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Abstract Movements have been described as being governed by a speed-sensitive (SS) or speed-insensitive (SI) strategy. The SS strategy is used when the subject controls, either explicitly or implicitly, movement speed or time. In contrast, the SI strategy is utilized when there is no intention or requirement to control movement speed. The different strategies demonstrate a specific relationship between torque trajectories and muscle activity. The purpose of this study was to determine the effect of accuracy and force level on strategy selection. Ten healthy adults were instructed to generate isometric pulse contractions of the right soleus at 20%, 40%, and 60% of maximum voluntary contraction (MVC) to reach five target sizes of percentage MVC (4%, 8%, 12%, 16%, 20%). The following results were observed: (1) there was no difference in time to peak force, peak dF/dt, slope of force, and electromyographic (EMG) measures between the 12%, 16%, and 20% target sizes; (2) differences were noted, however, between the 12%, 16%, and 20% targets and the smaller targets; (3) for the dependent measures there were significant differences between each force level. No difference between the larger targets implies that subjects do not need to implement a strategy and suggests an upper limit to the dual-strategy hypothesis. The difference between the smaller and larger targets and the difference between the force levels is indicative of an SS strategy. When asked to use different force levels, subjects controlled the rate of rise of force and regulated time to peak force. Between target sizes, force and time were modulated equally. Key words Isometric contraction ´ Trajectory ´ EMG ´ Motor programing ´ Human
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Introduction A model of a single-joint control, the dual-strategy hypothesis, has recently been reported (Corcos et al. 1989, 1990; Gottlieb et al. 1989a, b, 1990). According to this model, movements are executed according to either a speed-sensitive (SS) or a speed-insensitive (SI) strategy. The term ªstrategyº is defined as those sets of rules that determine the patterns of muscle contraction (Gottlieb et al. 1989a). An SS strategy is used when the subject controls movement speed or movement time to meet the accuracy constraints of the task. For example, flexion of the elbow to the same joint angle but to different target sizes requires the use of an SS strategy. That is, movement time would increase as target size decreased. However, elbow flexion to different joint angles but to a fixed target size requires the use of an SI strategy where target size would not directly influence movement speed. The SI strategy and the SS strategy can be operationally distinguished by certain features of the electromyogram and acceleration and torque profiles. The SI strategy is associated with electromyographic (EMG) bursts, and acceleration and torque profiles that rise along a common path (slope), in spite of differences in movement speed, and diverge only as a function of the duration of the movement (Gottlieb et al. 1990). The SS strategy is associated with agonist EMG bursts, and acceleration and torque profiles that demonstrate different initial slopes and proportional changes in EMG amplitude (Corcos et al. 1989). The torque associated with the SS strategy will rise at rates inversely proportional to the movement time. Thus, EMG bursts, and acceleration and torque profiles and their modulation provide indirect information concerning what strategies are employed for different movements. The dual-strategy hypothesis model has been demonstrated in detail for elbow movements. It has also been shown that the differential use of an SS or an SI strategy may also be applied to isometric contractions at the elbow, implying that isometric contractions and movements have common control parameters (Corcos et al. 1990). In this study, an isometric contraction at dif-
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ferent percentages of a maximum voluntary contraction (MVC) was analogous to moving different distances in the movement experiments. Hence, different isometric pulses to reach a fixed-size target resulted in EMG and torque profiles similar to those of an SI strategy for elbow movements. However, in the isometric study there was no experimental manipulation of target size to differentiate an SI from an SS strategy for pulse torques. In addition, it is indeed possible that isometric force level may also dictate the strategy adopted by the subjects. Since there is a positive relationship between the amount of force and the variability in force (Carlton and Newell 1993), then one would expect a smaller force to produce less within-subject variability than larger ones. For example, greater accuracy should be achieved to reach a fixed-size target with 20% MVC than with 60% MVC. Therefore, in an isometric task the point at which one strategy changes to the other may depend not only on the size of the target but also on the level of the MVC. Fitts' law implies that there is a decrease in the speed of movement with an increase in the index of difficulty (ID) (Freund and Budingen 1978; Fitts 1954; Fitts and Peterson 1964; Schmidt et al. 1979). It is reasonable to assume that there must be a critical point in target size that necessitates a switch from an SI to an SS strategy and vice versa. However, there may not be a change in strategy if there was a small decrease, or increase, in the size of a relatively large target. The purpose of this study was to define the limits of the dual-strategy hypothesis for an isometric task. One would conclude from previous elbow movement studies that manipulating target size controls movement speed (SS strategy). It is our contention that there is a critical size of the target which may further dictate strategy. For example, a task may have targets of different sizes, but if they are sufficiently large then they will not dictate movement speed. Also, force level may well interact with the size of the target. That is, with a relatively large force to small target, movement speed may well remain unchanged to avoid movement errors. However, as force level decreased and the task became easier, then an SS strategy would be adopted.



Materials and methods Subjects Three men and seven women with no known neurological or orthopedic deficits participated in the study. All subjects had normal or corrected-to-normal vision and their ages ranged form 21 to 35 years (mean 26.8 years). Informed consent was obtained prior to each subject's participation in the study. Guidelines for subject participation were approved by the University Institutional Review Board. Equipment Each subject was seated in a modified chair with leg and head rests. A device was attached to the chair that, regardless of leg length, maintained the subject's hip in 90 of flexion, knee in approximately 120 of flexion, and ankle at neutral. The foot was secured and a force transducer was positioned under the metatarsal



heads which measured the torque produced during voluntary isometric plantar flexion. Seated subjects viewed a computer monitor that displayed the torque produced by the isometric soleus contraction. The monitor was positioned at eye level, 50 cm in front of the subject. EMG surface electrodes were applied over the soleus (inferior to the muscle belly of the gastrocnemius) and the tibialis anterior. The electrodes consisted of two silver-silver chloride electrodes, 1 cm in diameter and 2.5 cm apart, which were embedded in an epoxy-molded preamplifier system (”35). A ground electrode was attached to the medial aspect of the right lower limb. The EMG signals were filtered (20 Hz±4 kHZ; Therapeutics Unlimited, Iowa City, Iowa). The final amplification of the EMG signal was 5 k or 10 k. EMG and force data were sampled at 1000 samples per second. Procedure Each subjects was seated with their back resting against the chair, arms folded across their lap and their head positioned on a head rest. The leg to be tested was secured to the chair by straps that were placed over the medial and distal portions of the femur. Subjects were instructed to perform five maximum isometric plantar flexion contractions. Three preselected percentages (20%, 40%, and 60%) of subjects' MVC were then determined. Five target sizes of the percentage of the subjects' MVC (4%, 8%, 12%, 16%, and 20%) were calculated. Reference lines corresponding to the specified target sizes were shown on the monitor screen. For example, if the required plantar flexion force was 20% MVC within a 4% target size, then the reference lines were visible at 18% and 22% of MVC. Feedback was used by having subjects view, in real time, their force output on the computer screen. Subjects practiced matching isometric plantar flexion contractions to the force level determined by randomization at a 10% target size. After 50 trials, the subject was asked to complete additional trials. The subject was considered to have learned the task for that force level if eight of ten consecutive trials were within the 10% target for the given force level. The same protocol was repeated for the other two force levels prior to experimental trials. Subjects received feedback during experimental trials. Subjects were instructed that following a light signal they were to produce an isometric plantar flexion contraction in a fast accurate manner. Subjects were asked not to correct the movement once it was initiated. The force levels were blocked and the target sizes were randomized to determine the presentation order to the subject. Each subject performed 15 trials per target size. The first five trials of each force level at each target size were excluded from subsequent analyses. The remaining ten experimental trials met the following criteria: (1) the baseline of the force curve prior to movement corresponded to zero force; (2) no correction was found in the force curve; (3) the trial demonstrated no soleus EMG activity prior to the light signal; (4) the peak of the force curve was within the specified target size. If these four criteria were not met, then trials were repeated. Accuracy errors occurred more for the smaller targets and the larger force. For the 20%, 40%, and 60% of MVC trials, respective success rates were 80%, 75%, and 65%. For the 4%, 8%, 12%, 16%, and 20% MVC target-size trials, respective success rates were 46%, 66%, 81%, 85%, and 86%. Treatment of the data Soleus EMG was rectified on-line, smoothed by a 10-ms moving average filter. The integral of the EMG was determined for two time intervals. The intervals were the first 30 ms after agonist onset (Q30) and time from agonist onset to the peak of the first time derivative of force (dF/dt; Qacc). The integral of a fixed interval (Q30) was chosen to determine whether the amplitude of the initial component of the EMG records were similar across experimental conditions (Gottlieb et al. 1989a). The mean of Qacc was divided by the respective duration of the integral (time to peak dF/dt) and this value (in millivolts) was normalized by dividing it by the mean Qacc of the
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Fig. 1 Force curve, the first time derivative (dF/dt), and soleus EMG are shown for a single trial and provides an explanation of the dependent measures. The large arrows and small arrows on the left side of the force curve indicates the full slope and initial slope (time to peak dF/dt), respectively. The arrow located on the left side of the dF/dt indicates it's slope. The EMG from the soleus is shown after full-wave rectification and smoothing. Q30 consisted of the integral of the first 30 ms after soleus EMG onset. Qacc consisted of the integral from the onset of the soleus EMG to the duration to peak dF/dt and normalized to the Qacc of the maximum voluntary contraction maximum voluntary contractions. The onset of the force and EMG were visually determined. Slope measurements return an unstandardized regression coefficient, which describes the unit change in y (vertical axis) per unit change in x (horizontal axis). Data analysis



Fig. 2A, B Means and SE for time to (A) peak force and (B) peak dF/dt for each target size. Significant difference were found between 4% and 8% target sizes and between 4% and 8% target sizes and the remaining target sizes for both dependent measures Table 1 Mean and variability (SE) data for force levels of 20%, 40%, and 60% maximum voluntary contraction (MVC)



For force, the dependent variables were the initial slope of the force (measured from the onset of the force to peak dF/dt), the full slope of the force (calculated from the onset of the force to the peak force), the time to peak force, time to peak dF/dt and the slope of dF/dt. For soleus EMG, the dependent variables were the integral of the first 30 ms of EMG activity (Q30) and the normalized integral of EMG activity from the onset to peak dF/dt (Qacc). Independent measures were target size and force level. A 3”5 completely repeated measures ANOVA was used to compare the differences among the test conditions for each dependent measure. Single-degree-offreedom mean contrasts were used to test any significant effect (Keppel 1973). Figure 1 is a single trial that illustrates the selection of the dependent variables.



Dependent variables a



Results



a



Temporal measures For time to peak force and time to peak dF/dt, there was a main effect for target size (F(4,36)=4.84, P 
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