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SUMMARY



AND



CONCLUSIONS



1. Experiments have been carried out on the soleus muscle and its tendon in the anesthetized cat. Measurements of isometric tension and muscle stiffness were made during contraction of whole or part of the muscle in response to stimulation of ventral root filaments. 2. In an attempt to determine the distribution of tension in different portions of the tendon during activation of only part of the muscle, the free tendon of insertion was split longitudinally into two halves and a strain gauge attached to each piece. From a large number of measurements, it was found that the mean fraction of tension recorded in onehalf of the tendon remained about the same, over a wide range of tensions. However, the scatter of values, which increased as the portion of muscle contracting was reduced, was greater than expected if muscle fibers were randomly distributed throughout the muscle. 3. Measurements of muscle and tendon stiffness were made from length and tension changes during stretch of the actively contracting muscle. Ventral root stimulation that engaged 20% or more of the muscle yielded a value for tendon compliance (0.09 mm/N), which was the same as for stimulating the whole muscle. This result suggested that for contraction of portions as small as 20% of the muscle, fibers were effectively attached to the whole tendon, indicating that tendinous attachments of individual muscle fibers ran independent of one another over only a short distance and were bound together over most of their remaining course. 4. It was concluded that groups of muscle fibers selected by stimulation of ventral root 0022-3077/84
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filaments are not entirely randomly distributed throughout the muscle. However, for groups representing larger fractions of the total tension, (>20%) the distribution is uniform enough and the connections between their tendinous attachments firm enough for the force applied by such a group to act through a tendon compliance, which is the same as that seen by the whole muscle. INTRODUCTION



Tendons are the means of attachment of muscle fibers to skeletal structures and transmit the tension generated within the muscle to produce movement about a joint. While a great deal of attention has been directed at the properties of muscle fibers and the conditions under which their force output is altered-length, stimulation rate, and speed of lengthening or shortening-little discussion has centered on the properties of tendons. The anatomical arrangement within a muscle of muscle fibers and tendons varies from one muscle to another. Commonly muscle fibers lie in a pennate arrangement and attach to a tendon that has spread out into a broad sheet or aponeurosis. With such an arrangement and taking into account that not all of the muscle fibers within the muscle are of the same length and thickness, the possibility arises that tendinous attachments also show considerable variation in properties. Consequently, motor units may vary in the measured value of their series compliance. Perhaps the very slow contraction time course recorded for some motor units, particularly those developing low tensions is, in part, a reflection of compliant tendinous attachments (11). In this study we have posed the question
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of how the effective compliance of a muscle tendon varies as different proportions of the muscle are activated. We have considered two extreme cases for the functional connection between muscle fibers and tendon. In the first, each muscle fiber in the muscle is considered to be attached to a discrete tendon strand that runs the whole length of the tendon, right up to the point of insertion, and that can slide frictionlessly past neighboring strands supporting adjacent muscle fibers, at least over the range of relative movements normally encountered. According to this hypothesis, in a graded muscle contraction, as the number of contracting muscle fibers grows, there would be progressive engagement of more tendon strands so that tendon stiffness would increase in direct proportion to the amount of muscle activated. The other extreme case considers muscle fibers attached directly to the whole tendon so that the value of tendon compliance remains more or less the same over a wide range of tensions. The real situation probably lies somewhere between these two extremes, such that a tendon strand providing attachment for a muscle fiber remains separate for some distance and then fuses with or is strongly bound to other strands to form the compact tendon. Morgan (13) has demonstrated a method of separating muscle compliance into two components, one attributable to muscle fibers and the other to series elements, principally tendons. He showed that the apparent tendon compliance for the whole muscle was independent of muscle length and stimulation rate over most of the available range of tensions. The present experiments aim to investigate the effect on this measured compliance of stimulating only part of the muscle. Our measurements suggest no change in tendon compliance over the range investigated, i.e., when the fraction of muscle activated was 20% or more. METHODS



Experiments were carried out on a total of nine cats in the mass range of 2.5-4.0 kg. Anesthesia was induced with an intraperitoneal injection of pentobarbital(40 mg/kg), and supplementary doses were given intravenously, when necessary, during the course of the experiment. The total duration of each experiment was 8-12 h. The soleus muscle of the left hindlimb was ex-
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posed and dissected free of surrounding connective tissue. The Achilles tendon, still attached to the calcaneum was freed and the tendon of medial gastrocnemius, lateral gastrocnemius, and plantaris separated out and cut, in the case of the gastrocnemii right at the calcaneum. The tendon of soleus was then lifted free, still attached to a piece of calcaneum. The tendon was attached to a strain gauge (U section beryllium copper with a pair of semiconductor wafers glued to each side and connected as two arms of a Wheatstone bridge circuit). The strain gauge was attached to an electromagnetic stretcher supplied with feedback from a Shaevitz Linear Variable Differential Transformer length transducer. The length transducer also provided accurate displacement signals. With feedback on, the stretcher, strain gauge, and linkages had a total stiffness in excess of ILO6 N/m. The hindlimb was immobilized at the knee and ankle joints by means of stainless steel stirrup clamps screwed into a heavy base plate. This base plate was also clamped to the stretcher to make for a very rigid support. The skin of the hindlimb was drawn up to retain a pool of paraffin. A lumbar laminectomy was performed to expose ventral roots L7 and S1, which were cut, (as well as roots L5, L6, and S,). The ventral roots were initially split and grouped into five portions, which, on stimulation, produced about equal proportions of tension in soleus. Interference from contractions of other muscles was prevented by an extensive hindlimb denervation that included hip muscles. The experiment in which measurements were made of muscle stiffness consisted of stimulating ventral root filaments using sequential stimulation (16) to obtain a smooth isometric contraction. The level of tension reached could be adjusted by altering the rate of stimulation and the length of the muscle. Once a steady level of tension had been reached, a rapid stretch was applied (2 mm at 100 mm/s, see Fig. 1). The stretch rate was sufficiently fast to obtain a limiting value of stiffness (10). Length and tension changes in the muscle were recorded on a digital oscilloscope (Nicolet 2090) and then transferred to a floppy disk. For each record, tension was displayed as a function of length and inspected to ensure that acquired data was amenable for analysis. Records were then electronically transferred to a desk-top computer (Tektronix 405 1). For each set of length-tension records the level of isometric tension (PO) prior to stretch was measured as well as the tension increase above PO during stretch (PI). After subtracting passive tension a straight line was fitted to the data (using the method of least squares) for tension between PO + 0.1 P1 and PO + 0.7 P1, i.e., the region of linear rise in tension. If the correlation for the data points was less than 0.99, the result was rejected. This
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FIG. 1. Length and tension changes during stretch of a contracting muscle. A: isometric contraction (upper trace), which is interrupted 1.4 s after its onset by a rapid stretch (2 mm at 100 mm/s). The length and tension changes are shown in more detail in B. Middle trace in B: tension changes during stretch of the passive muscle.



only occurred when the level of isometric tension prior to stretch was very low (typically less than 20% of maximum). The line drawn was projected to intercept the length axis and a! was calculated as the distance from this intersection back to the length at which the stretch had begun. (cx is the distance the muscle must be shortened to reduce the tension to zero if the short-range stiffness continues to act (13).) In a preliminary experiment we explored the distribution of tension in two halves of the tendon when different portions of the muscle were contracted. The soleus tendon was split longitudinally into approximately equal halves. Both halves were then attached to separate isometric strain gauges and tension measured in response to maximal



stimulation of different portions of the motor nerve supply. To ensure that the two halves of the tendon were held at the same length, the relative positions of the strain gauges were adjusted so that the two length tension diagrams superimposed precisely. The temperature of the animal was maintained using a heating blanket and rectal probe. The paraffin pool covering the muscle was heated with a spotlight and thereby kept in the range 3537OC. RESULTS



Distribution



of tension in tendon In a preliminary experiment we simply measured tension in the two halves of the free
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portion of tendon of insertion. The idea behind this measurement was to obtain some indication of the degree of uniformity in the distribution of tension in the tendon when different parts of the muscle were contracted. Figure 2 shows the tension measured by the first transducer, as a fraction of the total tension, plotted against the total as a fraction of maximum muscle tension. Tension was plotted on a logarithmic scale to allow inclusion of the wide range of values. The figure shows clearly that there is a progressive increase in the scatter of values as the fraction of muscle activated was reduced, at least down to a few percent of whole-muscle tension. Scatter is approximately symmetrical about the mean except for a noticeable deviation from a symmetrical distribution at the lowest levels of tension. We attribute this to nonrandom sampling during selection of ventral root filaments, since there was nothing to distinguish the two halves of the split tendon. However, the possibility should bce borne in mind that the
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smaller motor units in the soleus may be clustered in one part of the muscle. Changes in the ratio of tension in the two tendon halves are shown more clearly in Fig. 3. Here values have been pooled into groups of 20. The mean of each group of values of T,/(T, + T2) as well as its standard deviation has been plotted against the mean total tension. While the mean fraction recorded by one strain gauge is approximately independent of the amount of muscle stimulated, there is a progressive increase in the standard deviation. The horizontal line represents the relation if the fraction recorded had remained the same as for the whole muscle (0.5 1) over the entire range of activations. The two curves represent the predicted limits of the standard deviations about the whole-muscle value, assuming that muscle fibers are randomly distributed within the muscle (see DISCUSSION). Our data suggest that the scatter of values, as shown by the standard deviation, was greater than predicted
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FIG. 2. Tension in two halves of the tendon. Two tension gauges have separately recorded the tensions, T, and TZ, in the two “halves” of a split tendon during stimulation of a nerve filament. The sum of tensions as a fraction of maximum whole-muscle tension is plotted horizontally and the tension in the first transducer, as a fraction of the sum of the two transducer tensions vertically. The whole-muscle tension, PO, was 26 N. Points above 0.2 PO all represent stimulation of combinations of several ventral root filaments. Below that, individual filaments were stimulated, each containing one or more motor axons.
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FIG. 3. Means and standard deviations of tension distributed in two halves of the tendon. Points of Fig. 2 have been arranged in order of increasing total tension and put into groups of 20. The mean and standard deviation of TI/(TI + T2) and the mean tension have been calculated for each group and are plotted as points and bars. Lines represent the expected values of means and standard deviations if muscle fibers activated by each filament are randomly distributed and independently connected (see text and APPENDIX) for a population of 25,000 fibers and a tension ratio T,/(T, + T2) = 0.5 13, as in the experiment.



by random distribution of muscle fibersthere is a tendency for the fibers of one motor unit (or of several units whose axons all lie in some ventral root filament) to cluster in one part of the muscle.



to the compliance of the tendon; cy, (the intercept on the ordinate) is attributed to cross bridges and is determined by the product of the strain in a cross bridge multiplied by the number of half sarcomeres in series within the muscle fibers being stretched. (Theoretical Muscle and tendon st$bess prediction of this relationship is given in Ref. 13 and supporting evidence is provided both Figure 4 shows a series of length-tension figures derived from length and tension in Ref. 13 and Fig. 7b of Ref. 15). A plot of a against P under a variety of changes recorded during stretch of the contracting muscle (see Fig. 1). The level of iso- conditions is given in Fig. 5. It is apparent metric tension at the onset of stretch was al- that the values for CYusing contractions of tered by changing the rate of distributed (se- one-fifth and two-fifths of the muscle lie on quential) stimulation of the five ventral root essentially the same line as the values for the filaments. The value of a derived from the whole muscle. The slope of the line that repinitial steep portion of the tension change resents the tendon compliance for this muscle (short-range stiffness) has been plotted against is 0.09 mm/N. This experiment therefore the level of isometric tension. The plot of cy shows that when only 20% of the muscle is against tension gives a straight line with the active (in tension terms), the value of tendon compliance is still the same as that for the equation whole muscle. Essentially the same result was a = a, + CTP obtained in a total of four experiments with where P is the isometric tension before the a range of compliance values of 0.074. 0.096 mm/N. stretch; CT (the slope of the line) is attributed
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FIG. 4. A series of length-tension figures generated by displaying the tension change against the length change during stretch (2 mm at 100 mm/s) of a contracting muscle (see Fig. 1). The different levels of isometric tension prior to stretch were produced by changing the rate of distributed stimulation. The rate corresponding to each record is given by the figure to left of the record. The slope of the steep tension rise after the onset is used to measure cy, the distance through which the muscle would have to be shortened to reduce the tension to zero if the short-range stiffness continued to act (Ref. 13).



In an attempt to achieve by experimental means a change in the measured value of CT, the free portion of tendon of insertion was split into two halves. Both halves were attached to the stretcher but only one had a strain gauge in series with it. (It is necessary to hold both parts of the tendon at the operating length since any length difference will result in a very nonuniform distribution of tension within the muscle and the rupture of muscle fibers.) The triangles in Fig. 5 give the values of a for the transducer attached to only a portion of the tendon. Note that the intercept on the ordinate (cy, = 0.77 . t 0.03) is little changed from that for the whole muscle (cu, = 0.65 t 0.07). No change in a, is expected since its



value is due to muscle properties only. The small shift that was observed could be due to measurement errors or to small differences in the lengths of the muscle fibers in different portions of the muscle. However, the increase in value of cuwith increase in P is steeper than for the whole muscle. This means a larger value of CT (0.15 mm/N) though not quite a doubling (see later). Thus by splitting off some of the tendon strands the remainder has, as would be expected, become more compliant. Such a shift in CT value was never observed with an intact tendon even when quite small portions, down to 20% of the muscle, were contracted. The growing influence of the passive stiffness of the muscle limited to this value
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FIG. 5. A plot of a! against isometric tension. Crosses represent values obtained from contractions of the whole muscle, tension being graded by either changing muscle length or the rate of stimulation. Open circles give values when only two-fifths of the muscle were contracting, tension gradation being achieved in the same way as for the whole muscle. All these points lie on the one straight line (significant to level 0.01) whose slope is 0.09 mm/N and represents the tendon (series) compliance of the muscle. A shift in the value of the tendon compliance was observed only when the free tendon was physically split longitudinally into two strands and whole-muscle tension was recorded in only one of these (triangles). The steeper slope of the relation represents a greater compliance, 0.15 mm/N.



the level of isometric tension that could be realistically used for compliance measurements. DISCUSSION



Both of the experiments described here are concerned with the distribution of tension among the fibers of the tendon when the tension is generated by stimulating only part of the muscle. A uniform distribution of tension could arise in two ways. If tension was generated uniformly throughout the muscle, then tension would also be uniformly spread within the tendon, regardless of whether the tendon was a single, compact structure or consisted of many strands that were free to move relative to one another. If, on the other hand, the tension generation was not uniformly distributed within the muscle but all tendon fibers were firmly bound together throughout their length, the distribution of tension in the tendon would again be uniform. A nonuniform distribution of tension in the tendon implies both that tension generation in the muscle is not uniform and that tendon strands have some freedom to move relative to one another. The



experiment of Figs. 2 and 3 clearly shows some nonuniformity in the distribution of tension in the tendon, at least under these conditions, with the free tendon split into two halves. However, this nonuniformity cannot be attributed only to clustering of muscle fibers. When tension is graded by altering the fraction of ventral root stimulated, some nonuniform distribution is to be expected from random sampling of muscle fiber tensions (see APPENDIX).



If there was no transfer of tension from one-half of the tendon to the other and if the muscle fibers activated by a ventral root filament were randomly distributed throughout the muscle, then statistical predictions can be made about the distribution of tension in the two halves. Two expressions, (equations 2 and 4 in the APPENDIX) were used to construct the curves in Fig. 3 assuming that the muscle has 25,000 muscle fibers of equal size (see, for example, Ref. 5). The mean fraction of tension recorded in one-half of the tendon is predicted to be independent of the proportion of the muscle stimulated, as was found experimentally (within the limits of the standard devia-
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tions). However, the observed standard deviations are larger than predicted. Hence these results suggest that even substantial fractions of the muscle, engaged by ventral root stimlll~+ion ulation, chow show statistically significant localization. We conclude nclude that muscle fibers belonging to single motor units and groups of motor units whose axons run in the same ventral root filament have some tendency to cluster in one part of the muscle. This may be an unexpected finding in view of the large territory occupied by the fibers of a single motor unit (3). In other muscles some territoriality arises from branching of the muscle nerve (4, 6, 7). Its significance remains unclear but is of interest for hypotheses concerning localization of reflex action to parts of a muscle (2) and the processes underlying development of muscle and its innervation. However, the main conclusion we want to emphasize from these experiments is that some movement of tendon fibers relative to one another is possible (at least when the free tendon is split) and that the distribution of muscle fibers, though fairly uniform throughout the muscle, is not as uniform as random distribution would predict. The main observation provided by the experiments on muscle stiffness is that when only a portion of the muscle is active, the value of the series compliance remains essentially the same as for the whole muscle, at least down to 20% of whole-muscle tension. We considered our data for smaller fractions as unreliable (see RESULTS). We therefore conclude that when a fraction as small as one-fifth of the muscle is contracted, this still engages essentially the whole tendon, suggesting that tension is distributed throughout the whole tendon. An important contributing factor is that groups of muscle fibers representing 20% of tension are probably nearly uniformly spread throughout the whole muscle, so that connections between neighboring tendon strands ensure that all strands bear tension and contribute to effective tendon stiffness. A second factor to consider is that while parts of the tendon may be relatively separate from one another where the tendon forms an aponeurosis, in the regions where it begins to compact there are many cross-connections between adjacent strands that act to anchor large portions together. The fact that splitting the free tendon (which comprises only about one-quarter of
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the total tendon length) almost doubled the measured compliance also suggests that much of the binding between tendon fibers occurs in the free tendon. It is known that muscle and tendon compliances are about equal in a maximally contracting soleus muscle, (13). For less than maximal contractions, tendon compliance will remain the same while muscle compliance will rise since there are fewer contractile units in parallel. Our observations suggest that when quite small portions of the muscle are contracting, they must stretch the whole tendon to raise the tension. While the portion contracting remains small, one consequence is that during shortening following such a contraction little of the movement will be absorbed by the recoiling tendon, since this is relatively stiff compared with muscle fibers. Consequently, most of the shortening will be taken up by the muscle fibers themselves, which are thereby required to shorten more rapidly to maintain a given speed of limb displacement. The ingenious method of measuring tendon stretch by recording internal shortening in the cat soleus muscle using muscle spindles as monitors (17) gave values of tendon compliance of 0.05-0.5 mm/N. The value we obtained, 0.09, is somewhere near the lower end of their range. Our method assumes constant tendon stiffness at different muscle forces. However, at low forces, in a range not explored by us, tendon compliance begins to rise (the “toe” region of the tension: extension relation of tendon, see, for example, 15 N on Fig. 5), and it is most probably this region of nonlinearity that gave rise to the higher values reported in Ref. 17. It has been shown recently that during fictive locomotion intrinsic muscle stiffness and reflex stiffness of the cat soleus muscle are modulated during phases of the locomotion cycle such that total stiffness reaches its maximum as the foot strikes the ground and the limb begins to bear the weight of the body (1). When a contracting muscle is stretched, some of the stretch is taken up by muscle fibers and some by the tendon. The greater the stiffness of the tendon relative to the muscle, the larger the proportion of stretch distributed to muscle fibers. Muscle fibers remain quite stiff over short distances of stretch due to the elastic property of cross bridges between actin and
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myosin filaments (8, 9). However, once the limits of the short-range stiffness are reached (16), the muscle behaves as a much more compliant structure. If muscle stiffness is to remain high, then during stretch a significant proportion of the movement must be taken up by the tendon, keeping muscle fibers within their short range. Our results suggest that when only small portions of the muscle are active the muscle will be in an unfavorable condition to resist stretch, since its stiffness relative to the tendon stiffness will be low. Recent measurements of the forces in ankle extensor muscles during locomotion (18) have shown that during standing and for most speeds of walking or running, the levels of force reached in the soleus represent activation of a large part of the muscle. Muscle stiffness would therefore be expected to be high relative to tendon stiffness. For the medial gastrocnemius muscle, on the other hand, for locomotion at all speeds (and except for jumping), muscle force does not normally exceed a quarter of its maximum. Here there may develop an unfavorable relationship between muscle fiber stiffness and tendon stiffness. However the length of tendon relative to muscle fibers is greater than in the soleus, so that at these forces stretch of the tendon (within the short range stiffness) is about the same in the two muscles. On the other hand, muscle fibers in the gastrocnemius are only about onehalf as long as soleus fibers, so that an imposed stretch would be distributed over a smaller number of sarcomeres, limiting the range of movement over which muscle stiffness remained at a high value (see Ref. 19). We have not yet made any measurements on the gastrocnemius because of the fatigability of muscle fibers and because it has a proportionately higher passive stiffness than the soleus. In view of the prominent aponeurosis in medial gastrocnemius, it is conceivable that here parts of the tendon may remain functionally independent of one another over larger distances than in the soleus. Therefore tendon compliante may remain constant only over a limited range of tensions and begin to rise when the fraction of muscle activated is still well above 20%. Such an increase in compliance would provide greater opportunity for storage of elastic energy in the tendon at low levels of activation ( 14).
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APPENDIX



The process of stimulating a ventral root and measuring tension T1 in part of the tendon, represents in statistical terms a process of taking a random sample (the activated muscle fibers) from a finite population (all of the fibers in the muscle), some of which are “special” (connected to the T1 transducer). The ratio T,/(T, + T2) is then the proportion of special fibers in the sample. If we imagine building up our sample by randomly choosing successive fibers, those fibers that are already in the sample (activated) are not available for selection so that the sampling is done without replacement. Furthermore, the sample may be a significant part of the population. Under these conditions, the statistics of the samples are given by a hypergeometric distribution. If the size of the population is N, of which Yare special, and the size of the sample is s, of which D are special, then the probability that the random variable D has the value d is given by (p. 174, Ref. 8).



P(D = d) =



N



(1)



0S where (2) is the number of combinations in groups of b items, i.e., the binomial The expected value of D is (8) E(D) = s



and the variance



l



of a items coefficient.



;



(2)



of D is (8)



(3) The standard deviation of D, od is the square root of the variance, and the standard deviation of D/ s, the equivalent of T,/(T, + T2), is the standard deviation of D, divided by s, i.e.



(4) In the present case, N is large so that N N N, and the fraction of specials in the population, r/N, is close to one-half, so that



1



(5) Note that for small samples, this tends to l/(2 k) as for a normal distribution and is smaller than this for large samples. The standard deviation of T,/(T, + T2) would be expected to reach 0.01 when the fraction activated is reduced to 2,500 ( 10% of a muscle of 25,000 fibers, see Ref. 4). Received 4 November April 1984.
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