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Optimal sensorimotor transformations for balance Daniel B. Lockhart1 and Lena H. Ting2 1 2



Department of Mechanical Engineering, Georgia Institute of Technology Deparment of Biomedical Engineering, Emory University and Georgia Institute of Technology



The simple act of standing up is a common and essential motor behavior that is generally taken for granted, even in an uncertain and dynamic environment. While we are able to stand on a boat or walk over uneven terrain without much thought, the neural systems that regulate postural orientation and equilibrium must continually integrate multiple sensory inputs and coordinate multiple motor outputs to muscles throughout the body. Central to unraveling the complexities of the neural control of movement is understanding how complex sensory patterns are transformed into an appropriate sequence of motor commands. Although much recent attention has focused on muscle synergies and spatial activation patterns of muscles during movement1-5, the mechanisms regulating temporal patterns of muscle activation are unknown6,7. We examined temporal patterns of muscle activation evoked by perturbations to the support surface in unrestrained, freely standing cats8. We hypothesized that the nervous system uses estimates of overall body movement to regulate temporal patterns of muscle activation. We used a simple computational model of postural control to formally and quantitatively test our hypothesis that temporal patterns of muscle activation are computed from center of mass kinematics (Figure 1). The model consists of a single-link inverted pendulum. Temporal patterns of muscle activation are generated from linear combinations of the delayed center of mass position, velocity, and acceleration signals. Therefore the temporal dynamics are defined by three feedback gains and a delay. Using these four parameters, the simulation was able to reproduce the salient features of temporal patterns of activation in multiple muscles (Figure 2). The initial burst was due to acceleration feedback, while the plateau was due to velocity and position feedback. We used two methods to predict temporal muscle activation patterns, which rendered similar results. First, a ‘temporal systems identification’ (TsyID) was performed in which the feedback gains and delay values were found using a tracking optimization that matched the muscle activation and kinematics of the simulation and the experimental data. Second, we derived the gains and delay independent of the experimental data, using a ‘delayed quadratic regulator’ in which the optimal solution that minimized the weighted deviations of muscle activity and center of mass kinematics were found. We further tested the robustness of the model by varying the sensorimotor state of the animal. Dramatic changes in temporal patterns of muscle activation following somatosensory loss9 were reconstructed well using TsyID, and predicted theoretically by the DQR model if acceleration feedback was eliminated. Moreover, subtle changes in postural response due to habituation to the perturbation could also be characterized by simply varying the feedback gains, in particular, reducing acceleration gain. In conclusion, we identified a simple sensorimotor transformation that could be used by the nervous system to create a complex multijoint motor behavior. The neural transformation used to counteract perturbations to standing balance in cats can be characterized as a simple feedback rule. Moreover, optimal reweighting of sensory feedback channels explains changes in temporal muscle activation patterns following sensory loss and habituation. This work demonstrates that the nervous system may use a few global variables to coordinate multiple muscles over time during the generation of complex natural movements. Acknowledgements Thanks to Jane Macpherson, Whitaker RG-02-0747 and NIH HD46922



References 1. 2. 3. 4. 5. 6. 7. 8. 9.



Tresch, M. C., Saltiel, P. & Bizzi, E. The construction of movement by the spinal cord. Nature Neuroscience 2, 162-167 (1999). Ting, L. H. & Macpherson, J. M. A limited set of muscle synergies for force control during a postural task. J Neurophysiol 93, 609-13 (2005). d'Avella, A. & Bizzi, E. Shared and specific muscle synergies in natural motor behaviors. Proc Natl Acad Sci U S A 102, 3076-81 (2005). Krishnamoorthy, V., Latash, M. L., Scholz, J. P. & Zatsiorsky, V. M. Muscle synergies during shifts of the center of pressure by standing persons. Experimental Brain Research 152, 281-292 (2003). Weiss, E. J. & Flanders, M. Muscular and postural synergies of the human hand. Journal of Neurophysiology 92, 523-535 (2004). d'Avella, A., Saltiel, P. & Bizzi, E. Combinations of muscle synergies in the construction of a natural motor behavior. Nature Neuroscience 6, 300-308 (2003). Ivanenko, Y. P., Poppele, R. E. & Lacquaniti, E. Five basic muscle activation patterns account for muscle activity during human locomotion. Journal of Physiology-London 556, 267-282 (2004). Macpherson, J. M. Strategies that simplify the control of quadrupedal stance. II. Electromyographic activity. J Neurophysiol 60, 218-31 (1988). Macpherson, J. M., Lywood, D. W. & Van Eyken, A. A system for the analysis of posture and stance in quadrupeds. J Neurosci Methods 20, 73-82 (1987).



Figure 1 A. Inverted pendulum model of postural control. B. Delayed feedback control model.



Figure 2 EMG prediction from temporal systems identification (TSyID). A. Platform perturbation kinematics. B. Recorded and predicted EMG. C. Decomposition of EMG patterns based on feedback control model.
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