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THE RELATION BETWEEN THE SURFACE ELECTROMYOGRAM AND MUSCULAR FORCE



BY H. S. MILNER-BROWN* AND R. B. STEIN From the Department of Physiology, University of Alberta, Edmonton, Canada



(Received 25 June 1974) SUMMARY



1. Motor units in the first dorsal interosseus muscle of normal human subjects were recorded by needle electrodes, together with the surface electromyogram (e.m.g.). The wave form contributed by each motor unit to the surface e.m.g. was determined by signal averaging. 2. The peak-to-peak amplitude of the wave form contributed to the surface e.m.g. by a motor unit increased approximately as the square root of the threshold force at which the unit was recruited. The peak-to-peak duration of the wave form was independent of the threshold force. 3. Large and small motor units are uniformly distributed throughout this muscle, and the muscle fibres making up a motor unit may be widely dispersed. 4. The rectified surface e.m.g. was computed as a function of force, based on the sample of motor units recorded. The largest contribution of motor unit recruitment occurs at low force levels, while the contribution of increased firing rate becomes more important at higher force levels. 5. Possible bases for the common experimental observation that the mean rectified surface e.m.g. varies linearly with the force generated by a muscle are discussed. E.m.g. potentials and contractile responses may both sum non-linearly at moderate to high force levels, but in such a way that the rectified surface e.m.g. is still approximately linearly related to the force produced by the muscle. INTRODUCTION



The electrical activity of muscle has long been studied by recording from the surface of a muscle or the skin (Piper, 1912), and by recording from within a muscle using needle electrodes (Adrian & Bronk, 1929). Both techniques are simple and reliable enough to be used routinely in * Present address: Department of Clinical Neurological Sciences, University Hospital, London, Ontario, Canada.



H. S. MILNER-BROWN AND R. B. STEIN 550 the diagnosis of many diseases of muscles and their motor nerves (Richardson & Barwick, 1969; Lenman, 1969). Needle electrodes have the advantage that impulses from the muscle fibres comprising single motor units can be distinguished. However, the surface electromyogram (e.m.g.) has the advantage that the mean signal recorded (measured after rectification and smoothing) varies linearly with the force generated at constant length (Bayer & Flechtenmayer, 1950; Lippold, 1952; Inman, Ralston, Saunders, Feinstein & Wright, 1952), or during contractions with constant velocity (Bigland & Lippold, 1954a). A linear relation, though with increased slope, is still found in fatigued muscle (Edwards & Lippold, 1956) or in muscular diseases which produce weakness (Lenman, 1959). Despite its routine use over many years, only recently have theoretical studies appeared which attempt to explain the relation between unit activity and the surface e.m.g., and between the surface e.m.g. and muscular force (Person & Libkind, 1967, 1969; Libkind, 1968, 1969, 1972a, b; Bernshtein, 1967; Moore, 1967). Most of these studies suggest that the e.m.g. amplitude should increase as the square root of tension, rather than linearly, if motor units fire independently of one another. Yet, the only reports in the recent literature of non-linear relationships show a faster than linear increase in a few muscles (Bigland & Lippold, 1954a; M0ller, 1966), i.e. deviations from linearity in the opposite direction from the predictions. Recently, we developed a technique whereby the contractile activity of single human motor units could be measured during voluntary, isometric contractions (Milner-Brown, Stein & Yemm, 1973a), and have studied the pattern of recruitment (Milner-Brown, Stein & Yemm, 1973b) and the changes in firing rate (Milner-Brown, Stein & Yemm, 1973c) that occur at different levels of voluntary activity. The contribution of the single units studied to the surface e.m.g. was also determined. The large sample of units examined in these and subsequent studies offers an opportunity to examine the basis for the linear relation observed experimentally between the rectified surface e.m.g. and muscular force. Theoretical aspects will also be considered further in the Appendix in an attempt to resolve the discrepancies between experiment and theory. METHODS



The methods for recording on magnetic tape the surface e.m.g., the intramuscular e-n.g. (using bipolar needle electrodes) and force have been fully described (Stein, French, Mannard & Yemm, 1972; Milner-Brown et al. 1973 a, b, c). Many of the units used for the present study were also included in the previous studies. The contribution to the surface electromyogram of a motor unit was determined as summarized in Fig. 1 A. The upper trace shows several superimposed motor unit action potentials
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recorded by a needle electrode within the first dorsal interosseus muscle. These action potentials were used to trigger an oscilloscope sweep. Below are shown the traces recorded by surface electrodes placed over the belly and distal tendon of this muscle. These traces have been delayed 5 msec by an analogue delay line (Disa, Copenhagen), so the full time course of the events could be observed. Alternatively, a pre-detection facility in the FM tape recorder permitted the sweeps to be started a definite time ahead of the occurrence of the motor unit impulses. Note that although A Needle e.m.g.
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Fig. 1. A, the surface e.m.g. (arrow) correlated in time to the discharges of a single motor unit can be detected on superimposed traces. The surface traces were delayed 5 msec to show the full time course of the events. B, signal averaging permitted the contribution of single motor units to be greatly enhanced so that the measurements shown could be made. many motor units are active, the contribution of the single motor unit in the top trace can be detected (see arrow) because of the definite time relation between the events within the muscle and at the surface. By triggering a signal averager (Biomac 1000, Data Laboratories Ltd) or a general purpose laboratory computer (LAB-8,
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Digital Equipment Co.) from impulses of single motor units recorded by the needle, the average contribution of single units to the surface e.m.g. can be extracted, as shown for a different unit in Fig. 1 B. From the averaged surface e.m.g., we calculated (1) the peak-to-peak amplitude in mV, (2) the peak-to-peak duration in msec, and (3) the area under the curve in mV-msec (the shaded area in Fig. 1 B). Although the records were often triphasic, there were always two prominent peaks in the surface e.m.g. so the peak-to-peak duration was easily and accurately measurable. The total duration of the e.m.g. wave forms is sometimes measured (e.g. Basmajian & Cross, 1971; Lee & White, 1973), but this is much more difficult to do accurately, particularly from surface recordings. RESULTS



Amplitudes of the surface e.m.g. from single units Fig. 1 shows the measurements which were made on the average surface e.m.g. (lower trace) which was correlated in time to the occurrence of impulses from a single motor unit in the first dorsal interosseus muscle of the hand of a normal human subject. The surface e.m.g. contributed by a single motor unit can be enhanced and measured in virtual isolation by averaging if (1) the sweeps are triggered from the impulses of the motor unit recorded by a needle electrode in the muscle and (2) the impulses from other motor units are unsynchronized to those of the unit being studied. The six subjects used primarily for this study showed little or no evidence of synchronization, using the methods described by Milner-Brown et al.



(1973a).



In Fig. 2 the peak-to-peak amplitudes of a number of motor units for two subjects are plotted as a function of the threshold force at which each motor unit began to fire (threshold for recruitment). Logarithmic co-ordinates have been used because of the wide range of values (about 100-fold). There is a significant tendency for the units recruited with larger forces to contribute a greater voltage to the surface e.m.g. The straight lines shown in Fig. 2 are the best-fitting lines in the sense of least-mean square deviation. The slopes of the lines are (A) 0-46 + 0-05 (mean + S.E. of the mean) and (B) 0-50 + 0-09. These slopes are significantly different from zero at the 0-01 % level of confidence. The slopes are also significantly less than one and were generally close to 0-5, as indicated in Table 1. This suggests that the amplitude of the surface e.m.g. associated with a single motor unit increases approximately as the square root (0-5 power) of the threshold force for recruiting that unit. It was observed previously (MilnerBrown et al. 1973b) that the twitch tension of a motor unit increased linearly with the threshold force, so the surface e.m.g. produced by a motor unit also increases approximately as the square root of its twitch tension. This prediction was verified by plotting the surface e.m.g. produced by single units directly against the twitch tension measured for these
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Fig. 2. Peak-to-peak surface e.m.g. amplitudes of motor units as a function of the force at which they are recruited (threshold force). Logarithmic co-ordinates have been used because of the wide range of values. Note that larger units tend to be recruited at higher force levels in both subjects (A and B).



units. The theoretical reasons for this result are considered in the Discussion. Linear correlation coefficients are also given in Table 1 which measure the goodness of fit for the straight lines relating the surface e.m.g. amplitudes of the single units to threshold force on double logarithmic plots,



H. S. MILNER-BROWN AND R. B. STEIN such as in Fig. 2. The values are very significantly greater than zero, but they are less than observed for comparable plots of twitch tension vs threshold. Milner-Brown et al. (1973b) consistently observed values greater than 0.8. Thus, units of greater size are recruited in an orderly fashion as force is increased, but the twitch tensions of the single units recruited appear to increase in a somewhat more orderly way than do the amplitudes of their surface e.m.g.s. To determine whether this was due to the location of motor units within the muscle the organization of the first dorsal interosseus muscle was studied systematically in three subjects. 554



TABLE 1. Parameters of the surface e.m.g. generated by single units in the first dorsal interosseus muscle of the hand. Where listed, values are mean + S.E. of the mean. The exponent and correlation coefficient refer to the best-fitting straight lines on double logarithmic plots of e.m.g. amplitude vs threshold force, such as Fig. 2. Two series of recordings were made from one subject. Further explanation in text



Subject R.B.S. Ser. 1 R.B.S. Ser. 2 R.G.L. D.W. J.D. R.Y.



No. of units 55 58 46 46 43 28



Mean amplitude (mV) 0.34 + 0.04 0-40 + 0-04 0-26 + 0 04 0-15+0-02 0 30+0 05 0*14+ 002



Exponent 0.52 + 0-07 0-46 + 0 05 0 50 + 0 09 0-38+0-08 0.59+0-13 0.32 + 0-10



Corr. coeff. 0-72 0-76 0.63 0 57 0 57 0 53



Localization of motor units within the muscle The depth of a selective needle electrode, when it records from a motor unit within a muscle, provides a measure of the location of at least some fibres in that motor unit. A large number of motor units were studied at different depths during several recording sessions from each subject and mean values were computed for all the units at each depth. Geometric means proved more reliable than arithmetic means for these purposes and are used in Fig. 3. Similar trends were obtained with arithmetic means although the values were larger and somewhat more variable. This results from the highly skewed distribution of motor unit sizes. The presence or absence of one of the few large high threshold units has an extreme influence on the arithmetic mean of a small sample (6-10 units at a given depth). On a logarithmic scale the units are fairly evenly distributed (see Fig. 2 in this paper or Fig. 3 of Milner-Brown et al. 1973b), and the arithmetic mean of the values on a logarithmic scale gives the geometric mean of the original population.



Results are shown for one subject in Fig. 3. In this subject there was a tendency for deeper units to have larger thresholds and larger twitch tensions. However, when plots of twitch tension vs. needle depth were fitted (as in Fig. 3 of Milner-Brown et al. 1973b) and the twitch tensions



SURFACE E.M.G. AND FORCE 555 of units at a given threshold force were calculated no systematic trend was observed. Thus, units recruited at 200 g contributed the same force whether they were deep or superficial in the muscle. 03 r la 0
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Fig. 3. Effect of the depth of a needle electrode in the muscle on the properties of the motor units recorded. In this subject deep-lying units tended to have higher thresholds for recruitment and larger twitch tensions. No significant trend was observed in the twitch tension of units which were recruited at a given threshold force (0-2 kg). Nor did the e.m.g. amplitude of deep-lying units tend to increase even though the twitch tensions were larger. Indeed units deep in the muscle which were recruited at a given threshold force tended to have significantly smaller surface e.m.g. amplitudes. The best-fitting straight lines have been drawn in the parts of the figure where they were significantly different from 0.



H. S. MILNER-BROWN AND R. B. STEIN Even though the higher threshold units with larger twitch tensions were found deep in the muscle in this subject, the e.m.g. amplitudes did not increase with depth. Indeed, when we calculated the surface e.m.g. of units recruited at 200 g the contribution declined significantly with depth in the muscle (see Fig. 3). In the other two subjects studied threshold forces either decreased or did not change appreciably with increasing depth within the muscle. This implies that small and large units in this small hand muscle are fairly uniformly distributed throughout the muscle. However, in each subject there was a tendency for deeper-lying units recruited at a given force (200 g) to contribute less to the surface e.m.g. than did superficial units. As will be discussed later, the effect of depth was smaller than would be expected if the motor units were precisely localized. The results suggest, not only that the muscle is uniform, but that the fibres comprising a single unit are fairly widely dispersed throughout the muscle. 556
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Fig. 4. The peak-to-peak duration of the average surface e.m.g. generated by single motor units does not depend on the force for recruiting a motor unit (A). Hence, the area under the average surface wave forms generated by single motor units increases linearly with the peak-to-peak amplitudes (B).



Time course of the surface e.m.g. from single units The time course of the average surface e.m.g.s recorded from units which were recruited at different force levels did not change significantly. This was tested in two ways. In Fig. 4A the peak-to-peak duration is plotted as a function of the threshold force for recruitment in one subject.



557 SURFACE E.M.G. AND FORCE No significant trend was observed in this or other subjects studied. In Fig. 4B the area under the average surface e.m.g.s (see Fig. 1) is plotted against the measured amplitude. Although there is some scatter, a line with an intercept near zero provides the best linear fit to the data. In the subsequent calculations we will simply use the peak-to-peak amplitude which was more easily and accurately measurable than the area under the curve. Because the two appear to be linearly related, no significant error will be introduced into the relative magnitudes calculated.



Overlap of surface e.m.g. potentials generated by single units In order to predict the parameters of the surface e.m.g. for a whole population of motor units, it is necessary to determine to what extent the unit e.m.g. potentials overlap. If there is a great deal of overlap (many potentials are continually summing and cancelling with one another), then one would expect an amplitude histogram for the voltages recorded from the surface to approach a normal or Gaussian distribution, according to the central limit theorem of statistics (Cox & Miller, 1965). Fig. 5 shows an amplitude histogram for the surface e.m.g. recorded at an intermediate level of force. Note that the distribution is sharply peaked around 0 V with 'tails' extending up to between 1 and 2 mV. This distribution differs markedly from a normal curve (see also Bernshtein, 1967), as can be shown by replotting it on cumulative probability paper (Fig. 5B). This plot shows the percentages of samples less than the voltages indicated, and the abscissa is scaled in such a way that a cumulative normal curve would plot as a straight line. The degree of curvature was less at higher force levels, but was always obvious. The form of the curve is due to the large number of samples near 0 V mentioned above. Thus, even at relatively high force levels in this muscle, the individual motor unit potentials are occurring to some extent as discrete events separated by periods where the voltage remains near zero. This conclusion was tested in a second way. If there were sufficient overlap that an amplitude histogram of the surface e.m.g. voltage approached a normal or Gaussian distribution, then one would expect that the mean rectified surface e.m.g. would be equal to 0*798 of the root mean square (r.m.s.) value for the surface e.m.g. (see eqn. A7). As shown in Fig. 6 a linear relation was observed between the two variables (see also Moore, 1967), but the slope of the best-fitting straight line (0.735 in Fig. 6) was consistently lower than expected for a normal distribution of e.m.g. potentials. The reason that the mean rectified e.m.g. values and the r.m.s. values are linearly related, even though there is not too much overlap, follows from the orderly recruitment of motor units according to size, for reasons that will be considered in the Discussion.
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Computed root mean square e.m.g. voltages The contribution of rate coding and recruitment to the r.m.s. surface e.m.g. can be computed, assuming that the variances of the unit e.m.g. potentials sum linearly. This assumption is verified in the Appendix under quite general conditions. The same computations can be done under the



559 SURFACE E.M.G. AND FORCE assumption that the amplitudes of the unit e.m.g. potentials sum linearly. This assumption will hold for the mean rectified e.m.g. when there is not too much overlap of the potentials from single units. This appears to be true experimentally under our conditions, as discussed in the previous section. The method of computation is similar to that used previously in calculating the forces contributed by rate coding and recruitment
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Fig. 6. The root mean square surface e.m.g. varies linearly with the mean rectified e.m.g. at different levels of a voluntary contraction. The reasons for this relationship are discussed further in the text and the Appendix.



(Milner-Brown el al. 1973c). We divide the physiological range studied into a number of segments and consider, for example, the ith segment. We managed to record from a number nt motor units which were recruited in this segment, which spans a range xi. The units had a mean amplitude at (and a mean variance vs). Once recruited, the motor units began to fire at a rate r = 8-4 impulses/sec, which did not depend significantly on the segment i (Milner-Brown et al. 1973c). Thus, the contribution to the



560 H. S. MILNER-BROWN AND R. B. STEIN surface e.m.g. due to recruitment of these units will be proportional to yi, where yal 8'4niai (1) or (2) y = 8 4nivi,



depending on whether the amplitudes (superscript a) or variances (superscript v) sum linearly. The e.m.g. contributed by increases in firing rate of motor units which were active in previous segments can also be calculated. The nj units recruited in the previous jth segment had a mean amplitude aj and variance vj. We reported previously (Milner-Brown et al. 1973c) that all units increased their firing rate on average 1*4impulses/sec for each 100g increase in force, or 14 impulses sec- kg-1. This value did not depend significantly on the threshold force, and no significant differences between subjects were observed. With an increase in force of xi the extra contribution due to rate coding will be proportional to zi, where i-l



z=



14xjnjaj+ 7xiniai



(3)



j= 1



or l4Xjn vj + 7xi ni vi.



z =



(4)



j=1



The superscripts again refer to linear summation of amplitudes (a) or variances (v). The extra term on the right of eqns. (3) and (4) is the additional rate coding due to the fact that units recruited in the ith segment will begin firing on average approximately in the middle of the segment and will therefore increase their firing rate in this segment over an average span of xi/2. Fig. 7 shows the relative contributions of recruitment (yi) and of rate coding (Zi) to the total surface e.m.g. (yi +zi), under the two assumptions (A) that amplitudes sum linearly (eqns. (1) and (3), or (B) that variances sum linearly (eqns. (2) and (4)). Note that under either assumption the contribution of recruitment to the surface e.m.g. is grossly non-linear. This results from the fact (Milner-Brown et al. 1973b) that many units are recruited initially, while relatively few units are recruited at high levels of force. Conversely, the contributions due to an increased rate of firing in the few active units is small initially, but increases greatly at higher force levels. The estimated total surface e.m.g. -(continuous line) varies quite linearly over the range studied, if linear summation of amplitudes is assumed (Fig. 7A), but the estimated r.m.s. e.m.g. (assuming linear summation of variances Fig. 7B) varies non-linearly. The implicatins of these results will now be discussed.
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Fig. 7. Computed surface e.m.g. amplitudes assuming linear summation of the amplitudes (A) or the variances (B) of the signals contributed by single motor units.
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The orderly recruitment of motor units according to size We have shown in the first dorsal interosseus muscle of the human hand that the voltage contributed by a motor unit to the surface e.m.g. increases approximately as the square root of the threshold force at which it is recruited. Olson, Carpenter & Henneman (1968) previously demonstrated a statistically significant tendency for high threshold units recorded by a needle in the muscle to generate larger potentials than small threshold units. The voltage of a unit recorded by a needle is much more critically dependent on the exact position of the needle than the voltage recorded by surface electrodes so Olson et al. (1968) made no attempt to determine the form of the relationship between voltage and threshold force. We previously showed (Milner-Brown et al. 1973b) that the twitch tensions produced by motor units in this muscle increase linearly with the threshold force for recruiting them. There are reasons for expecting that the surface e.m.g. contributed by a unit would increase less rapidly with increasing size than the twitch tension does. The larger forces produced by high threshold units could result from recruiting units containing (1) larger muscle fibres, (2) more muscle fibres, or (3) both larger and more muscle fibres. Using both physiological and anatomical measurements Burke & Tsairis (1973) recently found that large and small motor units in gastrocnemius muscle of the cat contained approximately the same number of muscle fibres, so the first possibility appears most likely. If the greater forces generated by larger motor units were produced by using larger muscle fibres, the number of myofibrils and hence the contractile force could increase as the square of fibre diameter (i.e. as the crosssectional area). The voltage recorded will depend on the solid angle subtended by the active region of the fibre at the recording site which, under somewhat idealized assumptions (Ruch & Patton, 1966), will also vary as the square of the diameter. However, since larger fibres conduct more rapidly, the voltage changes will be spread out more in space and their amplitudes will be reduced as a result (Ruch & Patton, 1966). Under certain conditions (Table 1, Stein & Pearson, 1971) the amplitude of triphasic potentials will increase linearly with diameter. The amplitude of the e.mtg. potentials from single units would then increase as the square root of the tension generated, as observed experimentally. However, the exact relation one would expect depends on the relation between conduction velocity and diameter and on the geometry of the recording situation (Hakanson, 1956). If n times as many muscle fibres are used to obtain n times as large



563 SURFACE E.M.C. AND FORCE a force (the second possibility mentioned above), then one might imagine that n times as large a surface e.m.g. would be produced. However, this will only be true if single fibres function as sufficiently high impedance sources that one active fibre does not significantly shunt the currents produced by other fibres. The larger the number of fibres in a unit, or the number of units active simultaneously, the more severe will be the shunting (Dr V. Pollak, personal communication). If the shunting of currents becomes significant, the recorded signal would again increase less rapidly than the force generated by a motor unit.



The internal organization of the mucle The scatter of points was greater (and the correlation coefficients somewhat lower - see Table 1) for the relationship between the e.m.g. amplitudes and threshold force, than previously found for the relationship between the twitch tension of a motor unit and threshold force (MilnerBrown et al. 1973b). Among the possible factors which could contribute to this result are: (1) the less steep relation between e.m.g. amplitude and threshold force (the square root relation compared to the linear relation between twitch tension and threshold force) and (2) a greater dependence of the surface e.m.g. amplitude on factors such as location within the muscle. One would expect deep-lying motor units to contribute less to the surface e.m.g. than superficial units of comparable size, whereas the twitch tensions should be similar. The muscle proved to be quite uniform in that large and small motor units were found throughout the muscle. This is in contrast to the work of Clamann (1970) who found a distinct tendency for high threshold units to lie superficially in the brachial biceps muscle. The difference may merely be a consequence of the different sizes of the muscles used in the two studies. It also proved difficult to demonstrate that the surface e.m.g. potentials were smaller for motor units of comparable size lying deep in the muscle. Between 40 and 100 motor units were recorded in each of three subjects (the muscle only contains on the order of 100 motor units according to the anatomical measurements of Feinstein et al. 1955). Although the units recorded deep in the muscle tended to have smaller surface e.m.g. amplitudes, this tendency was only statistically significant in one of the three subjects. If the muscle fibres of a motor unit were localized only at the depth where they were recorded, the e.m.g. amplitude should decline inversely as the first or second power of depth depending on the assumptions one makes (V. Pollak, personal communication). Such a steep dependence was never observed which suggests that, although we recorded from component muscle fibres of a motor unit at one depth, other muscle 23



PH Y 246



564 H. S. MILNER-BROWN AND R. B. STEIN fibres comprising the unit were scattered at different depths throughout the muscle. A wide dispersion of motor units throughout much larger muscles has recently been reported (Burke & Tsairis, 1973).



The computed relationship between surface e.m.g. and force The finding that the small hand muscle is quite uniform and probably contains large and small units which are widely dispersed simplifies the task of modelling the muscle to examine the expected relationship between the rectified surface e.m.g. and force. Because of the less rapid increase in the surface e.m.g. contributed by high threshold units, compared to the force generated, and the relatively few high-threshold units in the muscle (Milner-Brown et al. 1973b), the contribution of motor unit recruitment to the rectified surface e.m.g. will be markedly non-linear. Furthermore, the increasing contribution of rate coding in the units we recorded from is not sufficient to account for the linear relation commonly observed between the mean amplitude of the rectified surface e.m.g. and force, unless one assumes that the amplitudes of unit e.m.g. potentials sum linearly (Fig. 7A). However, this assumption is only valid if there is little overlap of potenitals from different motor units. The amplitude histograms did show that for a substantial fraction of the samples measured at different force levels the voltage was near zero (Fig. 5). This fraction declined with increasing force levels, and a considerable degree of overlap might be expected at the highest force levels. It is shown in the Appendix that under these conditions the variances of the unit e.m.g. potentials sum linearly and the calculated r.m.s. value does not then vary linearly with force (Fig. 7B). A number of possibilities can be suggested to overcome this discrepancy and these will be considered in turn. 1. Sampling bias. If the fraction of units recruited at high thresholds were smaller than the fraction actually occurring in the muscle, the contribution to the e.m.g. at high force levels would be underestimated. Sampling bias can never be ruled out, but reasons were given previously (MilnerBrown et al. 1973a, c) for believing that this bias was small. Furthermore, there is no reason for expecting that our averaging technique underestimated the amplitudes of the larger units. These units also had e.m.g. potentials of the same duration, although De Luca & Forrest (1973) have shown that some lengthening occurs during maintained isometric contractions. Any effect of changes in duration on the contribution of rate coding to the e.m.g. are likely to be small. 2. Synchronization. Person & Libkind (1969) have suggested that a synchronization of motor units could linearize the relation between the



565 SURFACE E.M.G. AND FORCE rectified e.m.g. and force. However, the subjects used were tested for synchronization (Milner-Brown et al. 1973a) and subjects showing substantial evidence of synchronization were not used in this study. 3. Tension non-linearities. The conclusion from the discussion up to this point is that the summation of unit e.m.g. potentials becomes increasingly non-linear at high force levels. However, a linear relation between the mean rectified surface e.m.g. and force could still result if the tension produced by extra impulses also added less than linearly at high force levels. This might result if the firing rates of some units were sufficiently high that a relatively fused tetanus was reached. Bigland & Lippold (1954b) claimed from stimulating the ulnar nerve that the tension increased linearly up to rates of 30-40/sec in the adductor pollicis muscle. However, more commonly a sigmoid relation is observed and the nonlinearities appear more marked when only a few motor units are stimulated (cf. Fig. 6A and B in Milner-Brown et al. 1973c). The tension increments often decline as the stimulus rate increases above about 15/sec. Our view is that the linear relation sometimes observed between the rectified surface e.m.g. and force up to maximum voluntary contractions (e.g. Stephens & Taylor, 1972) probably arises from this third possibility. We have not been able to demonstrate with present techniques the precise forms of the non-linear summation of unit e.m.g. potentials and of unit twitches. However, the deviations are both in the same direction which would tend to preserve a linear relation between rectified surface e.m.g. and force. A final result worth discussing is the nicely linear relation between the mean rectified e.m.g. and the r.m.s. surface e.m.g. (Fig. 6). As indicated in the Appendix, a linear relation though with a rather higher slope, would be expected at high force levels when there is a considerable degree of overlap between unit potentials. To find the same linear relation extending down to low force levels, where there was little overlap, was initially quite surprising. However, if the amplitude of the unit e.m.g. increases as the square root of threshold force, so will its contribution to the mean rectified e.m.g. The variance of the unit e.m.g. will then increase linearly with threshold force, and the unit's contribution to the R.M.S. surface e.m.g. will also increase as the square root of threshold force. In conclusion, we hope that the substantial amounts of new data and theoretical results presented here will contribute toward a better understanding of the deceptively simple linear relation between the surface e.m.g. and force. The data appear to be internally consistent and to account for the major features of the surface e.m.g. observed in this and previous work. Whether there are alternative explanations which could also account for the experimental observations remains to be seen. 23-2
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With a given recording arrangement each impulse from the same motor unit has a stereotyped form as a function of time. For convenience the time course of the standard impulse will be measured from its onset at a time t = 0, and will be denoted g(t). It is easily shown (Cox & Miller, 1965) that the expected mean voltage ,u recorded from a single unit over a long period of time depends only on the rate of impulses r according to the equation rf g(t) dt. AI



b=



0



In electromyography a.c. recording is always used, so there is no net



effect of the individual events (fg(t) dt = O). The amplitude must then be measured from the second-order properties of the signal, or from its properties after rectification or other manipulation. The expected variance v of the voltage will be (Cox & Miller, 1965)



v = rf



g2(t) dt+rj



g(t) g(u)[h(t- u)-r] dtdu,



A2



where h(t), the renewal density or expectation density, gives the expected rate of impulses beginning a time t after the initiation of an impulse at t = 0. The discharge rate of a single motoneurone is never high enough so that successive impulses recorded from the same motor unit sum significantly (i.e. they remain distinct events). Thus, the renewal density is zero for intervals at which g(t) and g(u) are significantly different from zero.



Furthermore, since the integral J g(t) dt



=



0, the second term on the



0



right-hand side of eqn. (A2) will vanish. Thus in general



v = rj' 2(t) dt. 0



A3



Equation (A 3) is an important result in the theory of stochastic point processes originally derived by Rice (1944) under more restricted conditions. The mean rectified surface e.m.g. m produced by impulses from a single motor unit will be



m = grfI(t)l dt. 00



A4



Thus, for a single motor unit the mean rectified surface e.m.g. will increase linearly with the rate r, while the r.m.s. surface e.m.g. (o- = >v) will increase as the square root of the rate r. These results can be extended



SURFACE E.M.G. AND FORCE 567 to consider the effect of varying the firing rates for some number n motor units. The mean voltage #u will again be zero, since there will be no net effect of individual impulses of a.c. recording used. The variances of independent processes sum linearly so = V=



n



rkf



Or



A5



k2(t)dt.



The linear summation of variances only requires that the motor units fire independently, as confirmed experimentally for most subjects (MilnerBrown et al. 1973a) and will hold no matter how much the motor unit potentials overlap. When impulses from a sufficient number of independent motor units overlap, the distribution of voltages will approach a Gaussian distribution according to the Central Limit Theorem (Cox & Miller, 1965). In other words, the probability f( V) of a voltage V will be A6 f(V) = (27TO2)-i exp-[( V-)2/(2o-2)], where /t is 0, as mentioned above. The mean rectified voltage m will then be



I~f(V)dV VIvf d



m



_



j2C



=



2f 2 V exp (-V2/2o2)dV



A7



0-798o-.



Thus, if the number of active motor units were constant, and the only increases in force were produced by increasing the rate of firing (pure rate coding), then the variance of the surface e.m.g. would increase linearly, and the r.m.s. surface e.m.g. would increase according to the square root of the firing rates for motor units. The mean rectified surface e.m.g. would initially increase linearly with firing rate, but due to increasing overlap, would eventually approach a square root relation, where m 0-8c. It can easily be shown that the same results apply when increases in tension are produced by recruiting independent, previously inactive motor units, if the newly recruited units are drawn from a population; i.e. they have the same mean amplitude or variance as the previously active units. This assumption, which has been used in previous theoretical studies, is incorrect (see Fig. 2). The units recruited at higher thresholds are significantly larger. However, the increase in e.m.g. amplitude is less than the increase in force (Milner-Brown et al. 1973b), so recruitment of new units will add less to the rectified surface e.m.g. than to the force generated by a muscle. As shown in Fig. 7, a combination of rate coding and recruitment can account for a linear relation between the mean rectified e.m.g. and force at low force levels, where there is relatively little overlap between unit .



homogeneous



H. S. MILNER-BROWN AND R. B. STEIN e.m.g. potentials. At higher force levels we have indicated other factors in the Discussion which may be important in preserving this linear relation, despite a considerable degree of overlap between unit potentials. 568
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