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Abstract Upper trunk bending movements were accompanied by opposite movements of the lower body segments. These axial kinematic synergies maintained equilibrium during the movement performance by stabilizing the center of gravity (CG), which shifted on average across all the subjects by 1�4 cm in the anteroposterior direction and thus always remained within the support area. The aim of the present investigation was to provide an insight into the central control responsible for the performance of these synergies. The kinematic analysis was performed by the method of principal components (PC) analysis applied to the covariation between ankle, knee and hip joint angles and compared with CG shifts during upper trunk bending. Subjects were asked to perform backward or forward upper trunk bending in response to a tone. They were instructed to move as fast as possible or slowly (2 s), with high or low movement amplitudes. PC analysis showed a strong correlation between hip, knee and ankle joint changes. The first principal component (PC1) representing a multijoint movement with fixed ratios between joint angular changes, accounted, on average, for 99.7%�0.2% of the total angular variance in the forward trunk movements and for 98.4%�1.4% in the backward movements. The instructed voluntary regulation of the amplitude and velocity of the movement was achieved by adapting the bell-shaped profile of the velocity time course without changes in interjoint angular relations. Fixed ratios between changes in joint angles, represented by PC1, ensured localization of the CG within the support area during trunk bending. The ratios given by PC1 showed highly significant dependence on subjects, suggesting the adaptability of the central control to each subjects biomechanical peculiarities. Subjects intertrial variability of PC1 ratios was small, suggesting a stereoA. Alexandrov ´ A. Frolov Institute of Higher Nervous Activity and Neurophysiology, Russian Academy of Science, 5A, Butlerov, Moscow, Russia 117865
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typed automatic interjoint coordination. When changing velocity and amplitude of the movement, the ratios remained the same in about half the subjects while in others slight variations were observed. A weak second principal component (PC2) was shown only for fast movements. In forward movements PC2 reflected the early knee flexion that seems related to the disturbances caused by the passive interaction between body segments, rather than to the effect of a central command. In fast backward movements, PC2 reflected the delay in hip extension relative to the movement onset in the ankle and knee that mirrors intersubject differences in the initiation process of the axial synergy. The results suggest that PC1 reflects the centrally controlled multijoint movement, defining the time course and amplitude of the movement and fixing the ratios between changes in joint angles. They support the hypothesis that the axial kinematic synergies result from a central automatic control that stabilizes the CG shift in the anteroposterior direction while performing the upper trunk bending. Key words Equilibrium ´ Multijoint coordination ´ Axial synergy ´ Trunk movement



Introduction Upper trunk bending in humans is accompanied by lower segment movements in the opposite direction as first described by Babinski (1899). He called this phenomenon ªaxial synergyº and suggested that it may serve to prevent large anteroposterior shifts of the center of gravity (CG) in order to maintain equilibrium during the movement.Several indirect pieces of evidence suggest that the axial kinematic synergies are not only the result of mechanical interactions between segments (which actually exist: Ramos and Stark 1990), but are centrally controlled in a feedforward manner. Firstly, the kinematic changes in each joint are preceded by a burst in a set of muscles responsible for movement initiation in the trunk, thigh and shank segments (Crenna et al. 1987; Oddsson
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and Thorstensson 1987). This indicates that a central control occurs which acts on the different segments involved in the axial synergy. Secondly, experiments carried out during cosmic space flight have shown that even under microgravity conditions, when it is not necessary to maintain equilibrium, the axial synergies are preserved (Massion et al. 1993, 1997). This suggests that the observed movement pattern is the result of feedforward central control rather than of online feedback-based corrections of the CG position. The feedforward descending command may have been learned under normal gravity conditions and then automatically reproduced under microgravity conditions. The main goal of the present study was to quantify axial synergies in order to gain indirect insight into the solutions adopted by the central nervous system for control of kinematic synergy. In particular, the article focuses on the problem of a redundant number of kinematic degrees of freedom (DF) that must be ªovercomeº (Bernstein 1967) during movement performance. The present study was carried out in the framework of a simplified three-joint model, in which the kinematics of movement in the sagittal plane were represented as a rotation of three rigid segments (leg, thigh and trunk) at three pin joints (ankle, knee and hip) (Young et al. 1990). It implies that these three kinematic DFs ± the ankle, knee and hip joint angles ± mainly characterize the kinematic pattern of the upper trunk bending movement. The localization of the CG inside the relatively small support area imposes one evident behavioral constraint on three otherwise independent joint angles. This constraint can reduce but not eliminate the kinematic redundancy of the 3-DF system examined, i.e., the same movement of the upper trunk that is accompanied by the same anteroposterior CG shift might be executed by numerous sets of interjoint angular changes. The quantitative analysis of the movement kinematics included the method of principal components (PC) analysis and an anthropometric model for the estimation of CG shifts. The experimental estimation of CG shifts was based on force platform data. Overall, it was found that the axial kinematic synergy was close (about 99% of total angular variance) to a 1-DF movement. The kinematic synergy revealed favors the hypothesis that the intended movement is centrally planned in terms of (a) the time course profile of the movement (which defines its speed and amplitude and is addressed to each joint) and (b) the interjoint coordination, with fixed ratios between changes in the joint angles (which specify the kinematic synergy responsible for the movement and the CG localization within the support area).



Materials and methods Experiments were done on 10 healthy subjects (6 men and 4 women), age 24±47 years, weight 52±74 kg and height 155±180 cm. The study was performed with the written consent of each subject and approved by the local ethics commitee (CCPPRB).



Fig. 1 Multijoint model of the human body and marker positions (1±4). The lines between markers correspond to the three segments. The increase in j1corresponds to ankle extension, in j2to knee flexion, and in j3 to hip extension Experimental paradigm and set-up The subjects were asked to stand quietly with their eyes open and their hands clasped behind the back. In response to a tone signal, the subjects were instructed to perform upper trunk bending (forward or backward) in the sagittal plane and then to hold the final position for 3 s.The movement was performed under various experimental conditions specifying its amplitude and duration. Subjects were instructed to move either as fast as possible (fast series of trials) or slowly for about 2 s (slow series of trials). They were asked to bend the upper trunk to about 30±40 from the initially vertical position (high-amplitude series). Three subjects in forward bending and three subjects in backward bending were asked to perform, in addition, a fast series with a trunk inclination of about half the previous amplitude (low-amplitude series). The projections of four retroreflective markers onto the sagittal plane were used for joint angle calculations. The markers were placed on one side of the subject (1, malleolus; 2, tibial plateau; 3, upper femoral trochanter; and 4, acromion) as shown in Fig. 1. The angle between the line 1±2 (a line connecting marker 1 with marker 2) and the horizontal axis was taken as the ankle joint angle (j1 in Fig. 1). The angles j2 (between lines 2±1 and 2±3) and j3 (between lines 3±2 and 3±4) were taken as the knee and hip joint angles respectively. The amplitude and duration of the movement were measured from the angle between the trunk segment (line 3±4) and vertical. Movement duration was taken as the time elapsing between the onset and the end of the trunk segment angular velocity curve, with threshold corresponding to 5% of the peak velocity. The ELITE system of movement analysis (Ferrigno and Pedotti 1985) was used with a sampling rate of 100 Hz. Digital filtering of the recordings of the markers sagittal trajectories was performed (ELITE software) and the measurement accuracy of the sagittal angles was 0.2 for the 50-cm distance between markers. Subjects stood on a force platform equipped with piezoelectric transducers (Kistler). The anteroposterior position of the center of pressure (CP) was recorded during movement performance. Under static conditions, before movement onset and at 0.5 s after the end of the movement, the CP position and the CG projection onto the force platform coincide. The difference between the initial and final CP positions was used to estimate the anteroposterior CG shift.



212 Principal components analysis of the data PC analysis was carried out in a similar way to that done by Mah et al (1994). In the present study, we examined the linear covariation over time between three joint angles (ankle, knee and hip). The vector of temporal variation of the three joint angles ji (t) around their mean values jMi (i=1, 2, 3) is represented in the PC analysis as the weighted sum of three orthogonal and normalized compounds (a sum of PCs): 0 1 0 1 0 1 0 1 j1 …t† ÿ jM1 w21 w31 w11 @ j2 …t† ÿ jM2 A ˆ @ w12 Ax1 …t† ‡ @ w22 Ax2 …t† ‡ @ w32 Ax3 …t† j3 …t† ÿ jM3 w13 w23 w33 …1† X jˆ1;2;3
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where wij is the weight of the variation of the joint angle jj in the ith PC. Each ith PC in (1) is defined by a vector (ªPC vectorº) of three constant normalized signed weights wij (j=1, 2, 3), called ªPC loadingsº, and by a corresponding time-dependent scaling factor xi (t), called ªPC factorº (Mah et al. 1994). PCs were calculated by the values of joint angles for any moment of time starting 100 ms before movement onset up to 100 ms after the end of the movement. The onset and the end of the movement were taken as the 5% threshold. of the trunk peak angular velocity The sum of angles squared deviations about their mean values over time is a total angular variance (or variation in all the angles). In (1), the higher-order PC accounts for a progressively smaller portion in the total angular variance. If any pair of loadings in a PC has the same sign, then the corresponding joint angles vary in the same direction (respectively both increasing or decreasing). Oppositely signed loadings correspond to reciprocally related angles. The covariation matrix (calculated on the basis of the non-normalized angular values) was used for the PC analysis instead of the correlation matrix (calculated on the basis of the angles normalized on the amplitudes). The latter increases the contribution of the angles with small excursions to the first principal component (PC1). Since the relative influence of chance factors and dynamic disturbances on the kinematics is higher for the angles with small excursions, one could expect that the use of the correlation matrix might artificially increase the contribution of these disturbances to PC1. As an example, in fast forward movement the knee excursion was small and showed a different time course relative to the other joints (see below). The use of the correlation matrix in this case should artificially stress the effect of these small changes and their variability on PC1. However, the covariation matrix enhances the contribution of the relatively large hip movement in forward bending (see Results). Bearing in mind the limitations of each possible method, we used the covariation method as done by Mah et al. (1994) in the analysis of gait.



In addition, the intercondition differences in PC loadings in each individual subject were estimated by Mann-Whitney test. As an index of intertrial variability of the PC vector as a whole, we used the value q���������������������������������� q������������������������������ V ˆ SD21 ‡ SD22 ‡ SD23 = …w21 ‡ w22 ‡ w23 †  100% …3† where wi and SDiare respectively loadings, averaged across the trial series, and their standard deviations. Note that conditions (2) are not valid for the mean loadings wi: due to the averaging procedure. Hence, the denominator in (3) is less than 1. The intercondition differences of anteroposterior CG shifts in individual subjects were estimated by Mann-Whitney test.



Results General characteristics of the movement Figures 2 and 3 show the joint angle time courses for representative series of upper trunk forward and backward bending. Overall, forward bending was performed by flexion in the hip and extension in the knee and ankle joints. As an exception, subject S3 showed flexion in the knee joint. Backward upper trunk bending was performed by extension in the hip and flexion in the knee and ankle joints.The movement durations averaged across all fast trials of all subjects were 0.81�0.22 (�SD) s and 0.7�0.1 s respectively in forward and backward bending. In the slow series, the durations increased to 2.0�0.3 s and 1.9�0.2 s respectively. In each subject the increase in the mean duration in the slow series was highly significant in relation to the fast series (P0.1). Figure 3 shows the joint angle time courses (and SDs) for the fast series in two subjects who demonstrated maximally advanced (subject S6, Fig. 3, left side) and maximally delayed (subject S2, Fig. 3, right side) onsets of hip extension with respect to the onset of movement in the ankle. The passive range of motion was not measured for each subject. In forward bending, for ankle and hip joints, the recorded ROMs were evidently lower than the passive ROM in normal subjects. For the knee, the highest values in extension were close to the mechanical limits (180). As regards knee flexion, this was always far from its mechanical limits. In backward bending, the observed ankle and knee flexion were lower than the passive ROMs in normal subjects. It is not excluded that the greatest hip extension could be close to its mechanical limit, which is about 15 in humans. Therefore extension of the spinal column might also contribute to backward bending. Fig. 3 Backward upper trunk bending: the time courses (�SDs) of joint angles, averaged over the fast series with high amplitude (subjects S6 and S2). Dashed lines indicate the onset of the movement in the ankle and knee joints. An arrow indicates the onset of hip extension (subject S2). A schematic representation of joint angle changes in the initial phase of the movement is shown at the bottom



and subjects was 50�7 and 30�6 respectively in forward and backward bending under the high-amplitude conditions. In addition to the movements with a high amplitude, three subjects (S1, S9, S10) performed a low-amplitude fast series. The mean amplitudes of the movement under high-amplitude versus low-amplitude conditions in these subjects were respectively 59�11 versus 37�9 in forward bending and 32�4 versus 21�2 in backward bending. In each of them, the decrease in the mean amplitude in accordance with the amplitude conditions was highly significant (P 
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