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Abstract-Characteristics of the entire series elastic component and of tendinous structures separately (tendon and aponeurosis) were compared for rat EDL muscle-tendon complex during isometric contractions, to study the contribution of tendinous structures to series elastic component characteristics. Compliance of series elastic component was measured using quick length decreases during the force plateau of isometric contractions. Lengths of tendinous structures were measured using macro-photographs during passive and active muscle conditions. Length data obtained from aponeurosis showed inconsistency with respect to elastic behaviour in two ways: the difference of aponeurosis length in active muscle at short length and at optimum length exceeded the extension of series elastic component for the same force range. Furthermore, aponeurosis in passive muscle at optimum length was considerably longer than in active muscle at short length, despite the fact that muscle force in the former condition is smaller than in the latter. It is concluded that apaneurosis length does not depend exclusively on force but is also muscle lengthdependent. This muscle length dependence was not found for tendon of EDL. Additional experiments showed that series elastic component compliance does not depend on muscle length. It is concluded that muscle length-dependent changes of aponeurosis length-force characteristics involve shifts of its force length curve to other aponeurosis lengths.



INTRODUCTION The series elastic component (SEC) of a muscle is located in passive and active structures of the muscle-tendon complex: the passive tendinous structures (tendon and aponeurosis) and active crossbridges (Goubel and Marini, 1987). Several methods for determining compliance of SEC of skeletal muscle were used in the literature. Three of these methods were described briefly by Bahler (1967) and Close (1972): (a) the quick release method; (b) a method using fast constant velocity releases; and (c) a method calculating compliance from the force-time curve of an isometric tetanic contraction. In addition, transition time measurements of longitudinal mechanical impulses were used for this purpose (Schoenberg et al., 1974). In many studies these methods were used to determine compliance and extension as a function of force generated actively by the muscle (e.g. Huxley and Simmons, 1971; Bressler and Clinch, 1974; Joyce and Rack, 1969; Cavagna, 1970; BlangC et al., 1972; Goubel and Marini, 1987). In these studies, location and properties of SEC in different types of contraction and properties of the contractile element were the subjects of investigation. Often tendinous structures of the muscle were reduced to a minimum with the explicit goal of studying properties of particularly that part of SEC located in the sarcomeres (e.g. Huxley and Simmons, 1971; Bressler and Clinch, 1974; Blang6 et aI., 1972). As a consequence
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little information was obtained about the behaviour of tendinous structures during activation. Joyce and Rack (1969), however, did measure the contribution of compliance of the tendon to total SEC, but the contribution of the aponeurosis could not be distinguished in their measurements. Usually the study of mechanical characteristics of anatomically identifiable tendinous structures is limited to those of tendons, which were frequently isolated from the muscle-tendon complex (for references see Butler et al. 1979). Methods to determine the integral stiffness of all tendinous structures of the muscle-tendon complex were developed and applied by Morgan (1977) and Rack and Westbury (1984). These experiments provide information about the contribution of the tendon-aponeurosis complex to compliance to total SEC. Rack and Westbury (1984) compared their results with compliance measurements on the tendon and concluded that normalized compliance of the aponeurosis was similar to that of the tendon. In contrast, Proske and Morgan (1987) concluded that differences of compliance between free tendon and aponeurosis may exist. Recently morphometric techniques were applied to study the mechanical behaviour of aponeuroses during isometric and dynamic contractions of rat gastrocnemius muscle (Huijing and Ettema, 19SSj89). This study yielded results for aponeurosis characteristics rather different from those reported for SEC or tendon in the literature. Relatively large aponeurosis length changes (of the order of lo%, while decreasing muscle force from its optimum value) were found during slow
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dynamic contractions. The value calculated from data obtained for total SEC using the methods described above usually does not exceed 4% (e.g. Morgan, 1977; Morgan et ai., 1978; Walmsley and Proske, 1981). To explain such high length changes Huijing and Ettema (1988/89) concluded that, during slow dynamic contractions, a shift of the aponeurosis force-length curve along its length axis occurred. However, it was not clear if actual aponeurosis stiffness was influenced by this shift (i.e., if during a dynamic contraction a length change of the aponeurosis, evoked by a sudden force change, is influenced). It was suggested that muscle length itself could be an important factor determining aponeurosis length, by means of shifting the aponeurosis length-force curve (Huijing and Ettema, 1988/89). The purpose of the present study was to compare results of measurements obtained morphometrically (measuring length changes of anatomically identifiable structures, which form a part of the SEC) to those obtained using fast constant velocity releases (measuring elastic properties of the entire SEC). Thus, the influence of force and muscle length on elastic behaviour of total SEC and that of tendon and aponeurosis separately, during isometric tetanic contractions, was examined.



METHODS



Experimental procedure Extensor digitorum longus (EDL) muscle-tendon complexes were studied in situ in 11 male Wistar rats (body mass 285-328 g) anaesthetized with pentobarbital. Five rats were used for the main experiment and six for additional experiments (see below). The muscle-tendon complex was freed from its surrounding tissues leaving muscle origin, blood supply and innervation intact. The four distal tendons were cut close to their insertions at the second digits of the toes, and looped around a metal hook attached to the force transducer. A string was knotted to tie the loop in the tendon, and this complex was glued together (Histoacryl blau, Braun Melsungen AG). Markers (copper wires, diameter 0.05 mm) were inserted at the origin (insertion of proximal tendon on the femur), the proximal end of the muscle belly, the distal end of the proximal aponeurosis and the distal end of the muscle belly, as well as at the distal end of a tendon segment (Fig. 1). The muscle was kept under a layer of paraffin oil to prevent drying. The distal tendon was covered with silicon grease for the same purpose. All measurements were done at room temperature (25+ 1X) using a muscle ergometer (Woittiez et al., 1987). Force (F) exerted by the muscle and length of the entire muscle-tendon complex were measured by means of a strain gauge force transducer and an optical position detector respectively. Total compliance of the equipment amounted to 0.02 mm N-l. The distal end of the severed nerve was stimulated supramaximally, using a
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Fig. 1. Upper figure: EDL muscle-tendon complex with markers inserted (bent bars). (w) represents a steel wire to make the connection to the force transducer. Lower figure: schematic representation of the complex as derived from the photographs. The following lengths were obtained: proximal +distal tendon (I,), aponeurosis (I,), muscle belly (i,,,) and muscle fibre (13.



pair of silver electrodes attached to a constant current source (square wave pulses; 0.4 ms, 2 mA, 100 Hz). Tetanic isometric contractions of 400ms were performed beginning at short muscle lengths to about 4 mm above muscle optimum length (1 mm increments). Optimum muscle length (1,) was defined as that length where the muscle could exert a maximal isometric tetanic force (F,). Each tetanic contraction was preceded by two twitches at the desired length with a 1 s interval to let the muscle adjust to that length. Three seconds after the last twitch, data collection was started and one second later the tetanic contraction was evoked. The timing of these events was controlled by computer. Photographs were taken 100 ms before and 200 ms after the start of stimulation (Canon Fl, macro lens fd lOOmm, exposure time 1/6Os). In this way the muscle-tendon complex was photographed in the passive and fully active state. Compliance of total SEC (C) was determined by imposing quick length decreases of 0.2mm within 3 ms during the same tetanic contractions during which photographs were taken (Bobbert et al., 1986~; Woittiez et al., 1987; Ettema and Huijing, 1988). This length step was performed 300 ms after onset of stimulation (i.e., 100 ms after photography, Fig. 2). Force, length and photograph synchronization signal were A/D-converted and recorded by an Apple II microcomputer with a sample frequency of 1000 Hz (resolution of force < 0.01 N, of length < 2.5 pm). Calculations were performed only with measurements below and at muscle optimum length to limit the influence of passive force (passive force at I, is less than I % F,). The images obtained by photography were projected on a screen (magnification 5.5 times real life value). From these photographs lengths of the muscle (l,,,), fibre (l,), proximal and distal tendon (the sum being referred to as I,) and proximal aponeurosis (1,) were measured (Fig. 1) with an accuracy of 0.05 mm.
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SEC compliance values were corrected for the compliance of the ergometer. A relationship between compliance and mean force level during the length step (Fig. 2) was determined using the following function: C=a-Fb.



(3)



This equation was chosen merely for pragmatic reasons (i.e., simplicity), nevertheless obtaining satisfactory results. Integration with respect to force yields extension (E): E=a/(b+



1). Ftbil).



(4)



From equation (4) the work (w) done on SEC was calculated by integration with respect to E: W=



((b-t l)/a+)“@+i)dE.



(5)
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Fig. 2. Protocol used to determine force-length relations of tendinous structures and force-compliance relation of SEC. At t =0 stimulation was started. Compliance is the quotient Al/AF. Dotted line indicates mean force level during the release. Arrows indicate moments at which photographs were taken. F, and F, represent passive and active force respectively measured at the moment of photography.



Using this protocol and treatment of data, force-length relations of the tendinous structures and total SEC, measured during the same contractions, could be compared. Extension and work of SEC were compared with Al and W of the tendinous structures (proximal aponeurosis, tendon) for identical ranges of force. Additional experiments



Treatment of data Length changes (AI) of the tendinous structures, i.e. aponeurosis and tendon separately and as one structure (AI,,,), were calculated from the measurements for two conditions: (1) Changes between the passive and active condition at 1, and (2) changes between two active conditions at different muscle lengths [short length (1,) and optimum length], according to equations (1) and (2) respectively: AI = I,, - 1,, (1) Al = I,, - I,, , where 1,, represents the lengths of tendinous structures (either aponeurosis or tendon separately or in combination) in active muscle and I,, is length of these tendinous structures in passive muscle, both determined at optimum length. Lengths of these tendinous structures in active muscle-tendon complex at a short origin insertion length (where active force could still be measured and all markers remained in the plane of photography during activation) are denoted by la,. An estimate of work (IV) that would be performed maximally by these tendinous structures during a concentric muscle contraction from 1, to 1, was calculated by numerical integration with respect to length of the force-length data for this length range. Work performed on the aponeurosis + tendon, as a consequence of isometric contraction at l,, was only roughly approximated by assuming a linear force-length behaviour, since only two data points are known (the passive beginning and active end situations).



Since compliance represents the slope of the force-extension curve of SEC, some additional experiments were performed to test the hypothesis that, despite possible length shifts of force-length curves of tendinous structures, equal compliances occurred at equal levels of force, regardless of muscle length. If this is the case, compliance of SEC (of which the tendinous structures form the major part) should only depend on muscle force, not on muscle length. Note that in the quick length decrease experiment the initial isometric force level was manipulated by means of muscle length, in such a way that the role of muscle length and force cannot be distinguished in the original experiments. The following experiment was performed for nine EDL muscles (of which three belonged to the five muscles used for the main experiment). In addition to the quick length decrease experiments described above, the following protocol was used as well: quick length decreases were performed at l,, while initial force level was manipulated by means of changing stimulation current, starting at supramaximal level and subsequently decreasing until no active force was measured. By decreasing the current stimulating the nerve, fewer motor units and thus fewer muscle fibres were excited. In this way, muscle force could be manipulated leaving muscle length unaltered between different contractions. Hence, a force-compliance relationship could be obtained for which muscle length was excluded as a possible influence on compliance. Compliance of cross-bridges was assumed to be exclusively force-dependent (Morgan, 1977). Also, for these experiments, SEC compliance was measured and extension was calculated according to equation (4).
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SEC extensions determined described were compared.



with the two protocols



Statistics



Data sets were tested for possible differences using Student’s t-test for paired comparison, two-tailed, p 
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