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A b s t r a c t The present experimental series was designed to test the possibility that an anticipatory postural adjustment learned during the performance of a bimanual load lifting task may be transferred between the upper extremities. Eight seated subjects were asked to maintain horizontally one forearm (postural arm) loaded with a 1kg load, which was fixed to the arm by means of an electromagnet. The unloading was triggered either by the experimenter pressing a switch (control) or by the subjects making a voluntary movement with their other arm (moving arm). In the latter case, the subject lifted a 1-kg load resting on a force platform with the moving hand, and the switching off was triggered when the force level reached a threshold of 0.5 kg. The maximum amplitude (MA) and the maximum velocity (MV) of the postural forearm elbow joint rotation occuring after the unloading were measured at each trial. The learning process was estimated by performing a regression analysis on each series of trials, using an exponential model, and from the intercept of the regression curve with the ordinate. 1. During the original learning session (three series of 20 trials), a decrease in MA and MV was found to occur both within the series and between the series during a session. 2. After the initial learning session, the sides of the postural and moving arm were interchanged to test whether any transfer had occurred. The first series of trials in the second session (transfer) and the last series of trials in the original learning session were compared and found to be significantly different in terms of the intercept (seven subjects in the case of MA, five subjects in the case of MV) and the slope (five subjects), indicating a lack of transfer. 3. The data recorded during the second transfer learning session indicated that learning occurred in all eight subjects in the case of MA and in six subjects
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in the case of MV. It was observed that the original learning session did not facilitate the second one. 4. The lack of transfer of the anticipatory postural adjustment observed in this task is discussed with reference to the data in the literature. K e y words Posture 9Movement 9Bimanual coordination 9Motor learning - Learning transfer. Human



Introduction Manipulating heavy objects is a task commonly performed in everyday life. When a load supported by one hand is lifted off by the other hand, the position of the "postural" forearm remains unchanged, although the disturbance resulting from the unloading might be expected to trigger an upward forearm movement for mechanical reasons. This lack of forearm movement is due to an "anticipatory" postural adjustment associated with the lifting movement, consisting of an inhibition of the postural forearm flexors which starts before the onset of unloading (Hugon et al. 1982; Dufoss6 et al. 1985). This anticipatory postural adjustment minimizes the forearm position disturbance induced by the voluntary movement. It is one example of the more general class of anticipatory postural adjustments associated with voluntary movements, which are learned together with the movement and serve to prevent disequilibrium or the disturbance of the position of particular segments (head, trunk, arm, etc.) resulting from the performance of the movement (see Massion 1992). One of the advantages of the bimanual load-lifting task in studies of this kind is that, unlike the other existing examples of posturokinetic coordination, where the anticipatory postural adjustment mainly involves the axial musculature, the postural task is specific to one forearm and the voluntary movement to the other. It was thus possible to evaluate the deficits due to unilateral brain lesion both as a function of the localization of the lesion and depending on



451 the tasks performed by each arm. Interestingly, these anticipatory postural adjustments are still present after corpus callosum section. They therefore belong to the category of long-learned bimanual tasks that split-brain patients are still able to perform (see Geffen et al. 1994). Anticipatory postural adjustments, moreover, were previously said to be impaired after lesion o f the supplementary motor area (SMA) region and the motor cortex, when the contralateral arm was the postural forearm and not when it was the moving arm (Viallet et al. 1992). It has been proposed that the adaptive postural networks responsible for the anticipatory postural adjustments of the postural forearm m a y be located at some subcortical level and activated by collaterals of the corticospinal pathways arising from the cortex contralateral to the lifting movement. The specific role of the S M A area contralateral to the postural forearm might consist o f selecting the appropriate postural reference frame for the task, i.e., of choosing the position of the postural forearm and gating the learned postural networks which minimize the postural disturbance due to the performance of the voluntary movement. The learning o f this posturokinetic coordination has been investigated by several authors (Paulignan et al. 1989; Forget and Lamarre 1990). The stabilization of the postural forearm can be acquired, for example, when a m o v e m e n t performed by one forearm artificially triggers the unloading o f the postural forearm. The coordination can be acquired when elbow flexion is replaced by elbow extension. This is also the case when the voluntary m o v e m e n t triggering the unloading is a leg movement. Interestingly, learning occurs only in the presence of sensory afferents (Forget and Lamarre 1990). As very little information is available about the learning of the anticipatory postural adjustments associated with voluntary m o v e m e n t s , the main purpose o f the present investigation was to answer the following question: is the anticipatory posmral adjustment learned with the postural forearm on one side transferred to the other side after the sides of the postural and m o v i n g arms have been interchanged? Our hypothesis was that the coordinated task, including both the m o v e m e n t itself and its specific anticipatory postural adjustment, m a y be transferred as a whole, as are unimanual learned motor skills (Parlow and Kinsbourne 1989, 1990; Cohen et al. 1990; Parlow and D e w e y 1991). Using the same learning procedure as Paulignan et al. (1989), where the load release was triggered by the other arm's load lifting movement, we concluded that no transfer occurred after the postural arm and the m o v i n g arm had been interchanged.



Experimental setup The subjects were seated on a hard-backed chair, equipped with a support to which the arm could be fixed vertically just above the elbow. They were instructed to gaze horizontally at a line on the wall of the room 4 m in front of them, and to maintain the postural forearm horizontally, semiprone during the whole session. This forearm carried a platform equipped with strain gauges, from which a 1-kg load was suspended by means of an electromagnet. The unloading could be triggered in one of two ways: (1) the load was released by the experimenter switching off the electromagnet at unpredictable times (control situation); or (2) the load was released by the subject lifting a weight from a force platform with the other arm (learning situation). During the learning session, the subject was asked to place the fingers of the moving arm around the weight before starting the movement and to lift the 1-kg load to about 10 cm above the steady platform equipped with strain gauges as fast as possible in response to a tone signal. The decrease in the weight to half of its initial value was the signal which triggered the load release on the side of the postural arm. The general procedure at each learning session was as follows: first a series of 20 control load releases, then two series of 20 load releases triggered by the other hand-lifting movement; a second control series of 10-15 trials; a third series of 20 load releases triggered by the other hand-lifting movement. Occasionally, one or a few additional trials were performed in some series. Once the first (original) training session had been completed, a second (transfer) session was performed with the other forearm acting as the postural arm. The duration of the whole experiment was about 2 h. A 5-min rest period was allowed after each series of trials in order to prevent fatigue. Parameters recorded The parameters recorded were the left and fight forearm positions, which were monitored by means of potentiometers placed along the elbow joint axis, and the force recorded by the strain gauges on the platforms supporting the weight on each side. The electromyographic (EMG) activity of the brachioradialis on each arm was recorded using bipolar surface electrodes. An accelerometer placed at the level of the wrist on the postural forearm was used the monitor the vertical acceleration (Fig. 1). The analog parameters were digitized and stored on a computer disk (sampling rate 1000 Hz) for analysis. Data analysis Any changes in the postural forearm position after unloading were quantified by means of two indexes: the maximum amplitude (MA) and the maximum velocity (MV) of the upward movement of the postural forearm after unloading. Both indexes were computed withJ~ (~00 ms of the perturbation onset. In fact, the MA was usually re~:~e~ between 250 and 300 ms and the MV occurred within 100 ms &the onset of unloading. As the interval between the onset of unloading and the mechanical changes resulting from a spinal reflex action is around 100 ms (see Paulignan et al. 1989), any decrease in the MV was taken to reflect changes in joint stiffness prior to the onset of the perturbation onset (anticipatory postural adjustment). A decrease in the MA could result either from an anticipatory postural adjustment, when the MV also decreased, or from the action of the unloading reflex (Angel et al. 1965; Paulignan et al. 1989).



Materials and methods In this experimental version of the bimanual load-lifting task, one forearm (the postural forearm) was kept in a given position, whereas the other arm (the moving arm) lifted a load. Four righthanded and four left-handed subjects were tested in the present study. Two learning sessions were run with each subject. At the first session, either the non-dominant arm (one right-handed, two left-handed) or the dominant arm (three right-handed, two lefthanded) was tested first as the postural arm.



Statistical analysis The data were analyzed with the STATGRAPHICS software program. Regression analysis was carried out to determine the changes in the MA and MV of the unloading during repeated trials. An exponential model was used to approximate the experimental curves. The slope of the regression curves and the intercept of the regression curve with the ordinate were used to estimate the intensity of
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Checking assumption 4 showed that this does not contradict the experimental data. Assumption 3 cannot be tested without the repetition of learning. It has been established, however (Seber 1977), that a moderate violation of these assumptions does not lead to serious errors. Proceeding from the validity of the assumptions mentioned above, we can consider the intercept and slope of the regression curves as statistical values and compare these values between different series. In this case, the assumption about the independence of the estimations in two different series seems to be valid, because it is impossible to establish the correspondence between amplitudes of the trials with the same rank numbers in different series. A two-factor ANOVA was also performed to analyze the effects of the motor dominance and the learning sequence (whether the dominant or nondominant arm was used first in the training sessions) on the results obtained.
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Fig. 1 Parameters recorded. On the left, diagram of the control conditions (the unloading was triggered by the experimenter) and the learning situation. On the right, recordings from a single trial during a learning series. 1 and 2: EMG from the brachioradialis of the lifting (1) and postural (2) arms. Note in 2 the unloading reflex. 3: accelerometric trace recorded on the wrist of the postural arm. 4 and 5: elbow angle of the lifting (4) and postural arm (5). 6 and 7: force platform recording on the side of the lifting (6) and supporting (7) arms. The striped vertical line indicates the onset of the unloading of the postural forearm



Unloading triggered by experimenter In the control series, the unloading was triggered by the experimenter switching off the electromagnet. As described previously (Paulignan et al. 1989), this was followed by an upward forearm movement, which reached a
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learning within and between series. The regression curves with each subject and the level of intercept were compared using Student's t-test (P
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Fig. 2 Control series in one subject. Maximum amplitude and velocity of the elbow angle after forearm unloading. Maximum amplitude and maximum velocity in two control series (1, 2). On the ordinate, elbow angle in degrees or elbow angle velocity in degrees per second. On the abscissa, the successive trials in the series
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Fig. 3 Original learning session (/eft). Maximum amplitude (MA) and maximum velocity (MV) after right limb unloading triggered by the lifting movement of the left arm in three successive series (1, 2, 3). Transfer learning session (right). MA and MV after left limb unloading triggered by the lifting movement of the right arm in three successive series maximum after some 250 ms and then decreased to a stable value at about 400 ms, without any marked oscillations. The final position was higher than the initial position. Figure 2 shows the MA and the MV in successive individual trials in the control series. The mean control MA in the various subjects ranged from around 5 to 12 ~ and the mean control MV from around 40 to 108~ Looking at successive trials, one can see that the MA and MV fluctuated somewhat from one trial to another, but they showed no very marked tendency to decrease in the course of a series. This was supported by the results of the regression analysis: the slopes of the corresponding regression curves were not significantly different.
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creased during the repeated trials. In the present study, we compared individual regression curves to establish whether this decrease was significant. The intercepts of the regression curves with the ordinate gave the level of MA and MV at the onset of a series, and this served as an index to the learning in comparison with the control level. The slope of the regression curves was analyzed with a view to estimating and comparing the intensity of the decrease. Figure 3 shows the changes in the MA and MV in three successive series in one of the subjects. By comparing Figs. 2 and 3, one can see that the initial MA and MV values in the first series were close to the control level, but that the MA and MV gradually decreased during the series. The MA and MV of the postural forearm's upward shift after the unloading also decreased during the successive series. The difference between the intercepts of the regression curves in the first and the third series was significant in all the subjects as regards both the MA and MV (Table 1, L1/L3; R1/R3; first limb). Learning can therefore be said to have occurred both during a single series and from one series to another.



Learning during repeated series of unloading triggered by the subject (original learning session) Testing for transfer At the first experimental session, we studied the changes in the MA and MV of the postural forearm's upward movement when the unloading was triggered by the subject lifting a weight with the other hand. This procedure was used in a previous study by Paulignan et al. (1989), where the MA and MV of the forearm's upward shift de-



After the 3 learning series at the first original learning session, the subjects were tested for transfer: the postural and moving arm were interchanged. Figure 3 illustrates the results of this testing session. A great difference can be seen to have existed between the results of the last se-



454 Table 1 Intercept differences between the exponential regression curves giving the maximum amplitude and the maximal velocity of elbow rotation in each experimental series (ttest). Evaluation of the learning processes during successive series of unloading on the left and right sides, respectively, and the evaluation of the transfer. (L1, L2, L3 first, second, and third learning series, with the left forearm acting as the postural arm, R1, R2, R3 first, second, and third learning series, with the right forearm acting as the postural arm, / the ttest comparisons between two series) * t 
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