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FREQUENCY MEDIALIS



RESPONSE OF RAT GASTROCNEMIUS IN SMALL AMPLITUDE VIBRATIONS G. J. C. ETTEMA* and P. A. HUIJING~$



* Department of Anatomical Sciences, The University of Queensland, Queensland 4072, Australia; and TVakgroep Functionele Anatomie, Faculteit der Bewegingswetenschappen, Vrije Universiteit, Van der Boechorststraat 9, 1081 BT Amsterdam, The Netherlands Abstract-The effect of vibration frequency during small amplitude (- 0.25% of muscle-tendon complex length) vibrations on muscle stiffness and phase angle of the rat gastrocnemius medialis muscle (n = 7) was investigated at four different force levels. Frequencies varying from 5 to 180 Hz were studied. Furthermore, series elastic stiffness was determined as a function of muscle force. The experiments were also simulated, using a Hill-type muscle model representing the fundamental characteristics of the experimental muscles. The frequency response found in the experiments deviated from the simulation results: stiffness and phase were lowest at about 30 Hz, whereas the simulations showed a rapid asymptotic increase of stiffness and decrease of phase angle with increasing frequency. The values levelled off at about 60 Hz. The discrepancy between experimental and simulation results is thought to be due to changes of the contractile properties of muscle, especially at low movement frequencies, where the contractile machinery has a significant influence on muscle stiffness, At frequencies of 120 Hz and above, the muscle stiffness resembled series elastic stiffness in both experimental muscles and simulations. This suggests that the contractile element contracts approximately isometrically. Functional implications of the frequency response are discussed. Keywords: Skeletal muscle, stiffness, frequency response.



INTRODUCTION Several studies have shown a characteristic frequency response in skeletal muscle fibres: stiffness, or ampli-



tude, and phase angle show an irregular curve as a function of movement frequency (Calancie and Stein, 1987; Petit et al., 19% Rossmanith et al., 1980). This typical response is believed to be caused by different time constants of the mechanical steps in the cross-bridge cycle (Calancie and Stein, 1987). The question arises whether such a frequency response is also present in intact muscle-tendon complex, with relatively long passive series elastic structures (tendinous structures) attached to the fibres. The frequency response of an active skeletalmuscle-tendon complex is an important characteristic for control of movement and posture. The frequency response consists of the muscle stiffness (S,,,), i.e. the slope of a length-force tracing, and phase angle (ph,,,) between the length and force tracings as a function of vibration frequency. The stiffness value determines how much force change occurs for a given change in length. Therefore, muscle stiffness can be considered as a gain parameter of the locomotor and posture feedback control mechanism. The phase angle is a representation of damping characteristic of the Received in jinal form2 December 1993. Address correspondence to: G. J. C. Ettema, Department of Anatomical Sciences, The University of Queensland, Queensland 4072, Australia. $The experiments were performed at this address.



system. At high frequencies, which, for example occur at foot impact during locomotion, these properties are highly important for proper shock absorption (Alexander et al., 1986). The highest stiffness of a skeletal-muscle-tendon complex is theoretically equal to the stiffness of the series elastic structures, being mainly tendinous structures and to a much smaller extent in the cross-bridge linkages (Ettema and Huijing, 1993). We refer to this stiffness as series elastic stiffness (S& Series elastic stiffness is determined by tendinous properties and the number of attached cross-bridges (Ettema and Huijing, 1993; Morgan, 1977). Given a certain force change, series elastic stiffness affects the amount of storage and release of elastic energy (e.g. Cavagna, 1977). The series elastic stiffness can be measured at high movement frequencies, or with step responses, when the contractile machinery will act merely isometrically. In that case, all length changes are taken up by the series elastic structures, including the elasticity in the ‘isometrically’ contracting crossbridges: cross-bridges deform elastically, but do not detach and re-attach to shift the relative position of the actin and myosin filaments. Sliding of the myofilaments is limited, and exclusively caused by elastic deformation of the cross-bridges. Under conditions where filament sliding due to cross-bridge detachment and re-attachment occurs, muscle stiffness is affected and not equal to the series elastic stiffness. In the present study we have determined the frequency response (muscle stiffness and phase) and
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series elastic stiffness of supramaximally stimulated rat gastrocnemius medialis muscle-tendon complex. The frequency response was determined by applying small sinusoidal perturbations on the muscle during activation (e.g. Petit et al., 1990; Rossmanith et al., 1980), whereas for the series elastic stiffness quick releases (Bahler, 1967; Bobbert et al., 1986a) were used. Experimental results were compared with simulations using a Hill-type muscle model. This was done to help elucidate the results. It should be noted that the aim of this study was not to study the frequency response of skeletal muscle at the level of the crossbridge cycling, but at the gross level of the muscle-tendon complex, taking the cross-bridge cycling machinery as a single integral element. Attention was focussed on functional consequences, rather than on contraction mechanics.



METHODS



Experimental protocol The experiments were performed on the gastrocnemius medialis (GM) muscle-tendon complex of the rat. Seven young adult male Wistar rats (body mass 256333 g) were anaesthetised with pentobarbitone (initial dose lOmg/lOO g body mass i.p.). GM was freed from its surrounding tissues leaving muscle origin and blood supply intact. The calcaneus was cut, leaving a part of bony tissue attached to the Achilles



tendon. The distal part of the Achilles tendon was looped around a steel wire hook, tightly knotted with suture and glued with tissue glue (Histoacryl). The steel wire was connected to a strain gauge force transducer. This procedure left the major part of the tendinous structures intact. All measurements were done at an ambient temperature of 27°C on a multipurpose ergometer (Woittiez et al, 1987). The muscle was excited by supramaximal stimulation of the distal end of the severed nerve (square wave pulses; 0.4 ms duration, 3 mA, 100 Hz). The maximum contraction duration amounted to 1300 ms, which excluded serious fatigue effect: no serious force decay was detected during any contraction. Optimum length of the muscle-tendon complex (IO),defined as that length at which active isometric muscle force was highest (F,), was determined to an accuracy of 0.5 mm. Sinusoidal length changes of 0.1 mm peak to peak (-0.25% of muscle-tendon complex length) were imposed during the isometric force plateau of tetanic contractions (Fig. 1A). The frequency of the vibrations varied from 5 up to 180 Hz. To allow the muscle to adapt to the vibrations a minimum of five entire sinus cycles was applied and the duration of the vibrations was minimally 100 ms. Because a limited number of tetanic contractions can be performed before decrement of muscle condition occurs, we chose to use two different protocols, both concentrating on the frequency response at opti-
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Fig. 1. (A) Typical example of a length and force tracing at optimum length and 180 Hz vibrations.(B) Typical examples of force tracings at vibration frequencies of 540 Hz. Dashed lines indicate the change of peak-to-peak force levels during subsequent cycles. Deviation of these lines from the horizontal indicate a continuous force enhancement and decrement during lengthening and shortening, respectively.



mum length. Four muscles were used to study the frequency response during isometric contractions at I,,, using the entire range of 5-180 Hz vibrations. The other three muscles were used to study the frequency response at different muscle lengths, ranging from small (near active length, i.e. N 70% IO)to IO.This was done to evoke different force levels, being F,,, -0.5Fo, -0.2Fo and ~0.015F,,. For this group, the number of vibration frequencies was limited to 40,60,80, and 120 Hz. Regulating muscle force by muscle length was preferred over regulation by level of stimulation, since the control of the force level is better (personal observations). Furthermore, no differences in the Force-S, relationship was detected before (Ettema and Huijing, 1989). Length (I) and force (F ) signals were A/D converted (2500 Hz, accuracy 2.5 pm and 0.01 N, respectively). The force tracings were corrected for artefacts due to accelerations of the force transducer. The signals of 60-80 Hz vibration frequencies were filtered, using a 16th order Butterworth 25-300 Hz band pass filter. For vibration frequencies of 5-40 Hz a 300 Hz low pass filter was used and the force signals were corrected for small force decrements during the continuation of the isometric force plateau. At least the first two complete sinus cycles were excluded from data analysis, to allow preconditioning of the muscle’s response to the vibrations. The transfer function of the muscle-tendon complex upon the length vibrations was expressed as the gain or muscle stiffness (S,,J (ratio of the peak-to-peak force difference and peak-to-peak length difference),



1017



Rat skeletal muscle stiffness and as the phase angle between force and length tracing (ph,,,). The phase angle was determined according to Butler et al. (1978), with the aid of Lissajous (length-force) plots. The transfer output was corrected afterwards for compliance of the measurement system (0.014 mm N-l). Force-stiffness characteristics of the series elastic component (SEC) were determined, using quick length decreases of 0.2 mm during isometric tetanic contractions (Bobbert et al., 1986a) at different muscle-tendon complex lengths. Stiffness of the series elastic component (S,) was calculated as the ratio of force and length change of the muscle-tendon complex during the quick release. Simulation



The frequency response of a muscle-tendon complex was simulated using a Hill-type muscle model consisting of a contractile element (CE) and a series (visco) elastic component (SEC). We did not incorporate a parallel component in the model: the simulations were performed at lo, a length at which passive force is small and can be neglected for this study (Ettema and Huijing, 1989). The properties of the CE consisted of a force-velocity and a length-force curve (see Appendix for equations). Thus, the cross-bridge cycling machinery is modelled as a single integral element. It should be noted therefore, that this model does not account for any details of the cross-bridge cycling, and possible mechanical consequences in the frequency response. Furthermore, the so-called angular compliance as a result of muscle pennation was not incorporated in the model, since these effects are small at I0 (Ettema and Huijing, 1990). The force-velocity curve was hyperbolic with different parameters for the concentric and eccentric part of the curve. The constants were chosen so that the curve was smooth at the isometric transition point. Possible deviations of this curve at non-optimal lengths were not included because all movements occurred close to I,,. The ascending limb plus the region around optimum length of the length-force curve was parabolic, and the descending limb was linear. This function describes the GM length-force curve around lo accurately (unpublished results). The CE length at the transition point between the two parts of the curve depended on optimum and slack lengths, and on the fact that a smooth transition was enforced. The SEC consisted of an undamped elastic element in series with a similar but damped element (Ingen Schenau et al., 1988). The force-elongation curve was described by a power equation, whereas the damped function was described by a linear relation between force and elongation speed (see the appendix). The constants for the different curves in the model were chosen such that they resembled the fundamental properties (force-elongation; length-force and force-velocity) of the muscles used in this study. For this reason, force-velocity characteristics were determined for four muscles by applying isokinetic con-



tractions with speeds varying from -50 to +lOmms-‘, using a similar protocol as described by Ettema and Huijing (1988). Length-force constants were derived from isometric contractions performed on the experimental muscles, and force-extension constants from quick release experiments. Statistics



Differences between series elastic (SJ and muscle stiffness (S,) at different vibration frequencies were tested using the Student’s t-test, paired comparison p 
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