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accelerating the limb toward the target are modulated in the same way for both movement tasks. Differences in patterns of muscle activation for these two movement types are not observed until the deceleration phase of the movements. In this study, we first test the hypothesis that healthy, older subjects and subjects with Parkinson’s disease will modulate the pattern of muscle activation in the same way during the acceleration phase of point-topoint and reversal elbow movements. Second, we test the hypothesis that healthy, older subjects and subjects with Parkinson’s disease exhibit the same relationship in muscle activation patterns between the two movement types that have been observed for the young in the deceleration phase of the movements. Subjects performed point-to-point and reversal movements initiated in the direction of flexion over three distances (36, 54 and 72 degrees) “as fast as possible”. Angle, velocity, acceleration and surface EMGs from biceps and triceps were recorded. With respect to the first hypothesis, the EMG, kinetic, and kinematic measures related to the acceleration phase of the movements were modulated in the same way for both movement types in the healthy older subjects. In the Parkinson’s disease group, the kinematic and kinetic measures during the acceleration phase of the movements were the same in both movement types; however, the flexor and extensor EMG activation was smaller during reversal movements than during point-to-point movements. With respect to the second hypothesis, in contrast to that found in young subjects, in healthy older subjects, there was no significant difference between the movement types in the flexor EMG activity immediately after the time of peak velocity. This difference between younger and older subjects may be attributed to the fact that older subjects perform both movement types more slowly than do younger subjects. Although subjects with Parkinson’s disease also move slowly, the flexor EMG shuts off more abruptly and more completely just after the time of peak velocity during reversal movements than during point-topoint movements. These results show that (1) for healthy subjects, when the task requirements are the same for the two movement types (acceleration phase), muscle activa-
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tion patterns are modulated in the same way, and (2) both age and disease alter the relationship of muscle activation, kinetics and kinematics between point-to-point and reversal movements. Keywords EMG . PD . Motor control . Upper limb . Voluntary movement



Introduction It has been well established that the control of movement is task specific and, consequently, studies of motor control in one task cannot necessarily be generalized to another task (Newell 1989). As such, the comparison of the control of two seemingly related movement tasks may provide insight into the motor control system by showing the extent to which common elements of the task are controlled in the same way. Such a comparison is of even more interest in subjects with Parkinson’s disease (PD) because the motor deficits associated with Parkinson’s disease are, to some extent, task dependent (Marsden 1989) This study will focus on the comparison of the control of movement distance in rapid, single degree-of-freedom point-to-point movements (PM) at the elbow and reversal movements (RM; movements to a target and immediately back to the starting position; Schmidt et al. 1988; Sherwood et al. 1988) in healthy adults and in subjects with Parkinson’s disease. The comparison of the two movement tasks is of interest because: (1) The task requirements for accelerating the limb toward the target are the same for both movement types. (2) Differences in EMG and kinetic measures associated with the deceleration phase of the movements have been identified in young, healthy subjects. (3) In the PD group, differences between movement types in EMG, kinematic, or kinetic measures associated with the acceleration phase can give insight into the complexity of the tasks. The extent of motor deficits associated with Parkinson’s disease is much greater in more complex movements (Benecke et al. 1986, 1987a, 1987b; Agostino et al. 1992). Therefore, if reversal movements are more complex, we may see deficits in reversal movements that are not exhibited during point-topoint movements. On the other hand, if reversal movements are less complex than point-to-point movements (because the elastic properties of muscle under stretch are used to return the limb to its initial position), then fewer deficits may be exhibited by subjects with Parkinson’s disease during reversal movements. Note that Gottlieb (1998) concluded that reversal movements are planned as a single movement rather than the superposition of two successive point-to-point movements in young, healthy subjects. Therefore, it is not clear whether or not reversal movements are more or less complex than point-to-point movements. In young, healthy subjects, measures associated with the acceleration phase of the to-target phase of the point-topoint and reversal movements (e.g., the initial rise of the



flexor EMG, the area of the flexor EMG during the acceleration phase, and the accelerative impulse) were the same for both movement types (Gottlieb 1998). In contrast, in measures associated with the decelerating phase of the movements, three differences (two related to the EMG measures and one related to the kinetic measures) were found between reversal and point-topoint movements to the same targets (Gottlieb 1998): (1) the flexor (initial agonist) turns off more completely after the initial burst during reversal movements, (2) the extensor burst is delayed during reversal movements relative to that during point-to-point movements, and (3) the decelerating impulse is greater during reversal movements than during point-to-point movements. The modulation of EMG signals and movement trajectories with changes in movement distance during rapid point-to-point elbow flexion movements has been well studied in healthy subjects (young and old) (e.g., Brown and Cooke 1981; Berardelli et al. 1984; Brown and Cooke 1984; Benecke et al. 1985; Cheron and Godaux 1986; Gottlieb et al. 1989; Buchman et al. 2000). In healthy subjects making long movements, agonist burst area and duration increase with increasing movement distance while the initial rate of rise of agonist EMG and initial rate of rise of acceleration are constant. Low level activation of the antagonist begins soon after the agonist onset but the large antagonist burst begins near the end of the agonist burst about 50 ms before peak velocity and occurs later for longer movements. Peak velocity and impulse during the acceleration and deceleration phases increase with movement distance. For movements of a given distance performed moderately rapidly, the area of the agonist EMG is less, the duration of the burst is the same or longer and the antagonist EMG burst is delayed relative to that observed when the movement is made as fast as possible (Gottlieb et al. 1990; Pfann et al. 1998). The modulation of EMG signals and movement trajectories with changes in movement distance during rapid single-joint elbow movements has also been described for subjects with Parkinson’s disease (Hallett and Khoshbin 1980; Pfann et al. 2001; Robichaud et al. 2002; Berardelli et al. 1996). Many subjects with Parkinson’s disease no longer have the ability to systematically modulate agonist burst duration to control movement distance. Instead, most subjects with Parkinson’s disease exhibit multiple agonist bursts of short duration during the acceleration phase. The area of the agonist burst increases with movement distance but may not scale over the same range as healthy subjects, at least in the later stages of the disease. The antagonist signal is smaller in magnitude than in healthy subjects. In this study, a group of older, healthy subjects and a group of subjects with Parkinson’s disease perform pointto-point and reversal movements about the elbow “as fast as possible” over three distances. We test the primary hypothesis that, within each subject group (“older, healthy” and PD) the measures of kinetics, kinematics and EMG that are associated with the initial acceleration phase of the movements will be the same in point-to-point and
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reversal movements. Specifically, we predict there will not be any movement type effect on peak velocity, accelerating impulse, the rate of rise of flexor (initial agonist) EMG, or the area of the flexor (initial agonist) EMG during the acceleration phase. We also test the hypothesis that, within each subject group, the relationships in the kinetic and EMG measures between point-to-point and reversal movements that are associated with the deceleration phase will be the same as those relationships observed in young, healthy subjects. Specifically, we predict the following: (a) A significant effect of movement type on decelerative impulse and antagonist latency (only measured in older, healthy subjects) with the measures greater for reversal movements than for point-to-point movements. (b) A significant effect of movement type on the agonist EMG immediately following the time of peak velocity with the measure smaller for reversal movements than for point-to-point movements. (c) No effect of movement type on the area of the antagonist EMG during the entire to-target phase of the movement.



Materials and methods Subjects Ten neurologically healthy adults (seven men, three women) and ten subjects with Parkinson’s disease (seven men, three women) were tested according to university-approved protocols including obtaining informed consent from each subject. For inclusion in this study, healthy subjects must have had no known neurological disorder as determined by history, and no known injury, disease or medication that might interfere with motor function. Subjects with Parkinson’s disease had similar requirements except they were required to have a diagnosis of idiopathic Parkinson’s disease (no additional neurological disorders) and no medication other than anti-parkinsonian medications that might interfere with motor performance. The most impaired limb was tested in the motor tasks as determined by clinical exam and patient self-report. This was the non-dominant limb in five subjects. Individual subject information for subjects with Parkinson’s disease is reported in Table 1. By design, there was no difference between the groups in sex or in age (p=0.43). All subjects were right handed.



Protocol All subjects participated in motor control testing (single degree-offreedom movement tasks) and were evaluated using the motor (part III) subclass of the Unified Parkinson’s Disease Rating Scale (UPDRS) (Fahn et al. 1987). The subjects with Parkinson’s disease were tested off-medication (after 12-h withdrawal of anti-parkinsonian medications).



Apparatus The subject viewed a computer monitor that displayed a cursor positioned along the horizontal axis by joint angle. A small, stationary marker corresponded to the initial position. A broad band, 6° in width, was centered at the desired angular distance. The subject was seated with the arm abducted 90°. The forearm was strapped to a rigid, lightweight manipulandum that could freely rotate only in the horizontal plane. The axis of rotation was aligned with the elbow. For the right limb, full extension was defined as −90°; elbow flexion was in the positive direction. For the left limb, full extension was defined as 90°; flexion was in the negative direction. Joint acceleration was measured by a piezoresistive accelerometer mounted 47.6 cm from the center of rotation. Surface electrodes were used to record electromyograms (EMGs) from biceps and triceps (lateral head). The EMG signals were bandpass filtered between 20–450 Hz using built-in Bagnoli analog primary filters and then amplified (gain 1,000) (Delsys Inc.). The angle, acceleration, and torque signals were low-pass filtered using an analog 3rd order Bessel filter with a cut-off frequency of 60 Hz. All signals were digitized at 1,000/s with 12-bit resolution.



Experiment Task 1: point-to-point movements (PM). Subjects were asked to perform elbow flexion movements from the starting position to the target position. Task 2: reversal movements (RM). Subjects were asked to perform movements about the elbow initiated in flexion from the starting position to the target and immediately return to the starting position. Subjects were asked to perform point-to-point and reversal movements “as fast as possible” for three target distances (36, 54, and 72 degrees). For the right (left) limb, the initial position was −35 degrees (35 degrees). A tone signaled the subject to initiate the movement. The cessation of the tone 5 s later signaled the end of the trial at which time the subject returned to the initial position. Subjects practiced movements for each target distance prior to recording 11–20 consecutive trials at that distance. The three target distances were randomized across subjects, but point-to-point movements were always performed before reversal movements.



Table 1 PD group subject information (L/C levodopa/carbidopa, pram pramipexole, aman amantadine, Rop ropinirole hydrochloride) Subject



Age



Sex



Motor



Meds



UPDRS off 1 2 3 4 5 6 7 8



51 57 64 75 64 62 48 67



m m m m f f f m



17 21 31 22 41 42 16 37



L/C, pram L/C L/C L/C, pram, aman L/C, pram, rop L/C, pram pram L/C



Data analysis Data processing was performed offline. The angle and acceleration traces were low-pass filtered with a second-order dual pass Butterworth filter with a cut-off frequency of 20 Hz. The velocity signal was generated by digitally differentiating the angle signal. The EMG signals were full-wave rectified and low-pass filtered with a second-order dual pass Butterworth filter with a cut-off frequency of 50 Hz. The onset of the 1st flexor (initial agonist) EMG burst was marked by visual inspection. Trials were rejected for the following reasons: (1) the movement was not completed in the allotted time because movement initiation was dramatically delayed, (2) the movement began in the wrong direction, (3) the movement was not initiated from the correct initial position, or (4) the movement began prior to the go signal.



70 The following dependent measures were calculated. Measures associated with the acceleration phase of the to-target phase of the movement: 1. Peak velocity: The maximum of the absolute value of the velocity signal during the to-target phase of the movement. 2. Ia, accelerating impulse: Integral of the joint torque from movement onset to time of the peak velocity of the to-target phase. (Movement onset was determined by a threshold of 5% of peak velocity of the to-target phase of the movement.) 3. Q30, initial activation of the flexor EMG (initial agonist): The integral of the first 30 ms of the flexor EMG from the onset. This is a measure of the rate of the early flexor (agonist) activation. 4. Qaga, the area of the flexor EMG (initial agonist) to the time of peak velocity: integral of the flexor EMG signal from its onset to the time of peak flexion velocity. This is a measure of the overall activation of the flexor (agonist) during the acceleration phase of the to-target part of the movement. Measures associated with, at least, part of the deceleration phase of the movement: 5. Id, decelerating impulse: Integral of joint torque from the time of peak flexion velocity for an interval at most equal to the same duration as the acceleration phase or until the time acceleration reversed sign, whichever came first. This is a measure of impulse during at least part of the deceleration phase. The interval of integration is restricted so direct comparisons can be made between Ia and Id in the same movements and between Id in reversal and point-to-point movements. Note that, in most cases, the interval of integration was the same for point-to-point and reversal movements. However, on occasion in point-to-point movements, the acceleration signal may reverse directions before the usual integration interval has ended (i.e., if the deceleration phase is faster than the acceleration phase). Therefore, to calculate the maximum decelerating impulse in the usual integration interval, the integration was stopped if the signal reversed sign. Note also that for reversal movements, the duration of the entire deceleration phase was usually longer than the integration interval. 6. Qagd75, area of the flexor just after time of peak velocity: The integral of the flexor EMG (initial agonist) from the time of peak velocity to 75 ms after the time of peak velocity. This is a measure of flexor activation during the beginning of the deceleration phase. 7. Qant, the area of the extensor EMG (initial antagonist) during the to-target phase of the movement: integral of the extensor EMG signal from the flexor onset to the time after peak velocity of the to-target phase at which the velocity first drops to 5% of the peak velocity. This is a measure of the extensor activation during the phase in which the muscle is lengthening. 8. Cant, latency of the main antagonist burst: the time of the centroid of the antagonist signal during the interval in which the magnitude was greater than 75% of the peak. This measure was used only for the analysis of data from the healthy subjects. Because of the multiple bursting pattern of the antagonist EMG signal in many subjects with PD, the centroid does not necessarily reflect the time of the first antagonist burst.



Hypotheses and statistical analyses The effect of movement type (point-to-point and reversal) and distance (36, 54, and 72 degrees) was tested on our dependent measures using a 2×3 analysis of variance (both factors are within subject factors). For measures associated with the acceleration phase of the movement (peak velocity, Ia, Q30, Qaga) we predict no effect of movement type. In addition, we predict an effect of distance on Qaga, peak velocity, Ia and no effect of distance on Q30. For measures associated with the deceleration phase of the movement, we predict a significant effect of movement type on Id, Qagd75 and Cant (only tested on the older, healthy group) and no effect on Qant. In addition, we predict a significant effect of distance



Fig. 1A–C Time series comparing point-to-point and reversal " movements to the same target. The figure shows data from three subjects: A a younger, healthy subject (male, 30 years old) shown for illustrative purposes, B a representative older, healthy subject (male, 59 years old), and C a representative subject with Parkinson’s disease (subject 10). Each panel shows data from two representative trials, one from a 72-degree point-to-point flexion movement (solid line) and one from a 72-degree reversal movement initiated in flexion (dashed line) both performed “as fast as possible”. Angle, velocity, acceleration, flexor EMG signal, and extensor EMG signal are shown for each subject. Note that the scales are not the same across subjects. The kinematics are scaled the same for the healthy, older subject and the subject with Parkinson’s disease, but not for the younger, healthy subject. The scales for the EMG are different for all subjects. All kinematic data are filtered with a lowpass Butterworth filter with a 20-Hz cutoff frequency and are aligned on the time of peak velocity. The vertical line denotes the time of peak velocity, which is the end of the to-target acceleration phase. The horizontal bar in B on the plot of extensor EMG shows the time interval prior to the movement over which the data for this figure is padded with a copy of the subsequent initial position data. Also, note that the subject with PD performed the movement task using the left limb; the angle, velocity, and acceleration axes were reversed to make it easier to compare the plots



on Id, and Cant (healthy group only); we make no prediction about Qant because it can have any relationship with distance (increasing, none, decreasing) (Benecke et al. 1985; Pfann et al. 1998). The statistical analyses were performed using JMP 5.0.



Results Figure 1 shows representative individual trial data for a 72-degree point-to-point and reversal movement made as fast as possible. Figure 1A shows a younger, healthy subject, Fig. 1B shows an older, healthy subject and Fig. 1C shows a subject with Parkinson’s disease. For each subject, angle, velocity, acceleration, flexor EMG, and extensor EMG signals are shown. The vertical line marks the end of the acceleration phase and the point in time at which the data were aligned. The figure shows that within each subject the kinematics are very similar during the acceleration phase and that differences begin to appear in the deceleration phase. Also note that the EMG signals are very similar during the acceleration phase in the healthy subjects. More specifically, Fig. 1A shows that in the younger, healthy subject, the movements are made very quickly with a peak velocity of the to-target phase close to 600 deg/s. In addition, the peak deceleration during the reversal movement is much larger than during the point-topoint movement. The flexor/extensor EMG pattern during the point-to-point movement is the triphasic burst with an initial agonist (flexor) burst, followed by an antagonist (extensor) burst and then a second flexor burst. During these fast movements, the second flexor burst occurs soon after the first agonist burst, often so quickly that there is no silent period between the bursts. In contrast, during the reversal movement, there is a relatively long silent period between the first flexor burst (while the muscle is acting as an agonist) and the second flexor burst (while the muscle is acting as an antagonist to the return phase). In addition,
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the peak activity of the extensor EMG occurs later during the reversal movement than during the point-to-point movement. The data in Fig. 1A are very similar to those reported by Gottlieb (1998) and have been included for illustrative purposes.



Figure 1B shows that the older, healthy subject moves slower than the younger subject (peak velocity is half that of the younger subject). In addition, the peak deceleration is similar in point-to-point and reversal movements. Consistent with the slower movement speed, the flexor/
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extensor EMG pattern for the point-to-point movement is a biphasic burst pattern with an initial agonist (flexor) burst and a small antagonist (extensor) burst. In contrast to the pattern in the younger subject performing a point-to-point movement, there is no second flexor burst and the flexor EMG signal drops off after the first burst. During the reversal movement, the flexor EMG signal is very similar to that during the point-to-point movement. The extensor signal during the reversal movement shows a pattern similar to that of the point-to-point movement until part way through the deceleration phase at which point there is a much larger extensor signal. Figure 1C shows that the subject with Parkinson’s disease moves slower than the older healthy subject. Also, the peak decelerations were similar during both movement types. The flexor/extensor EMG pattern during the pointto-point movements consists of a series of short duration bursts of agonist (flexor) activity during the acceleration phase, followed by a low level of activity. This is followed by a bursting phase in the extensor muscle associated with braking the movement. During the reversal movement, the flexor EMG signal has a bursting phase of similar duration to that observed during the point-to-point movement, but with a smaller magnitude. There is a low level of activity following this flexor bursting phase. The extensor EMG signal is initially similar to that observed during point-topoint movements and then shows a phase of greater activity. Note that all subjects that exhibited the multiple bursting pattern during the acceleration phase, which is commonly observed during point-to-point movements in subjects with Parkinson’s disease (see Fig. 1C), also exhibited the multiple bursting pattern during reversal movements. Figure 1C shows a typical reversal movement in subjects with Parkinson’s disease. However, it should be noted that some subjects with PD occasionally paused on the target instead of immediately returning to the initial position. Such trials occurred intermittently during a block of reversal movements at a single distance.



Comparison of the control of movement distance in reversal and point-to-point movements during the totarget acceleration phase Figure 2 shows graphs of group mean average for each measure associated with the acceleration phase plotted with respect to the group mean movement amplitude for point-to-point (solid line, closed symbol) and reversal (dashed line, open symbol) movements with standard error bars for (A) the healthy, older group and (B) the PD group. In addition, the results from the statistical analyses testing for effects of movement type and target distance for the same measures are shown in Table 2. As expected, there was no significant effect of movement type on peak velocity, Ia, or Q30 within both groups. Also, as expected, there was no effect of movement type on Qaga in the healthy group. However, in contrast to our prediction, there was a significant effect of movement type on Qaga in the PD group in which Qaga was significantly smaller during reversal movements as compared to Qaga during point-to-point movements to the same targets. Moreover, nine of ten subjects in the PD group exhibited smaller Qaga during reversal movements than during point-to-point movements. (PD #6 is the only subject with Qaga greater during reversal movements than during point-to-point movements.) As expected, there was a statistically significant effect of target distance on peak velocity, Ia, and Qaga and no effect on Q30 in both groups. In an attempt to better understand our finding of a significant effect of movement type on Qaga in the PD group, we performed an analysis on the activity of the extensor EMG signal during the acceleration phase (Qexta: the integral of the extensor EMG from the time of the flexor onset to the time of peak velocity). There was a significant effect of movement type (F(1,9)=12.03, p=0.0071) and no significant effect of distance (F p=0.077) or interaction (F(2,18)=0.25, (2,18)=2.97, p=0.78). All ten subjects in the PD group exhibited a smaller Qexta during reversal movements than during point-to-point movements to the same target.



Table 2 ANOVA results for measures associated with the acceleration phase Variable



Movement type (RM vs PM)



Distance



Gottlieb (1998) results



Gottlieb (1998) results



Healthy older group



Peak velocity Not reported =F(1,9)=4.09 of to-target p=0.074 phase = =F(1,9)=3.95 Ia p=0.078 = =F(1,9)=0.32 Q30(EMS) p=0.58 = =F(1,9)=1.32 Qaga(EMS) p=0.28



PD group



Movement type × Distance Healthy older group



PD group



Healthy older group



PD group



=F(1,9)=1.75 Not reported +F(2,18)=95.08 +F(2,18)=134.47 F(2,18)=0.77 p=0.22 *p 
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