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Background
Recent experiments with brain-machine-interfaces (BMIs)
indicate that the extent of neural modulations increases
abruptly upon starting to operate the interface. In con-
trast, neural modulations that are correlated with the pro-
file of the trajectory remain relatively unchanged.
Furthermore, the enhanced modulations subside with fur-
ther training, mirroring the trend in task performance,
which degraded when starting to operate the interface and
improved gradually with training [1]. The interpretation
of the enhanced modulations and the characterization of
the signals that they may encode are of major interest for
understanding human motor learning and control, the
improvement of future BMIs and the development of
effective rehabilitation programs.

Results: experimental
Here we investigate the hypothesis that the enhanced
modulations reflect internal representation of estimation
errors, and the consequent correction or explorative com-
mands. This hypothesis is supported by further BMI
experiments involving center-out movements to ran-
domly located targets on a fixed circle. These BMI experi-
ments facilitate the evaluation of neural modulations
(across different reaching movements) at a fixed delay
after target appearance. The analysis demonstrates that the
relative variance of neural modulations is low during the
inter-trials, increases during the initial part of the move-

ment – after target onset – and remains flat in the later
part of the movement. When operating the BMI, the rela-
tive variance of the neural modulations increases to
higher levels and the trials extend longer.

Results: modeling and simulations
The observed enhancement in neural modulations may
be interpreted in the context of three computational
motor control models: (i) hybrid control, (ii) optimal
control, and (iii) dual control. The optimal control model
is investigated in detail by simulating neural populations
that are tuned to both the open-loop and close-loop esti-
mation and control signals. Simulation results demon-
strate that this model can explain the observed
enhancement in the neural modulations when switching
from skilled to BMI operation. Both the modeling and
experimental results support the hypothesis that the
enhanced neural modulations reflect error processing and
suggest that they may be used to improve the operation of
BMIs.
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