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Abstract. It has been reported that there is a relationship between power output and fibre type distribution in mixed muscle. The strength of this relationship is greater in the range of 3-8 rad.s -1 during knee extension compared to slower or faster angular knee extensor speeds. A mathematical model of the force: velocity properties of muscle with various combinations of fast- and slow-twitch fibres may provide insight into why specific velocities may give better predictions of fibre type distribution. In this paper, a mathematical model of the force:velocity relationship for mixed muscle is presented. This model demonstrates that peak power and optimal velocity should be predictive of fibre distribution and that the greatest fibre type discrimination in human knee extensor muscles should occur with measurement of power output at an angular velocity just greater than 7 rad-s-1. Measurements of torque:angular velocity relationships for knee extension on an isokinetic dynamometer and fibre type distribution in biopsies of vastus lateralis muscles were made on 31 subjects. Peak power and optimal velocity were determined in three ways: (1) direct measurement, (2) linear regression, and (3) fitting to the Hill equation. Estimation of peak power and optimal velocity using the Hill equation gave the best correlation with fibre type distribution ( r > 0.5 for peak power or optimal velocity and percentage of fast-twitch fibres). The results of this study confirm that prediction of fibre type distribution is facilitated by measurement of peak power at optimal velocity and that fitting of the data to the Hill equation is a suitable method for evaluation of these parameters.
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Introduction In many circumstances it is desirable to obtain an estimate of the fibre type composition of a mixed muscle. Currently, the most common method of obtaining such an estimate in a human subject is by the biopsy technique with subsequent histochemical determination of actomyosin ATPase characteristics. This approach is useful, and in some circumstances is necessary, but it would be of value to have a noninvasive technique which would permit adequate estimation of fibre type distribution. Many attempts have been made to identify distinguishing contractile characteristics which permit noninvasive estimation of proportion of fibre type distribution in a single muscle composed of a mixture of fasttwitch (FT) and slow-twitch (ST) fibre types (Coyle et al. 1979; Froese and Houston 1985; Gregor et al. 1979; Thorstensson et al. 1976). These attempts have met with mixed success, but one of the characteristic properties of skeletal muscle which appears to be most useful in this endeavour is the measurement of power output (Thorstensson et al. 1976, 1977). The isokinetic dynamometer has been used for the measurement of power, and it has been identified that power outputs at high velocities (relative to equipment limitations) are most useful for discrimination of fibre type distribution (Coyle et al. 1979; Ivy et al. 1981). However, there is some disagreement over what are the best testing conditions. Since power is defined as the product of force and velocity, it seems reasonable to give careful consideration to the force :velocity properties of human muscle, in order to understand why this measurement in particular might be most useful for estimating fibre type distribution and for determining which velocity is ideal for this purpose. The use of a mathematical model to investigate the nature of the force:velocity characteristics of a mixed muscle would be likely to give further insight into the features of a noninvasive test which would permit estimation of fibre type distribution. This could be accomplished with a model similar to that presented by Faulkner et al. (1986), who



500 showed the expected force:velocity and power:velocity r e l a t i o n s h i p s for m i x e d m u s c l e c o m p o s e d of 50% F T a n d 50% S T fibres. T h e p u r p o s e of this s t u d y was to use a m a t h e m a t i c a l m o d e l of t h e f o r c e : v e l o c i t y p r o p e r t i e s of m i x e d m u s cle, i n o r d e r to i d e n t i f y d i s t i n g u i s h i n g f e a t u r e s w h i c h w o u l d p e r m i t t h e e s t i m a t i o n of fibre t y p e d i s t r i b u t i o n . I n p a r t i c u l a r , t h e u s e f u l n e s s of p o w e r o u t p u t at or n e a r t h e o p t i m a l v e l o c i t y was e v a l u a t e d . T h e o u t c o m e of t h e m o d e l analysis was s u b s e q u e n t l y u s e d to assess the p o t e n t i a l d i s c r i m i n a t i n g f e a t u r e s of m e a s u r e s of t o r q u e a n d p o w e r at s e v e r a l i s o k i n e t i c a n g u l a r velocities of k n e e e x t e n s i o n for a g r o u p of subjects w h o also h a d b i o p s y s p e c i m e n s t a k e n f r o m t h e vastus lateralis m u s cle for m e a s u r e m e n t of the p r o p o r t i o n of F T a n d ST fibres. S e v e r a l ways of a n a l y s i n g t h e i s o k i n e t i c d y n a m o m e t e r d a t a w e r e c o n s i d e r e d i n a n a t t e m p t to o b t a i n t h e b e s t m e t h o d of p r e d i c t i n g f i b r e t y p e d i s t r i b u t i o n .



Methods



Model of force:velocity properties. In order to determine the expected relationships between fibre type distribution and peak power output or optimal velocity, a mathematical model of the force: velocity relationships of muscle was evaluated. The effects of low and high percentage of FF muscle fibres on this characteristic feature of skeletal muscle was assessed. The Hill equation (Hill 1938): (P + a). (v + b) = b" (Po + a) = constant



According to these criteria, at P = 0 there were three FT motor units with v =0.8 of Vmax;two motor units each with v =0.7 or 0.9 of v. . . . and one motor unit each with v = 0.6 or 1.0. The velocity of ST units was one third of that of FT units (Faulkner et al. 1986), which gave three motor units at 0.267 (V/Vmax),tWO units at each of 0.233 and 0.3, and one unit at each of 0.2 and 0.333. The force at each velocity from 0 to 1 in increments of 0.005 was calculated for each motor unit, and the sum of these at the corresponding velocities was taken for the whole muscle force:velocity relationship (see Fig. 1). Power was calculated for the whole (hypothetical) muscle at each velocity as the product of the torque and angular velocity after converting P/Po to torque (P/Po = 1 was assigned the value of 300 Nm) and velocity to angular velocity where maximal angular velocity (V/Vmax=l)w a s set at 25 rad.s -~. The estimate of Vma~was obtained by noting that peak power occurs at or close to 5 rad.s -~ for knee extension (Tihanyi et al. 1982) and that peak power occurs near 0.2 of vma~ (preliminary model results). This conversion of force and velocity to torque and angular velocity permitted comparison between the model results and the measurements made on the isokinetic dynamometer, but necessarily ignores the effects of joint architecture and multimuscle input to force production for knee extension. However, these structural effects are expected to be similar between subjects, and these would not influence force:velocity or power:velocity relations in one subject very differently than in another subject, whereas fibre type distribution in knee extensor muscles varies considerably and would affect force:velocity and power:velocity relations in a way similar to that predicted by the theoretical considerations. The results of the model calculations were plotted (Cricket Graph, Cricket Software, Malvern, Pa., using Macintosh IICX, Apple Computers, Cupertino, Calif.) to illustrate the predicted differences between muscles of different fibre type distribution with respect to power output and optimal velocity.



Subjects. The subjects in this study were university staff, student



rearranged to:



P=[b.(Po +a).(v + b)-l]-a where P is force at any velocity of shortening (v), Po is maximal isometric force, and a and b are constants, was used to calculate P (using Quatro Pro, Borland International, Scotts Valley, Calif.) over the full range of assigned velocities, given that FT fibres contributed 30%, 50% or 70% of Po. The appropriate value for b was calculated from the equation:



b=v(P+a)'(Po-P)-1. For P = 0, v = Vmax(maximum velocity of shortening), and the constant b can be calculated as:



b=vmax'(a'Po 1) for any Vm~. It was assumed that the constant a/Po was 0.15 for ST fibres and 0.25 for FT fibres (Faulkner et al. 1986). It was further assumed that lengths of the FT and ST fibres were identical and the Vmaxof ST fibres was one third of that of FT fibres (Faulkner et al. 1986). Each hypothetical muscle was composed of 18 motor units: 9 fast and 9 slow. The Po of each motor unit within a given fibre type was the same and was calculated to give one ninth of the expected Po for all motor units of that fibre type (i.e. one ninth of 30%, 50% or 70% of total muscle Po). According to the assumptions, this would necessarily require the size of the motor units (number and/or cross-sectional area of fibres) to vary in order to account for the variations in Po per motor unit. The Vm~ of individual motor units was assigned values to give a nearly normal distribution similar to that reported by Hill (1970). This was accomplished by assigning three motor units a middle value, with two motor units at +1 SD, and one motor unit at +2 SD. All velocities of contractile shortening were normalized with respect to the Vm,~of the fastest motor unit. Therefore, V/Vma x 1 at P = 0 for the fastest k-T motor unit. The Vr~a~at P = 0 of the other units was calculated, based on an SD of 10% of Vm~xof this fastest unit. =



and athlete volunteers who were selected to give a diverse sample with respect to athletic experience (sedentary to highly trained). There were 24 men and 7 women who volunteered for this study, which was approved by a university ethics committee. All subjects signed a consent form after they were informed of the risks of the procedures involved in this project.



Muscle testing. All muscle tests were conducted with the isokinetic dynamometer (Cybex II, Lumex, Ronkonkoma, N.Y.) which was calibrated prior to testing each subject. The dynamometer was positioned for testing so that its axis of rotation was aligned with the apparent axis of rotation of the knee. The pad of the dynamometer lever was placed on the anterior aspect of the leg about 0.05 m above the lateral malleolus for all subjects. The procedures to be followed were carefully explained to each subject, and they were permitted a 10-min warm-up/familiarization period, during which they became comfortable with the accommodating resistance of the machine, with practice trials at each of the velocities to be used in the study. Knee extensor torque was recorded by a portable computer (Compaq, Houston, Tex.) following analog to digital conversion at 500 Hz. Isometric torque was assessed in four maximal effort knee extensor contractions with the knee at 120° (where 180° is full extension). Subjects were told to build up to a maximal value over the first 2 s and maintain maximal effort for an additional 2 s. The best effort was selected for analysis. Subjects performed four consecutive maximal knee extension efforts at each of the following angular velocities: 1.05, 1.57, 2.09, 3.5, 3.84, 4.19, 4.54, 4.89, and 5.24rad.s -1. The trial at 1.05 rad's -1 was always first, and the one at 1.57 rad-s -1 was always last. Otherwise the order of presentation of these trials was randomized. A brief rest was permitted between trials. Peak torque was recorded for each angular velocity tested, and power was calculated as the product of angular velocity and torque (Nm).
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Substituting the constants which were derived for each subject by least-squares fit analysis permits the calculation of Vopt, the velocity at which peak power output occurs. The product of Vopt and the corresponding torque which can be generated at this velocity gives the estimated peak power.
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Biopsy. On a separate day, muscle biopsy samples were obtained
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served torque :angular velocity data to obtain values for slope (m) and intercept (To) according to the equation: Torque = mv + To. Since power is the product of torque and velocity, power = Tv or power = v (mv + To). This equation can be rewritten: Power = m v2+v To, and differentiating this equation with respect to velocity, and setting this equation equal to zero will give the value for velocity at peak power output: d(P.v)/ dv=2mv+To=O. Similarly, when the constants for the Hill equation have been determined, these calculations can be done to determine Vopt from these values for each subject: P = b (Po + a)" (v + b) - 1 _ a (rearranged Hill equation), Power = P . v = b v . ( P o + a ) . ( v + b ) - l - a v and d(Pv)/dv = b(Po+a)
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the torque: angular velocity data, or after least squares fit of the data to the Hill equation (Hill 1938) without using the isometric point. These calculations were done in order to determine if a closer relationship between muscle function parameters and muscle fibre type could be obtained with estimation, rather than directly using the observed values. The regression procedures minimize the possibility of taking a single aberrant value as the peak power, for prediction of fibre type. The linear regression values were obtained by standard statistical procedures (using Quatro Pro). Least-squares fit of the Hill equation was done using a curve fitting program (Sigma Plot, Jandel Scientific, Corte Madera, Calif.). These two methods were compared to see if either approach offered any advantage over the other. Both linear regression and fitting to the Hill equation have been used in the past (Tihanyi et al. 1982; Vandewalle et al. 1987) to fit human force :velocity data and both of these procedures permit an estimation of Vopt, the velocity at which peak power output occurs even when this velocity occurs outside of the range of measured velocities.
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Fig. la-e. The manner in which the model of the force:velocity properties of muscle containing 50% fast twitch (FT) and 50% slow twitch (ST) fibres was composed.An a, five lines are shown, with the upper line representing three motor units with the mean maximal velocity for ST fibres. The two middle lines represent two motor units each, with maximal velocities at + 1 SD of the mean Vmaxfor ST fibres. The lower two lines represent one motor unit each, with Vmax at + 2 SD of the mean v. . . . In b, the corresponding FT motor units are shown with similar force per motor unit and maximal velocities ranging from 0.6 to 1.0. The lowermost line in c represents the sum of all units shown in a, and the middle line represents the sum of all units depicted in b. The upper line is the sum of the lower two



Further analysis of dynamometer data. Observed peak power was taken as the greatest value for the product of actual peak torque and the corresponding angular velocity. This angular velocity was recorded as the observed optimal velocity (1Jopt). In addition, estimated peak power was calculated after either linear regression of



using the standard needle biopsy technique (Bergstrom 1962), from the same leg as was tested with the isokinetic dynamometer. Under sterile conditions, the skin and fascia were first anaesthetized by injection of lidocaine hydrochloride and a small incision was made through the skin and fascia. A Bergstrom-style (5 mm) biopsy needle was used to obtain a muscle sample. Each muscle sample was placed in a drop of caraganthum gum on the microtome chuck with the fibres oriented vertically. The chuck was then inverted and dipped into melted isopentane which had been frozen in liquid nitrogen. Samples were stored at - 7 0 ° C for later histochemical analysis. Thin sections (8 Izm) were cut from the frozen muscle samples in a cryostatic microtome ( - 20 ° C) and each section was stained for myosin ATPase following alkaline preincubation (Brooke and Kaiser 1970). Each stained muscle slice was photographed (Nikon F301 camera) on an inverted microscope (Nikon TMD) with 2.5 x or 4 x objective lens. One of the investigators counted all fibres in each photo twice, designating each one as either FT (stained) or ST (unstained) and the average of the two counts was taken as the actual count. If the variation between the two counts was greater than 1% then the fibres were counted a third time and the average of the two closest counts was used. For comparison between the theoretical predictions and the experimental measurements on the strength testing machine, subjects were arbitrarily divided into three groups to give mean values for % FT fibres close to 30%, 50% and 70%. This was accomplished by including in this subgroup analysis any subject who was observed to have % FT fibres within 5% of the 30%, 50% and 70% targets.
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Table 1. Analysis of torque: angular velocity relationship
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Subjects were arbitrarily divided into three groups to give mean (SE) values for fibre type distribution: 69.6 (2), 49.9 (1.5), and 29.4 (3.6)% fast twitch, with n=4, 5, and 3 for fast, medium and slow, respectively b Observed peak power, calculated as highest observed product of torque and angular velocity c Values derived from least squares fit of observed individual data to the Hill equation Values derived from linear regression of observed individual data



300 Table 2. Contribution a of fast and slow motor units to peak pow-
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ANGULAR VELOCITY (rad.s -1) Fig. 2. The expected torque:angular velocity (a) and power:angular velocity (b) relationships are shown for muscle composed of 70% FT and 30% ST (upper line); 50% FT and 50% ST (middle line) and 30% FT and 70% ST (bottom line). The isometric torque and maximal angular velocities are identical between these three combinations of fibre type distribution



Results



M o d e l results T h e results of the modelling experiments are illustrated in Fig. 2. T h e resulting t o r q u e : a n g u l a r velocity and p o w e r : a n g u l a r velocity relationships are presented for muscle c o m p o s e d of average and e x t r e m e combinations of F T and ST fibres. T h e r e are several features of these relationships which a p p e a r to b e relevant w h e n predicting fibre type composition f r o m m e a s u r e ments of the force (or torque) at controlled velocities of m o v e m e n t . T h e m o s t discriminating m e a s u r e s for this p u r p o s e are p e a k absolute p o w e r (see Fig. 2b) and the velocity at p e a k p o w e r (see Table 1). To d e t e r m i n e the expected relationship b e t w e e n p e a k p o w e r and % F T fibres, and b e t w e e n Vopt and % F T fibres, the results of the m o d e l experiments (n = 3 ) were analysed by P e a r s o n p r o d u c t m o m e n t correlation. T h e correlation coefficient (r) b e t w e e n p e a k p o w e r and % F T fibres was 1.0, and r for Vopt vs % F T fibres was 0.99. T h e s e p a r a m e t e r s a p p e a r to exhibit a linear relation-
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FT, Fast-twitch fibres; ST, slow-twitch fibres; Yopt,optimal velocity; P, force; Po, maximal isometric force a Values are estimated contribution based on a mathematical model of force:velocity properties of mixed muscle b P/Po is presented as contribution of total muscle, FT or ST fibres, to force output of the muscle at Vopt c Torque FT and Torque ST represent estimated absolute torque generated by FT and ST fibres at Vopt



ship, and would therefore be useful in estimation of fibre type distribution in mixed muscles. In addition to providing an indication of factors which m a y contribute to prediction of fibre type composition, the m o d e l can also be used to explain why these factors are of value for this purpose. T a b l e 2 presents the theoretical contributions of F T and ST fibres to force (torque) production w h e n the muscle is contracting at Vop t. ST fibres do not contribute m u c h force during p e a k p o w e r production, and therefore the difference in p o w e r output with variation in fibre type distribution is highly d e p e n d e n t on the force generated b y F T fibres, which would be p r o p o r t i o n a l to the total cross-sectional area of the F T fibres rather than the contribution of ST fibres. T h e m o d e l also predicts that if p o w e r is m e a s u r e d at a single c o m m o n angular velocity, the greatest difference in p o w e r output b e t w e e n the three theoretical fibre type distributions occurs at a velocity which is 0.29 of v. . . . Figure 3 shows the difference b e t w e e n p o w e r output predicted for F T and ST or m e d i u m fibre type distributions. T h e p e a k difference occurs consistently
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Fig. 3. The magnitude of difference in power vs angular velocity for muscle composed of 70% FT and 30% ST and each of the other two fibre type distributions is shown. The difference between these two lines represents the difference between 50% FT, 50% ST, and 30% FT, 70% ST muscle
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at 0.29 of Vmax which corresponds to 7.25 r a d . s -1 if Vmax is 25 rad" s - l In order to determine the applicability of the results of the mathematical model to observed differences in contractile characteristics and corresponding differences in fibre type distributions, direct measurements of fibre type distribution and torque:angular velocity relationship were made on a group of subjects. The range of fibre type distributions observed in these subjects was from 22.3% to 75.4% F T fibres, with a mean (SE) value of 52 (2)%. The mean n u m b e r of fibres counted per subject was 734 (404) for the men and 656 (278) for the women.



Torque:angular velocity relationship In general, the torque: angular velocity relationship for knee extension conformed to the expected relationship based on muscle force:velocity properties (compare Figs. 4a, b with the model results in Fig. 2a). In some individual cases, however, the data seemed to be more linear than hyperbolic (Fig. 4b). T o permit evaluation of the most effective m a n n e r in which to assess the dyn a m o m e t e r data, the individual results were subjected to least-squares analysis, using both the Hill equation and linear regression. As indicated in Fig. 4a, the typical curvilinear torque:angular velocity relationship was observed for most of the subjects tested. A suitable fit to the Hill equation was obtained for 24 of the 31 subjects. In most of the remaining subjects there was no indication of curvature (see Fig. 4b). The mean value for a/Po was 0.27 (0.04) and mean estimated Po and maximal angular velocity were 265 (18) N m and 18.2 (2) r a d - s - 1 , respectively. Linear regression of the individual torque:angular velocity data gave individual correlation coefficients ranging from r = 0 . 9 2 to r=0.99. The mean estimated intercept (Po) was 214.6 (9) Nm, compared with 231 (10) N m for the actual observed isometric torque.
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Fig. 4. a Mean (SE) torque: angular velocity and mean power: angular velocity data obtained from the isokinetic dynamometer measurements. Note that the measured isometric torque does not follow the curvature established by the isokinetic data points, b Individual results of two individuals. One of these (closedsymbols) illustrates the curvilinear response which is expected for force:velocity properties of muscle, and the other illustrates a very strong linear relationship



Power:angular velocity relationship The mean power:angular velocity relationship observed in this study is shown in Fig. 4a. It is clear that peak power occurs at or close to the maximal angular velocity of the isokinetic dynamometer. This was confirmed with analysis of the data by either linear regression or by fitting to the Hill equation. The values for estimated peak power and Vopt were calculated for three subgroups of subjects to permit comparison between the results of the model and values observed in these subjects (see Table 1). It is apparent that the model underestimates the peak power in comparison with the measurements made in these subjects, and that the range of values for peak power is greater in the model than was observed or estimated by leastsquares analysis. These differences occur in spite of the fact that the model results were calculated with relatively high isometric torque, and a Vmax which was greater than the mean Vm~, predicted by the Hill equation.



504 Fibre types versus power The relationships between measured and estimated parameters of the torque:angular velocity relationships are presented in Table 3. It is clear that analysis of the data by either linear regression or by fitting to the Hill equation yields a stronger relationship between estimated peak power or Vopt and % FT fibres than was obtained with direct measurement alone. When peak power was normalized by dividing by estimated Po, the strength of the relationship between peak power and % FT fibres was only slightly improved. Analysis with the Hill equation gives the highest correlation coefficient between Vopt o r peak power and % FT fibres. The correlation coefficients between % FT fibres and power at the various velocities which were tested are shown in Fig. 5. It is clear that the strength of the relationship between power and % FT fibres increases



with increasing angular velocity and is greatest near Vopt. This agrees well with theoretical predictions (Fig. 3) which show an increasing difference in power which is predicted between muscles with varying theoretical fibre type distributions.



Discussion



In this study, a mathematical model of the force: velocity properties of skeletal muscle composed of various proportions of FT and ST muscle fibres has been presented. The model predicts that peak power and Pop t should be proportional to % k-T fibres. Measurement of fibre type distribution and torque:angular velocity relationship on a group of subjects confirmed that the above parameters are related to fibre type distribution. Analysis of the measured torque by fitting to the Hill equation provides the best estimate of peak power and Vopt for prediction of fibre type distribution.



Table 3. Relationships with fibre type distribution



Experimentally observed Peak power (W) Peak power (W/Po) Optimal velocity (rad. s-l) Theoretical by linear regression Peak power (W) Peak power (W/Po) Optimal velocity (rad. s-l) Theoretical by Hill equation Peak power (W) Peak power (W/Po) Optimal velocity (rad.s -1)
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Range



Limitations of model



0.29 0.17 0.03



207 -611 1.37- 2.42 3.49- 5.24



0.25 0.39* 0.39*



212 -573 1.63- 2.27 3.26- 4.6



0.473* 0.522* 0.552*



204 -644 1.02- 2.6 3.75- 9.4



Several assumptions were made in composing the model of mixed muscle which was used to determine the expected relationship between peak power o r Vop t and % FT fibres. These assumptions deal with (1) fibre length, (2) maximal velocities and (3) values for constants a and b. All assumptions appear to be reasonable and have experimental or logical support, but certainly there may be exceptional circumstances which would require reconsideration of these assumptions. It is recognized that maximal isometric force of skeletal muscle is proportional to cross-sectional area (Ikai and Fukunaga 1968), and that the force per cross-sectional area is similar between FT and ST fibres (Brooks and Faulkner 1991; Ruff and Whittlesey 1991). In most reports for which cross-sectional area of fibres is reported, the difference in cross-sectional area between FT and ST fibres is small (Houston et al. 1988; Fitts et al. 1989) and in some cases is not significant (Coyle et al. 1981; Lexell and Taylor 1991). Acknowledgement of the potential difference in cross-sectional area between FT and ST fibres would not change the outcome of the model since the model was based on the percentage contribution to maximal isometric force. However, measurement of area of FT and ST fibres might improve the strength of the relationship between peak power and fibre type distribution for the subjects tested in this study. It seems unlikely that the assumption concerning length of the fibres is violated. In a mixed muscle, like the human vastus lateralis muscle, FT and ST fibres are distributed in a mosaic pattern throughout the muscle. Under these circumstances it would be expected that lengths of FT and ST fibres would on average, be equal. However, it has been reported that the proportion of ST fibres increases with depth in the muscle (Lexell et al. 1983). If the angle of pinnation also changes with depth, then length of fibres could also



n=31 for observed and linear regression results and n=24 for Hill equation results; r, correlation is for stated variable vs % FT fibres * P< 0.05
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Fig. 5. Correlation coefficient (r) for the relationship between power and % FT fibres as a function of angular velocity. The strength of the relationship is greater at higher angular velocities. This corresponds with the change in anticipated (model)difference in power output as illustrated in Fig. 3



505 change. It is therefore conceivable that compliance with the assumption concerned with fibre length is not met, but this has not been demonstrated. The result of noncompliance with this assumption would be a decrease in the observed differences in power output between FT and ST fibres, if the length of ST fibres exceeds the length of FT fibres. At the extreme, the difference would be minimized if the length of ST fibres was triple the length of FT fibres, since Vma~of ST fibres was assumed to be one third of Vmaxof FT fibres. A small difference in length (10-30% difference) would have minimal effect on the qualitative relationship demonstrated here. Since the difference in power output between subjects with predominantly ST fibres and those with predominately FT fibres (see Table 1) was similar to the differences based on the model, it seems that fibre lengths must be similar within the quadriceps muscles. Based on direct measurement of Vmax of human muscle fibre bundles (Faulkner et al. 1986), the vm~xof the ST motor units in the model was assumed to be one third of that of the FT units. This assumption may have contributed to the large range in power output determined for the model in this paper. With a smaller range in v~a~ (i.e. a factor of 2 as reported by Ruff and Whittlesy 1991), a corresponding smaller range in power would have been found.



Benefits of the model In spite of the potential limitations presented above, the theoretical model of mixed skeletal muscle is useful in that it demonstrates in a general fashion the quantitative relationship between fibre type distributionand peak power or Vopt. This approach is novel, in that previous attempts (Faulkner et al. 1986) did not consider the possibility that Vmaxwithin a fibre type may vary, and a model such as the one presented herein has not previously been used to show the force:velocity properties of a muscle with various fibre type distributions.



Analysis of the torque:angular velocity relationship The torque:angular velocity relationship observed in this study was similar to that reported by others for knee extension (Thorstensson et al. 1976; Yates and Kamon 1983), and complements that of Tihanyi et al. (1982) who observed virtually identical peak power outputs, when measuring knee extension with a special dynamometer which permitted loading of the limb such that angular velocities ranging from 5.5 to 16 rad-s-1 were obtained. The torque:angular velocity relationship has been evaluated in three ways in this paper: (1) direct measurement, (2) approximation using linear regression, and (3) approximation using the Hill equation. Of these techniques, the most appropriate for prediction of fibre type distribution appears to be the Hill equa-



tion. Unfortunately, an appropriate fit to the Hill equation could not be obtained for all subjects. This may be due to two factors: (1) inability of humans to exert full effort at low velocities (Perrine and Edgerton 1978) and (2) a limitation of the isokinetic dynamometer with respect to maximal angular velocity. It is clear (see Fig. 4a) that the observed isometric torque was less than that predicted by the Hill analysis (mean values 231 and 265 Nm respectively). This depression of isometric torque could not have been due to fatigue, since the isometric trial was always performed first, and furthermore this result is consistent with previous observations (Kojima 1991). The measured isometric point should not be included in the Hill analysis. It should be recognized, however, that the Hill equation may overestimate the isometric force which can be generated by a muscle (Edman 1979). With the large number of contractions in this study, there was some concern for a potential effect of fatigue. Randomization of the order of trials would effectively prevent a systematic effect of fatigue affecting the overall (mean) results. However, since individual results were important for the determination of Hill constants and subsequently Vopt, it was necessary to check the possibility of fatigue affecting the results. This was done by doing the contraction at 1.57 rad. s - 1 last for all subjects. If fatigue had been a factor, individual results (Fig. 4b) as well as mean results (Fig. 4a) would show a depressed torque at this angular velocity, relative to the other angular velocities tested. This was not the case. The values obtained for the constants (a/Po and b~ Vmax) using the Hill equation were 0.27 and 0.23 respectively. The value for a/Po is markedly close to the value (0.25) given by Hill (1970) for frog sartorius muscles, but these values are lower than the corresponding values presented by Tihanyi (0.41 for both in subjects with predominantly FT fibres, and 0.31 and 0.32 respectively for subjects with predominantly ST fibres; Tihanyi et al. 1982). This may be due to the fact that Tihanyi et al. (1982) made their measurements under conditions for which the model predicts that ST fibres would make minimal contributions (i.e. angular velocity > 5.0 rad.s-1). It is expected that combining FT and ST fibres would increase the degree of curvature (see model) which would give a correspondingly lower value for a/Po. In spite of this effect, the values of a/Po in this study were not as low as those presented by Faulkner et al. (1986) for isolated human muscle of predominantly a single fibre type (and used in our model). This may be due to factors related to in vivo measurement (muscle architecture or joint configuration).



Prediction of fibre type distribution The model described in this paper demonstrates that peak power output and 12opt a r e suitable measurements for the prediction of fibre type distribution. The model also provides an explanation for why power output



506 m e a s u r e d at m e d i u m angular velocities (3-10 r a d ' s -1) gives a stronger relationship with % FI? fibres than those obtained at angular velocities less than 3 r a d . s -1 (see Fig. 5). The magnitude of difference in p o w e r output due to differences in % F T fibres would be expected to be greatest over the range 3-10 r a d . s - 1 (see Fig. 3). Tihanyi et al. (1982) have confirmed that the strength of the relationship decreases as the angular velocity exceeds this range. The m e a s u r e m e n t s of p e a k p o w e r and Vopt on the isokinetic d y n a m o m e t e r , w h e n obtained f r o m a fit of the data to the Hill equation, have a strong relationship with % F T fibres, confirming the predictions of the model. It is i n a p p r o p r i a t e to use the direct measurements of highest p o w e r and a p p a r e n t Vopt for prediction o f fibre type distribution, but fitting the data obtained over a range of angular velocities to the Hill equation suitably strengthens the predictive p o w e r of the m e a s u r e m e n t s . The use of the Hill equation permits the estimation of Vopt even w h e n this value exceeds the maximal angular velocity of the isokinetic d y n a m o m e t e r , as was the case for subjects with predominantly F T fibres (see T a b l e 1), whereas using the velocity at which the highest p o w e r output was observed p r o b a b l y underestimates 12opt (Table 1). T h e m o d e l predicts that m e a s u r e m e n t s of p o w e r during k n e e extensions at angular velocities greater than 5.24 rad. s - 1 would b e of greater value for the p u r p o s e of predicting fibre type distribution in k n e e extensor muscles. In conclusion, in this p a p e r a m a t h e m a t i c a l m o d e l of the force : velocity properties of mixed skeletal muscle fibre types is presented. This m o d e l predicts that there is a linear relationship b e t w e e n p e a k p o w e r and % F T fibres and b e t w e e n Vopt and % F T fibres. T h e m o d e l also predicts that m e a s u r e m e n t of p o w e r at or n e a r Vopt yields the greatest degree of differentiation b e t w e e n fibre t y p e distributions. O u r experiments on the isokinetic d y n a m o m e t e r d e m o n s t r a t e that fitting the t o r q u e : a n g u l a r velocity data to the Hill equation gives a b e t t e r prediction of fibre type distribution than using the actual observed values or b y fitting the data by linear regression. This observation is consistent with the theoretical m o d e l presented herein.
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