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Muscle Force by Recruitment During Intramuscular Stimulation



of



PATRICK E. CRAGO, P. HUNTER PECKHAM, Abstract-The input-output relationships for modulation of force by recruitment during intramuscular electrical stimulation were examined for cat sleus muscles and human rmger and thumb muscles. Recruitment was modulated by varying either the pulsewidth or amplitude of a monophasic, rectangular, cathodal current pulse train. Force was anonlinear function of either pulsewidth or amplitude, and the shape of the nonlinearity was the same regardless of which parameter was modulated. The charge per stimulus pulse was lowest if pulsewidth was modulated with a fied, high amplitude stimulus. The shape of the nonlinear relationship between pulsewidth and force (recruitment characteristic) depended on stimulus amplitude, electrode location in the muscle and muscle length. In most applications the amplitude and location would be fied, so force would be a two-dimensional nonlinear function of pulsewidth and muscle length. The results are discussed with respect to possiVble mechanisns of recruitment during intramuscular stimulation, and the implications of the nonlinearities on the proportional control of orthoses employing electrically stinulated muscles.



INTRODUCTION PROPORTIONAL control over the strength of muscle contraction is necessary for fine control of the musculoskeletal system. In orthoses employing electrical stimulation for activation of paralyzed muscle, the gradation is regulated by the parameters of the stimulus input. For example, in systems to provide hand function, proportional control allows the patient to adjust first the finger position prior to grasp and then prehension force during grasp to a level appropriate for a given task [18] . In lower extremity gait correction systems, proportional control provides more normal movements than simple on/off control [21]. As systems become more sophisticated, the need for more precise control and regulation will grow. Muscle force can be modulated by varying either the number of active muscle fibers (recruitment) or the frequency of activation (temporal summation). Most muscle stimulation orthoses modulate the recruitment level by varying either the amplitude or duration of a rectangular stimulus pulse [15], [17], [18], [20], [22], [23] , but little has been published about the input-output relationship between the stimulus parameters and muscle force. The shape of this relationship determines the degree of proportionality that can be achieved, especially in those cases where the patient has linear open-loop control of a stimulus parameter. A combination of pulsewidth and interpulse interval molulation is desirable for modulating the whole range of forces [16]. The input-output relationship for temporal summation has been reported separately [5]. The objective of the studies presented here was to characterize the control of recruitment during electrical stimulation of muscle with intramuscular electrodes. The recruitment characManuscript received January 16, 1980; revised June 12, 1980. The authors are with the Department of Biomedical Engineering, Applied Neural Control Laboratory, Case Western Reserve University, Cleveland, OH 44106.
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teristics were found to be nonlinear, and the shape of the nonlinearity depended not only on stimulus parameters, but also on muscle length and electrode position. METHODS Recruitment modulation was investigated in both animals and human spinal cord injury patients. The techniques will be



described separately.



Animal Studies Recruitment characteristics were measured during experiments on 22 adult cats anesthetized with an intraperitoneal injection of sodium pentobarbitol (35 mg/kg). Additional intravenous injections were given during the experiments to maintain the anesthesia. The soleus muscle was prepared for electrical stimulation and for recording of isometric force. The medial gastrocnemius and plantaris were denervated, tenotomized, separated from the lateral gastrocnemius, and reflected. The nerve to the soleus was dissected from its pathway through the lateral gastrocnemius and cut proximally where it joined the tibial nerve. This precaution was taken to prevent possible reflex excitation. The lateral gastrocnemius, which was denervated by the soleus nerve dissection, was tenotomized and reflected. After measuring the length at maximal ankle dorsiflexion (maximal physiological length [10]) the calcaneous was cut close to the ankle. The hindlimb was attached to a frame with clamps at the knee and ankle joints, and the soleus was attached to a rigid force transducer. Muscle length could be adjusted and the values of length given in Results are with respect to the maximal physiological length (e.g., -10 mm means that the muscle was 10 mm shorter than its maximal physiological length). All tests were done under isometric conditions. Coiled wire intramuscular stimulating electrodes were inserted into the soleus with hypodermic needles [3]. These electrodes were made from 45 .m diameter type 316 stainless steel wire. The wire was coiled on a 100,um diameter mandril that was later removed. At the tip of the coil, the wire was bent back to form a hook. Prior to coiling, enough of the polyurethane insulation was removed to leave a 5 mm deinsulated region at the tip after winding. One electrode (referred to as proximal in Results) was inserted into the center of the soleus, in a medial to lateral direction (transverse to the orientation of the muscle fibers). A second electrode (referred to as distal) was inserted parallel, but 1 to 2 cm distal to the first electrode. A third electrode (referred to as peripheral) was inserted just beneath the medial surface, parallel to the proximal-distal axis. The majority of the animal experiments were carried out under computer control of the stimulation and of the data col-
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lection. All of the stimuli were monophasic rectangular, cathodal, regulated current pulses, and can be defined by three parameters: pulsewidth, pulse amplitude, and interpulse interval. The stimulator was gated on and off by the computer. The analog force signal and the stimulus parameters were sampled at 5 ms intervals for 400 ms prior to the stimulation, and during a 2000 ms period of stimulation. A delay (never less than 30 s, and in some cases, as great as 75 s) was imposed between successive periods of stimulation to reduce the influence of fatigue and potentiation on the results [2]. The delay was adjusted in each case to give reproducible forces in successive trials. In all but a few cases, results were repeatable to within 10 percent, making examination of parameter dependencies valid. The input-output relationships of the stimulated muscle were studied by graphing the steady-state force as a function of pulsewidth or amplitude. The steady-state force was calculated by averaging the samples taken during the last second of the 2 s stimulus train. The combination of pulsewidth and pulse amplitude chosen for a given contraction level is somewhat arbitrary in that the same degree of recruitment can be achieved with many different combinations. In previous experiments, we demonstrated that very large pulsewidths require unnecessarily large amounts of charge, and that very small pulsewidths require very large current amplitudes, even though charge is minimized [7]. For this reason, we chose to operate with pulsewidths in the range from 1-500 Ms and pulse amplitudes less than 20 mA. Stimulation was at a fixed interpulse interval that was chosen to give a response with approximately 10 percent variation in the force (i.e., an incompletely fused contraction) in order to minimize fatigue. Typically, the interpulse interval was 100 ms. Since soleus muscle fibers have fairly homogeneous mechanical properties [1], [12] the degree of temporal summation does not depend on the level of recruitment. Maximal force was measured during muscle nerve stimulation rather than intramuscular stimulation to insure consistent activation of the whole muscle. Human Studies Studies were performed on five subjects who sustained spinal cord injury at the C5 or C6 level. These subjects were involved in a program of restoration of hand function through functional electrical simulation [18]. Muscles studied were the Flexor Digitorum Superficialis, Flexor Digitorum Profundus, Adductor Pollicus, and Opponens Pollicus. For transduction of muscle force, the forearm and hand were held in a splint with the wrist fixed in 30°s of extension and the force transducer placed beneath either the fingers or the thumb, depending on which muscles were stimulated. All force measurements in the human studies were recorded with the muscle in a neutral or extended position. Stimulation was applied to the muscle through a percutaneous coiled wire electrode [3]. Two types of electrodes were used: the first was the same as used in the animal studies, except that 10 mm at the tip was deinsulated. The second type was wound into a helix from a 10 strand stainless steel 316 wire with teflon insulation removed from 10 mm of the tip. Both types of electrodes had been implanted in the respective muscles for periods of months. The stimuli were monophasic, cathodal, rectangular, regulated
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Fig. 1. A comparison of recruitment by pulsewidth and pulse amplitude modulation. The curve plotted with circles shows force as a function of pulsewidth (0-100 ,us) at a fixed stimulus amplitude (2.7 mA). The curve plotted with squares shows force as a function of stimulus amplitude (0-2.7 mA) at a fixed pulsewidth (100 Mis). The points on both curves were normalized to the value of force obtained with the maximal stimulus parameters (2.7 mA, 100 its). The pulse amplitude abscissa also gives the charge per stimulus pulse which is the same for both pulsewidth and pulse amplitude modulation curves. The stimulus frequency was 10 Hz and the muscle length was -10 mm in all cases. The data were from a cat soleus preparation.



current pulses, which have been shown by previous work in this laboratory to be safe with the parameters used in these experiments [13]. Stimulus trains were applied to the muscle for approximately 1 s intervals and recorded on a chart recorder. The steady-state force was found as the average force for the last 22 s of the stimulation train. Recruitment properties were measured at either of two interpulse intervals, 80 ms or 16 ms. The former provided for approximately 10 percent variation of the average force; the latter was a tetanic contraction. RESULTS



General Characteristics of Recruitment Modulation The recruitment level can be varied by modulating either the stimulus amplitude or pulsewidth. The two modulation techniques were compared in experiments in which one of the two parameters was held fixed while the other was varied. One example of a cat soleus recruitment characteristic is shown in Fig. 1. The relationship between force and either stimulus parameter was nonlinear, with regions of high slope separated by regions of low slope. The exact relationship varied considerably from one preparation to the next, as can be judged from the individual examples shown in Figs. 1-5. In some cases, the characteristic curves could be broken into segments, each of which started out with a high slope that progressively decreased as pulsewidth or amplitude increased. For instance, in Fig. 1 the force range between 0.4 and 1.0 appears to be one segment, while the range from 0 to 0.4 could be classified as two smaller segments. Even in cases where the curves could not be broken into segments, there was a tendency for the slope to decrease as the modulated parameter increased. There was little difference between pulsewidth and pulse amplitude modulation in terms of the overall shape of the curves, being essentially congruent over the whole modulation range. However, the curve for pulsewidth modulation was consistently to the left of the curve for anplitude modulation when the charge per pulse was matched at the maximal force level. Thus,
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Fig. 2. Recruitment by pulsewidth modulation at three different stimulus amplitudes and at a fixed muscle length of -5 mm. Increasing the ampfitude has a nonlinear effect on the recruitment. The force was normalized with respect to the maximal force measured during whole nerve stimulation at the same interpulse interval as the recruitment tests (cat soleus preparation).
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(b) (a) at four different modulation pulsewidth by Fig. 3. (a) Recruitment stimulus amplitudes in a cat soleus preparation. The muscle was held at a length of -10 mm. (b) Effect of stimulus amplitude on linearity of recruitment over a given force rance. The data for the three highest stimulus amplitudes in (a) were replotted, with the abscissa scaled so that the same force range was covered. The linearity was improved by increasing the stimulus amplitude, more by the increase from 3.25 to 4.0 than by the further increase to 5.0 mA. The dotted line in (a) is the locus of constant charge points for the four different stimulus amplitudes. The value of the charge for this line is 1.25 uC.
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