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I. Torque-step perturbations were applied to flex or extend the wrists of normal human subjects. The electromyographic activity (EMG) of two of the stretched muscles, flexor carpi radialis and extensor carpi radialis, was monitored.



characteristics



60616,



Ankle flexors and extensors do not show such



CONCLUSIONS



2. Based on functional



Chicago



and



similarity. 7. The EMG responsesat the wrist and ankle are compared and shown to have many similarities. A general scheme for their classification is discussed. INTRODUCTION



temporal bursting patterns, the EMG responseswere partitioned into four distinct temporal intervals: 30-60,60- 120, 120-200, and greater than 200 ms after the onset of the torque step, The last interval continues for the duration of the step input; 200-400 ms was chosen to represent activity in this



The study of human motor control has recently seen a number of reports on the electromyographic (EMG) response of single musclesto highly contrived perturbations in carefully controlled laboratory situations. Since the work of Hammond (18), many investigators have used the limb-perturbation



interval.



paradigm



in an attempt to answer the ques-



3. EMG responsesin the first two intervals show short, stable latencies and amplitudes that depend on the level of muscle contraction prior to the torque step. They are facilitated by any instruction requiring a reaction by the subject. They are reflexes that



tion of how the human motor system responds to externally applied loads (1, 5, 8, 14, 15, 17, 23, 26, 29, 34, and others). As artificial as this paradigm is, it has remained the choice of many investigators. This is, first, because of our lack of understanding cannot be voluntarily suppressed by instrucand agreement at this most simple and contion to the subject. trolled level, and second, because of the 4. The third EMG responseis a triggered added complexities and technical problems response. It is not a reflex because its ap- involved in attempting to study the response pearance or absence is absolutely under vol- of the motor system to perturbations in more untary control. Unlike true voluntary re- complex paradigms. sponses,there exists no dichotomy in response One of the intriguing questions about the latency or variability between known versus response of the human motor system to exunknown directions of torque steps. ternally applied loads has been the extent to 5. We consider that a truly voluntary re- which it is achieved by reflex action versus sponseto a torque perturbation does not be- voluntary action (see Ref. 37). Along with gin until about 200 ms after the step, which this question has been the as yet unresolved is on the order of visual or auditory reaction controversy concerning the neuroanatomical times. pathwdys mediating someof these responses. 6. The EMG responses were similar in Views differ over the relative involvement of both the wrist flexor and extensor studied. the cerebral cortex (e.g., Ref. 25). An al-
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ternative scheme links the responses to segmental mechanisms that mediate multiple bursts of afferent activity (17). One purpose of the present study was to determine to what extent the EMG responses of wrist flexors and extensors to torque steps are mediated by reflex processes. One might wish a hypothesis of the mechanisms for these responses to be applicable to the entire human motor system. Unfortunately, when results from the more commonly studied muscles are compared, different muscles appear to have quite different responses to similar torque perturbations. This can give rise to different and even conflicting hypotheses. Fur example, an early hypothesis suggested that the response of the human motor system to externally applied loads was to regulate length, and this hypothesis is commonly referred to as load compensation (30). A more recent hypothesis suggested that muscle stiffness was being regulated ( 19), that is, the system regulates both length and tension to maintain a certain level of stiffness. Differing experimental observations and their explanatory hypotheses arise in part from the use of different muscles or from slight differences in experimental paradigms among investigators. There are also the concomitant differences in terminology (e.g., FSR of Melvill Jones and Watt (29); M lM2-M3 of Lee and Tatton (23); SL-ML-LL of O’Riain et al. (3 1); myotatic-postmyotatic of Gottlieb and Agarwal ( 14, 15)). Another purpose of the present study was to describe a data base of the EMG responsesin wrist flexors and extensors that would be directly comparable to an existing data base on the ankle flexors and extensors (14- 16) using similar paradigms and subjects. This comparison is interesting in that it provides a generalized classification scheme for the responsesof the human motor system to externally applied loads, at least with regard to equivalent joints in the upper and lower extremities. Given the functional and anatomical differences between human upper and lower limbs, it is by no means obvious that a meaningful comparison would be possible, but such proves to be the case. Such a general classification scheme is a useful step in formulating a unified under-
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standing of the human motor responsesto mechanical perturbations. METHODS



All experiments were performed using eight normal human subjects of both sexes, between the ages of 20 and 40 yr. A subject sat comfortably in a chair next to the apparatus. The upper arm was abducted about 45”, with the elbow flexed about 90”. The forearm was aligned in the device, and either rested on a long foam pad or was supported by elbow and distal forearm supports. The wrist was positioned such that the axis through the head of the capitate, about which Aexion and extension movements occurred, coincided with the vertical axis of the shaft of a DC torque motor (Inertial Motors, model 06-024) mounted below the wrist. An aluminum bar was directly coupled to the shaft of the motor, and an adjustable flat paddle was bolted to the bar. The subject’s hand, with fingers extended, was strapped flat to the paddle. Heavily padded mechanical stops limited the flexion and extension to about 75O on either side of the relaxed neutral position. An oscilloscope display was provided with a reference target dot (finely focused) and a movable response dot (diffusely focused, about 3 times the width of the target dot), the position of which was continuously proportional to joint angle. This display assisted the subject in always using the same neutral rest position throughout the experiments. This apparatus restricted wrist motion to flexion and extension and allowed no abducting or adducting movement. A schematic drawing of the experimental apparatus is given in Fig. 1. Torque was measured by four semiconductor strain gauges (BLH Electronics, SR-4) bonded to the motor shaft (32). Angular position was measured by a rotating-plate, capacitive transducer (Trans-Tek, model 600). The motor was driven by a DC power amplifier (Inland Controls, model 200B). The EMG activity of the flexor carpi radialis (FCR) and extensor carpi radialis (ECR) wasled off using fluid column electrodes (Hewlett-Packard, model 14220A) with adhesive collars. The EMG signals were differentially amplified and band pass filtered ( 100X, 60-l ,000 Hz). This raw EMG signal was further amplified ( 15X), fullwave rectified, and finally passed through an averaging filter with a 7 ms averaging time (11). A digital computer generated the motor amplifier drive voltage. Typically, three levels of background torque or “bias” were used, with positive torques stretching the flexors. The computer digitized motor-shaft angle and torque (at a rate of 250 samples per second) and FCR and ECR
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FIG. 1. Schematic diagram of experimental apparatus consisting of a torque motor, whose current (I) is under the control of a computer. Joint angle (0) is measured by a capacitive angle transducer (A), and torque (t) transmitted in the motor shaft is measured by strain gauges (G) bonded to the motor shaft. Electrodes (El and E2) lead off the EMG through amplifiers (Al and A2) and filters (Fl and F2). A visual display on the oscilloscope shows a reference target (D I ) and joint position (D2). Data are stored off-line on digital tape (T).



rectified and filtered EMGs (at a rate of 500 samples per second) for later analysis. The basic experimental paradigm was to deliver 1-s-long steps of torque, randomized in amplitude, direction, and interstep interval to flex or extend the wrist. This was repeated for three different bias torque levels (0.025, 0, and -0.025 kg-m). Motor torque that tends to extend the wrist is measured with positive sign. The subject would be given one of four instructions on what to do when the torque step was received. These instructions were, I) Do not react (DNR): allow the motor to move the wrist without voluntary intervention. 2) React to target (RTT): react as quickly as possible to restore the wrist to its starting position 3) React maximally (RMAX): react as quickly as possible to move as forcefully as possible in the opposite direction to the perturbation, to the limits of the mechanical stop. 4) Assist (ASST): react by moving as rapidly as possible in the same direction as the perturbation to the limit of the mechanical stop.



Perturbation



experiments



Three series of perturbation experiments were performed. All three used random sequences of torque steps, evenly spaced between 0.07 and 0.25 kg-m in magnitude, presented at random intervals



of from 3 to 6 s. In the first series, sets of 30 torque steps were presented with 5-step amplitudes randomly presented 6 times each. Step direction (flexion or extension) was always the same during one set, and this was known to the subject, Twelve sets were taken for each subject, with different combinations of instruction (RTT or DNR), bias torques, and step direction. This first series is analogous to a simple visual tracking experiment in the sense that subjects received a unidirectional perturbation that required a simple unidirectional response. The second series of experiments presented 100 torque steps (10 amplitudes, randomly presented 10 times each). In this series, the direction of the torque step was also random, with five of the steps flexing the wrist and five extending it, and this was known to the subject. Six sets of data were taken for each subject, using two different instructions (RTT or DNR) at three values of bias torque. This second experiment was thus analogous to a choice visual tracking test with regard to the two possible directions of the perturbing torque step to which the subject selected an appropriate response. In the third series of experiments, sets of 30 torque steps of five amplitudes were randomly presented 6 times. Step direction was always the
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same and this was known to the subject. A constant-bias torque (0.025 kg-m, in the same direction as the torque step) was maintained in each set. A total of eight sets of data were collected for each subject, each with a different combination of instruction (RTT, DNR, RMAX, or ASST) and direction of step/bias torque. Our subjects reported that the ASST instruction was the most difficult one to follow.



Data reduction-perturbation



experiments



The data were analyzed, first, by grouping responses according to bias and instruction and then, averaging together the responses to torque steps of like amplitude. The resulting ensemble averages were plotted versus time. The EMGs were then integrated over four specified response intervals: these were approximately 30-60, 60120, 120-200, and 200-400 ms following torquestep presentation. The first and second intervals correspond to the M 1 and M2-M3 responses, respectively (23). The third interval corresponds to the triggered (5) or postmyotatic (15) response. The fourth interval corresponds to the voluntary response. The first two intervals and the beginning of the third interval were specified, based on EMG bursting patterns found by inspection of the average plots. The boundary between intervals 3 and 4 and the end of interval 4 were specified, based on other considerations to be discussed later. The integrated EMG (IEMG) for each interval was corrected for the presence of background activity by subtraction of the mean IEMG level measured over a 50-ms interval before the torque step. There is some variation in these intervals between subjects, which were determined by visual inspection of the data and adjusted in calculations of IEMG. The IEMG for a given interval was then plotted versus the velocity of rotation, computed from the averaged angular velocity trace by digital differentiation 12-16 ms following the torque step, and a first-order, linear regression line was fitted. The slope of this line was taken as a measure of the gain of the reflex arc. For this reason, these plots are referred to as gain plots (see Gain of EMG responses in RESULTS and Ref. 14 for further details). The latencies of the first three EMG components were manually measured from individual records using an interactive graphics terminal. This was necessary because an unbiased measurement of latency cannot be obtained from averaged records.



Reaction-time experiments To compare the latencies of the perturbationevoked EMG components against voluntary reaction latencies, another experimental paradigm was used to study visual and auditory voluntary reaction times, in a fourth series of experiments.
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Since no torque perturbations were used in these experiments, the torque motor was used with velocity and position feedback circuits to provide a sensation of “springiness” rather than unimpeded rotation, which subjects reported as being helpful. For visual reaction times, the scope display was changed so that the computer controlled the position of the target dot, which assumed one of three discrete positions on the screen: center, and extreme right or left. The response dot moved along the same horizontal axis as the target dot. The experimental paradigm allowed both simple and choice reaction times (SRT and CRT) to be measured. Initially, the target dot was at the center position. After a variable delay of 3-5 s it jumped left or right on the screen. The subject, instructed to track the target, chose the appropriate motion, a “choice” reaction. Once the target dot had moved and a response had been made, the target dot always returned to the center position, again after a variable delay. Because the subject always knew the end point of the returning jump, this was a “simple” reaction. Voluntary reaction times to auditory stimuli were studied in a similar paradigm. Here, however, the target display was replaced with a voltage-controlled oscillator, controlled by the computer to produce three distinct tones. The middle tone (-330 Hz, E) corresponded to the center neutral wrist position at rest. The low and high tones (= 150 and 500 Hz, D and B, respectively) corresponded to the extreme joint positions of flexion and extension, respectively. To begin the experiment, the middle tone was presented for about 10 s. After a random delay, the middle tone changed to either the low or high tone, with the subject instructed to perform the appropriate wrist movement as quickly as possible. This was the choice reaction. Following this, the middle tone was again presented and the subject made a simple response to the center. Positioning the wrist in the center position was aided by a moderate amount of position feedback to the torque motor.



Data reductiun-reaction-time experiments The data collection and reduction were identical for both visual and auditory reaction times. Following a stimulus presentation, 1 s of data was collected at 250 samples per second of joint angle and EMGs from FCR and ECR. Latencies were measured from individual EMG records and tabulated as simple or choice responses, RESULTS



Natwe uf EMG responses Typical responses to step torque perturbations are illustrated in Fig. 2. These are
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FIG. 2. Averaged joint angle and EMG responses to torque step. Wrist extensor (left, EMG increases upward) and flexor (right, EMG increases downward) for three levels of bias torque (B-t, BO, B-). Instructions “react to target” (RTT, dark line) and “do not react” (DNR, light line) are superimposed. EMG records for the two instructions are slightly offset vertically for clarity. Background EMG never exceeded 5% of the EMG response to a sustained maximal torque step. Torque steps applied at time zero, A positive bias requires flexor contraction, negative bias requires extensor contraction.



ensemble averages of joint angle and EMG from the stretched muscle (either ECR or FCR) for a single amplitude of torque step, in both flexion and extension, at the three levels of bias torque (0.025, 0, -0.025 kgm), In both ECR and FCR, the EMG responses to a torque step were partitioned into four segments. These we shall refer to as the myotatic response (30-60 ms), the late myotatic response (60- 120 ms), the postmyotatic response (120-200 ms), and the stabilizing response (ZOO-400 ms). The stabilizing response continued as long as the subject resisted the motor, but the initial 200 ms of this EMG response were taken as representative. In some records with EMG activity in all four intervals, the first three segments contain bursts separated by short periods of silence, while in some other records the bursts overlap. The postmyotatic and stabilizing responses almost always appeared to merge. The rationale for choosing the intervals 30-60 and 60-120 ms can be seen from the bursting patterns of Fig. 2. Simi-



larly, the choice of about 120 ms for the onset of the third interval is clear. The choice of 200 and 400 ms as interval boundaries was somewhat arbitrary, but this will be treated further in the DISCUSSION. Within these intervals there was always variability in the latency of each burst but rarely enough to obliterate the peaks and valleys of the averaged data. In any case, the object of this partitioning is to demonstrate that in addition to finding peaks and valleys in the EMG records, it is possible to characterize the intervals according to physiological and functional properties. For the wrist musclesof most subjects, the myotatic responseis the smallest of the four. It is not always present, and with the DNR instruction or a bias torque of opposite sign to the step torque it is frequently suppressed entirely. The late myotatic responses were larger and were present in every individual record. The postmyotatic and stabilizing responses, present in the lengthening muscle only with the RTT or RMAX instructions,



EMG



RESPONSES



were larger still. They were absent with the DNR instruction. With the ASST instruction, the postmyotatic and stabilizing responses appeared in the shortening (assisting) rather than the lengthening muscle. Gain



of EMG



responses



In the first and second series of experiments, all four intervals showed a linear and monotonic increase of IEMG with the velocity of stretch (except for the last two intervals with the DNR instruction when no responses occur). In Figs. 3, 4, and 5, the linear regression lines converged on the origin (30 of 36 had intercepts that were not significantly different from 0 at P < 0.05). The correlation coefficient was typically better than 0.90 (in 31 of 36 regressions). For the first two intervals the slopes of the regression lines with. bias were significantly different from those without bias (11 of 16 com-
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parisons at P 6 0.05), For the remaining two intervals, such differences in slope were not significant. This behavior was seen in all subjects. In the regression plots IEMG is plotted versus the velocity of stretch. There are other mechanical variables that correlate well with the velocity of stretch, such as the deflection angle and the amplitude of the torque step. The IEMG would show a similar behavior if plotted against one of these. It is because of this correlation between velocity and torque that the stabilizing response is proportional to the velocity measure we use, At the ankle joint, the response in the interval 200-400 ms is proportional to the torque level being resisted by the subject (14, 15). While this was not explicitly investigated at the wrist, we expect the same to be true. The gain of the myotatic response depended heavily on the bias torque, as shown
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FIG. 3. Gain plots for two subjects for myotatic response interval (30-60 ms). Top plots for the RTT instruction, bottom plots for DNR instruction. Data from ECR for subject DMW and FCR for subject RJJ. Plot symbols: *, facilitory bias (bias and step have same sign); q , zero bias; x, inhibitory bias (bias and step have opposite sign). Regression lines labeled with values of bias in kilogram-meters. Note that a positive bias requires flexor contraction, negative bias requires extensor contraction,
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plots for two subjects for late myotatic response (6% 120 ms). Top plots for RTT instruction, DNR instruction. Data from ECR for subject DMW and FCR for subject RJW. Plot symbols: (bias and step have same sign); q , zero bias; x, inhibitory bias (bias and step have opposite sign), labeled with values of bias in kilogram-meters.



in Fig. 3. This was most evident with the DNR instruction but also true for instructions requiring a reaction (RTT or RMAX). The behavior of ECR and FCR were similar to each other. The gain of the late myotatic response behaved much like the gain of the myotatic response in its dependence on bias, as shown in Fig. 4. In distinction from the two earlier responses, the postmyotatic and stabilizing responses showed little dependence on bias, as shown in Fig. 5. The behavior of ECR and FCR were similar to each other for the two later components as well. The gain plots of Figs. 3-5 are representative of data seen in all eight subjects. The average gain for each subject and each IEMG interval were computed for experiments of series 1 and 2. No systematic effect of a priori knowledge of the direction of the torque step was seen. A standard t



test was used to test the hypothesis that the mean gain for series 1 (known direction) was the same as the mean gain for series 2 (unknown direction). In 19 of 24 cases (four intervals by six subjects) there was no significant difference (P < 0.01). The dependence of the EMG gain in the four intervals on the full set of instructions (RTT, DNR, RMAX, and ASST) from experiment 3 is shown in the gain plots of Fig. 6. Here, four regression lines appear on each response-interval plot corresponding to the set of instructions. All regression lines for a stretched muscle converge on the origin and show a linear, monotonic increase in IEMG with stretch velocity, with the exception of the RMAX line for the 200-400-ms interval. Note that the lines for the ASST instruction in the 120-200- and 200-400-ms intervals are taken from the assisting rather than the stretched muscle.
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FIG, 5, Gain plots for postmyotatic and stabilizing responses (120-200and 200-400-ms Data from ECR of subject DMW and FCR of subject NW. Plot symbols: *, facilitory same sign); q , zero bias; x, inhibitory bias (bias and step have opposite sign). Regression of bias in kilogram-meters.



Latency in visual and auditory step tracking The results for voluntary step tracking (series 4) are summarized in Table 1. A series of f tests were run within subjects to test the hypothesis that mean SRT was the same as mean CRT. This hypothesis was rejected in all but 2 of 12 tests at P 6 0.01, although in these two cases SRT was still less than CRT. The fastest reaction time was auditory SRT (168-194 ms), followed by visual SRT (167-212 ms), visual CRT (186-253 ms), and auditory CRT (202-288 ms). Although there was a greater disparity between CRT and SRT in the auditory paradigm compared to the visual paradigm, the differences were significant in both. For our subject population, experimental protocol, and method of measurement, we find increases in CRTs over SRTs (36) of about 10% for visual stimuli and 40% for auditory stimuli. These la-
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tencies and differences will be compared below to the latencies of the postmyotatic response to simple and choice torque-step stimuli. EMG latency-torque steps Latency measurements of postmyotatic responses (120-200-ms interval) were on the order of 120-l 50 ms, with no clear-cut dichotomy between simple and choice responses. This was verified by testing whether the mean SRT was the same as the mean CRT using a t test, as shown in Table 2. Latencies of the 30-60- and BO-120-ms components remained stable over all experiments. The latencies of the 200-400-ms component could not be accurately measured due to the overlap encountered with the postmyotatic response. The coefficients of variation (ratio of the standard deviation to the mean) for post-
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