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Abstract The present study was designed to determine the relative contribution of the gastrocnemius muscle to isometric plantar flexor torque production at varying knee angles, while investigating the activation of the gastrocnemius muscle at standardised non-optimal lengths. Voluntary plantar flexor torque, supramaximally stimulated twitch torque and myoelectric activity (EMG) from the triceps surae were measured at different knee angles. Surface and intra-muscular EMG were recorded from the soleus muscle and the medial and lateral heads of the gastrocnemius muscle in 10 male subjects. With the ankle angle held constant, knee angle was changed in steps of 30 ~ ranging from 180 ~ (extended) to 60 ~ (extreme flexion), while voluntary torque from a 5-s contraction was determined at 10 different levels of voluntary effort, ranging from 10% of maximal effort to maximal effort. To assess effort, supramaximal twitches were superimposed on all voluntary contractions, and additionally during rest. Maximal plantar flexor torque and resting twitch torque decreased significantly in a sigmoidal fashion with increasing knee flexion to 60% of the maximum torque at 180 ~ knee angle. For similar levels of voluntary effort, the EMG root mean square (RMS) of gastrocnemius was less with increased knee flexion, whereas soleus RMS remained unchanged. From these data, it is concluded that the contribution of gastrocnemius to plantar flexor torque is at least 40% of the total torque in the straight leg position. The decrease of gastrocnemius EMG RMS with decreasing muscle length may be brought about by a decrease in the number of fibres within the EMG electrode recording volume and/or impaired neuromuscular transmission. Key words Gastrocnemius muscle 9Triceps surae 9 EMG. Human 9Frog A. G. Cresswell (~) 9W. N. L0scher- A. Thorstensson Department of Neuroscience,KarolinskaInstitute,Box 5626, S-11486, Stockholm,Sweden; Fax: 46 8 402 22 87 W. N. L6scher Department of Neurology,LandesnervenklinikSalzburg, A-5020 Salzburg, Austria



Introduction Plantar flexor torque is mainly exerted by the triceps surae muscle group consisting of the mono-articular soleus muscle and the bi-articular gastrocnemius muscle, which is also a flexor at the knee. The control of torque production by the triceps surae is complicated by the fact that changes in ankle and/or knee angle may change the length-tension relationships of soleus and gastrocnemius independently. This circumstance can, on the other hand, be used experimentally: by varying the knee angle, the length of the gastrocnemius muscle, and thus its potential force contribution, may be influenced in a controlled way while maintaining the length and force of the soleus constant. Using this paradigm, substantial decreases in maximal voluntary isometric and isokinetic plantar flexor torque have been reported in positions with the knee flexed (Fugl-Meyer et al. 1979; Sale et al. 1982; Herzog et al. 1991). However, the results from the literature are still conflicting with respect to the magnitude of the decrease in torque and thus the contribution from gastrocnemius. A question arises as to how the central nervous system activates a muscle that operates at a non-optimal part of its length-tension relationship. From experiments on isolated animal and intact human muscle, it is known that a progressive shortening of muscle results in a reduction in both contraction time and half-relaxation time (Rack and Westbury 1969; Gandevia and McKenzie 1988; Bigland-Ritchie et al. 1992). Such decreases imply that higher excitation rates would be required to produce the same relative amount of force output. This can be determined by measuring the discharge frequencies of single motor units during maximal efforts at different muscle lengths (Bigland-Ritchie et al. 1992), or estimated by recording surface or intra-muscular EMG activity from electrodes placed over or inside the muscle, respectively. During a maximal voluntary plantar flexion effort with the knee flexed as compared to straight, there are three possible outcomes. Firstly, the EMG RMS of gastrocnemius remains constant despite decreased force produc-



284 tion in the knee flexed position, which could be interpreted as a situation where equal activity is reaching the muscle despite its shortened length. There appear to be no reports in the literature indicating this behaviour, although some indirect support comes f r o m a study by Bigland-Ritchie et al. (1992), w h o found no significant change in tibialis anterior muscle single m o t o r unit firing rates during m a x i m a l efforts at different muscle lengths. Additionally, in that study and in an earlier study by Gandevia and M c K e n z i e (1988), the degree o f central nervous system 'drive' for m a x i m a l efforts at long and short muscle lengths, as assessed by the 'twitch-occlusion' technique (Belanger and M c C o m a s 1981), was considered to be equal. Secondly, E M G R M S o f the gastrocnemius m a y increase in the knee flexed, muscle shortened, position. This could be interpreted as an ability to increase activation at, or due to, a shorter muscle length, or that the contraction in the straight leg position was not truly maximal. However, based upon the abovementioned twitch-occlusion results o f Bigland-Ritchie et al. (1992) and those o f Gandevia et al. (1988), this does not appear to be the case. However, an increase in E M G R M S with decreasing muscle length has been reported for the gastrocnemius muscle by H e r m a n and Bragin (1967), a finding that was corroborated by similar observations by Heckathorne et al. (1981) in the cineplastic biceps brachii muscle. In neither o f these studies was the extent o f m a x i m a l voluntary effort verified by twitch-occlusion. The third possibility is that E M G R M S decreases with decreasing muscle length despite maximal effort, a finding reported by F u g l - M e y e r et al. (1979) in the gastrocnemius muscle and Sale et al. (1982) in the triceps surae. However, small sample sizes (Fngl-Meyer et al. 1979; n--5; Sale et al. 1982; n=2) and non-selective E M G - r e c o r d i n g electrodes (Sale et al. 1982) limit the possibility to draw definite conclusions about the E M G length-tension relationships o f individual muscles. A decrease in E M G R M S in these cases m a y be explained by a reduced level o f 'central drive' to the shortened muscle via increased inhibition and/or reduced facilitation o f the m o t o n e u r o n pool via peripheral input, and/or a decline in neuromuscular transmission-propagation capability. Resolving some o f these prospects by twitch-occlusion and voluntary and electrically evoked E M G should be theoretically possible. The purpose of the present experiment was therefore to determine the relative contribution o f the gastrocnemius muscle to isometric plantar flexor torque production via voluntary and electrically evoked torque production at varying knee angles, and to investigate the activation o f the gastrocnemius muscle at standardised non-optimal lengths using E M G and twitch-occlusion.



1.83_+0.05 m and 80.5+10.0 kg, respectively. Subjects were instructed about the experimental protocol and their informed consent was obtained. The study was approved by the Ethics Committee of the Karolinska Institute. Experimental design Subjects lay prone on an adjustable chassis. Their right foot was tightly secured to a non-compliant foot-plate to ensure isometric conditions. A constant ankle angle of 85 ~ (included angle between the shank and the sole of the foot) was used. Force was measured from beneath the ball of the foot by a load-cell (Bofors KRG-4, Nobel Electronic, Sweden, unloaded frequency range 0-2.6 kHz, maximum force 2 kN). The axes of the ankle and foot-plate were aligned as close as possible. The perpendicular distance between the load-cell and axis of the foot-plate was used to convert the force to ankle torque. The support surface under the trunk of the subject could be raised horizontally. Flexing the hips provided different knee angles (60, 90, 120, 150 and 180~, measured as the included angle between the thigh and shank) while the trunk and shank could be maintained in a horizontal position. In all experiments, a series of three maximum voluntary contractions (MVC), each lasting 5 s, was performed at all knee angles. A 1-s period of stable torque was taken from each of the three trials from which the mean was used to compute 10, 20, 30, 40, 50, 60, 70, 80 and 90% levels of MVC. Levels of voluntary torque were produced with the help of visual feedback. A given torque level was displayed as a beam on an oscilloscope and a second beam, corresponding to the ankle torque, was displayed simultaneously. The subjects were instructed to align the two beams as precisely as possible. The motor task was to maintain an isometric contraction for 6 s at the ten predetermined torque levels for the five knee angles. After 5 s of each contraction, a supramaximal voltage stimulus was delivered transcutaneously to the triceps surae to provide a twitch (cf. below). An additional measurement at each knee angle, with the subject relaxed, provided a resting twitch torque. Knee angle and contraction level were studied in a randomised order. Twitch recordings A somatosensory stimulator (Grass S10DSCM, Grass, USA) with a stimulus isolation unit (Grass SIU8T, Grass, USA) was used to evoke a supramaximal twitch from the triceps surae by way of a monophasic 0.2-ms voltage pulse delivered transcutaneously to the tibial nerve. The cathode (6x8 cm) was placed over the tibial nerve in the popliteal fossa, while the anode (6x8 cm) was placed over the ventral aspect of the thigh, just proximal of the patella. Supramaximal stimulus intensity was determined for all knee angles prior to the experiment by increasing the voltage until there was no further increase in twitch amplitude. Stimulus intensity was then increased a further 10% for the experimental measures. The stimulator was triggered 5 s into each voluntary contraction and resting trial at each knee angle by an outgoing pulse from the A/D converter. The level of maximal voluntary activation, i.e. whether all motor units innervating the stimulated muscle were voluntarily recruited and were activated at rates sufficient to achieve complete tetanic fusion, was assessed by evaluating whether or not the supramaximal stimulus elicited any additional increment of force. EMG recordings



Materials and methods Subjects Eighteen experiments were undertaken in ten healthy male subjects. The means_+SD for age, height and mass were 26+5 years,



Bipolar surface and intramuscular EMG were recorded from the lateral and medial heads of the gastrocnemius muscle and from the lateral aspect of the soleus muscle. The skin was shaved, abraded with sandpaper and cleaned with 95% ethanol prior to surface electrode application. Self-adhesive Ag/AgC1 surface electrodes, each with a recording surface of 12 mm 2 (H-10-VS, Medicotest



285 A/S, Denmark) were placed with an inter-electrode distance of 2.5 cm. Intra-muscular EMG was recorded using fine-wire electrodes (0.075 mm diameter, twisted stainless steel, Teflon coated) constructed in a 'double hook' manner (Loeb and Gans 1986). The potential sensitive area was the uninsulated end of each wire, 2 mm in length, with an inter-electrode distance of approximately 4 ram. Hypodermic needles (0.8x80 mm) were used to insert the fine-wire electrodes percutaneously midway between the surface electrodes. Before insertion of the needles, the skin was anaesthetised by superficial injection of 0.5-1 ml lidocaine (Xylocain, 5 mg.ml 1). Supplementary experiments used to explain certain EMG findings A series of eight experiments was made at a later date on eight of the original ten subjects. Gastrocnemius and soleus supra-maximal M-wave amplitudes (peak-to-peak) were recorded using bipolar surface electrodes at 90 and 180~ knee angles, respectively, in the resting state. Additionally, two of these tests were made with monopolar fine-wire electrodes (0.075 mm diameter, twisted stainless steel, Teflon coated, potential sensitive area 2 mm of uninsulated wire), while in two other subjects the bipolar fine-wire configuration described earlier was used. For the monopolar recording, the reference wire electrode was placed into a non-active site in the contralateral limb. Four single muscle fibres of the lumbrical muscles II-IV from Xenopus laevis (African clawed frogs) were studied at different fibre lengths. Fibres were attached to a force transducer and were transferred to the experimental chamber. The fibres were superfused by normal Ringer solution. Membrane potentials were recorded intracellularlly by means of a glass electrode filled with 0.5 M KC1 (for a detailed description of the experimental set-up, see L~innergren and Westerblad 1986). An electrically elicited action potential was recorded at several fibre lengths. To shorten the muscle fibres, the span of the attachment frame was reduced, and the fibres chemically straightened by superfusing a 3 mM caffeine solution until the twitch force was reduced to 25-50% of that at resting length.



period in the middle of the contraction and normalised to the highest EMG RMS value that occurred in the extended knee position (180~ In addition, median frequency of the surface EMG power spectrum (MF) for the same period was computed using the Welch method of power spectrum estimation (512 point FFT, consecutive sections were Hanning windowed). The maximum M-waves were normalised to the M-wave recorded in the extended knee position. Statistics Pearson correlations, general factorial ANOVA, one-way ANOVA for repeated measurements and Bonferroni post hoc tests were carried out. Contraction level- and angle-dependent EMG RMS and angle-dependent torque and twitch changes were analysed using linear and non-linear regression analysis. The method resulting in the highest correlation coefficient was accepted for further analysis. Significance was set at the 5% level.



Results Maximum voluntary torque The mean_+SD of the absolute and the normalised (to 180 ~) maximal voluntary torque values for all knee angles are depicted in Table 1 and Fig. 1, respectively. Plantar flexor torque decreased significantly with decreasing knee angles in a sigmoidal fashion for the MVC level (absolute torque=174.50-54.16, angle+16.84, angle2-1.95 - angle 3, r--0.66; normalised torque=l.30-0.42
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Signal processing Torque and EMG (amplified xl000 and bandpass-filtered between 10 Hz and 10 kHz; Myosystem 2134, Noraxon, Finland) signals were A/D converted (12 bit) at a sample rate of 1 kHz (CEDI401 plus, Cambridge Electronics Design, England) and stored on hard disk. The torque signal was lowpass filtered using a fourth-order, zero lag, Butterworth filter (30 Hz cut-off frequency). Maximal plantar flexor torque at each knee angle was measured as the mean torque value for the period between 2 and 4 s. Furthermore, the mean plantar flexor torque was normalised to the highest value that occurred in the extended knee position (180~ Resting twitch amplitudes (normalised to the resting twitch amplitude at 180~ were computed for all knee angles. To study the extent of maximal voluntary effort, the superimposed twitch amplitude was normalised to the resting twitch amplitude at the same knee angle. The EMG signals were detrended and lowpass filtered using a fourthorder, zero lag Butterworth filter with cut-off frequencies set at 300 and 450 Hz for the surface and intra-muscular EMG signals, respectively. For each trial, EMG RMS was calculated over a 2 s



Table 1 Means+-SD (n=10) of the plantar flexor torques at MVC, the peak torque of the resting twitch and the normalised superimposed twitch at MVC. Bracketed values, referenced from the top, are significantly different (P 
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