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Recruitment and sequencing of different degrees of freedom during pointing movements involving the trunk in healthy and hemiparetic subjects Received: 9 September 1997 / Accepted: 9 October 1998



Abstract Previous studies have shown that in neurologically normal subjects the addition of trunk motion during a reaching task does not affect the trajectory of the arm endpoint. Typically, the trunk begins to move before the onset and continues to move after the offset of the arm endpoint displacement. This observation shows that the potential contribution of the trunk to the motion of the arm endpoint toward a target is neutralized by appropriate compensatory movements of the shoulder and elbow. We tested the hypothesis that cortical and subcortical brain lesions may disrupt the timing of trunk and arm endpoint motion in hemiparetic subjects. Eight hemiparetic and six age-matched healthy subjects were seated on a stool with the right (dominant) arm in front of them on a table. The tip of the index finger (the arm endpoint) was initially at a distance of 20 cm from the midline of the chest. Wrist, elbow, and upper body positions as well as the coordinates of the arm endpoint were recorded with a three-dimensional motion analysis system (Optotrak) by infrared light-emitting diodes placed on the tip of the finger, the styloid process of the ulna, the lateral epicondyle of the humerus, the acromion processes bilaterally, and the sternal notch. In response to a preparatory signal, subjects lifted their arm 1–2 cm above the table and in response to a “go” signal moved their endpoint as fast as possible from a near to a far target located at a distance of 35 cm and at a 45° angle to the right or left of the sagittal midline of the trunk. After a pause (200– P. Archambault · P. Pigeon Institut de Génie Biomédical, Université de Montréal, Montreal, QC, Canada H3C 3T5 A.G. Feldman Centre de Recherche en Sciences Neurologiques, Université de Montréal, Montreal, QC, Canada H3C 3T5 M.F. Levin Ecole de Réadaptation, Université de Montréal, Montréal, QC, Canada H3C 3T5 A.G. Feldman · M.F. Levin (✉) Research Center, Institut de Réadaptation de Montréal, Université de Montréal 6300 Darlington, Montreal, QC, Canada H3S 2J4



500 ms) they moved the endpoint back to the near target. Pointing movements were made without trunk motion (control trials) or with a sagittal motion of the trunk produced by means of a hip flexion or extension (test trials). In one set of test trials, subjects were required to move the trunk forward while moving the arm to the target (“in-phase movements”). In the other set, subjects were required to move the trunk backward when the arm moved to the far target (“out-of-phase movements”). Compared with healthy subjects, movements in hemiparetic subjects were segmented, slower, and characterized by a greater variability and by deflection of the trajectory from a straight line. In addition, there was a moderate increase in the errors in movement direction and extent. These deficits were similar in magnitude whether or not the trunk was involved. Although hemiparetic subjects were able to compensate the influence of the trunk motion on the movement of the arm endpoint, they accomplished this by making more segmented movements than healthy subjects. In addition, they were unable to stabilize the sequence of trunk and arm endpoint movements in a set of trials. It is concluded that recruitment and sequencing of different degrees of freedom may be impaired in this population of patients. This inability may partly be responsible for other deficits observed in hemiparetic subjects, including an increase in movement segmentation and duration. The lack of stereotypic movement sequencing may imply that these subjects had deficits in learning associated with short-term memory. Key words Motor control · Multijoint movement · Movement synergy · Stroke · Laterality · Redundancy · Human



Introduction A prevalent idea in motor control theory is that the internal representation of movement is linked to the output trajectory. For example, circles drawn in the air either vertically or horizontally look similar, even though dif-
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ferent muscle groups are used in the task (Bernstein 1967). A similar idea has also been suggested by studies showing that, in planar pointing movements, endpoint trajectories are close to a straight line and tangential velocity profiles are bell-shaped regardless of target location (Morasso 1981; Flash and Hogan 1985; Gordon et al. 1994; see, however, Desmurget et al. 1997). The nature of the relationship between internal movement representation and output trajectories, however, is still a matter of debate. In particular, some studies have suggested that the nervous system controls such global characteristics of movement as energy cost (Hatze and Buys 1977) or smoothness defined by the rate of change in acceleration (Flash and Hogan 1985). On the other hand it has been suggested that trajectories are properties emerging from changes in control variables influencing the equilibrium state of the system (Feldman 1966; Feldman and Levin 1995). Another important aspect of voluntary movement is the redundancy in the number of degrees of freedom (DFs) of the body so that, in theory, a given task can be executed in different ways. This ability, called “motor equivalence,” does not exclude a conservative behavior leading to stereotyped movement patterns when produced in a reproducible context. For example, studies of rhythmical movements show that successive trajectories, while never actually repeating themselves, follow a similar topological pattern (Bernstein 1967). A stereotyped arm postural configuration has also been observed in prehension movements (Desmurget and Prablanc 1997). These two aspects of movement (internal representation of movement and redundancy) can actually complement each other. Indeed, one may say that the nervous system uses redundancy in order to produce topologically similar movement patterns by applying a similar internal representation to different effectors. In approaches to the redundancy problem, the concept of movement synergy has evolved (Bernstein 1967; Gurfinkel et al. 1971; Turvey 1990), defined as a unit of coordination of DFs fulfilling a specific functional goal. In previous studies focusing on the redundancy problem, arm pointing movements involving the trunk have been investigated (Kaminski et al. 1995; Ma and Feldman 1995; Saling et al. 1996). In particular, Ma and Feldman (1995) observed that, in movements to a target placed within the limits of arm reaching, the addition of trunk motion did not affect the endpoint trajectory, and they hypothesized that this particular task involves two synergies: one moving the arm joints displacing the arm endpoint to the target (reaching synergy), and the other moving the trunk and arm joints without affecting the position of the endpoint (compensatory synergy). One may suggest that the changes in arm joint angles elicited by the two synergies are combined as independent actions (the principle of superposition). As a result, the trunk recruitment may be associated with substantial modifications in the arm joint angles without influencing the endpoint trajectory. The suggestion that synergies, as functionally independent units of coordination, are superimposed may be illustrative of the capacity of the



brain to meet several functional requirements simultaneously. In other words, the nervous system would be able to attain two or more functional goals by combining the movement synergies required for each. The existence of a compensatory synergy was substantiated by the finding that in a majority of trials the trunk began to move before the onset and stopped moving after the offset of the endpoint movement, indicating that the effects of trunk motion were adequately compensated by movements at the elbow and shoulder. In grasping movements (Saling et al. 1996) the trunk typically stops moving after the offset of endpoint movement, also implying the use of a compensatory synergy. In another study (Kaminski et al. 1995), seated subjects were asked to lean forward naturally in order to touch targets placed within and beyond their reach. In all conditions, the endpoint trajectory remained smooth throughout the movement, indicating that trunk motion was well incorporated in the overall goal of transporting the endpoint to the target. Subjects also showed consistent temporal coupling between articulations (shoulder and elbow, hip and shoulder), indicating the presence of adequate compensation within the joint rotations to produce a smooth endpoint trajectory. The presence of compensation was also obvious from the finding that when trunk motion was required, it started before the onset and finished after the offset of endpoint movement. Movement synergies during multijoint tasks can be further studied by comparing the motor behavior of healthy subjects and subjects with sensorimotor deficits such as hemiparesis resulting from stroke. Neurophysiological studies in animals show that planning and sequencing of movement may be distributed throughout different areas of the brain, namely the cerebellum (Ivry and Keele 1989), the basal ganglia (Alexander and Crutcher 1990), and the supplementary motor area (Mushiake et al. 1991). Tasks involving the coordination of arm and trunk movements may involve both the premotor cortex, which plays a role in postural adjustments through the control of axial musculature (Wise and Strick 1984), and parietal area 5, in which cells are directionally tuned according to endpoint trajectory (Kalaska et al. 1990). In a recent study of regional cerebral blood flow in humans, it has been shown that the activity in the anterior cerebellum and the ventral premotor area increased during finger tapping tasks requiring coordination and rapid reversals (Winstein et al. 1997). Damage, due to stroke, to any of those structures or their pathways is liable to cause deficits in movement coordination or synchronization of different movement components. The study of movements involving multiple DFs in stroke patients may give us further insight into the locus of control of coordination in the central nervous system. In the present study, we hypothesized that the coordination of movement synergies observed in healthy subjects would be disrupted in patients with cortical and subcortical lesions (i.e., hemiparetic subjects). This hypothesis was tested by analyzing the ability of hemiparetic subjects to compensate for trunk movement during a pointing task. Movement trajectories and timing pat-
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terns were compared with those of healthy subjects. Some of the data from this study have appeared in abstract form (Archambault et al. 1997).



Materials and methods



Fig. 1A–C Schematic showing ipsi- and contralateral targets, arm movement without trunk (A), in-phase (B) and out-ofphase (C) arm and trunk movements. Arrows show direction of movement



Subjects Six healthy controls (46±16 years old) and eight right hemiparetic (left-sided stroke) subjects (50±16 years old) participated in the experiment. All subjects were informed of the experimental procedures and signed consent forms accepted by the local Ethics Committee. Both control and hemiparetic subjects were right-hand dominant. Demographic data on the hemiparetic subjects are presented in Table 1. Hemiparetic subjects met the following inclusion criteria: (1) they had sustained a single ictal event, at least 6 months previously; (2) they had no other neurological disorders; (3) they were able to perform reaching movements with the right upper extremity (Brunnstrom stages 4–6; Brunnstrom 1970); (4) they were able to understand instructions; (5) they had no neglect or attention deficits, as measured by the Bell’s test (Gauthier et al. 1989); (6) they had no shoulder subluxation or arm pain. Subjects with left-sided stroke were selected in order to avoid problems of visual neglect often associated with right-sided stroke. All the hemiparetic subjects had followed the usual rehabilitation procedures associated with their condition. Although sitting balance was not measured directly, all subjects were ambulatory without aids and had no difficulty in maintaining a stable sitting posture during the experiment. The control group was composed of six healthy individuals (four men and two women), who presented no history of neurological disorders or physical deficits involving the upper limbs or the trunk. Experimental procedure Subjects sat in front of a 180 by 120 cm table which was at a height of 80 cm from the floor. Each was seated in a semicircular cut-out section of the table so that when their arm was in the initial target position, the elbow was flexed to 60–90° and their shoulder was in approximately 70° flexion and abduction. The initial target was located 20 cm from the sternum directly in front of the subject. Two final targets (ipsilateral and contralateral) were placed 35 cm away from and at a 45°angle to either side of the initial position (Fig. 1A). All targets were indicated by light-emitting diodes (4 mm2) embedded in the Plexiglas surface of the table. Subjects performed pointing movements with and without trunk motion to either the ipsi- or the contralateral target (Fig. 1). Following a preparatory signal, subjects lifted their arm and finger



(endpoint) above the initial target. At an auditory “go” signal, subjects reached toward the final target without touching the table. After a short pause (200–500 ms) over the target, they moved their arm back to the initial position. In control trials (Fig. 1A), subjects moved their arm to the target without moving the trunk. In test trials, subjects either moved the trunk forward, in-phase with the endpoint (Fig. 1B), or backward (out-of-phase condition; Fig. 1C). Subjects were instructed to move the arm as accurately and as fast as possible, and to make the movement without correction. For trials with trunk movement, they were instructed to produce a substantial trunk excursion (about 11 cm) together with the arm movement. Trials in which upper body motion was less than 3 cm were not considered. Subjects were instructed to produce the trunk



Table 1 Demographic data and clinical scores for hemiparetic subjects (M male, F female, MCA middle cerebral artery) Subject



Age (years)



Sex



H1



40



M



63



H2



22



M



78



H3 H4 H5



56 53 42



F F M



115 32 37



H6 H7



67 52



M M



120 34



H8 x–



68



F



44



50±16



Months post-stroke



65±36



Location and type of lesion



Fugl-Meyer score (max. 66)



Spasticity score (max. 16)



Hemorrhage, temporal lobe and basal nuclei lesions Hemorrhage, MCA, internal capsule and temporoparietal lesions Massive hemorrhage Embolism, MCA, basal nuclei lesion Hemorrhage, thalamus, internal capsule and basal nuclei lesions Hemorrhage, parietal lobe lesions Hemorrhage, central infracerebral and posterior internal capsule lesions Hemorrhage, MCA, parietal lobe lesion



27



8 (mild)



29



10 (mod.)



50 55 57



8 (mild) 7 (mild) 10 (mod.)



61 61



5 (no) 6 (mild)



62



6 (mild)



58 Data collection Three-dimensional kinematic data were collected (sampling rate 200 Hz) using an Optotrak Motion Analysis system consisting of infra-red light-emitting diodes (IREDs) and three cameras (model 3010; Northern Digital, London, Ontario). Markers were positioned on the tip of the index finger, wrist (styloid process of ulna), elbow (lateral epicondyle), both shoulders (acromion process) and sternum (sternal notch). Clinical assessment Clinical assessments of residual motor function and spasticity were performed by an experienced rehabilitation professional before the start of the experimental session (see Table 1). The hemiparetic subjects’ motor performance was rated using the upper limb section of the Fugl-Meyer Functional Assessment (FuglMeyer et al. 1975), which measures reflex excitability as well as gross and fine motor skills. The assessment is scored on a total of 66 points, with 66 indicating normal performance. Our subjects’ scores ranged from 27 (moderately impaired) to 62 (almost normal). Spasticity in the elbow flexors of the hemiparetic limb was scored on a valid and reliable scale that measures phasic (biceps tendon jerk, wrist clonus) and tonic (resistance to passive, fullrange elbow extension) stretch reflex activity (Ashworth 1964; Levin and Hui-Chan 1992). Composite spasticity scores of 1–5, 6–9, 10–12, and 13–16 indicate “no,” “mild,” “moderate,” and “severe” spasticity, respectively. According to this scale, one of our subjects had no, five had mild, and two had moderate spasticity. Fig. 2A–C Examples of endpoint trajectories (thick line), trunk (triangles) and arm positions (stick figures) for control (A), inphase (B), and out-of-phase (C) movements to the ipsilateral target for one hemiparetic subject (H6)



motion by hip flexion/extension while sitting in a chair without sliding or raising the buttocks from it or moving the legs. Indeed, while producing hip flexion/extension, subjects could vary the curvature of the trunk. We measured an integral displacement elicited by the hip and other trunk DFs – the displacement of the sternum marker, which directly estimates the possible perturbing influences of the trunk movement on the arm endpoint. Possible rotations of the trunk about a vertical axis were also controlled by instructing the subjects to lean only the trunk forward/ backward in the sagittal direction. Based on the coordinates of three markers (on the sternal notch, left shoulder, and right shoulder) we observed that healthy subjects basically complied with the instructions. However, some trunk rotation was present in hemiparetic subjects (Fig. 2), which may represent one of the possible strategies to compensate the deficits at the level of the arm joints. Blocks of ten trials for each of the four test conditions (ipsiand contralateral targets, in- and out-of-phase trunk motion) were presented in random order with a rest period of about 2–5 min between the blocks. Each block was preceded by ten control trials, in which subjects pointed to the same target but without trunk motion. As each new task was presented, subjects were allowed to practice it for several trials (usually four to ten) until they felt comfortable.



Table 2 Synchronization index (S) measured by the difference (∆) in movement onsets and offsets



Data analysis Since no specific instruction was given for the return movement, only movements toward the far targets were analyzed. Position data were rotated and translated, using simple geometrical transformations, to a system of coordinates in the plane of the table with the origin at the position of the initial target. Data were then filtered numerically using a 10-Hz high-cutoff frequency. From the position data, endpoint and trunk velocity (three-dimensional and tangential) were calculated by numerical differentiation. Angles of shoulder flexion in the horizontal plane and of elbow extension were computed based on the scalar products of the vectors joining the appropriate IREDs. Averaged two-dimensional endpoint and trunk trajectories for each block of trials were also calculated by normalizing the x and y data with respect to time, using the quickest movement as a template. The mean position and standard deviation at each normalized unit of time were then computed. Movement onsets and offsets for the endpoint and trunk were determined for each trial using the time at which tangential velocity rose above and fell below, respectively, 5% of its peak value. The endpoint and trunk final positions were determined by averaging the position data for the middle third of the movement between the offset of the movement to the target and the onset of the return phase. From the final position, the endpoint error was calculated and represented in radial coordinates: extent error was defined as the distance between the final endpoint position and the target, and directional error as the difference in angular coordinates between the final endpoint and the target.



Movement onset



Movement offset



S



∆



Sequence



∆



Sequence



–1 0 +1



∆∆>–20 ∆>20



Trunk starts first Simultaneous Endpoint starts first



∆>20 ms 20>∆>–20 ∆ 
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