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Abstract—The idea of connecting the human brain to a computer or machine directly is not novel and its potential has been
explored in science fiction. With the rapid advances in the areas of information technology, miniaturization and
neurosciences there has been a surge of interest in turning fiction into reality. In this paper the authors review the current
state-of-the-art of brain—computer and brain—machine interfaces including neuroprostheses. The general principles and
requirements to produce a successful connection between human and artificial intelligence are outlined and the authors’
preliminary experience with a prototype brain—computer interface is reported. (Stroke. 2004;35[suppl 1]:2702-2705.)
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For the past 40 years researchers have been trying to
transform thought into action. Recent advances in neuro-
science and neurotechnology have initiated a renewed interest
in the development of brain—-machine interfaces (BMls) or
brain—computer interfaces (BCIs) that can restore lost motor
or sensory function. The currently available systems depend
on neural activity input from cortical surface recording
(electroencephalographic [EEG] signals) or extracellular
brain recording. So far, several patients have benefited from
BCI devices, although the current information transfer rate
remains a limiting factor. This technology might be especially
useful for patients who are otherwise unable to move or
speak. This article provides a review of the current state of
technology, with emphasis on neuromotor prosthetics. Fur-
thermore, it summarizes the authors’ experience in the
development of a human BMI.

The idea of connecting a computer to a brain is not new. As
early as the 1950s it was possible to implant single or
multiple electrodes into the cortex of humans and animals for
recording or stimulation.! The result was sometimes spectac-
ular “control” of an animal’s motor behavior or attempted
influence of neurological disorders.>* With the worldwide
introduction of computers, and ongoing miniaturization, sev-
eral research groups have started to look into the potential
applicability of such BMIs, BCIs, or neural prostheses for use
in patients. These devices, by extracting signals directly from
the brain, might help to restore abilities to patients who have
lost sensory or motor function because of disease or injury. In
essence, the computer is used as a surrogate for the damaged
region (eg, the spinal cord in quadriplegic patients) and, in the
case of a neuromotor prosthesis, acts to interpret brain signals
and drive the appropriate effector (eg, muscles or a robotic
arm).

Review of Literature

Probably the most widely accepted neural prosthesis in
human use is the cochlear implant,*> which substitutes a
small computer chip for the damaged inner ear control organ
to enable sound waves to be transformed into electrical
signals the brain can interpret. Other research has focused on
restoring vision for the blind®-'° with implantable systems to
transmit visual information. One other possible application is
the restoration of motor control for patients with movement
disorders, a population numbering ~2 million in the United
States alone.!' In an especially tragic situation, brain stem
stroke can leave patients in a locked-in state with minimal eye
movements and no speech, but full cognitive functions.
Among the other diseases that could be helped by BMIs are
degenerative disorders (amyotrophic lateral sclerosis or Lou
Gehring disease, multiple sclerosis, muscular dystrophy),
brain or spinal cord injury, or cerebral palsy. When a
disconnection of the main motor pathway occurs, the infor-
mation generated in the motor cortical areas cannot travel
through the pyramidal tract to reach the executing organ, the
muscles. There are several possible approaches in how to
overcome this disconnect in the signal pathway: (1) activation
of intrinsic alternate pathways (anatomical compensation);
(2) repair or regeneration of the damaged pathway (anatom-
ical recovery); and (3) bypassing the damaged area by means
of a BMI (functional recovery).

Although BMIs are not capable of activating alternate
pathways (anatomical compensation) or truly restoring the
structural lesion to its original state (anatomical recovery),
they may be helpful in restoring lost function (functional
recovery).

Typically, motor BMIs consist of at least 3 distinct mod-
ules: (1) the data acquisition module; 2) the data interpreta-
tion module; and (3) the data output module. A functional
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neuroprosthesis must address each stage efficiently and
safely. These 3 stages of the process are discussed here.

Data Acquisition Module: EEG signals
and Microelectrodes
The purpose of this module is to extract electrical signals
from the brain with sufficient bandwidth and at a favorable
signal-to-noise ratio. Although the EEG signals can be
obtained in a noninvasive manner through single or multiple
electrodes that are mounted on the head or assembled in
headgear,'?-'8 the signal represents a field potential rather
than specific cellular activity. Patients and volunteers have
been shown to be able to learn to self-regulate slow cortical
potentials'® or to voluntarily control a specific frequency
component of the EEG.?0-22 Yet because the EEG signal,
especially when recorded with noninvasive methods, is a
gross potential generated by the synchronous activity of large
numbers of neurons, its resolution is limited temporally and
spatially. This means that the rate at which information, and
therefore patient intent, is extractable from the EEG signal is
limited. This limited bandwidth may be sufficient for many
applications, such as interaction with a computer cursor, but
may be insufficient for more complex signals, such as when
detailed movement trajectories must be specified. In contrast,
other groups have focused on obtaining signals from the
cortex through invasive methods. Kennedy et al describe their
method of implanting glass cone electrodes that are filled
with a substrate containing nerve growth-stimulating sub-
stances.?>-25 This extracellular recording electrode is bioac-
tive and requires nerve fibers to sprout into the glass cone, a
process which occurs over a period of several weeks. With
this device, the researchers were able to produce long-term
recording from the’ cerebral motor cortex of patients.?5-27
More commonly used are bio-inactive arrays that provide
extracellular recording through multiple microwires?s2° or
multichannel electrode arrays in the more superficial motor
areas® or deep brain structures.3! It is of note that any of
these electrodes are capable of recording from multiple
neurons at the same time, a requirement for extraction of
signals with the necessary bandwidth for use in prosthetics.
Recent research has focused on exploring various cortical
and subcortical areas for optimum electrode array placement.
Although traditionally the primary motor cortex (M1) was
assumed to be the optimum location for extracting neural
signals for use with BMIs designed to substitute for move-
ment, the consensus is growing that alternative or multiple
locations may provide the best signals. Among the alternative
brain regions investigated are parietal cortex,3>-3* the premo-
tor cortex,>>3¢ or simultaneously across M1 and premotor
cortices,?” frontoparietal cortices,?®3® or subcortically from
the basal ganglia.?! Because various regions’ neural activities
occur at varying times in the movement planning and execu-
tion process, signals from some areas may be more suited
than others depending on the type of information extracted
and computational algorithm used.

Data Interpretation Module
Once the signal has been obtained from the recording site, it
is fed into a signal processing unit through telemetric com-
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munication®’ or direct wire contact.>® Most researchers rec-
ommend early pre-amplification and digitization of the ana-
log recording data to minimize the signal deterioration. The
main goal of the interpretation module is to transform the
digitized brain signal into a code that best-represents the
desired action. For a motor prosthetic, this may be movement
of a cursor, clicking of a button, or specification of a complex
time-varying movement trajectory, such as reaching for a
glass. Continuous movement such as in the hand tracking a
moving target can be represented by a Cartesian X-Y-Z
coordinate system in extrapersonal space. This approach has
been used by several research groups and has resulted in very
good approximation of 2-dimensional and 3-dimensional arm
or hand movement.!5-27.28.32.39-42 Fyrthermore, distinct states
of limb movement, ie, reaching versus grasping, can now be
identified by interpretation modules.?® The ability to distin-
guish between these different modes of desired action ex-
pands the usefulness of the system and may aid in increasing
accuracy and decreasing the effects of errors in decoding. For
example, if decoding of continuous motion results in some
error, or jitter, around the desired position, holding a full glass
of water may be problematic. However, if the system can
determine that the user intends to hold the glass still, the
position of the artificial effector can be held fixed by turning
off the position decoding.

It will be important for a BMI to be able to decode discrete
movement classes, such as initiation and termination, or
selection between several choices, such as in typing, along
with continuous decoding for optimum functionality.?” The
mathematical models used for interpretation and decoding of
intent include linear regression algorithms, best fit models,
and neural networks,?!-2943-46 and the best BMI may use >1
of these simultaneously. Although initially decoding was
performed off-line, it is now possible with advanced algo-
rithms and recording systems to accurately predict movement
in up to 90% of trials either in real time or with only
milliseconds delay.?%-4347 Moreover, accuracy of decoding
may be augmented through feedback to the user. It is known
that subjects have the ability to consciously alter their neural
activity in certain brain areas with sufficient training.*s
Patients, then, should be able to improve decoding of their
intent through practice. This reduces the burden on the
algorithm and ameliorates potential concerns about drift in
the population of neurons that is being observed.

Data Output Module

After the data set is translated into appropriate coordinates or
output classes, it can be used to drive a variety of output
devices that become the “effector organ” in lieu of muscle-
activated limbs. For one, the information has been success-
fully used to control a computer cursor.'4.15.17,26.27.35.41.42 Thjg
opens ample opportunities ranging from simple move-and-
click functions to Internet and e-mail use or command or a
virtual keyboard.!'® The same signal can also be used to
control a robotic device for instance as a substitute for a
moving human limb.**-52 Possibly the most attractive yet
difficult to achieve is provided when the computer generated
signal can be fed back into the patient’s own limb to activate
muscles, for example, through a functional electrical stimu-
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lation system. One group has been able to train normal
subjects and a neuroprosthesis user to control EEG rhythms
to stimulate a motionless hand to open and close or to move
a cursor to targets on a computer screen.!> Although provoc-
ative, training took months, however, and ultimate functional
movement was less than practical because of low resolution
of the EEG signal.

Brown University Experience

Recently, research at Brown University has begun to focus on
human control of neural activity, both on-line and off-line.
We have been able to take advantage of the implantation of
deep brain stimulators for improvement of motor disorders to
explore the ability of patients to control their neural signals.
Parkinson patients and essential tremor and dystonia patients
who are unable to benefit from medication may opt to have a
DBS implanted in one of several basal ganglia nuclei to
improve tremor, rigidity, bradykinesia, or dyskinesias.”® As
part of this neurosurgical procedure, extracellular recording
from brain regions “en route” to the basal ganglia target is
routinely performed to give added localization information to
the neurosurgeon. With institutional review board and patient
permission, we have recorded from 4 to 6 neurons simulta-
neously in the premotor and prefrontal regions during visuo-
motor arm movement tasks. With a few minutes of practice,
patients have been able to control their neural activity to bring
a cursor to a target.3> Off-line decoding using a maximum
likelihood estimator revealed that small, pseudo-randomly
selected neuronal ensembles in the human cortex contain
information about movement direction and intent (to move or
not to move)3® (Ojakangas et al, data unpublished, 2004).
These results are promising in that they demonstrate the
possibility of using neuronal activity in nonprimary motor
areas for neural prosthetic development, which may be
required or even advantageous with certain types of patients.

Summary

With the current state of technology, all essential steps for
development of a human motor neural prosthesis are in place.
Research at multiple institutions continues to refine surgical
implantation techniques and analysis algorithms, as well as
computer software, that can take more efficient advantage of
signals directly derived from human brains. Especially be-
cause Food and Drug Administration approval was recently
granted for a pilot study using the Cyberkinetics, Inc Brain-
gate electrode array system, the dream of turning “thought
into action” may soon become reality for patients with severe
motor disabilities.
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