i Freund & Pettman, LK.

Reviews in the Weurosciences, 14, 107-119 {2003}

Training in Cortical Control of Neuroprosthetic Devices
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SYNOPSIS

We have recently developed a closed-loop
environment in which we can test the ability of
primates to control the motion of a virtual
device using ensembles of simultaneously re-
corded neurons /29/. Here we use a maximum
likelihood method to assess the information
about task performance contained in the
neuronal ensemble.

We trained two animals to control the motion
of a computer cursor in three dimensions.
Initially the animals controlled cursor motion
using arm movements, but eventually they
learned to drive the cursor directly from cortical
activity. Using a population vector (PV) based
upon the relation between cortical activity and
arm motion, the animals were able to control the
cursor directly from the brain in a closed-loop
environment, but with difficulty. We added a
supervised learning method that modified the
parameters of the PV according to task
performance (adaptive PV), and found that
animals were able to exert much finer control
over the cursor motion from brain signals.

Here we describe a maximum likelihood
method (ML) to assess the information about
target contained in neuronal ensemble activity.
Using this method, we compared the informa-
tion about target contained in the ensemble
during arm control, during brain control early
in the adaptive PV, and during brain control
after the adaptive PV had settled and the animal
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could drive the cursor reliably and with fine
gradations.

During the arm-control task, the ML was
able to determine the target of the movement in
as few as 10% of the trials, and as many as 75%
of the trials, with an average of 65%. This
average dropped when the animals used a
population vector to control motion of the
cursor. On average we could determine the
target in around 35% of the trials. This low
percentage was also reflected in poor control of
the cursor, so that the animal was unable to
reach the target in a large percentage of trials.

Supervised adjustment of the population
vector parameters produced new weighting
coefficients and directional tuning parameters
for many neurons. This produced a much better
performance of the brain-controlled cursor
motion. It was also reflected in the maximum
likelihood measure of cell activity, producing the
correct target based only on neuronal activity in
over 80% of the trials on average.

The changes in maximum likelihood esti-
mates of target location based on ensemble
firing show that an animal’s ability to regulate
the motion of a cortically controlled device is not
crucially dependent on the experimenter’s
ability to estimate intention from neuronal
activity.
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INTRODUCTION

Effort in the field of cortical neuroprostheses
over the last few years has focused on extracting
increasing amounts of information from chronically
recorded neurons /9,10,13,17,25,26,29,30/. The
dominant thinking has been that if it is possible to
read out a subject’s intention, then it should be
possible to implement that intention using alterna-
tive means.

Recently published results have shown that by
providing feedback to an animal about the status of
a neurally controlled device, an animal can use the
device as a tool with as few as ten neurons /26,28,
29/. Since early reports showing that animals could
control the one-dimensional motion of a cursor by
changing the activity of single neurons /5,23.24/,
neuroscientists have anticipated using this to
control the motion of a more complex device, such
as a robotic arm.

Initial reports showing subjects with direct
cortical control over more complex devices have all
relied on biofeedback /3,15,16,26,28/. In animal
studies /3,26,28/, animals were trained to perform
a natural movement that mimicked the device
motion. Investigators recorded brain activity as the
animals moved, and then developed a mapping that
provided for a best-fit prediction of the animals’
behavior from the activity of simultaneously
recorded neurons. This prediction was then applied
to the control of an external device, and in each of
these cases, the animals were able to exert direct
control over the device.

Finely graded generalizable control, however,
waited on one further conceptual advance in the
development of control algorithms /29/. Taylor et
al. showed that device control could be remarkably
improved by loosening the initial constraint which
relies on the mapping between arm movement and
neuronal activity. In that work, a device was
controlled from brain signals using a modified
population vector algorithm that was initialized
by recording from the ensemble as the animal
performed unconstrained point-to-point arm move-
ments. As the animal directly controlled motion of
a cursor from the same signals, however, the
parameters of the population vector were modified
using a supervised learning paradigm. Over the
course of 20 minutes, the adaptive algorithm

quickly retuned the parameters so that task perfor-
mance went from about 50% up to 90% accurate
target acquisition.

There are many possible reasons for the
improvement (see /29/ for details). The population
wvector is known to be sensitive to both the number
of well-tuned neurons and the distribution of tuning
directions. The adaptive algorithm certainly led to
improved tuning functions in many neurons, and
changed their tuning directions by as much as 180
degrees. It 1s also the case that the population
vector selects for neurons that are closely coupled
to arm movements. It might be difficult for the
animal to modulate the firing rates of these neurons
outside the context of arm movements.

In this paper we look at the information about
task performance that is contained in the ensemble
discharge using a maximum likelihood method. We
show that the ability to detect the target of a
movement using only the neuronal firing rates
is enhanced by modifications to the population
vector.

METHODS

Behavioral tasks

We trained macaques to perform a standard
three-dimensional center—out task in a wvirtual
reality environment /22,28/, The animals viewed
stereo images of a spherical cursor and targets
projected onto a mirror placed obliquely a few
centimeters from their face. The virtual images of
the targets were projected into the animal’s work-
space, and the task was to move the cursor into the
target spheres. An initial target sphere would
appear in the center of the workspace. Once the
animal had moved the cursor into this ‘center’
location, a peripherally located target would appear
and the central target disappear. The animal would
then have a limited period in which to move the
cursor into the new target. The eight peripheral
targets all lay about 9 cm from the center location
on the corners of a cube.

The first part of each day's task was the arm-
control task, in which the animal directed motion
of the cursor using unrestrained three-dimensional
arm movements. We monitored the animal’s wrist
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