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1. Introduction

Medicine is entering a new period of Neurotechnol-
ogy development in which devices that can diagnose
and treat neurological disorders and restore lost
function will become increasingly available. The
advent of devices such as deep brain stimulators
(DBS), which have been implanted in thousands of
people, represent significant early CNS technology
(Benabid et al., 2003). The remarkable symptomatic
relief for Parkinson’s disease and other movement
disorders, is increasing the acceptance of devices
that require a direct brain interface, despite the need
for an intracranial procedure. In this same vein,

cochlear implants, vagal nerve stimulators, and
various drug pumps are examples of successful
neurotechnologies that couple with the peripheral
nervous system. Neurotechnology resembles the
adoption and development path of cardiac pacemak-
ers, which began as crude stimulating devices and
are now widely accepted as a sophisticated human-
machine interface (Jeffrey and Parsonnet, 1998).

By contrast, neurotechnology is at a very early
stage: systems now in use rely on rather gross levels
of electrical stimulation, placement is relatively
imprecise, and control parameters are empirically
derived, often because the mechanism of their effect
is unclear and the nature of the system is vastly more
complex than, for example, the heart. Current
neurotechnology operates in an open loop fashion.
That is, devices are not modulated by feedback
sensed by the system. They are always running and
are not adaptive to changes in the patients state.
Instead, they require subjective human intervention
for calibration. Interestingly, these early neuro-
technologies often work well, even with vague
knowledge of their mechanisms of effect. For
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example, the dramatic relief produced by DBS has
been postulated to occur through excitation, suppres-
sion or modulation of neural activity (Lozano et al.,
2002). Nevertheless, the available multichannel,
fully implantable stimulators now available repre-
sent a major technological step towards more
sophisticated and beneficial devices. Neurotechnolo-
gies that record, or sense, electrical activity of the
nervous system are much less developed, in part
because they require more complex neural interfaces
and signal processing. Neural activity sensors have
the potential to form the basis for devices to
diagnose aberrant brain activity patterns, as in
epilepsy, or to serve as a replacement pathway for a
missing neural output such as a central motor output
pathway or peripheral nerve. Neuro Motor Prosthe-
ses (NMPs) are devices for the CNS that can couple
motor areas to effectors, and ultimately return
feedback as a closed loop system. NMPs are now
being developed to provide a replacement output for
lost functions, such as hand or leg movement or
speech. In essence, they represent a physical repair
where biological ones are inadequate or unavailable.
The newness of this concept is reflected in the
multitude of names for these devices: brain-com-
puter interfaces (BCI), Brain Machine Interfaces

(BMI) and neural prostheses all appear in the
literature (see e.g. Nicolelis, 2001; 2003; Donoghue,
2002; Wolpaw et al., 2002 for reviews). The term
NMP is used here to refer to devices designed to
detect that actual motor plan in the cerebral cortex
and convert it into a useful output signal for
paralyzed humans.

NMPs have the potential to restore movement
when central motor control structures remain intact,
but their access to the periphery is blocked. Any
traumatic injury or disease that disrupts the cortico-
spinal pathway, the alpha motor neurons, their
connections or their axons, or the muscles them-
selves can disrupt voluntary movement. Paralysis
produced by spinal cord injury, muscular dystrophy,
or locked-in syndrome (pontine stroke) leaves the
brain cognitively intact and able to generate move-
ment plans. Together, this group of neuromuscular
and movement disorders affects hundreds of thou-
sands of Americans. In these individuals, movement
intentions cannot be translated into desired actions
because the effectors or the pathways to them do not
function properly. Thus, an ideal NMP would be able
to provide a new output either directly to devices or
to the paralyzed muscles (Wolpaw et al., 2002;
Serruya and Donoghue, 2003). Figure 1 provides a

Fig. 1. Basic features of a Neuromotor Prosthesis. Signals must be detected by a neural sensor, which provides an interface
between the physical and biological systems. The motor intent (thought) is decoded by mathematical algorithms that
translates the signal into an output capable of driving real world devices. Here we give an example of a filter based in a
probabilistic framework. This output signal is connected to various user interfaces, such as a computer or a robotic arm that

can provide assistive actions for paralyzed patients.
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view of the essential steps to create such a system.
The NMP must have the ability to sense neural
activity related to motor plans or actions, transform
or decode this activity into an output signal and then
couple that output to assistive devices or to the
muscles as quickly and accurately, as the intact
nervous system. The idea that such an NMP could be
produced still seems to be at the realm of science
fiction. However, recent advances of neuroscience,
computer science, engineering and mathematics, as
well as the emergence of functional neurosurgery are
combining rapidly enough to make it likely that
human trials of NMPs will begin within the next few
years. Below we will review the specific events that
allow us to make such a strong statement and discuss
the implications for the treatment of human neuro-
logical disorders. We will discuss our own advances
in developing an NMP and relate these advances to
other work in NMPs.

2. Neuroscience advances

Fundamental findings in neuroscience are at the root
of a successful NMP. We are beginning to under-
stand where sensors should be placed, what signals
they should detect and how to detect them. Func-
tional localization provides a guide to finding motor
commands. In one sense, the cortex contains a large
number of functionally different areas related to
sensation, movement, perception, or cognition.
However, it is also evident that multiple, overlapping
areas are engaged in any sensory, motor or higher
level function. Movement control engages a group of
areas in frontal and parietal cortex, with the primary
motor cortex (MI) a major source of voluntary
movement signals and of the corticospinal pathway,
which delivers cortical output to the spinal (and
brainstem) systems engaged in movement. Electrical
stimulation studies beginning in the 19th century
emphasized the importance of MI as a voluntary
motor area because it had the lowest stimulation
thresholds for movement (for a review, see articles
by Sanes and Donoghue, 1997, 2000; Sanes and
Schieber, 2001). Connectional, recording and lesion
studies all reinforce this role. MI is subdivided into

distinct regions for control of the leg, arm and face.
However, contrary to popular textbook images,
control of each of these body parts appears to be
highly distributed within a somatic region. Thus, for
example, the arm MI area appears to be a distributed
network; like a network, information about arm
motion is widely available from the neurons in that
area. These findings point to MI as an ideal target
site for a NMP sensor. The distributed nature of
representation in MI means that sensors for arm
motion commands need not be placed very precisely
within the MI arm region in order to retrieve
movement information. The other parietal and
frontal areas that contain information about arm
motion remain to be evaluated as potential sources of
a movement output signal (Cheney et al., 2000).

A second important neuroscientific finding is that
the number of action potentials or spikes in a small
time interval is a fundamental unit of information in
the nervous system. Neuron spiking in the arm area
of MI carries considerable information about the
motion of the hand through space, including its
direction, speed, position as well as forces generated
at the hand (Evarts, 1966; Humphrey et al., 1978;
Georgopoulos, 1982; Kalaska et al., 1997; Kakei et
al., 1999). Neurons also encode information about
finger movements, but these are less well understood
(Sanes and Scheiber, 2001). Thus, an NMP able to
sense spiking should be able to derive a rich
movement output signal. A third important finding is
that information is carried by groups or populations
of neurons and their interactions (Georgopoulos et
al., 1982; Maynard et al., 1999); single neurons
provide information that is limited because part of
their spiking appears to be undecipherable noise.
However, one can extract, or decode, the intended
trajectory of an arm reach by mathematically
combining the spiking of a number of neurons
(Paninski et al., 1999, 2003; Wessberg et al., 2000;
Serruya et al., 2002; Taylor et al., 2002). The size of
the neuronal group required to provide a useful
signal is surprisingly small – rudimentary movement
information is available from as few as a half dozen
neurons (Serruya et al., 2002), although larger
populations are likely to improve signal fidelity and
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provide information about more complex actions of
the arm beyond hand motion. Thus, optimal NMP
sensors would be able to detect multiple neurons
both to generate the optimal output signal and to
provide some redundancy should some electrodes
fail to record over time.

3. Advances from engineering, computer science
and mathematics

The requirement to sense and process multiple
neurons into an output signal provides a formidable
challenge to combine skills from a number of fields.
Engineering advances are required for multineuron
sensors and signal processors and computer science
and mathematical skills are necessary to understand
optimal ways of rapidly extracting the maximum
amount of information from samples of neural
activity. There have been a number of recent
advances in sensor development and decoding that
are essential for a human NMP. Advances by our
group are reviewed below and compared in the
sections below to progress in other groups.

3.1. Sensor development

For the foreseeable future, spikes detection will
require sensors comprised of microelectrodes that
are placed very near the neurons cell body. No non-
invasive means are currently available to detect
spiking with sufficient speed and resolution. The
consequence of this requirement is that NMP sensors
must be placed intracortically, if they are to retrieve
the signals that carry voluntary movement intent.
Dozens of laboratories have been working on brain
computer interfaces that use non-invasive sensors
(for a review, see Vaughn et al., 2003). Scalp
recorded electrical potentials are comparatively easy
to record, but these signals represent a considerably
filtered, averaged signal that reflects general brain
states, rather than details of motion which are
present only in the spiking of neurons of motor
related cortical areas. Systems using non-movement
based signals have been termed Indirect NMPs
(Donoghue, 2002). Scalp EEG sensors are also
cumbersome and time consuming to apply, prone to

disruption by distraction, and need frequent recali-
bration. An invasive sensor appears to be the only
way to create a direct NMP that provides readout of
actual neural movement or its intent and that could
restore the movement capabilities present in intact
humans. Readers should see Serruya and Donoghue
(2003) for a comparison of various technologies.

Creation of an appropriate sensor is challenging
because a rich movement output signal depends on
recordings from many cells simultaneously, which
therefore requires many microelectrodes. Reliable
multineuron sensors have been technically difficult
to produce, but a number are now in development.
Handcrafted bundles of small wires have been used
in animals as multineuron sensors for basic research,
but their design and manufacturing makes them
unsuitable to be a human medical device, at least in
their present form. However, multiple sensor probes
produced under controlled manufacturing processes
suitable for human testing are becoming available.
The Utah microelectrode array was designed by
Richard Normann at the University of Utah (Jones et
al., 1992; Maynard et al., 1997) and later developed
through Bionic Technologies, Ltd. We have collabo-
rated with the group at Utah to further develop and
test the ‘Bionic array’ as a chronically implantable
device in primates (Figs 2 and 3). The array is now
being developed by Cyberkinetics, Inc. (a medical
devices company that merged with Bionic Technolo-
gies) for human trials (Serruya et al., 2003). This
array is micromachined from a monolithic block of
silicon into a platform with 100 individual micro-
electrodes arranged in regularly spaced 10�10
lattice. Each electrode is separated by 400 �m. The
recording tips of these electrodes, when inserted, sit
~1–1.5 mm below the pial surface. During insertion,
the strength of the silicon allows the sensors to
pass easily through the pia-arachnoid, which is a
formidable barrier to more flexible electrodes. Our
experience in monkey MI indicates that similar
human systems could detect dozens of neurons
simultaneously (Fig. 3A, B). Monkey systems have
functioned for years, suggesting that they can
provide signals for long times in humans as well. It
is important to note that sensors must be both
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biocompatible and biostable – the materials must not
induce a tissue reaction that will block recording and
they must not be degraded by tissue response to the
foreign body (Turner et al., 1999). This is not as
much a function of the base substrate of the sensor
but of the coating materials that come in contact with
the tissue. The coating materials of the ‘Bionic
array’, including parylene (Schmidt et al., 1988),
silicone, and platinum, have properties appropriate

for humans. Animal tests show that Bionic arrays
appear to be both biostable, as evidenced by their
longevity, and biocompatible, based on years of tests
in monkeys (Fig. 3). Further, they can be safely
removed and a new array inserted in the same tissue
will provide useful neural signals (Fig. 3A). Thus,
this technology seems to pass major hurdles neces-
sary for a human NMP sensor. However, this silicon
array technology is limited to the exposed surface of

Fig. 2. Sensor technology. A. The Bionic sensor array (arrow) compared to a phone jack. The sensor has an array of 100
electrodes (here pointing upward), each 1 mm long, that emerge from a 4� 4 mm platform. B. Implant system. The array
is attached to a percutaneous connector via a cable of 100 fine wires. C. Prototype of a sensor with integrated electronics.
The platform (arrow) on the back of the array contains a functioning, microminiature 16 channel amplifier system that is

fully implantable (developed by A. Nurmikko, Brown University). For scale, electrodes tips are separated by 400 �m.

Fig. 3. Recording and decoding. A. Electrophysiological recording showing superimposed traces for each of four
simultaneously recorded neurons, demonstrating signal quality. B. Spiking patterns of 24 neurons over a 4 s period. Each
tick in a row represents the spike from one neuron. Each row represents a different neuron. C. Results of decoding. Dashed
line shows the path of a monkey’s hand across a tablet. Solid line represents the reconstruction of the predicted hand path
based upon the decoded multiple neuron activity, using a linear regression method. Note the close resemblance between the

neural path and the actual hand path.
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the cortex. Reaching deeper cortical areas and
subcortical structures is very difficult with these
materials and the manufacturing process. Titanium
and other metal-based arrays, being explored in our
group, can be electromachined into a variety of
shapes and lengths (Fofonoff et al., 2002) which may
address some of these issues.

Other electrode arrays in development include
those with multiple recording ports on individual
shanks, which can not be achieved with the Bionic
array. Multiport electrodes allow a recording from
larger number of neurons across each of the 4
cellular layers of MI. It is not clear which of the
layers would be optimal for NMPs, but this could
resolved experimentally with this technology. Sili-
con electrodes developed at the University of
Michigan are fabricated using semiconductor manu-
facturing (planar photolithography) processes which
gives them a very wide flexibility in design (Bai and
Wise, 2001; Csicsvari et al., 2003). Recording
patches can be arranged in complex patterns in many
locations along a thin film electrode shank which can
be arranged singly or in an array of electrodes.
Michigan electrodes arrays have not yet been tested
for long term stability in primates, but various
designs are in wide use in animals for acute
recording and these can function chronically in rats
(Kipke et al., 2003). New polyamide and ceramic
electrode arrays, which provide flexibility using a
biocompatible material, are also in development
(Moxon, 1999; Rousche et al., 2001). These elec-
trodes can conform to different shaped surfaces, but
flexibility can make them difficult to insert. Trophic
factors are being developed to attract neurites to the
electrodes in order to integrate brain and sensor into
a stable, long-lasting unit. Each of these sensor
systems may provide better or longer lasting signals,
but as human products, they are still in the early
stages of development. One important exception is
the ‘cone electrode’ developed by Kennedy et al.
(1989) (Kennedy and Bakay, 1998; Neural Signals,
Inc.). This electrode, which consists of a glass
pipette tip-electrode filled with growth factors, has
been inserted into human cortex of paralyzed
patients. Cone electrodes are capable of providing

neural signals for prolonged periods through the
ingrowth of neuritic processes, but gaining popula-
tion recordings may require a very large number of
individual cone insertions, which has not been tried.
Further, it remains to be seen whether such integra-
tion is necessary or even desirable, if the ability to
remove these sensors for medical reasons or to
upgrade technology is an important design feature.

All currently used arrays are entirely passive, so
that they require bulky electronics outside the body
to amplify and process large numbers of signals as
well as ways to route this information via cabling
and connectors from the sensor to the outside. The
first human NMPs are likely to have this form. An
implant based upon the Bionic array is shown in Fig.
2. The sensor is wired to a percutaneous connector
that passes signals from the brain to signal proces-
sors and decoding computers. The percutaneous
connector is complex because it must carry signals
from each of the 100 electrodes in the array though
a package compact enough to fit relatively unob-
trusively on the head. Similar connectors have been
used in cochlear implants and related devices
(Downing et al., 1997).

Not only will NMP sensors have to process
information, but processing must occur quickly if
systems are to mimic the intact nervous system’s
operation. The processing required for 100 channels
of neural data now requires multiple, PC-scale
devices as well as signal amplification and process-
ing hardware. This type of technology will tether
patients to bulky, relatively immobile equipment.
Success in early human pilot trials will likely drive
microminaturization of the external components so
that they can be fully implanted and the system
can be portable; such devices for NMPs are already
in development. Miniaturized, even implantable
electronics seem possible because fast, cheap,
microscale components are rapidly being developed
for many purposes, such as cell phones and com-
puters. Microelectronics sufficiently small to mount
on the back of these arrays is feasible and is already
in early stages of testing. Those with a silicon base
(i.e. Michigan electrodes) can have electronics
directly integrated directly into the electrode (Bai

a or b?
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and Wise, 2001). It is more challenging to attach
electronics for other sensors; electrically mating two
dissimilar components on a very precise (microme-
ter) scales is a challenging engineering problem.
Recently the Brown group has successfully attached
a microscale, fully operational 16 channel amplifier
and signal multiplexing integrated circuit directly
onto a Utah array (Patterson et al., 2003). This
silicon microelectronic chip reduces what is cur-
rently about the size of a DVD player to a fingernail
thick platform about 5�5 mm across (Fig. 2c).
Scaling this system to 100 channels is readily
possible, with only a few leads required for the
serialized data transmission and the powering of the
chip. The design of such microelectronic chips takes
concepts from current ultralow power microelec-
tronic, such as encountered in cellular phones, to
provide a technologically sophisticated microelec-
tronic interface to the sensor array. Fully digital,
serialized broadband data acquisition capability
being developed as the next step towards eventual
integration of all the functional components of the
data acquisition system onto the sensor array
(currently occupying an instrument rack).

Sensors will also require implantable power
sources and telemetry to eliminate the need for
percutaneous leads (Heetderks, 1988; Martel et al.,
2001). These, too, are complex technologies for
human devices, because the sensors require con-
siderable power and high bandwidth that are at the
cutting edge of current technology and they must
be sealed from external fluids, ideally in a way that
lasts for decades. While there is a growing effort
being directed towards microscale neurotechnology,
considerable development is necessary to achieve a
fully implantable system that can provide reliable
output with fully implantable sensors, electronics,
and communication/telemetry systems. We are
developing optically based connections which per-
mit bidirectional communication with an implanted
chip using only a single fiber thinner than a hair. The
tremendous bandwidth of optical fibers coupled with
the ability to provide on chip power through optical
connections are potentially significant engineering
feats that will allow future technology to be very

ultracompact and to be easily coupled to larger
components placed in more accessible areas of the
body, as is now done for cardiac pacemaker leads
and their supporting power and control package. The
fiber optical approach, in particular, is an intriguing
and attractive concept to create a future “information
neural superhighway” from/to the living brain.

3.2. Decoding

In addition to being able to sense neural signals,
NMPs must be able to decode them. Decoding is a
process by which neural signals are translated into
an output that can serve as a useful control signal for
real-world assistive devices for patients. In essence,
decoding is a mathematical mapping between the
activity patterns of neural populations and move-
ment. Almost simultaneously, three labs recently
demonstrated that ongoing hand motion can be
accurately reconstructed from multineuron record-
ings in monkey MI (Paninski, 1999; Wessberg et al.,
2000; Serruya, 2002; Taylor et al., 2002). These
studies identified mathematical approaches to
decode neural spiking patterns into a signal that
reflects hand motion. Decoding could be performed
within a few hundred millisecond using fairly
standard computer hardware.

Decoding is a problem of classification of spike
activity. Typically, spike count from small time bins
(~50 ms) across many neurons are first compared to
a desired or real output (e.g. path of hand motion)
and then a function is created to relate the pattern of
spike counts across the population of cells to that
output. This function can then be used to decode
future spiking observations into a hand motion or
other outputs such as the selection of a switch.
Linear filters, maximum likelihood discrete classi-
fiers and neural networks have all been successful in
decoding neural activity into reasonable estimates of
hand motion (see Serruya et al., 2003 for overview
and references). Which algorithms will be best is an
area of active inquiry.

Advances in decoding require a principled mathe-
matical approach so that algorithms can be
rigorously evaluated and implemented. To that end
we have adopted a statistical, probabilistic approach.
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We view the problem of decoding as one of
inference over time from sparse, ambiguous, and
uncertain data – the intended movement based upon
a complex pattern of the activity of many neurons.
We have developed our approach from the large
literature on control theory and probabilistic infer-
ence that addresses just this problem. This approach
can be explained as follows: At a given instant in
time we desire an estimate of the intended move-
ment given the history of neural activity up to that
time, the history of previous movements, and any
contextual information we may know about the task.
If we are trying to reconstruct movement, we can use
the information we know about how the system
performs naturally to help estimate the desired
output. For example, if the past predictions of arm
motion say that the arm is moving smoothly to the
left, a decoded sample that predicts that arm should
quickly be at a distant location on the right is highly
suspect. Such improbable estimates could be elimi-
nated until we gather more ‘evidence’ about what
the neuron output is specifying. The probabilistic
approach provides a clear framework to deal with
these kinds of situations. Specifically, Bayes’ rule is
used to invert what we know to what we predict:
given that we can measure the probability of an
observed firing pattern when we know the hand is
moving left (written p (current firing | Movement)),
we can now predict how a firing pattern predicts a
particular movement.

The problem can be formulated as one of
modeling the probability of movement in terms of
the observations and history:

p(Movement | CurrentFiring, FiringHistory, MovementHistory)

=constant p(CurrentFiring | Movement)

p(Movement | FiringHistory, MovementHistory)

where we have exploited Bayes’ rule (and a first-
order Markov assumption) to re-write the a
posteriori probability on the left hand side in terms
of two simpler probabilities. The first term, p(Cur-
rentFiring | Movement), represents the encoding
model of motor cortical activity. This quantifies the
“likelihood” of observing a particular pattern of
neural activity given a particular movement. The

second term on the right hand side represents the a
priori probability of the movement. Hand motion,
for example, has continuity and physical limits that
are represented by this “prior”. This prior also
defines how the history of previous measurements is
incorporated into the current estimate of the move-
ment.

We take movement to be represented by the
position, velocity, and acceleration of the hand. It
has been shown that these properties are roughly
linearly related to the firing rates of MI cells (e.g.
Georgopoulos et al., 1982; see also Serruya et al.,
2003). We further assume that the observed firing
rates are corrupted by Gaussian noise. This leads to
an approximation of the likelihood as a simple linear
Gaussian model, which is a simple way to model a
noise process. We further assume that the hand

Fig. 4. Histological appearance of tissue after array
implantation. A. photomicrograph showing normal
appearing, Nissl-stained neurons near electrode tip (*),
one month after array implantation. B. Lower power
picture showing two electrode tracks (arrows), near layer
V of motor cortex 2 years after implant. Tissue shows little
sign of gliotic response, consistent with biocompatibility

of the array.
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motion at one time instant is linearly related to the
motion at the previous time instant and is also
corrupted by Gaussian noise. When these assump-
tions are met, the a posteriori probability is also
linear and Gaussian and it can be optimally esti-
mated using a Kalman filter which is a well
understood and widely used method for real-time
inference from noisy data. Despite the simplifying
assumptions, we have found this Bayesian decoding
method to be more accurate than the more common
population vector or linear filter methods (Gao et al.,
2002; Wu et al., 2003a, b).

The Bayesian formulation makes the modeling
assumptions explicit. Without changing the basic
framework, these assumptions can be relaxed and
refined in principled ways. For example, we have
been developing non-linear and non-Gaussian
encoding models that may capture some of the
additional complexity of neural activity (Gao et al.,
2003). These necessitate new decoding algorithms

but the overall framework remains the same. As they
develop, NMPs will be able to leverage current
computer science research in probabilistic modeling
and machine learning to develop new decoding
algorithms.

Not only can motor cortex signals be decoded, this
neural signal can substitute for actual hand motion in
a visuomotor task, as Serruya et al. (2002) first
demonstrated. Monkeys chased a target using a brain
controlled cursor nearly as well as this task was
performed with a hand controlled cursor (via a
computer mouse). Cursor motion was implemented
by decoding the output of multiple neurons with a
linear filter; this decoded signals provided the x
and y commands to drive the computer’s cursor.
Surprisingly, cursor control could occur without
making hand tracking motions, which has implica-
tions for using MI activity for prosthetic devices in
paralyzed humans. Taylor et al. (2002) had very
similar findings contemporaneous with those of

Fig. 5. Array implantation and removal. A1. Photograph of the motor cortex surface in a monkey prior to array
implantation. A2. Immediately after array insertion. A3. Cortical surface from same animal in which array was removed 2
months earlier. Note the tissue appearance and surface vascular shows little change as a consequence of prior array implant,

suggesting that these types of surface arrays can be safely removed.
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Serruya et al. (????) and further showed that this
real-time control could be achieved in three dimen-
sions, even when the hand motion was prevented.
Whether additional coding dimensions can be
extracted is unknown, but this will be essential if
control is to be extended to more complex effectors
that might incorporate arm, hand and finger motion.
We anticipate that the probabilistic approaches we
have adopted will guide and enhance our abilities to
add this additional control.

4. Can NMPs be used in humans?

The recent accomplishments in recording and decod-
ing and the base of animal data from multiple
laboratories suggest that the approach is feasible in
humans. However, important issues remain for
human use. Decoding algorithms in animal research
have been generated by first observing the relation-
ship between hand motion and neural activity, as
described in the previous section. The encoding
model provides the basis to then build a mathemat-
ical decoder that turns this relationship around – so
that movement can be predicted from neural activity.
However, hand motion is not possible in paralyzed
patients. It is not self-evident how to build an
encoding model under these circumstances. Patients
could imagine moving the hand to generate the
necessary training data. Functional MRI (fMRI)
studies demonstrate that humans activate the hand
area of MI when they imagine moving (Humphrey et
al., 2000; Shoham et al., 2001, Turner et al., 2001;
Sabbah et al., 2002), but the fMRI method, being an
indirect measure of neural activity, cannot demon-
strate population that activity is sufficiently ‘normal’
to construct useful decoders. This will require direct
human testing. However, a critical study by Kennedy
et al. demonstrated that a paralyzed human can
activate MI cells by imagining movement. The
patient, JR, implanted with cone electrodes, was able
to drive a computer cursor. (Kennedy and Bakay,
1998; Kennedy et al., 2000). With this small number
of neurons, he was able to select at a rate of about 3
letters per minute, which is slower than desirable for
practical NMPs. Nevertheless, this is a landmark

demonstration of the ability to couple brains to
computers using neural signals in MI and further
supports the conclusion that NMPs can be effective
sources of new output signals in paralyzed humans.

5. Uses for Neuromotor prostheses

NMPs create an output signal to replace one that is
aberrant or lost. To be valuable to movement-
impaired patients, this output must connect to
effectors that achieve some or all of the lost
functions. Computers represent one of the simplest
devices for a human to control because they are so
highly developed to be a human friendly technology,
and they are empowering because they have such
far-ranging uses. Many of us spend large amounts of
time communicating, learning, creating, and being
entertained by pointing, clicking and typing on a
computer. Many movement disorders restrict or
eliminate the ability to use a computer. Mass
production and relative simplicity in programming
and interfacing with other devices has made it
relatively easy to develop PC-based assistive prod-
ucts. Modern PC operating systems already come
with control options to help those with functional
limitations in vision or movement that could be
sufficient for patients with NMPs. More versatile
assistive software is also readily available (e.g.
EZKEYS Words+Lancaster CA). These products
are often designed around a simple switch or choice,
which usually provides only very slow selection rate.
For this ‘scanning’ software, the computer scans the
cursor over the screen and a switch press is used to
make a choice when the cursor moves over the
desired target. With this technology, rates for typing,
for example, are typically so slow as to barely be
worth the effort to use, unless no other effectors are
available. The current animal experiments have
indicated that it is possible to achieve point and click
with the cursor motion under direct brain control,
which is sufficiently fast to navigate most computers
near the speed of actual hand motion (Serruya et al.,
2002). However, skill level, as well as learning
abilities, for paralyzed humans awaits human trials.
With a simple, but fast point and click ability it is
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possible to type, web surf, and even drive a variety of
external functions. Inexpensive commercially pro-
duced ‘X10’ modules can operate through simple
computer commands to turn lights off and on, adjust
room temperature and perform other such functions
of daily living that are very challenging to those with
compromised motor function. An effective NMP
would mimic the hands’ capabilities on a PC as well.
Finger motion signals appear to be embedded in the
spiking activity that gives rise to hand signals
(Georgopoulos et al., 1999), a reflection of the
multiplexed network organization of MI, although
no one has found a means to decode this activity into
finger-like control. Thus, it is plausible that a
sufficiently large population could achieve further
complexity of control, perhaps similar to what the
arm and hand can achieve. Given the remarkable
plasticity of cortex, including motor cortex (Rioult
Pedotti et al., 2000; Sanes and Donogue, 2000), it
may be possible for humans to learn very complex
functions. These can be readily explored through a
computer interface that simulates real-world applica-
tions; it is likely that there will be a vast amount
learned about human NMP use with the first clinical
pilot trials.

6. Future devices: what is needed?

NMPs are in an embryonic stage. Widespread
adoption of this and related neurotechnology would
continue to drive the quest for effective non-invasive
sensors. Getting access to useful signals without an
intracranial implant is a considerably more challeng-
ing task. There are a variety of imaging systems, like
MRI or MEG machines, but these both give rise to
filtered, indirect or more global signals and in
current form are very large and expensive. Strategies
to capture neural spiking could include amplifying
and recording spikes through less invasive means.
For example, if one could pass harmless molecular
level tags to a subset of neurons, and these could
amplify electrical signals and convert them to light
of an appropriate tissue transparent wavelength, an
external sensor might be able to detect spiking.

While this sounds fanciful, fluorescent semiconduc-
tor quantum dots to image neurons, which fulfill part
of the first few requirements are already being tested
now by our group (Shapiro et al., 2003). From a
current perspective these developments are exciting,
but the appearance of non-invasive spike recording
systems like the one described here still seem quite
far off.

NMPs described above detect and decode signals.
Ideally these devices would be coupled to input
devices that could provide feedback. Although
cursor movement is well-guided by vision, manip-
ulation by a robotic prosthesis or even an anaesthetic
limb would be greatly aided with a form of tactile
feedback to judge grip force or simply contact with
objects (Chapin, 2000). Tactile feedback could be
provided by electrical stimulation of the brain.
Although electrical stimulation is highly artificial in
the way it activates neurons, experiments in mon-
keys show promising results that stimulation of the
sensory cortex can be used about as effectively as
actual touch (see Donoghue 2002).

Assistive robots are another device that can
potentially be controlled by NMPs and be useful to
movement impaired individuals. Along with medical
technology, robot capabilities are advancing at a
very fast pace. The many autonomous functions of
new robots may allow a brain-robot hybrid system in
which very simple neural signals can command
complex functions in an assistive robot. A test
robotic arm that was driven by a neural output is
shown in Fig. 1, but current brain controlled robots
are only achieving simple actions. Actions that
clearly benefit patients will be necessary. A wheel-
chair, for example, can be considered as a type of
assistive robot. An NMP controlled wheelchair could
free the ‘sip and puff’ users of the need to use their
mouth for wheelchair movement when they are
engaged in conversation, eating or other orofacial
actions. Autonomous mobile robots use various
sensors (sonar, infra red, laser, and video) to perform
tasks such as obstacle avoidance, path planning, map
learning and navigation through doorways. Sim-
ilarly, current robotic arms use various end effectors
(grippers or hands) and can exploit visual cues from
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a video camera to perform automatic hand-eye
coordination for grasping. Current cortical control
signals are not yet rich enough or stable enough to
achieve precise control for tasks as complex as
robotic grasping. Consequently, we envision a
hybrid human-robotic control system in which
coarse commands are controlled via the NMP and
the details are carried out autonomously. Similar
problems have been faced for decades in the area of
telerobotics and can provide a useful history for
making more rapid advances for robotic NMP
systems. A great deal more research will be
necessary to understand the most natural models for
neural control of robots. Even then, the best form of
control will likely vary from patient to patient and
may even vary over time for an individual.

Another goal of an NMP would be to restore
movement to the patient’s paralyzed muscles. Great
strides have been made in methods to stimulate
muscles through fully implanted functional electrical
stimulation systems (FES). FES systems being
developed at Case Western (Mauritz and Peckham,
1987) and the Bion system (Loeb et al., 2001)
represent the two most advanced of these technolo-
gies. Current FES systems requires use of available
muscle groups to activate a switch to produce muscle
contractions. These actions may be poorly controlled
or unavailable in paralyzed patients. A cortical
control signal could provide a direct and more
natural input to the paralyzed muscles and poten-
tially a much richer control signal (Lauer et al.,
1999). The success of NMPs in monkeys and the
current FES systems suggest that early systems
could be developed as soon as a useful FDA
approved sensor is available.

The success of NMPs would undoubtedly spawn a
new generation of related neurotechnologies with
intelligent components and greater capabilities.
Among these could be diagnostic aids: sensors that
can detect abnormal brain states and report them to
patients or their health care professionals. Ther-
apeutic versions could incorporate treatment as well
as diagnosis. For example, a sensor that could
predict and block a seizure would be of profound
medical value. Such devices might also be extended

to the treatment of psychiatric disorders, if brain
activity abnormalities could be clearly identified and
controlled. These sorts of applications have long
development times given the current state of knowl-
edge, but become more plausible with further testing
of NMP technology.

7. Demands of NMPs on the medical system

Widespread emergence of neurotechnology will
make new demands upon a variety of medical
services. Successful NMPS in severely paralyzed
patients could lead to their application in other
movement disorder patients, including those with
ALS, strokes, muscular dystrophy, cerebral palsy,
Guillain–Barre Syndrome, among others. Increases
in the number of functional neurosurgeons will be
necessary if demand expands. The advent of DBS
and other FDA approved neurotechnologies is stim-
ulating the growth of this area and is bringing the
experience of these individuals into the design and
development of human applicable NMPs. Still, there
is likely to be a need for additional training programs
in this subspecialty. Neurologists will be required to
track the function of these devices and to adjust them
when necessary; such functions have already
emerged for DBS, vagal nerve stimulator, and
similar patients who require tuning of their stim-
ulators or pumps. The unique integration of man and
machine in an NMP, coupled with the medical needs
of patients with movement disorders, is also likely to
require specially trained physicians and health care
workers. While monkeys have been trained to
operate computers through NMPs in remarkable
ways, we do not understand how humans will best
use these devices to improve their lives. What will be
the optimal form of an output signal? How much
will abilities to function improve over time. This
demand may fall on professionals in physical
medicine and rehabilitation who must be able to help
patients learn to use an NMP, select the best assistive
devices, and use them to restore a productive life.
This matching of assistive technology to individual
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capabilities will require new training for rehabilita-
tion therapists. Rehabilitation will involve training
the human and robotic systems in a coupled fashion.
Computer science, robotics, and programing may
become essential components in the training of
clinicians working with NMP patients. Neuro-
technology may also make unusual demands on
medical ethicists. As devices like NMPs become
better understood and their uses extended into
diagnosis and treatment of other CNS disorders,
ethical issues may arise. How would we accept the
ability to manipulate behavior with devices? It is not
unreasonable that neurotechnology could advance to
a state where psychiatric disorders could be effec-
tively treated with a small implant that could sense
and manipulate aberrant brain activity. What if we
could enhance intelligence or control deviant behav-
ior, would this be ethical? Although this may sound
like a new challenge, electroconvulsive shock,
psychoactive drugs, and psychosurgery have been, or
are presently in wide use to alter undesired behaviors
and have raised such debates previously (Fins,
2003). Nevertheless, it would be valuable to begin to
consider how this new technology may be used in
the best interests of human health and well-being
before complex ethical challenges emerge.

8. Conclusions

The advent of NMPs and a wide variety of other
neurotechnologies will provide a new way for
physicians to treat their patients. NMPs will provide
a way for humans with a variety of movement
disorders to interact more effectively with the world.
While these devices will at first be tied by wires to
large external systems, their success will undoubt-
edly promote the development of tiny, implantable
systems that are fully portable. These may be
coupled to computers or assistive robots. Restoring
movement via FES systems also seems very feasible.
Such miniaturized sensors and stimulators give rise
to a new generation of neurotechnology that can
diagnose or treat a broad range of neurological and
psychiatric disorders. The development of these

devices will make demands upon the medical system
for new skills and for carefully considered ethical
policies. However, the opportunities for improved
health care and quality of life for many disabled
humans is potentially profound.
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