e .  - 6.21 4.1 4.96 2.56 1.46 -
Probability. - 0.003 0.015 0.008 0.066 0.217- -

VCiFNR
T value. 0.46 2.5 0.54 4.3 3.27 4.7
Probability. 0.6670.0669 0.616 0.012 0.032 0.009 -

VR:FNR
T value. 0.36 10.6 5.4 3.06 0.15 2.50 2.1 0.37
Probability. 0.735 0.0 0.006 0.039 0.892 0.066 0.103 0.727
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TABLE OF RESULTS FOR FIGURE 3.9.
(Data from 5 subjects).

NORMALISED FORCES PRODUCED AT THE SPECIFIC KNEE ANGLE OF 
60 DEGREES OF FLEXION DURING ISOMETRIC OR ISOKINETIC 
CONTRACTIONS AT 30, 60, 90, 120. 180, 240 & 300 DEGREES/SECOND. 
CONTRACTION WAS PRODUCED IN 3 WAYS: 
l/.VOLUNTARY CONTRACTION (VC).
2/.V0LUNTARY RELEASE (VR).
3/.FEMORAL STIMULATED RELEASE (FNR).
(See text for details).

Angular velocity 
(Degrees/second)

30 60 90 120 180 240 300

Voluntarv contraction (VC).
Case 1. 77 74 68 61 - - -

Case 2. 85 77 70 62 - - -

Case 3. 90 87 77 67 - - -
Case 4. 82 71 70 64 - - -
Case 5. 86 79 69 64 - - -
Means. 83.9 77.6 69.3 63.6 - - -
sd. 4.80 6.1 0.9 2.3 - - -

Voluntarv release (VR).
Case 1. 59 55 52 53 41 37 29
Case 2. 68 66 66 60 54 45 39
Case 3. 55 52 49 46 38 38 23
Case 4. 65 62 64 59 49 44 41
Case 5. 74 68 61 45 40 37 32
Means. 64.2 60.6 58.4 52.6 44.3 40.2 32.7
sd. 7.5 6.9 7.5 7.0 6.6 4.0 7.3

Femoral stimulated release (FNR)
Case 1. 77 66 56 46 34 26 23
Case 2. 73 62 53 47 36 33 28
Case 3. 81 64 52 42 36 30 22
Case 4. 82 74 68 60 49 47 51
Case 5. 85 68 51 44 46 35 24
Means. 79.6 66.8 56.0 47.8 40.2 34.2 29.6
sd. 4.7 4.6 7.0 7.1 7.0 7.9 12.2
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VELOCITY SPECIFIC STATISTICAL ANALYSIS OF DIFFERENCES IN 
FORCE PRODUCTION BETWEEN THE 3 METHODS OF CONTRACTION.
( Student’s t-test).

Angular velocity 30 60 90 120 180 240 300
(degs/sec)

VCiVR
T value. 5.02 3.53 3.41 2.89
Probability. 0.007 0.024 0.027 0.045 -

VCiFNR
T value. 1.73 2.53 4.38 4.54
Probability. 0.1580.065 0.012 0.011 -

VRiFNR
T value. 4.36 1.82 0.64 1.95 1.49 2.1 0.87
Probability. 0.012 0.143 0.551 0.123 0.216 0.103 0.434
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TABLE OF RESULTS FROM FIGURE 4.2a.
(Data from subject 1).

ISOMETRIC FORCES FROM VOLUNTARY (VC) AND FEMORAL 
STIMULATED CONTRACTIONS (FN) AT 10 DEGREE INTERVALS 
FROM 90 TO 30 DEGREES OF FLEXION, WITH SUBJECT SEATED.

Angle of 
knee flexion.

Case 1.
Case 2.
Case 3.
Case 4.
Case 5. 
Means, 
sd.

Case 1. 
Case 2. 
Case 3. 
Case 4. 
Case 5. 
Means, 
sd.

90 80 70 60 50 40 30

Femoral stimulated.
637 749 820 898 824 691 598
596 687 811 871 807 661 570
653 695 806 916 910 813 664
622 726 896 1047 977 784 619
600 725 867 939 845 707 539
622 716 850 934 873 731 598
24.2 25.3 39.6 67.8 70.2 64.4 47.6

Voluntarv.
722 812 897 947 833 680 598
653 767 884 954 856 719 629
695 831 943 983 919 806 622
595 679 927 1001 888 667 529
622 726 896 1047 977 784 619
657 763 909 986 895 731 599
51.8 62.2 24.6 40.3 56.4 61.8 41.0

STATISTICAL SIGNIFICANCE BETWEEN GROUPS. 
( Student’s t-test).

Angle of 
knee flexion. 90 80 70 60 50 40 30

FN:Vol
T value. 
Probability.

1.91 1.47 2.8 1.94 0.61 0.0
0.129 0.217 0.049 0.124 0.574 1.0 0.967

0.05
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TABLE OF RESULTS FROM FIGURE 4.2b.
(Data from subject 1).

ISOMETRIC FORCES FROM VOLUNTARY (VC) AND FEMORAL 
STIMULATED CONTRACTIONS (FN) AT 10 DEGREE INTERVALS FROM 
90 TO 30 DEGREES OF FLEXION, WITH SUBJECT SUPINE.

Angle of 90 80 70 60 50 40 30 20
knee flexion. 

Case 1. 711 904
Femoral stimulated.
955 872 773 700 621 497

Case 2. 764 956 958 886 817 732 642 549
Case 3. 669 884 943 799 721 679 594 456
Case 4. 645 867 870 8587 743 688 584 473
Case 5. 707 905 931 855 756 724 631 543
Means. 699 903 931 854 762 705 614 504
sd. 45.4 33.4 36.0 33.1 36.1 22.8 24.6 41.4

Case 1. 584 884
Voluntarv. 
913 854 743 612 455

Case 2. 639 935 943 886 764 657 463 -

Case 3. 554 854 965 845 688 547 386 -

Case 4. 539 847 887 812 763 632 421 -

Case 5. 580 875 934 8577 751 594 437 -

Means. 579 879 928 851 742 608 432 -

sd. 38.2 34.7 29.7 26.6 31.3 41.6 30.6 -

STATISTICAL SIGNIFICANCE BETWEEN GROUPS. ( 
test).

Student’s t-

Angle of 
knee flexion. 90 80 70 60 50 40 30

FNiVol
T value. 
Probability.

28.9 10.2 0.26 0.21 1.60 6.37 21.4
0.0 0.001 0.81 0.842 0.185 0.003 0.0
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TABLE OF RESULTS FROM FIGURE 4.6a.
(Data from 8 subjects).

NORMALISED FORCES MEASURED AT 60 DEGREES OF KNEE FLEXION 
DURING VOLUNTARY CONTRACTIONS AT 0, 60, 120 & 240
DEGS/SEC. TWO METHODS OF ISOKINETIC CONTRACTION WERE 
EMPLOYED:

I/.VOLUNTARY CONTRACTION (VC)
2/.VOLUNTARY RELEASES (VR).

Angular velocity 
(degs/sec).

60 120 

Voluntarv contraction.

240

Case 1. 73 63 37
Case 2. 85 73 44
Case 3. 88 70 49
Case 4. 80 66 41
Case 5. 86 68 39
Case 6. 68 66 48
Case 7. 86 69 38
Case 8. 86 64 44
Means. 81.5 67.4 42.5
sd. 7.3

Voluntarv release.

3.3 4.5

Case 1. 62 54 40
Case 2. 70 64 46
Case 3. 82 70 50
Case 4. 69 56 45
Case 5. 73 54 43
Case 6. 61 59 40
Case 7. 84 60 46
Case 8. 81 65 42
Means. 72.8 60.3 44.0
sd. 8.9 5.7 3.4

STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN GROUPS 
Analysis by Student’s t-test.

Angular velocity 
(degs/sec)

60 120 240

VC:VR
T value. 5.58 3.94 0.887
Probability. 0.001 0.006 0.404
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TABLE OF RESULTS FROM FIGURE 4.6b. 
(Data from 8 subjects).

RATIO OF NORMALISED SREMG ACTIVITY , [Voluntary 
contraction(VC): Voluntary release (VR)], DURING ISOKINETIC 
CONTRACTIONS AT 0, 60, 120 & 240 DEGS/SEC.

Angular velocity 60 120 240
(degs/sec).

VC activitv/VR activitv.
Case 1. 1.45 1.27 1.08
Case 2. 1.02 0.94 1.02
Case 3. 1.03 1.03 0.85
Case 4. 1.02 0.91 0.79
Case 5. 0.96 0.89 1.09
Case 6. 0.93 0.96 1.11
Case 7. 1.06 0.96 1.11
Case 8. 0.96 1.0 0.86
Means. 1.054 0.965 0.959
sd. 0.166 0.154 0.129

STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN EACH 
RATIO DURING AN ISOKINETIC CONTRACTION AND THE RATIO 
DURING AN ISOMETRIC CONTRACTION.
(Analysis by Student’s t-test).

Angular velocity 
(degs/sec)

T value. 
Probability.

60

2.84
0.025

120

0.106
0.918

240

1.429
0.196
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TABLE OF RESULTS FOR FIGURE 5.6a.
(Data from subject 1).

FORCES PRODUCED BY ONE QUADRICEP OVER 6 MINUTES OF 
REPEATED MAXIMAL DYNAMIC CONTRACTIONS AND OVER 5 
MINUTES RECOVERY. THE VALUES SHOWN HAVE BEEN 
NORMALISED TO FRESH MUSCLE FORCES. THE FORCES MEASURED 
WERE:

1/.Femoral stimulated isometric, @ 90 degrees of flexion.
2/.Femoral stimulated isokinetic, @ 60 degrees of flexion.
3/.Voluntary isokinetic, @ 60 degrees of flexion.

Time

sd.

FATIGUE RECOVERY.
(mins) 1 2 3 4 5 6 7 9 11

Femoral stimulated isometric.
Case 1. 81 77 74 75 73 71 85 87 88
Case 2. 79 76 74 69 71 71 82 84 90
Case 3. 83 79 76 77 69 70 83 79 80
Case 4. 77 75 72 74 74 69 79 86 89
Case 5. 82 77 73 71 73 72 84 91 86
Means. 80.4 76.8 72.6 73.8 72.0 70.6 82.6 85.4 86.6
sd. 2.4 1.5 1.5 2.5 2.0 1.1 2.3 4.4 4.0

Femoral stimulated isokinetic (FNR)
Case 1. 71 58 50 54 55 50 80 86 88
Case 2. 75 64 54 49 50 47 79 88 92
Case 3. 69 57 57 53 56 56 84 87 92
Case 4. 68 55 48 50 57 55 78 81 84
Case 5. 69 55 43 56 54 52 79 86 87
Means. 70.4 57.8 52.4 52.4 54.4 52.0 80.0 85.6 88.6

Voluntarv isokinetic (VC).
Case 1. 57 49 46 47 46 47 60 71 76
Case 2. 54 51 51 45 46 44 59 80 82
Case 3. 61 50 47 48 53 49 74 78 79
Case 4. 59 48 49 51 49 48 64 68 72
Case 5. 55 48 47 48 44 46 62 72 74
Means. 57.2 49.2 48.0 47.8 47.6 46.8 63.8 73.8 76.6
sd. 2.9 1.3 2.0 2.2 3.5 1.9 6.0 5.0 4.0
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STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN GROUPS 
IN FIGURE 5.6a.
(Analysis by Student’s t-test).

Time
(mins) 1 2 3 4 5 6 7 9  11

Femoral stimulated isometric:Femoral stimulated isokinetic.
T value 5.68 10.3 19.9 13.8 13.3 9.35 2.23 0.08 0.72
P. 0.005 0.001 0.0 0.0 0.0 0.001 0.09 0.941 0.511

Femoral stimulated isometric: Voluntary isokinetic.
T value. 15.1 36.9 20.8 25.6 11.0 19.2 6.3 3.07 3.75
P. 0.0 0.0 0.0 0.0 0.0 0.0 0.003 0.037 0.02

Femoral stimulated isokinetic:Voluntary isokinetic.
T value. 5.71 7.37 2.44 2.93 4.88 5.67 8.49 8.47 21.9
P. 0.005 0.002 0.071 0.043 0.008 0.005 0.001 0.001 0.0
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TABLE OF RESULTS FROM FIGURE 5.6b.
(Data from subject 2).

FORCES PRODUCED BY ONE QUADRICEPS DURING 6 MINUTES OF 
REPEATED MAXIMAL DYNAMIC CONTRACTIONS AND DURING 5 
MINUTES RECOVERY. THE VALUES SHOWN HAVE BEEN NORMALISED 
TO FRESH MUSCLE FORCES. THE FORCES MEASURED WERE:

1/.Femoral stimulated isometric, @ 90 degrees of flexion.
2/.Femoral stimulated isokinetic, @ 60 degrees of flexion.
3/. Voluntary isokinetic, @ 60 degrees of flexion.

Time FATIGUE RECOVERY.
(mins) 1 2 3 4 5 6 7 9 11

Femoral stimulated isometric.
Case 1. 79 75 71 69 69 78 79 81 80
Case 2. 82 79 73 72 69 70 82 86 88
Case 3. 77 75 68 66 67 69 7 86 89
Case 4. 77 73 73 72 68 68 77 72 83
Case 5. 79 78 69 67 70 72 75 77 79
Means. 78.8 76.0 70.8 69.2 68.6 69.4 80.0 80.4 84.2
sd. 2.0 2.4 2.3 2.8 1.1 1.7 4.7 6.0 4.2

Femoral stimulated isokinetic (FNR)
Case 1. 64 52 51 49 50 49 82 94 94
Case 2. 62 54 54 50 49 46 79 88 90
Case 3. 66 51 50 53 49 52 78 93 96
Case 4. 67 50 49 52 53 49 85 96 95
Case 5. 61 53 51 47 48 47 86 93 95
Means. 64.0 52.0 51.0 50.2 49.8 48.6 82.0 92.8 94.0
sd. 2.5 1.6 1.9 2.4 1.9 2.3 3.5 2.9 2.3

Voluntarv isokinetic (VC),
Case 1. 68 57 53 49 47 43 83 87 95
Case 2. 67 55 54 52 45 45 77 90 92
Case 3. 73 59 49 50 45 47 79 85 89
Case 4. 59 58 54 48 50 41 85 84 94
Case 5. 75 57 55 48 48 43 87 89 94
Means. 68.4 57.2 53.0 49.4 47.0 43.8 82.2 87.0 92.8
sd.
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STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN GROUPS 
m  FIGURE 5.6b.
(Analysis bv ________ Student's t-test).

Time
(mins) 1 2 3 4 5 6 7 9 1 1

Femoral stimulated isometric:Femoral stimulated isokinetic.
T value 7.65 53.7 17.8 12.3 16.2 13.3 0.55 0.58 4 J,
P. 0.002 0.0 0.0 0.0 0.0 0.0 0.611 0.031 0.015

Femoral stimulated isometric:Voluntary isokinetic.
lv a lu e . 3.66 11.4 18.4 15.5 22.0 22.0 0.6 2.7 3.03
P. 0.022 0.0 0.0 0.0 0.0 0.0 0.594 0.056 0.039

Femoral stimulated isokinetic: Voluntary isokinetic.
T value. 1.24 3.94 1.75 0.69 3.81 4.15 0.34 2.49 0.77
P. 0.284 0.017 0.154 0.528 0.19 0.014 0.749 0.068 0.485
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TABLE OF RESULTS FOR FIGURE S.7a.
(Subject IL

HEARTRATE AND PERCEIVED EXERTION OVER 6 MINUTES 
OF REPEATED MAXIMAL DYNAMIC CONTRACTIONS BY 
ONE QUADRICEPS.

Time
(mins) 0 1 2 3 4 5 6

Heartrate.
Case 1. 66 107 99 107 104 113 91
Case 2. 65 99 104 108 110 119 121
Case 3. 67 102 102 110 108 123 132
Case 4. 57 89 99 116 118 103 102
Case 5. 64 101 98 102 104 109 104
Means. 63.8 99.6 100.4108.6108.8113 .4110.0
sd. 3.4 6.6 2.5 5.1 5.8 7.9 16.3

Perceived Exertion.
Case 1. - 13 13 14 14 15 15
Case 2. - 13 13 14 15 14 15
Case 3. - 13 14 15 15 15 15
Case 4. - 13 14 14 15 15 15
Case 5. - 13 13 15 14 14 15
Means. - 13.0 13.4 14.6 14.6 14.6 15.0
sd. - 0.0 0.55 0.55 0.55 0.55 0.55
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TABLE OF RESULTS FOR FIGURE 5.7b.
(Subject 2).

HEARTRATE AND PERCEIVED EXERTION OVER 6 MINUTES 
OF REPEATED MAXIMAL DYNAMIC CONTRACTIONS BY 
ONE QUADRICEPS.

Time
(mins) 0 1 2 3 4 5 6

Heartrate.
Case 1. 59 121 118 120 113 121 124
Case 2. 65 124 120 132 117 128 123
Case 3. 57 115 109 124 122 116 115
Case 4. 67 108 115 116 118 123 127
Case 5. 64 123 112 118 113 129 129
Means. 62.0 118.2 114.8 122.0 116.6 123.4 123.6
sd. 4.0 6.7 4.43 6.32 3.8 5.32 5.37

Perceived Exertion.
Case 1. - 12 12 13 15 15 16
Case 2. - 12 12 13 14 15 17
Case 3. - 12 12 13 15 15 17
Case 4. - 12 12 13 15 15 17
Case 5. - 12 12 13 14 14 17
Means. - 12.0 12.0 13.0 14.6 14.8 16.8
sd. - 0.0 0.0 0.0 0.55 0.44 0.45
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TABLE OF RESULTS FOR FIGURE 5.8a.
(Subject 1).

HEARTRATE AND PERCEIVED EXERTION OVER 6 MINUTES 
OF REPEATED MAXIMAL DYNAMIC CONTRACTIONS BY BOTH 
QUADRICEPS AND BOTH HAMSTRINGS.

Time
(mins) 0 1 2 3 4 5 6

Heartrate.
Case 1. 66 131 139 145 153 157 161
Case 2. 64 131 135 145 146 148 159
Case 3. 62 138 140 140 147 144 143
Case 4. 60 119 133 133 140 143 148
Case 5. 67 136 144 135 145 135 143
Means. 63.8 131.0 138.2 139.6 146.2 145.4 150.8
sd. 2.86 7.38 4.32 5.55 4.66 8.0 8.67

Perceived Exertion.
Case 1. - 13 13 15 17 18 19
Case 2. - 13 14 16 18 19 19
Case 3. - 13 15 15 17 18 18
Case 4. - 13 14 17 17 18 18
Case 5. - 14 14 16 17 17 18
Means. - 13.2 14.0 15.8 17.2 18.0 18.4
sd. - 0.45 0.71 0.84 0.45 0.71 0.55
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TABLE OF RESULTS FOR FIGURE 5.8b.
(Subject 2L

HEARTRATE AND PERCEIVED EXERTION OVER 6 MINUTES 
OF REPEATED MAXIMAL DYNAMIC CONTRACTIONS BY BOTH 
QUADRICEPS AND BOTH HAMSTRINGS.

Time
(mins) 0 1 2 3 4 5 6

Heartrate.
Case 1. 68 131 138 139 138 140 145
Case 2. 68 139 142 144 144 147 147
Case 3. 66 136 135 137 140 137 147
Case 4. 61 135 142 147 151 157 156
Case 5. 61 131 138 138 149 149 151
Means. 64.8 134.4 139.0 141.0 144.4 146.0 149.2
sd. 3.56 3.44 3.0 4.3 5.59 7.87 4.38

Perceived Exertion.
Case 1. - 15 15 17 17 19 17
Case 2. - 15 16 18 18 19 18
Case 3. - 16 16 17 17 17 18
Case 4. - 14 17 16 18 18 19
Case 5. - 16 16 17 18 18 19
Means. - 15.2 16.0 17.0 17.6 18.2 18.2
sd. - 0.84 0.71 0.71 0.55 0.84 0.84
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TABLE OF RESULTS FROM FIGURE 5.9a.
(Data from subject 1).

FORCES OVER 6 MINUTES OF REPEATED MAXIMAL DYNAMIC 
CONTRACTIONS BY BOTH QUADRICEPS AND BOTH HAMSTRINGS AND 
DURING 5 MINUTES RECOVERY. THE VALUES SHOWN HAVE BEEN 
NORMALISED TO FRESH MUSCLE FORCES. THE FORCES MEASURED 
WERE:

1/.Femoral stimulated isometric, @ 90 degrees of flexion.
2/.Femoral stimulated isokinetic, @ 60 degrees of flexion.
3/. Voluntary isokinetic, @ 60 degrees of flexion.

Time FATIGUE RECOVERY.
(mins) 1 2 3 4 5 6 7 9 11

Femoral stimulated isometric.
Case 1. 70 72 69 72 69 71 83 86 84
Case 2. 76 78 72 71 74 75 82 85 85
Case 3. 75 74 75 75 74 74 79 78 79
Case 4. 72 73 70 69 68 69 79 83 83
Case 5. 78 75 76 74 74 73 79 79 73
Means. 74.2 74.4 72.4 72.2 71.8 72.4 80.4 82.2 80.8
sd. 3.2 2.3 3.0 2.4 3.0 2.4 1.9 3.6 4.9

Femoral stimulated Isokinetic (FNR)
Case 1. 65 60 58 58 58 55 73 79 84
Case 2. 70 64 60 56 57 60 71 80 85
Case 3. 67 59 58 58 60 59 73 81 87
Case 4. 64 61 54 54 51 55 69 78 83
Case 5. 63 56 56 56 67 54 72 77 84
Means. 65.8 60.0 57.2 56.6 58.6 56.6 71.6 79.0 84.6
sd. 2.8 2.9 2.3 1.3 5.8 2.7 1.7 1.6 1.5

Voluntary isokinetic (VC).
Case 1. 63 54 51 45 47 44 61 67 72
Case 2. 74 60 56 55 53 47 62 66 72
Case 3. 64 51 49 42 49 44 57 67 70
Case 4. 58 51 49 42 43 44 63 68 74
Case 5. 57 55 49 42 44 42 65 66 71
Means. 63.2 54.2 50.8 45.2 47.2 44.2 61.6 66.8 71.8
sd. 6.8 3.7 3.0 5.6 4.0 1.8 3.0 0.8 1.5
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STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN GROUPS 
IN FIGURE 5.9a.
(Analysis bv Student's t-testL

Time
(mins) 1 2 3 4 5 6 7 9 1 1

Femoral stimulated isometriciFemoral stimulated isokinetic.
T value 2.27 11.2 9.18 21.5 6.92 18.4 8.24 1.83 M
P. 0.086 0.0 0.001 0.0 0.002 0.0 0.001 0.141 0.185

Femoral stimulated isometric: Voluntary isokinetic.
T value. 3.43 19.8 10.0 8.95 15.7 26.4 11.6 9.63 4.68
P. 0.027 0.0 0.001 0.001 0.0 0.0 0.0 0.001 0.009

Femoral stimulated isokinetic: Voluntary isokinetic.
T value. 5.42 3.71 7.34 8.95 3.59 16.6 14.1 15.3 10.0
P. 0.006 0.217 0.002 0.013 0.023 0.0 0.0 0.0 0.001
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TABLE OF RESULTS FOR FIGURE 5.9b.
(Data from subject 2).

FORCES OVER 6 MINUTES OF REPEATED MAXIMAL DYNAMIC 
CONTRACTIONS BY BOTH QUADRICEPS AND BOTH HAMSTRINGS AND 
DURING 5 MINUTES RECOVERY. THE VALUES SHOWN HAVE BEEN 
NORMALISED TO FRESH MUSCLE FORCES. THE FORCES MEASURED 
WERE:
1/.Femoral stimulated isometric, @ 90 degrees of flexion.
2/.Femoral stimulated isokinetic, @ 60 degrees of flexion.
3/. Voluntary isokinetic, @ 60 degrees of flexion.

Time
(mins)

FATIGUE RECOVERY.
7 9 11

Femoral stimulated isometric.
Case 1. 78 77 70 73 74 72 81 82 83
Case 2. 80 78 75 75 75 72 78 77 79
Case 3. 83 78 76 74 78 73 76 76 80
Case 4. 87 84 86 79 83 79 85 81 84
Case 5. 87 82 80 78 76 76 83 87 88
Means. 83.0 79.8 77.4 75.8 77.2 74.4 80.6 80.6 82.8
sd. 4.1 3.0 6.0 2.6 3.6 3.0 3.6 4.4 3.6

Femoral stimulated isokinetic (FNR)
Case 1. 66 54 67 48 63 45 78 80 82
Case 2. 69 57 48 45 42 43 80 82 84
Case 3. 63 47 49 45 43 46 70 74 74
Case 4. 62 51 51 44 42 42 73 80 83
Case 5. 68 53 49 53 55 50 88 94 92
Means. 65.6 52.4 52.8 47.0 49.0 45.2 77.8 82.0 83.0
sd. 3.0 3.7 8.0 3.7 9.6 3.1 6.9 7.3 6.4

Voluntary isokinetic (VC).
Case 1. 80 62 81 60 60 58 65 72 75
Case 2. 68 60 58 57 48 51 64 70 77
Case 3. 62 42 50 47 45 43 50 62 64
Case 4. 74 66 56 54 45 54 77 80 92
Case 5. 77 58 50 46 38 52 59 69 82
Means. 72.2 57.6 59.0 52.8 47.2 51.6 63.0 70.6 78.0
sd. 7.22 9.2 12.8 6.1 8.0 5.5 9.8 6.5 10.2
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STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN GROUPS 
IN FIGURE 5.9b.
(Analysis bv , Student's t-test).

Time
(mins) 1 2 3 4 5 6 7 9 1 1

Femoral stimulated isometric:Femoral stimulated isokinetic.
T value 6.64 11.8 4.48 15.5 5.22 14.5 0.94 0.73 OJ,
P. 0.003 0.0 0.012 0.0 0.006 0.0 0.402 0.505 0.925

Femoral stimulated isometric: Voluntary isokinetic.
T value. 2.91 5.93 2.38 6.84 6.69 8.66 5.32 3.43 1.22
P. 0.044 0.004 0.076 0.002 0.003 0.001 0.006 0.027 0.289

Femoral stimulated isokinetic: Voluntary isokinetic.
T value. 2.06 1.59 2.42 1.57 0.44 2.16 2.73 2.82 1.40
P. 0.108 0.186 0.072 0.191 0.681 0.103 0.052 0.048 0.233
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TABLE OF RESULTS FOR FIGURE 6.2.
(Data from subject 1).

FORCES DURING 3x15 SECOND PERIODS OF MAXIMAL ISOMETRIC 
CONTRACTION AND AFTER 5 MINUTES RECOVERY. THE FORCES 
SHOWN ARE:
I/.FEMORAL STIMULATED ISOMETRIC @ 110 DEGREES OF FLEXION. 
2/.FEM0RAL STIMULATED ISOKINETIC(90 DEGS/SEC) @ 60 DEGREES 
OF FLEXION.

Time (secs) 0 15 30 45 345

Femoral stimulated isometric.
Case 1. 626 608 601 531 582
Case 2. 592 451 437 420 541
Case 3. 597 522 429 383 565
Case 4. 634 478 457 403 575
Case 5. 584 635 557 478 561
Means. 607 539 496 443 565
sd. 22.0 80.2 77.8 66.6 15.7

Feitinral stimulated isokinetic.
Case 1. 525 461 385 313 551
Case 2. 497 367 340 239 572
Case 3. 534 460 371 334 528
Case 4. 542 473 384 304 525
Case 5. 506 453 356 254 492
Means. 521 443 367 289 534
sd. 18.9 43.0 19.2 40.5 30.1
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TABLE OF RESULTS FOR FIGURE 6.3a.
(Data from subject 1).

ISOKINETIC FORCES, NORMALISED TO ISOMETRIC MAXIMA, 
MEASURED @ 60 DEGREES OF FLEXION AT ANGULAR VELOCITIES OF 
30, 60, 90, 120, 180, 240 & 300 DEGREES/SECOND. FORCES SHOWN ARE 
FROM:

l/.Fresh muscle,
2/.Muscle fatigued by 15seconds MVC.
3/.Muscle fatigued by 30seconds MVC.
4/.Muscle fatigued by 45seconds MVC.

Angular velocity 30 60 90 120 180 240 300
(degs/sec).

Fresh muscle.
Case 1. 73 67 54 49 41 36 32
Case 2. 75 64 57 49 44 32 32
Case 3. 70 61 58 49 43 34 35
Case 4. 74 64 56 51 40 37 30
Case 5. 76 62 56 48 43 35 31
Means. 73.5 63.6 56.1 49.3 42.1 34.8 32.0
sd. 2.43 2.20 1.40 1.10 1.60 2.10 1.90

15 seconds fatigue.
Case 1. 69 61 55 45 43 36 30
Case 2. 78 61 59 46 44 39 27
Case 3. 70 57 55 44 43 31 29
Case 4. 74 63 57 47 41 37 32
Case 5. 76 61 54 44 44 36 31
Means. 73.5 60.5 55.9 45.4 43.0 35.8 29.8
sd. 3.80 2.20 1.90 1.40 1.20 3.0 1.90

30 seconds fatigue.
Case 1. 62 52 49 39 39 31 30
Case 2. 63 54 50 39 37 30 32
Case 3. 61 55 57 41 39 32 25
Case 4. 65 55 54 37 37 29 27
Case 5. 40 51 56 44 36 32 31
Means. 62.2 53.4 53.2 40.1 37.5 30.9 28.9
sd. 1.90 1.70 3.70 2.60 1.20 1.30 2.90

45 seconds fatigue.
Case 1. 53 48 47 36 38 36 26
Case 2. 56 46 38 36 27 24 25
Case 3. 55 46 47 38 34 27 22
Case 4. 46 44 37 35 29 24 19
Case 5. 57 50 47 37 34 30 22
Means. 53.5 46.8 43.3 36.3 32.4 28.2 22.7
sd. 4.40 2.30 5.1 1.0 4.30 5.10 2.90
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STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN THE 
FRESH VALUES AND THOSE FOUND IN THE 15, 30 & 45 SECOND 
FATIGUE GROUPS IN FIGURE 6.3a.
(Analysis by Student’s t-test).

Angular velocity
(degs/sec) 30 60 90 120 180 240 300

Fresh: 15sec fatigue.
lv a lu e .  1.18 3.16 0.21 12.6 2.14 0.61 1.47
Probability. 0.886 0.034 0.847 0.0 0.09 0.576 0.216

Fresh:30sec fatigue.
T value. 2.97 6.97 2.3 5.67 4.47 3.51 1.63
Probability. 0.041 0.002 0.083 0.005 0.011 0.025 0.179

Fresh:45sec fatigue.
T value. 9.48 11.5 5.14 14.0 5.75 3.13 7.18
Probability. 0.001 0.0 0.007 0.0 0.005 0.035 0.002
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TABLE OF RESULTS FOR FIGURE 6.3b.
(Data from 5 subjects).

ISOKINETIC FORCES, NORMALISED TO ISOMETRIC MAXIMA, 
MEASURED @ 60 DEGREES OF FLEXION AT ANGULAR VELOCITIES OF 
30, 60, 90, 120, 180, 240 & 300 DEGREES/SECOND. FORCES SHOWN ARE 
FROM:

l/.Fresh muscle,
2/.Muscle fatigued by 45seconds MVC.
3/.Muscle allowed to recover for 5 mins.

Angular velocity 30 60 90 120 180 240 300
(degs/sec).

Fresh muscle .
Case 1. 74 52 46 36 31 23 22
Case 2. 70 59 51 49 34 32 30
Case 3. 82 61 64 65 59 53 46
Case 4. 77 65 53 48 38 33 24
Case 5. 75 64 56 49 42 36 32
Means. 75.6 60.1 53.9 49.4 40.6 35.4 30.9
sd. 4.33 5.12 6.83 10.4 11.1 10.9 9.4

45seconds fatigue.
Case 1. 53 38 30 25 23 18 14
Case 2. 46 39 32 36 34 15 14
Case 3. 60 49 29 44 39 33 36
Case 4. 56 32 33 32 29 23 20
Case 5. 54 48 44 37 32 29 26
Means. 53.8 41.2 33.6 34.7 31.4 23.6 22.1
sd. 5.1 7.2 6.1 6.9 5.9 7.4 9.3

5 min recovery.
Case 1. 76 53 45 42 34 23 23
Case 2. 65 51 50 44 32 27 27
Case 3. 77 79 68 62 56 51 49
Case 4. 80 66 56 51 40 33 28
Case 5. 71 63 57 49 44 36 33
Means. 74.1 62.2 55.3 49.6 41.1 34.1 32.1
sd. 6.1 11.3 8.6 7.8 9.6 10.7 10.1

STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN THE 
FRESH VALUES AND THOSE FOUND IN THE 45 SECOND FATIGUE & 5 
MINUTE RECOVERY GROUPS. (Analysis by " Student’s t-test).
Fresh:45sec fatigue.
T value. 37.4 5.08 5.22 8.09 2.95 4.09 4.27
Probability. 0.0 0.007 0.006 0.001 0.042 0.015 0.013

Fresh:5min recovery.
T value. 1.02 0.51 1.18 0.10 0.33 0.59
Probability. 0.367 0.635 0.305 0.925 0.757 0.59 0.374

1.0
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TABLE OF RESULTS FOR FIGURE 6.4a.
(Data from subject 1).

HALF-TIMES OF RELAXATION (milliseconds) FROM A FEMORAL 
STIMULATED ISOMETRIC TETANUS. VALUES ARE SHOWN FOR 
MUSCLE FATIGUED BY 3x15 SECOND MVC’S AND AT 0.5, 1, 3 & 5 
MINUTES OF RECOVERY.

FATIGUE RECOVERY
Time (mins) 0 0.25 0.5 0.75 1.25 1.75 3.75 5.75

Case 1. 25 23 32 51 30 25 22 22
Case 2. 24 23 30 43 32 35 25 26
Case 3. 25 24 36 50 30 28 25 24
Case 4. 28 24 38 45 35 30 29 24
Case 5. 28 29 31 54 33 26 25 24
Means(ms) 26.0 24.6 33.4 48.6 32.0 28.8 25.2 24.0
sd. 1.87 2.51 3.43 4.51 2.12 3.96 2.49 1.41

c v 7 . 2 1 0 . 2 1 0 . 3 9 . 3 6 . 6 1 3 . 8 9 . 9 5 . 9

STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN THE 
FRESH VALUES (0) AND SUBSEQUENT VALUES. (Analysis by 
Student’s t-test).

T value. 1.72 5.16 11.8 9.49 1.26 0.87 1.75
Probability. 0.16 0.007 0.0 0.001 0.276 0.432 0.154
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TABLE OF RESULTS FOR FIGURE 6.4b.
(Data from 5 subjects).

HALF-TIMES OF RELAXATION FROM A FEMORAL STIMULATED 
ISOMETRIC TETANUS, WITH ALL VALUES NORMALISED TO FRESH 
MUSCLE. VALUES ARE SHOWN FOR MUSCLE FATIGUED BY 3x15 
SECOND MVC’S AND AT 0.5, 1, 3 & 5 MINUTES OF RECOVERY.

FATIGUE RECOVERY
Time (mins) 0.25 0.5 0.75 1.25 1.75 3.75 5.75

Case 1. 98 113 163 115 102 94 94
Case 2. 104 130 196 143 135 109 117
Case 3. 116 124 216 132 104 100 96
Case 4. 158 167 200 144 115 130 107
Case 5. 102 129 150 100 83 96 -
Means 116 133 185 127 108 106 104
sd. 24.6 20.4 27.5 19.0 19.1 14.7 10.7

c v 2 1 . 2 1 5 . 3 1 4 . 9 1 5 . 0 1 7 . 7 1 3 . 9 1 0 . 3

STATISTICAL SIGNIFICANCE OF DIFFERENCES BETWEEN THE FRESH 
VALUES (0) AND SUBSEQUENT VALUES. (Analysis by Student’s t-
test).

T value. 1.42 3.58 6.9 3.16 0.92 0.88 0.66
Probability. 0.23 0.023 0.002 0.034 0.412 0.428 0.558
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TABLE OF RESULTS FOR FIGURE 6.5a.
(Data from subject 1).

FEMORAL STIMULATED ISOMETRIC FORCES DURING 3x1 MINUTE 
SESSIONS OF FATIGUE AND 5 MINUTES OF RECOVERY. ALL FORCES 
ARE NORMALISED TO FRESH VALUES. THE RESULTS OF TWO 
METHODS OF FATIGUE ARE SHOWN:
1/.Intermittent Isometric Fatigue (IIF).
2/.Dynamic Fatigue (DF).

FATIGUE RECOVERY
Time (mins) 1 2 3 3.5 4 6 8

Intermittent Isometric
Case 1. 82 76 74 85 89 92 95
Case 2. 79 78 74 87 87 95 94
Case 3. 82 79 76 87 84 92 95
Case 4. 76 84 73 90 91 100 101
Case 5. 77 79 75 90 94 100 99
Means. 79.2 79.2 74.4 87.8 89.0 96.0 96.8
sd. 2.77 3.0 1.14 2.17 3.80 4.30 3.03

Dynamic
Case 1. 74 72 64 71 75 85 97
Case 2. 77 74 72 75 81 87 90
Case 3. 74 74 70 77 81 87 92
Case 4. 75 72 70 75 83 90 92
Case 5. 79 75 70 76 81 92 86
Means. 75.8 73.4 69.2 74.8 80.2 88.2 89.4
sd. 2.13 1.34 3.03 2.28 3.03 2.78 2.79

STATISTICAL ANALYSIS OF THE DIFFERENCES BETWEEN GROUPS. 
( Student’s t-test).

T value. 
Probability. 0.163

1.71
0.021

3.71
0.02

3.73
0.0

14.5
0.013

4.2
0.001

8.0
0.105

2.1

1 6 1



TABLE OF RESULTS FOR FIGURE 6.5b.
(Data from 4 subjects).

FEMORAL STIMULATED ISOMETRIC FORCES DURING 3x1 MINUTE 
SESSIONS OF FATIGUE AND 5 MINUTES OF RECOVERY. ALL FORCES 
ARE NORMALISED TO FRESH VALUES. THE RESULTS OF TWO 
METHODS OF FATIGUE ARE SHOWN:

1/.Intermittent Isometric Fatigue (HF).
2/.Dynamic Fatigue (DF).

FATIGUE RECOVERY
Time (mins) 1 2 3 3.5 4 6 8

Intermittent Isometric
Case 1. 69 69 65 84 91 95 99
Case 2. 83 79 75 92 93 98 98
Case 3. 75 64 58 70 74 81 84
Case 4. 76 75 68 85 84 92 94
Means. 75.8 71.8 66.5 82.8 85.5 92.3 93.8
sd. 5.74 6.60 7.05 9.22 8.60 6.02 6.84

Dynamic
Case 1. 63 46 69 77 82 87 92
Case 2. 76 73 70 73 80 85 88
Case 3. 78 74 74 79 78 89 87
Case 4. 67 65 70 82 83 87 88
Means. 71.0 64.5 70.8 77.8 80.8 87.0 89.0
sd. 7.16 13.0 2.22 3.77 2.22 1.60 2.2

STATISTICAL ANALYSIS OF THE DIFFERENCES BETWEEN GROUPS. 
( Student’s t-test).

T value. 1.79 1.07 0.97 0.87 1.24 1.0 1.79
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Probability. 0.172 0.364 0.402 0.45 0.304 0.389 0.172

TABLE OF RESULTS FOR FIGURE 6.6a.
(Data from subject 1).

NORMALISED ISOMETRIC AND ISOKINETIC FORCES (measured at 60 
degrees of flexion) FROM FEMORAL STIMULATED MUSCLE IN THE 
FRESH STATE AND DURING 3 MINUTES OF DYNAMIC FATIGUE (DF).

Angular velocity
(degs/sec). 30 90 150 240 300

Fresh muscle
Case 1. 74 57 44 33 28
Case 2. 74 55 41 30 30
Case 3. 76 55 44 32 31
Case 4. 77 56 46 34 29
Case 5. 74 55 45 35 28
Means. 74.9 55.6 43.8 32.9 29.1
sd. 1.58 0.69 1.88 1.87 1.21

1 minutes DF.
Case 1. 74 57 48 35 26
Case 2. 75 52 39 30 23
Case 3. 73 48 38 28 23
Case 4. 73 49 45 28 29
Case 5. 71 52 40 31 27
Means. 73.0 51.8 42.2 30.3 25.6
sd. 1.38 3.35 4.17 2.91 2.68

2 minutes DF
Case 1. 62 52 37 32 22
Case 2. 62 46 36 26 23
Case 3. 61 38 34 27 22
Case 4. 60 42 38 28 24
Case 5. 66 47 37 29 23
Means. 62.2 45.0 36.4 28.1 22.9
sd. 2.54 5.30 1.50 2.40 0.80

3 minutes DF
Case 1. 61 49 45 31 15
Case 2. 52 47 34 26 24
Case 3. 57 34 30 29 21
Case 4. 53 47 38 24 25
Case 5. 57 41 26 21 26
Means. 56.0 44.2 34.7 26.4 22.3
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sd. 3.69 6.7 7.36 3.9 4.5

STATISTICAL SIGNIFICANCE OF DIFFERENCES IN FORCE BETWEEN 
FATIGUED DATA AND THE FRESH DATA FROM FIGURE 6.6a. (Analysis 
by Student’s t-test).

Fresh: 1 min DF.
T value. 1.86 2.98 1.14 I  1.53 2.21
Probability. 0.137 0.041 0.319 ' 0.201 0.092

Fresh:2 min DF.
T  value. 17 .42 4.91 934  4.75 8.55
Probability. 0.000 0.008 0.001 0.009 0.001

Fresh:3 m in  DF.
T value. 9.88 4.78 2.78 3.50 3.83
Probability. 0.001 0.005 0.05 0.025 0.019
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TABLE OF RESULTS FOR FIGURE 6.6b.
(Data from 4 subjects).

NORMALISED ISOMETRIC AND ISOKINETIC FORCES (measured at 60 
degrees of flexion) FROM FEMORAL STIMULATED MUSCLE IN THE 
FRESH STATE, AFTER 3 MINUTES OF DYNAMIC FATIGUE (DF) AND 5 
MINUTES RECOVERY.

Angular velocity
(degs/sec). 30 90 150 240 300

Fresh muscle
Case 1. 72 51 42 28 24
Case 2. 74 57 44 34 31
Case 3. 68 52 42 29 25
Case 4. 71 53 36 29 25
Means 71.0 53.3 41.0 30.0 26.3
sd. 2.32 2.63 3.46 2.71 3.2

3 minutes DF
Case 1. 52 44 37 18 20
Case 2. 57 47 34 26 25
Case 3. 62 48 35 27 17
Case 4. 52 29 25 30 23
Means. 55.8 42.0 32.8 25.3 21.3
sd. 4.8 8.8 5.3 5.1 3.5

5 minutes recovery.
Case 1. 83 53 42 32 27
Case 2. 77 50 43 34 29
Case 3. 75 54 36 29 23
Case 4. 76 49 34 30 30
Means. 77.8 51.5 38.8 31.3 27.3
sd. 3.6 2.4 4.4 2.2 3.1

t-

STATISTICAL SIGNIFICANCE OF DIFFERENCES IN FORCE BETWEEN 
FATIGUED DATA AND THE FRESH DATA. (Analysis by Student’s
test).

Fresh:3 min DF.
T  value. | 4.802 2.544 5.99 1.85 3.87
Probability. j  0.017 0.084 0.009 0.161 0.03

Fresh:5 min Recovery.
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T  value. 
Probability. 0.032

3.81
0.493

0.78
0.186

1.71
0.278

1.32
0.613

0.56

TABLE OF RESULTS FOR FIGURE 6.7a.
(Data from subject 1).

NORMALISED ISOMETRIC AND ISOKINETIC FORCES (measured at 60 
degrees of flexion) FROM FEMORAL STIMULATED MUSCLE IN THE 
FRESH STATE AND DURING 3 MINUTES OF INTERMITTENT ISOMETRIC 
FATIGUE (IIF).

Angular velocity
(degs/sec). 30 90 150 240 300

Fresh muscle
Case 1. 77 50 44 34 29
Case 2. 75 52 46 28 32
Case 3. 70 58 40 38 22
Case 4. 72 55 45 37 25
Case 5. 66 46 38 30 25
Means. 71.9 52.2 42.7 33.2 26.5
sd. 4.46 4.34 3.54 4.4 3.8

1 minutes IIF.
Case 1. 74 51 43 33 30
Case 2. 71 50 36 30 31
Case 3. 78 58 44 32 27
Case 4. 76 54 46 35 34
Case 5. 75 48 45 36 31
Means. 74.9 51.9 42.8 33.1 30.9
sd. 2.67 3.76 4.29 2.48 2.43

2 minutes HF.
Case 1. 72 51 39 33 37
Case 2. 69 45 37 27 25
Case 3. 70 53 41 36 28
Case 4. 74 50 45 35 28
Case 5. 64 54 42 30 25
Means. 69.8 50.4 40.9 32.4 26.8
sd. 3.9 3.4 3.2 3.5 1.7

3 minutes IIF.
Case 1. 71 49 43 34 31
Case 2. 65 48 40 31 30
Case 3. 74 38 47 28 37
Case 4. 74 46 45 38 24
Case 5. 73 54 30 33 30
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Means. 71.2 47.0 42.6 32.7 30.3
sd. 3.9 5.6 3.4 3.9 4.4

STATISTICAL SIGNIFICANCE OF DIFFERENCES IN FORCE BETWEEN 
FATIGUED DATA AND THE FRESH DATA FROM FIGURE 6.7a. (Analysis 
by Student’s t-test).

Angular velocity
(degs/sec). 30 90 150 240 300

Fresh: 1 min IIF.
lv a lu e  . 1.03 0.0 0.069 0.1 2.24
Probability. 0.36 1.0 0.948 0.926 0.089

Fresh:2 min IIF.
T value. 1.47 0.58 0.78 3.21 0.81
Probability. 0.216 0.592 0.481 0.033 0.462

Fresh:3 min IIF.
T value. 0.19 1.13 0.61 0.25 1.24
Probability. 0.86 0.323 0.574 0.816 0.282
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TABLE OF RESULTS FOR FIGURE 6.7b.
(Data from 4 subjects).

NORMALISED ISOMETRIC AND ISOKINETIC FORCES (measured at 60 degrees of flexion) 
FROM FEMORAL STIMULATED MUSCLE IN THE FRESH STATE, AFTER 3 MINUTES OF 
INTERMITTENT ISOMETRIC FATIGUE AND 5 MINUTES RECOVERY.

Angular velocity
(degs/sec). 30 90 150 240 300

Fresh muscle
Case 1. 73 52 43 27 16
Case 2. 71 51 39 26 26
Case 3. 67 44 39 24 24
Case 4. 77 53 44 34 29
Means 72.1 50.0 41.3 27.8 23.8
sd. 4.1 4.08 2.63 4.35 5.56

3 minutes HP
Case 1. 72 39 39 19 14
Case 2. 67 45 38 26 25
Case 3. 70 32 26 25 15
Case 4. 72 49 37 34 31
Means. 70.3 41.3 35.0 26.0 21.3
sd. 2.36 7.41 6.06 6.16 8.18

5 minutes recovery.
Case 1. 90 49 46 26 18
Case 2. 72 52 45 29 27
Case 3. 62 38 31 27 28
Case 4. 76 56 46 33 30
Means. 75.0 48.8 42.0 28.8 25.8
sd. 11.6 7.7 7.35 3.1 5.32

STATISTICAL SIGNIFICANCE OF DIFFERENCES IN FORCE BETWEEN THE FRESH STATE 
AND THE FATIGUED AND RECOVERED STATES. (Analysis by Student’s t-test).

Fresh:3 min IIF.
T value. 
Probability. 0.402

0.97
0.029

3.96
0.093

2.44
0.718

0.40
0.361

1.07

Fresh:5 min Recovery.
T value. 2.37 0.62 0.47 0.30
Probability. 0.098 0.579 0.671 0.786 0.066

2.83
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APPENDIX C.

TABULATED RAW DATA OF VENTILATION 
RATE, EXPIRED 0% & EXPIRED CO; FROM 
SUBJECTS 1 & 2 DURING REST AND 6 MINUTES 
OF REPEATED MAXIMAL CONTRACTIONS BY 
BOTH QUADRICEPS AND BOTH HAMSTRINGS.
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RESULTS FOR SUBJECT 1.

EXPIRED %02, %C02 AND VENTILATION RATE AT REST AND 
DURING 6 MINUTES OF MAXIMAL DYNAMIC CONTRACTION OF 
BOTH QUADRICEPS AND BOTH HAMSTRINGS.

Time 0 1 2 3 4 5 6
(mins)

%C02(expired)
Case 1. 4.0 3.9 4.0 3.6 3.5 3.1 3.0
Case 2. 3.7 3.6 3.3 3.5 3.2 3.1 3.5
Case 3. 4.0 3.6 3.0 2.9 2.8 2.7 2.6
Case 4. 3.9 3.6 3.4 3.0 2.9 2.9 2.8
Case 5. 4.0 3.6 3.2 3.1 2.9 2.9 2.9
Means. 3.92 3.67 3.38 3.22 3.06 2.9 2.96
sd. 0.13 0.13 0.38 0.31 0.29 0.21 0.34

%02(expired)
Case 1. 16.2 17.2 17.6 17.8 17.9 18.2 18.3
Case 2. 16.1 17.8 17.9 18.1 18.1 18.1 18.2
Case 3. 16.2 17.7 18.1 18.7 18.5 18.5 18.5
Case 4. 16.1 17.2 17.5 18.1 18.3 18.1 18.4
Case 5. 16.2 17.2 17.7 18.0 18.2 18.3 18.2
Means. 16.16 17.42 17.76 18.14 18.2 18.24 18.32
sd. 0.05 0.3 0.24 0.34 0.22 0.17 0.13

Ventilation Rate. (L/min).
Case 1. - 57.0 69.5 93.5 95.5 100.5 121.5
Case 2. - 52.0 67.5 90.5 94.0 98.5 119.0

170



Case 3. - 65.0 84.0 114.0 118.0 119.0 158.0
Case 4. - 60.0 72.0 77.0 98.0 101.0 119.0
Case 5. - 59.0 69.0 90.0 111.0 107.0 119.0
Means. - 58.6 72.4 93.0 103.3 105.2 127.3
sd. - 4.72 6.68 13.34 10.62 8.34 17.20

RESULTS FOR SUBJECT 2.

EXPIRED %02, %C02 AND VENTILATION RATE AT REST AND 
DURING 6 MINUTES OF MAXIMAL DYNAMIC CONTRACTION OF 
BOTH QUADRICEPS AND BOTH HAMSTRINGS.

Time 0 1 2 3 4 5 6
(mins)

%C0 2  (expired)
Case 1. 3.95 3.80 3.45 3.20 3.10 3.50 3.40
Case 2. 3.95 3.75 3.55 2.80 2.70 3.10 3.10
Case 3. 4.05 3.80 2.90 2.85 3.10 2.60 2.80
Case 4. 4.0 3.60 3.10 2.90 2.90 2.65 2.75
Case 5. 4.0 3.70 3.40 3.50 2.90 2.80 2.70
Means. 3.99 3.73 3.28 3.05 2.94 2.93 2.95
sd. 0.04 0.08 0.27 0.30 0.17 0.37 0.30

%02(expired)
Case 1. 16.05 17.90 18.50 18.30 18.50 18.20 18.0
Case 2. 16.00 18.10 18.10 18.50 18.20 18.40 18.40
Case 3. 16.10 17.50 18.0 18.30 18.10 18.50 18.40
Case 4. 16.10 17.60 18.10 18.10 18.60 18.30 18.30
Case 5. 16.10 17.70 17.90 18.30 18.40 18.40 18.20
Means. 16.07 17.76 18.12 18.30 18.36 18.36 18.26
sd. 0.05 0.24 0.23 0.14 0.21 0.11 0.17

Ventilation Rate. (L/min).
Case 1. - 52.0 86.5 97.5 94.0 104.5 109.5
Case 2. - 47.0 75.5 94.5 91.0 97.0 104.0
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Case 3. - 62.0 76.0 89.0 108.0 109.0 105.0
Case 4. - 57.0 67.0 74.0 98.0 103.5 108.0
Case 5. - 55.0 69.0 81.0 88.0 101.5 103.0
Means. - 54.6 74.8 87.2 96.0 103.1 105.9
sd. - 5.59 7.64 9.69 8.15 4.38 2.75
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APPENDIX D.

DIAGRAMATIC REPRESENTATION OF THE ISOMETRIC, INTERMITTENT 
ISOMETRIC & DYNAMIC FATIGUEING PROTOCOLS.



ISOMETRIC FATIGUING PROTOCOL.

3  X 15 second isometric contractions 

FATIGUE

% RECOVERY

/■
Î

INTERMITTENT ISOMETRIC FATIGUING PROTOCOL.

3  X 60 seconds of 1 second isometric 
contractions with 1 second rest 
intervals between each contraction.

i n i r r i i i i i i i i i i i i i i
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liiuiiim iniiiiU 7Î T Î r
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DYNAMIC FATIGUING PROTOCOL.

3  ^  60 seconds of 1 second isokinetic 
leg extensions @ 90 7sec with 
1 second rest intervals between 
each contraction.
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POWER CURVES FROM STIMULATED 
& VOLUNTARY CONTRACTIONS.
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Normalised, relative Power curves derived from voluntary 
isokinetic contraction (VC) forces from subject 1, subject 2 
& 5 different subjects. Data are derived from Tables 3.8a,

 ̂  ̂ 3.8b & 3.9; see Appendix B.
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Normalised, relative power curves derived from  th e  m ean 
fem oral stim ulated, isokinetic co n trac tio n  forces 
of sub ject 1, subject 2 & 5 d ifferen t sub jec ts (group). 

Data is taken  from tab les 3.8a, 3.8b & 3.9;see Appendix B.
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