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Abstract In humans, dynamic muscle funtion including fatigue has been studied less 
of ten than isometric function . There is however good evidence to show that the mode of 
exercise performed may determine both the type and the magnitude of the fatigue 
generated. Furthermore, since fatigue may affect both isometric force generation and the 
maximum velocity of shortening, characterisation of fatigue in terms of isometric force 
alone may grossly under-represent the tme magnitude of the effect on power output. One 
reason for the relative neglect of dynamic function has been the technical difficulties 
associated with measuring human muscle power at known, or controlled, velocities which 
are realistic in terms of hu man locomotion. We describe the development of an isokinetic 
cycle ergometer which allows measurement of power output from the leg extensor 
muscles over a wide range of constant velocities. This enables the optimum velocity for 
power generation to be identified for this form of exercise. The application of this 
technique to study the effects of prior exercise and changes in muscIe temperature are 
described together with observations on the pattern of muscIe fibre type recruitment 
during dynamic exercise. The implications for human power output of having muscIe 
composed of fibres with different contractile and metabolic properties are discussed in 
relation to maximum power output, sustained submaximal power, and mechanical 
efficiency. 

Introduction - Measurement of human power output. 

In human locomotion the ability to generate and sustain mechanical power output is of 
fundamental importance. In order to examine those factors which influence power output in the 
intact human we developed an isokinetic cycle ergometer (Sargeant, Hoinville and Young 1981; 
Sargeant and Dolan 1987; Beelen and Sargeant 1991, and 1992). The latest version has two 
operating modes and it can be instantly switched from one to the other (fig 1). In the lower 
configuration the ergometer is connected to anormal electrically braked cycle ergometer so that 
subjects can perform submaximal steady-state exercise. In the upper configuration the cycle is 
connected to an isokinetic control system. This consists of a large electric motor driving the 
cranks through a variabie speed gearbox. Determinations of maximum power are made by 
switching on the isokinetic system at the chosen velocity and instructing the subject to make a 
maximum effon in an attempt to speed up the motor. Due to the characteristics of the motor-gear 
system this is not possible and pedalling rate is held constant. During the maximum effon the 
horizontal and venical forces generated at the foot are continuously measured by means of strain 
gauges mounted in the pedais. Encoders record crank and pedal angles with respect to time 
enabling calculation of tangential (effective) force (fig 2) . Integration of the force data with 
respect to velocity yields power output. In this review data for peak effective power will be 
presented, that is the instantaneous peak power generated during each crank revolution and 
tangential to the arc of the peda I axis trajectory - hence effective in terms of delivering power to 
the ergometer (fig 3). Generally this has been found to be representative of other measurements 
of power, such as the mean power calculated for the complete revolution (Sargeant, Hoinville 
and Young 1981 ; Beelen and Sargeant 1991, 1992). 

The strength of our approach is th at we are measuring power generated by the main loc
omotory muscles at shortening velocities, that are realistic in terms of human locomotion. 
Technically the system has the merit that in this constrained form of exercise it is relatively easy 
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to measure the forces generated on the pedals continuously and to control the crank velocity. 
The latter aspect is crucial since even though we are measuring power produced by the whole 
leg-hip complex, and not individual muscles, it is still necessary to take account of the 'global' 
power/velocity relationship of the active musculature. In figure 4 data is shown for 5 subjects in 
whom maximum peak power was measured in a series of experiments at different pedal rates 
ranging from 22 to 171 rev/min. The data is normalized to take account of the size of the active 
muscIe ma ss and indicates an optimum pedalling rate for maximum power of between 110 to 
120 rev/min (Sargeant et al 1981; Sargeant, Dolan and Young 1984; Sargeant and Dolan 1986). 

An important issue that needs to be addressed is whether maximal activation of muscIe 
can be achieved voluntarily in this repetitive dynamic exercise - we believe that the consensus of 
evidence indicates that it can. This is based on (a) studies where electrical stimulation has been 
superimposed on maximal voluntary dynamic contractions (Beelen, Sargeant, Jones, and de 
Ruiter 1993; James and Sacco 1992; Westing et al 1990); (b) EMG evidence which although 
indirect does not immediately suggest a failure of neural drive in fatigue (Greig, Hortobagyi and 
Sargeant 1985); (c) The fact that rather low maximal forces are generated in these fast dynamic 
contractions « 50% of maximum isometric force) would seem to mitigate against the possibility 
ofinhibitory reflexes influencing activation (Beelen and Sargeant 1991,1992; Jones 1993). 
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Figure 1. Diagram of the isokinetic cycle 
ergometer showing alternative coupling to 
an isokinetic device or to a conventional 
electrically braked cycle ergometer. 
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Figure 2. Sample of calculated tangential 
(effective) force generated on the pedal 
during 4 crank revolutions. 
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Figure 3. Calculated peak power for each 
revolution during a 25 s maximum effort 
perfonned at 120 rev/min. 
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Figure 4. Relationship of maximum peak 
power to pedalling ra te for 5 subjects. 
Power is standardised for the upper leg 
muscIe volume (watts/litreUL V). (Reprinted 
with permission from Sargeant et al 1981). 
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Fatiguing and potentiating effects of prior exercise 

The data shown in Figure 4 is for maximum peak power of fresh muscIe. In a subsequent study 
we examined the effect of perfonning a period of prior dynamic exercise on the maximum 
power output measured at optimal velocity. Firstly, we examined the effect of varying the 
duration !Jf prior exercise performed at an intensity equivalent to 98% of maximum oxygen 
uptake (V02max). Data for two subjects is shown in figure 5. As can be seen the maximum 
power is reduced as the duration of the prior exercise increases eventually stabilizing at about 
70% of the control value bet ween 3 and 6 mins . This response is suggestive of the ob verse of 
the oxygen deficit seen at the start of exercise and it may similarly reflect the increased rate of 
energy turnover and the necessary utilization and depletion of anaerobic energy sources, notably 
phosphocreatine, at the start of exercise (Bangsbo et al 1989). 

Using 6 minutes as the prior exercise duration we then examined the effect of different 
exercise intensities on power output. Figure 6 shows data for 5 subjects. It can be seen that low 
i.ntensity prior exercise has a potentiating effect on power output.. At intensities above 60% 
V02max maximum peak power was increasingly reduced compared to contra!. The functional 
reduction in power appears to parallel the intensity dependent depletion of phosphocreatine (see 
e.g. Hultman et al 1967, Knuttgen and Saltin 1972). 
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Figure 5. Maximum peak power (% con
trol) determined in a series of experiments 
after different durations of prior exercise at 
98% of Y'02max . Individual data for 2 
subjects (Sargeant and Dolan 1987). 
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Figure 6 . Maximum peak power (% 
contro!) after 6 min of prior exercise 
perfonned at different intensities. Data for 5 
subjects. ( Sargeant and Dolan 1987). 

In the last part of the study we examined the time course of recovery from this 
dynamically induced fatigue (figure 7) . In a series of experime.nts we interposed a recovery 
period between a 6 min prior exercise bout performed at -90% V02max and the determination 
of maximum power. In the absence of a recovery period the power output was reduced by 30 to 
40%. Recovery of power was ho wever shown to be a very rapid process with a half time of 
-30 seconds so that maximum peak power had recovered within 1 minute of finishing the 
fatiguing prior exercise. After 6 min of recovery maximum power had significantly increased 
compared to control by -+10%. The rapid recovery of power in these experiments follows a 
similar time course to that shown for the resynthesis of phosphocreatine following high 
intensity cycle ergometer exercise but contrasts markedly with the expected removal rate for 
lactate and the restoration of nonnal pH in the muscIe, processes which may take 20 mins or 
longer (see e.g. respectively: Harris et al 1976; Sahlin et al 1976). These data obtained in 
recovery indicate that in human muscle, in-vivo, there can be an absence of fatigue even under 
acidotic conditions, supporting the suggestion that the link between hydrogen ion accumulation 
and fatigue is probably not a simp Ie cause and effect, but rather indirect (Sahlin and Ren 1989). 
A point underlined by the experiments of lones and his colleagues who demonstrated the 
occurrence of fatigue in human muscle even when glycolysis was absent and there was no rise 
in hydrogen ion concentration (Cady et al 1989). 

A.J. Sargeant and A. Beelen 83 



In all three experiments reduced levels of phosphocreatine, consequent upon an 
energetic deficiency, would have lead to relatively large increases in ADP and Pi, both potential 
fatiguing agents, and severely limited the maximum rate of ADP rephosphorylation(Sahlin 
1986). 
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Figure 7. Recovery in maximum peak 
Rower af ter 6 min of prior exercise at -90% 
V'02max. Mean (± SD) data from 4 subjects 
(Sargeant and Dolan 1987). 

Effect of changes in muscIe temperature 

Thè potentiating effects of prior exercise may partly be explained by an increase in muscIe 
temperature (Sargeant 1987). Figure 8 summarizes the effect on the maximum peak power of 
manipulating muscle temperature by immersing the legs in water baths. Following 45 minutes 
standing in a water bath at 44·C muscle temperature was increased by 2.TC compared to 
control and at optimal velocity this gave rise to an 11 % increase in power. It can be seen that the 
magnitude of the effect is velocity dependent suggesting an increase in the maximum velocity of 
shortening (V max) ' At the same time as increasing the maximum peak power there was an 
increase over the 20 second maximum effort in the rate of fatigue reflecting an increased rate of 
cross bridge cycling and utilization of high energy phosphate (figure 9). 
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Figure 8. The relationship of maximum 
peak power to pedalling rate under normal 
rested conditions and following 45 min 
immersion in water baths at 44, 18, and 
12·C. The thicker sections of the lines 
indicate the limits of the experimental data -
the thinner sections the mathematical 
extrapolations (Sargeant 1987). 
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Figure 9. Mean (± SD) rate of decline in 
peak power over 20 s maximum effort 
performed pedalling at 95 rev/min in relation 
to muscle temperature (measured at 3 cm 
depth in the mid anterior thigh). Water bath 
temperatures(T wb) are given in brackets. 
(Reprinted with permis sion from Sargeant 
1987) 
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Velocity dependent effect of fatigue 

The effect of fatigue on dynamic function in the data presented so far was assessed in terms of 
human power output measured at optimal velocity (VopU. Animal muscle experiments had 
demonstrated that fatigue resulted in changes not only in maximum isometric force, which was 
reduced by -50%, but also in the force velocity characteristics, mainly due to a reduced 
maximum velocity of shortening (de Haan, Jones, and Sargeant 1989). Consequently 
characterisation of the fatigue only in terms of isometric force seriously under-represented the 
magnitude of the effect on maximum power (at VopU which was reduced by -75%. Such an 
effect might have important implications for human locomotory performance where it could 
result in greater reductions in power at optimal and higher velocities compared to low velocities. 

We examined this issue using our cycling model (Beelen and Sargeant 1991). In a series 
of experiments peak power wils assessed at 5 different pedalling rates immediately following 6 
minutes of exercise at 90% V02 max . Figure 10 shows the peak power for one subject at the 
lowest and highest pedalling rates studied. At 60 rev/min there was very litde effect: In contrast, 
at 120 rev/min, there was a -30% reduction in the maximum peak power. The data from 6 
subjects show a clear velocity dependent effect on maximum peak power indicating a 'slowing' 
of the active muscles (figure 11). We interpreted these results as indicating a selective fatigue of 
faster fatigue sensitive muscle fibres which play a progressively greater role in power 
generation as velocity increases. This interpretation would also explain the apparent paradox 
shown in figure lOb of a faster rate of fatigue in the control compared to the fatigued state. The 
fatigue of peak power seen under control conditions is presumed to be due to a successive loss 
in the contribution from the most fatigue sensitive fibres - the effect of the prior exercise is th at 
these fibres are already fatigued leaving a population of more fatigue resistant fibres. 

In considering these data it should be remembered that the true magnitude of the velocity 
dependent effect of fatigue on power output may be somewhat obscured by an exercise induced 
increase in muscle temperature (+2.6°C). As already described this has an 'opposite' velocity 
dependent effect - increasing power output proportionately more at the higher velocities. 

Finally it should be noted that the fatigue in these experiments was generated by 
dynamic exercise. Wh en repetitive isometric contractions of the knee extensors were performed 
at 70%of MVC to produce a 30% fatigue of maximum isometric force th ere was a significant 
7% reduction in power at 40 rev/min, but at 75 and 105 rev/min progressively smaller 
reductions of 4% and 2% were found which were not significant (Beelen and Sargeant 1989). 
This indicates that the type of exercise can determine not only the magnitude of the fatigue but 
also probably the site at which it occurs. 
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Figure 10. Individual data for peak power 
generated during 25 s maximum efforts at 
(A) 60 rev/min and (B) 120 rev/min in 
control (0) and fatigued (e) conditions. 
(Reprinted with permission from Beelen and 
Sargeant 1991) 
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Figure 11. Maximum peak power at 5 
different pedalling rates in fatigued and 
unfatigued states. Mean (± SE) data for 6 
subjects. (Beelen and Sargeant 1991) 
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Recruitment of different muscle fibre types in human dynamic 
exercise - the significanee of contraction velocity 

The suggestion of a selective effect of fatigue raises two important questions: 
(i) What is the potential contribution of different humanfibre type populations to 

maximum power output at different contraction velocities? . 
(ii) How is that contribution moderated by the pattern ofrecruitment of different muscle 

fibre types during submaximal dynamic exercise? 
Some insight into the second question is gained from studies based on fibre type related 
patterns of glycogen depletion following dynamic exercise (see e.g. Gollnick et al 1972; 
Vollestad et al 1985, Vollestad and Blom 1985). On the assumption that in human muscle 
during relatively short duration exercise glycogen depletion in muscle fibres may be taken as 
indicative of contractile activity the results of these studies indicate a successive hierarchical 
recruitrnent of muscle fibre types. In the experiments of Volle stad et al cycle ergometer exercise 
was performed at a pedalling rate of 70 rev/rnin. The results indicate a successive recruitment of 
f}rst type I fibres, next Ha, and finally type IIab and IIb fibres. At an exercise intensity of -90% 
V02 max virtually all fibres showed some degree of glycogen depletion even though the muscle 
only needed to generate -50% of the maximum dynamic force available at th at velocity of 
contraction (figure 12, Greig, Sargeant anq Volle stad 1985). In a recent study in which subjects 
performed 12 minutes of exercise at 90% VÛ2 max we also found significant glycogen depletion 
in all fibre types (Beelen et al 1993). These findings imply a sub-maximal stimulation 
frequency, for some proportion of the fibres - presumably those at the top of the recruitment 
hierarchy. We would suggest that even this submaximal activation of the more sensitive fibre 
population may still be sufficient 10 cause fatigue. 
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Figure 12. Proportion of available maximum force (i.e. as measured at the same 
pedalling rate - 70 rev/min) utilized, and muscle fibres active, in relation to exercise 
intensity. Values are also given for the component fibre type populations. (Reprinted 
with permission from Greig, Sargeant, and Vollèstad 1985). 

The experiments of Vollestad were conducted at a single pedalling rate. There are few 
data available on the effect of different movement frequencies on recruÎtment pattem. Gollnick 
et al (1972) did attempt to examine the question in a supplementary part to their main study but 
with the techniques available they were unable to identify any effect of different pedalling rates. 
Using a completely different approach we examined the functional consequences of prior 
exercise performed at different pedalling rates (Beelen and Sargeant 1992). When prior exercise 
performed at pedalling rates of 60 and 120 rev/min was matched for extemal power output 
(236W) there was evidence of a greater contribution at this submaximal exercise intensity from 
faster fibre populations at the faster pedalling rate . 
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The implications for human power output of fibre populations with 
different contractile properties 

Maximum power output: 
The fust of the questions raised in the last section remains largely unanswered, 

(( What is the potential contribution of different humanfibre type populations to 
maximum power output at different contraction velocities?" 

Faulkner et al (1981) measured the force velocity characteristics of bundies of human musc1e 
fibres obtained at surgery. Taking account of the proportion of type I and II fibres present they 
suggested a ratio for the V max of around 1 :4. A sirnilar ratio has more recently been proposed 
by Fitts et al (1989) and this ratio seems theoretically reasonable on dimensional grounds rel
ative to other species (for a discussion of this point see e.g. Hili 1950, 1956, Rome et al 1990) 

The implications for power output from human musc1es which have fibre populations 
with different force velocity characteristics can be illustrated by reference to a model. For 
illustrative purposes the following assumptions and simplifications are made: 

(i) That there are two discrete populations of musc1e fibres (type 1 and IJ) with a 1:4 
ratio for their maximum velocities of shortening. 

(ii) That the specific force of these two populations is such that when account is taken 
of their respective cross-sectional areas they each generate 50% of the whole 
muscle maximum isometric force. 

(iii) That the leng th tension relationships, relative to the whole muscle are the same for 
both fibre populations. 

(iv) That the a/Po constant which defines the curvature of the force velocity relationship 
is the same for both populations. 

Of these (i) is a simplification to make the model manageable and comprehensible (see also the 
apparent plasticity of contractile properties of human musc1e fibres as indicated by the training 
study of Fitts et al 1989; also training induced changes in myosin isoforms,Baumann et al 
1987; Schantz and Dhoot 1987); (ii) is arbitary but not unreasonable for human mixed musc1e; 
(iii) is a simplification, although on functional grounds one might expect differences related to 
the range over which task related recruitment of different fibre populations occurs.(see e.g. 
Herzog and ter Keurs 1987); (iv) is a simplification made in the absence of systematic data. It 
rnight be expected on the basis of anima! musc1e that the a/Po ratio is greater for the faster fibres 
thus making, if anything, the difference in power output even more dramatic (for a review see , 
Woledge Curtin and Homsher 1985, pp 47-56). The data of Fitts et al (1989) suggests 
differences in the a/Po constant between human type I and II fibres and also changes, especially 
in the type II fibres following intensive training. 

The relative force and power velocity relationships for types I and II fibre populations in 
our hypothetical human muscle are shown in figure 13. If we assume a summation of power 
production from the two populations in the maximally activated whole musc1e the combined 
power output will be as shown in figure 14. The great difficulty is to know how to relate the 
relative velocities of figures 13 and 14 to human locomotory movement. What we do know is 
that in cyc1ing exercise the optimum pedalling rate for maximum power output is -120 rev/min 
(figure 4). If it is assumed that this is the velocity at which the maximum power of the two 
populations combined is generated, then a pedalling rate of 60 rev/rnin approximates to the Vopt 
of the type I fibres. It also implies th at the V max of type I fibres will not be exceeded until a 
pedalling rate of - 165 rev/min is achieved and th at the fastest fibres (type II) have an optimum 
velocity weil in excess of th at seen in normallocomotion. In general these implications from the 
model seem not unreasonable. 

Sustained submaximum power output: 
In locomotory function the ability to sustain submaximallevels of power is important. In figure 
15 the x axis from figure 14 is expanded and submaximal power output levels approximating to 
25 and 80% of the maximum power are indicated by dashed lines. At the 80% level of 
sustained power there is, by definition, a 20% reserve of the combined power generating 
capability when pedalling at 120 rev/min while at 60 rev/rnin there is no reserve. Similary at the 
25% level there is a reserve of 75% at 120 rev/min but only 55% at 60 rev/min. On first 
consideration the greater reserves at the fast pedalling rate might suggest th at this rate is 
preferabie at both levels of power in terms of resisting fatigue and hence sustaining power 
output. In the case of the lower level of power output, however, this ignores the potential 
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contribution to power output from the fatigue resistant type I fibres. In principle a power output 
of 25% of maximum could be achieved at 60 rev/min by recruiting only the type I fibres. At a 
pedalling rate of 120 rev/min, however, the same power output can only be attained if there is 
minimally a contribution of -15% power from the faster type 11 fibre population - which 
ultimately includes fatigue sensitive fibres. Calculating for the model the minimum possible 
contribution from the type 11 fibres at different fractions of maximum power yields the data 
shown in figure 16. 
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Figure 13. Force and power in relation to 
velocity for a slow (type I) and a fast (type 
11) population of fibres which have the same 
isometrie force but V max in the ratio of 1:4 
(see the text for other qualifications). 
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Figure 16. Relationship between the 
proportion of the type 11 power required and 
velocity at different fractions of maximum 
power - assuming that the type I population 
is contributing maximally (see text). The 
dashed line shows the progressive increase 
in the velocity at which the minimum 
contribution occurs. (based on figure 15) 

This suggests that a low level of sustained power output (25% of maximum) the optimum 
pedalling rate to minimise !he contribution required from type 11 fibres is 60 rev/min but at high 
levels of sustained power (80% of maximum) the optimum increases to 120 rev/min. It has 
already been pointed out th at ther~ is evidence for a significant element of rate coding 
superimposed on the hierarchical pattern of motor unit recruitment in this form of exercise (see 
also Ivy et al 1987). It should be emphasised therefore th at this analysis is only describing the 
minimum contribution necessary from the power generating capability of the type 11 fibres -
assuming an initial and ful! recruitment of the type I fibre population. 
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Interestingly, and despite all the assumptions and simplifications the model does seem to 
reflect reallife. We recently had the opportunity to study a group of experienced competitive 
cyclists. They were asked to cycle at different constant speeds on their own bicycles and they 
were allowed to choose freely the gear at each speed studied (figure 17). It can be seen that as 
the exercise intensity increased so did their freely chosen pedal frequency - from -60 rev/min at 
the lowest levels to -110 at the highest (Sargeant and Beelen, unpublished observations.See 
also Pugh 1974). 
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Finally, it is worth considering the data derived from the world cycling record for 
di stance achieved in one hour. Knowing the gear ratios the mean pedalling rate can be 
calculated. Over all the years analysed these world class athletes consistently chose a high 
pedalling rate of 104 (Sn 2) rev/min in order to maintain a high sustained level of power output 
(Tabie 1). 

YEAR NAME DIST ANCE(km) PEDAL RATE 

1972 Merckx 49.431 104 
1968 Ritter 48.653 105 
1967 Bracke 48.093 106 
1958 Riviere 47.347 105 
1957 Riviere 46.923 106 
1956 Baldini 46.394 104 
1956 Anquetil 46.159 104 
1942 Coppi 45 .798 103 
1937 Archambaud 45.767 104 
1937 Slaats 45.485 104 
1936 Richard 45 .325 103 
1935 Olmo 45 .09 103 
1933 Richard 44.777 102 

Table 1. World records for I hour unpaced cycling (data courtesy of J Poulus) . 

Mechanical efficiency and pedalling rate 

As pointed out previously (Sargeant 1988) the theoretical advantage described above of 
choosing fast pedalling rates at high levels of sustained submaximal power would be negated if 
there was a disproportionate increase in the energy cost for the same extemal power delivered -
that is, mechanical efficiency decreased. Cleariy ho wever, at least in weil trained cyclists, this is 
either (a)not the case, or (b)the advantage, in terms of fatigue resistance, outweighs the extra 
energy cost. 

In fact as shown in figure 18, for a low level of extern al power the wrat energy cost of 
cycling at fast pedal rates (120 rev/min) is clearly higher than at slow rates (60 rev/min). This 
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difference is however almost entirely the consequence of the (unmeasured) power th at must be 
delivered in order to move the legs twice as of ten at the faster pedalling rate. The delta 
efficiency however is greater when cycling at 120 rev/min: th at is the added energy cost for 
additional power output (calculated from the slope of the regressions V02IPower) is less at 120 
than at 60 rev/min. Consequently there is a convergence of the V02IPower relationships at 
-330 watts. Thus at the high levels of external power th at can be delivered by weil trained 
subjects in sustained 'steady state' aerobic exercise there appears to be no, or little, disadvant
age in tenns of energy cost in choosing fast pedalling rates (Sargeant 1988). 
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Figure 18. Relationship between oxygen 
up take and extern al power output during 
cycle ergometer exercise pedalling at 60 and 
120 rev/min. Individual data for a trained 
endurance athlete. 

Figure 19. Schematic of the possible 
relationships between mechanical efficiency 
and velocity for the modelled fibre types. In 
the absence of systematic data no relative 
difference bet ween the maximum 
efficiencies is given - each type is nonna
Iised to the same maximum. The velocity 
Idnge equivalent to pedalling rates of 60 to 
120 rev/min is derived from figure 14. 

In the light of th is observation it is of interest to consider how the mechanical efficiency 
of different human muscIe fibre types may be influenced by the velocity of shortening. In order 
to examine the general principles type land 11 fibres are again treated as if they were two 
discrete groups each of which is homogenous in it's properties (while recognising that the 
reality is somewhat different!) On the basis of animal muscIe experiments it is usually 
proposed that maximum efficiency occurs at a velocity which is close to, but slightly below, the 
optimum for maximum power, e.g . 0.20 vs 0.30 V max respectively (see e.g. Rome 1993). 
Using these values it can be speculated th at the efficiency/velocity relationships for type I and 11 
fibres might be of the general form shown in figure 19 (based on slowand fast animal muscIe 
experiments; Goldspink 1978). By reference to the earlier discussion regarding the VOjll for 
maximum power in cycling it can be seen that the maximum efficiency for the type I tibres 
would occur at - 35 rev/min and for type II fibres at -130 rev/min. In high intensity exercise, 
where both fibre types make a substantial contribution to power output, pedalling rate may have 
little effect since there may be reciprocal changes in the efficiency of the two fibre types. But it 
should be remembered that this conclusion is based on a simplified model. As with other 
contractile properties the efficiency/velocity relationship can be expected to be rather 'plastic' 
and with reference to the earl ier discussion may be influenced by, e.g. the a/Po constant 
(Woledge 1968). In these circumstances it will be necessary to carefully specify the training 
status, fibre composition, and exercise intensity/recruitment pattern, if any meaningful 
conclusions regarding the efficiency/velocity relationship of human muscIe fibre types are to be 
drawn from whole body exercise. 
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