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Optimal control framework successfully explains changes in neural modulations during experiments with Brain Machine Interfaces Miriam Zacksenhouse, Koren Beiser: Technion, Haifa, Israel Joseph E. O'Doherty, Mikhail A. Lebedev, Miguel A.L. Nicolelis: Duke University, Durham, NC, 27710, USA Recent experiments with brain-machine-interfaces (BMIs) [1] indicate that the extent of neural modulations increases abruptly upon starting to operate the interface, especially after stopping hand movements [2]. In contrast, neural modulations that are correlated with the trajectories of the controlled cursor and target remain relatively unchanged. Here we demonstrate that similar changes are obtained from an optimal controller under simulated BMI experiments, and investigate the implied nature of the enhanced modulations.



BMI experiments: The initial BMI experiments are detailed in [1], and include three control modes: Pole control in which the monkey controlled the cursor on the screen using a hand held pole, and Brain control with and without hand movements (WH and WHO, respectively), when the cursor was controlled by the predicted velocity from the recorded neural activity while the monkey initially continued but eventually stopped moving the hand. Cortical neurons were recorded simultaneously from the primary motor area (M1), the pre-motor area (PMd), and somatosensory area (S1). The BMI experiments analyzed and modeled here are similar to those detailed in [1] except that they involved center-out reaching movements instead of reaching to randomly placed targets and the neural activity was used to predict the position rather than the velocity. Data analysis: Overall neural modulations are defined as the variance of the underlying rate, and expressed as a percentage of the variance of the spike counts. Under the assumption that the spike trains are realizations of doubly stochastic Poisson processes (DSPPs), the variance of the underlying rate Λ can be estimated from the statistics of the binned spike counts N , using: var(Λ ) = var( N ) − E ( N ) [2]. (Extension to dead-time modified DSPPs involves minor bias terms [3]). The percent task-related modulations are estimated by the coefficient of determination between the neural activity and a 2 seconds window of the trajectories and kinematics of the cursor and target. Modeling: An optimal controller was constructed for reaching movements using a combined goal that penalizes for both the control effort and deviation from the target. The parameters of the goal function were selected to match the velocity profile observed during the experiments, as shown in Figure 1. State estimation integrated both visual and proprioceptive feedback, using appropriate delays and noise variances, with predictions from a linear internal model. Neural activity was simulated for M1 and PMd neurons and used to determine the BMI filter during simulated pole control, and control the position of the cursor during simulated brain control. Brain control was simulated by increasing the noise variance of the cursor's movements, and brain control without hand movements was simulated by using also an infinitely high noise variance for the proprioceptive feedback. Results and conclusions: The activity of the simulated neurons demonstrates the same phenomena observed in the recorded data: the percent neural modulations is higher in brain control without hand movements than in pole control, while the percent task-related modulations remains relatively unchanged, as depicted in Figure 2. Further simulations indicate that the source of the enhanced modulations in simulated brain control is related to increasing variability of the predicted velocity and the control signals.
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Figure 1: Experimental and simulated speed profile



Simulation Results
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Percent Task (kinematics plus target) Modulations Figure 2: Percent overall modulations and percent task-related modulations in actual and simulated BMI experiments involving center-out task and position predictions. Simulated results capture well the observed changes in neural modulations: (i) Percent overall modulation is higher in brain control without hand movements than in pole control, and (ii) There is no matching increase in task-related modulations. Acknowledgements This research was supported by the Ashkenazy Handicap Research Fund for MZ and grants from DARPA, the James S. McDonnel Foundation, NIH and NSF to MALN. References 1. Carmena JM, Lebedev MA, Crist RE, O’Doherty JE, Santucci DM, et al., Learning to control a brain–machine interface for reaching and grasping by primates. PLoS Biol 1:193–208, 2003. 2. Zacksenhouse M., Lebedev MA., Carmena JM., O'Doherty JE., Henriquez CS., Nicolelis MAL. Cortical modulations increase during early sessions with Brain-Machine Interface, PLoSONE 2(7):e619, 2007. 3. Zacksenhouse M., Lebedev MA., Nicolelis MAL., Signal-to noise ratio of binned spike counts and the timescales of neural encoding, submitted 2009.
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