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rain-computer interfaces (BCIs) hold the promise to

restore mobility and independence to persons with

paralysis. In spinal cord injury, brainstem stroke,

and a host of neuromuscular disorders, the intact

brain is “disconnected” from its intact target (such
as a limb or the facial musculature), preventing mobility
and—in locked-in syndrome [1] and severe amyotrophic lat-
eral sclerosis (ALS)—precluding even meaningful verbal
communication. If it becomes possible to discern the move-
ment intention of someone with paralysis—reliably, safely,
and in real time—it would then be possible to provide not
only a robust new method of communication but eventually
the ability to gain control over a prosthetic limb or, by con-
necting to additional technologies, one’s own limbs. In this
review, we survey several methods for revealing neural
activity in the human brain and their potential for re-enabling
mobility in persons with severe paralysis.

Sensors, Decoders, and Actuators

Figure 1 summarizes the approach used to construct a BCL. It
is worth noting that the nomenclature in this young field has
not yet been settled upon: brain-machine interfaces, neural
prosthetics, brain-communicator interfaces, human neuromo-
tor prostheses, and other monikers are used somewhat inter-
changeably. A BCI is actually a system comprising a sensor,
a neural decoder or translator, and some form of actuator to
carry out an action.

The sensor is dedicated to discerning, either indirectly or
directly, changes in neural activity related to the intent to
influence (or move) an external device, the actuator (which, in
the noninjured person, is the limb itself). Possible sensors
include functional magnetic resonance imaging (fMRI) sys-
tems, near-infrared (NIR) systems, magnetocencephalography
(MEG), electroencephalography (EEG), electrocorticography
(ECo0G), and microelectrode-based intracortical neurophysiol-
ogy. Proposed actuators include a cursor on a computer screen
(to operate the computer and its software), a motorized wheel-
chair, a semiautonomous robot, a prosthetic limb, or a func-
tional electrical stimulation (FES) device that could reanimate
a paralyzed limb. Between the sensor and actuator lies the
decoder, which receives neural data recorded by the sensor,
discerns the user’s intention, and converts that intention into a
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Options for Turning Thought into Action

command signal for the actuator. (The important science of
signal processing/decoding is reviewed elsewhere in this
issue). In designing a complete BCI system, the choice of sen-
sor, decoder, and actuator are interdependent. For example, if
the goal is to discern the intention to turn a switch on or off,
the type of sensor and its location in or around the brain may
be different than if the goal is real-time control of a multiartic-
ulated limb while looking elsewhere and speaking (something
humans without paralysis do without hesitation). We focus
here on sensors being considered for human BCI use, with an
emphasis on the use of intracortical recording technologies,
which appear to meet most effectively the combined need for
high fidelity, small size, and the potential to restore indepen-
dence to persons with severe paralysis.

Macro Scale Sensors: Functional Magnetic
Resonance Imaging; Near-Infra Red Imaging
Blood-oxygen-level-dependent (BOLD) functional MRI
(fMRI) has provided new insights into human cerebral func-
tion. This technique, which measures the delayed local hemo-
dynamic response to neural activity (believed to be the result
primarily of changes in local field potentials [2]), has been
used to explore cortical and subcortical structures involved in
voluntary movement and motor learning [3]-[6]. Real-time
BCIs can be constructed by providing fMRI-based feedback
related to the intensity of activation of different cortical areas
[7]. In one fMRI-based BCI study [8], healthy subjects were
trained to imagine four different mental tasks, the perfor-
mance of which could be independently classified by observ-
ing BOLD activity throughout the brain. Participants were
then able to perform these four mental tasks in order to con-
trol the movement of a cursor in four directions. However,
generation of each cursor movement took more than 2 min.
Although this slow response time, coupled with the current
large size, temporal resolution, and indirect functional corre-
lation of MRI, precludes its use as a practical BCI for persons
with paralysis, fMRI studies may help to guide the location of
sensors used in other BCI applications.

NIR imaging uses light-emitting diodes (optodes) attached
to the scalp to record changes in cortical hemodynamics and
oxygenation linked to neural activity [9], [10]. Harnessing
the slow vascular response that can be recorded by NIR
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In designing a complete BCIl system,

the choice of sensor, decoder, and

actuator are interdependent.

systems, a single optode was recently used to distinguish
between two states of motor intention with a temporal reso-
lution of approximately 20 s [11]. Faster vascular responses
(in the range of 100 ms) have also been explored; it is possi-
ble that an extracranial, subdural, or intracortical application
of this technology could be useful in the development of a
BCI. More invasive optical recordings, which provide fast
and potentially information-rich neural activity, may be fea-
sible, though not yet as a portable device.

High Temporal Resolution, Low

Spatial Resolution: Electroencephalography
Considerable progress has been made in the development of
electroencephalography (EEG)-based systems for improved
communication or prosthetic control [12], [13]. (For the
reader’s convenience, a table listing some of the laboratories
pursuing human or nonhuman primate BCI research is avail-
able at http://donoghue.neuro.brown.edu/bcilabs/bcilabs.htm;
see also Vaughan et al., 2003 [12] for a recent review.) A
ubiquitous diagnostic tool in clinical neurophysiology, EEG
uses multiple (2—128) scalp electrodes (sensors) to record a
wide range of signals generated by synchronous changes in
postsynaptic potentials emanating from thousands of (or
more) neurons—mostly cortical pyramidal cells oriented per-
pendicular to the skull’s surface

For example, if a single audible tone is repeatedly presented
to a subject and then interrupted by a different tone, the
appearance of that novel stimulus will generate a P300
response. Similarly, when presented with a computer moni-
tor displaying an alphabet grid whose rows and columns
flash at random, the P300 is generated only when the letter
being attended (the oddball/correct stimulus) is illuminated.
Despite the limitations imposed by the typically very small
signal-to-noise ratios (SNR)—mainly slow speed resulting
from the need for repeated illumination of both incorrect and
correct letters until the stimulus-triggered P300 signal reach-
es statistical significance—this system has the distinct
advantage over EEGyop of not requiring “learning” and can
provide a communication system which requires only that
the user be able to attend to a specific stimulus by visual fix-
ation [15]-[17].

Most other EEG-BCI systems [18]-[22] allow subjects to
control a computer cursor or other devices by modulating
ongoing slow cortical potentials, mu- (alpha rhythms cen-
tered over the sensorimotor cortex) or beta-rhythm ampli-
tude. Over the past 15 years, these systems have provided a
communication platform for persons with advanced ALS and
cerebral palsy as well as two-dimensional (2-D) control of a
computer cursor in a radial, center-out task in persons with

[14]. These synchronies are divided
into different frequency ranges with-

Design Considerations for a Human Neuromotor Prosthesis

in the 0.3-204 Hz range (divided
into delta, theta, alpha, and beta
bands), with higher frequencies
(gamma frequencies) somewhat less
discernable due to the strong low-
pass filtering effects of the volume
conductors between the brain and
scalp (including meninges, CSF, and
skull; see electrocorticography
below). Most EEG-BCIs rely upon
the user’s ability to learn to modu-
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As a potential communication sys-
tem for persons with severe paraly-
sis, the P300-based BCI is unique in
its use of an EEGgp that appears
approximately 300 ms after the pre-
sentation of an “oddball” stimulus.
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Fig. 1. The design of a brain-computer interface (BCI). BCls consist of a sensor, a decoder,
and an actuator (effector). For persons with paralysis, the effector could be any number
of assistive devices (such as a prosthetic limb), the choice of which will influence which
sensor and decoding system are most appropriate. Common sensors for BCls under
development include scalp-based EEG electrodes, subdural electrodes, and intracorti-
cal electrode arrays. The decoder illustrated here takes motor cortex neuronal activity
(Mfiring rate”) and converts it, through a mathematical “filter,” to infended hand motion.
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Individual patients may select future BCI

systems for practical, cosmetic, or other

reasons independent of bit rate or

even objective efficacy.

paraplegia [23]. In addition, the BCI2000 program [24]
(http://www.bci2000.org) has produced a common toolbox
of actuators (including cursor control, spelling tasks, and 2-D
robotic arm control) with which different sensor/decoder sys-
tems can be tested and compared.

EEG-BCIs do not require surgery, and thus provide one
benchmark to which more invasive BCIs can be compared.
While relatively noninvasive, EEG-BCIs have several limi-
tations, including 1) the need for extensive training before
adequate actuator control is obtained [23], [25]; 2) consid-
erable setup time for each session (including the require-
ment for a technician or caregiver to prepare the scalp sites
for good electrode contact, properly place and later remove
the electrodes or electrode cap, and clean the skin); 3) the
potential for harmful skin breakdown if electrode leads
remain on the scalp for extended periods of time; 4) the
implied requirement for focused attention on the ongoing
task to the exclusion of other activities (such as talking or
redirecting gaze); 5) limited information transfer rates [12];
and, 6) limited potential to scale systems to provide control
signals for simultaneous upper- and lower-extremity pros-
theses (i.e., to re-enable all missing limb actions).
Furthermore, EEG systems require the use of a surrogate
signal for control of an external device rather than the still-
available, natural neural command signals for the missing
action. In other words, specific mental processes unrelated
or loosely related to controlling the actuator are co-opted
for the purpose of BCI control; this would seem to preclude
engaging those mental processes for their original purpose
during BCI use. By analogy, tongue-based control switches
are currently available for use by persons with tetraplegia,
but these devices cannot be used while simultaneously
speaking. In the development of a BCI to re-enable inde-
pendent limb control, this use of surrogate signals would
seem to be a disadvantage. Finally, while these systems
have been helpful to persons with progressive motor neuron
disease, and further improvements in EEG-BCIs may pro-
vide helpful communication tools for persons with locked-
in syndrome, there have not yet been reports of successful
EEG-BClI-enabled communication by persons who were
already locked-in when training on these systems began. It
is the need for faster, multidimensional control which has
motivated the development of more invasive BCIs. In our
opinion, however, the risks associated with
intracranial/intracortical BCIs (such as those described
below) are best justified if their anticipated benefits suffi-
ciently exceed those of EEG-BClISs.

Intracranial Electrodes

For EEG-BClIs, scalp, skull, meninges, and cerebrospinal
fluid each contribute to attenuation of the ultimate signal
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generator: neurons. By recording transcranially from a metal
bone screw placed through the outer and inner table of the
skull (the screw head can also protrude through the scalp), it
is possible to record EEG-type signals with improved SNR
characteristics. This was recently demonstrated by Neural
Signals, Inc. in two patients with ALS [26] and holds poten-
tial as a minimally invasive BCL. We loosely define “mini-
mally invasive” as having a low potential for infection and
where contact or disruption of neural tissue and vasculature
is also minimal.

Electrodes placed beneath the dura, on the surface of the
brain, provide electrocorticography signals (ECoG), which
are similar to EEG in that they both indicate synchronous,
volume-averaged, low-pass filtered, neural activity. ECoG
has the advantage of wider spectral and spatial characteris-
tics than scalp EEG recordings [27], [28], and ECoG can
record all frequencies at a greatly improved SNR. Grids or
strips of subdural electrodes are used in patients with med-
ically refractory epilepsy; careful localization with such
electrodes is used to guide subsequent surgery to remove or
otherwise isolate the seizure focus and to spare adjacent elo-
quent cortex. Movement-related ECoG signals have been
well studied [29], and recent ECoG-BCI experiments [30],
performed in patients with epilepsy already undergoing clin-
ically-indicated intracranial recordings, have demonstrated
the ability to gain one-dimensional, closed-loop control over
a cursor by using motor-imagery-induced neural activity;
open-loop classification of two-dimensional tasks from
ECoG recordings also has been demonstrated [27]. The
ability of ECoG to record signals from smaller assemblies
of neurons and to take related advantage of higher-frequen-
cy rhythms holds potential for improved BCIs. ECoG, how-
ever, is limited by the need for a craniectomy (large portions
of the skull are removed for current epilepsy monitoring
indications, though smaller craniotomies could be made for
a specific ECoG-BClI indication in the future) and the sub-
dural placement of ECoG electrodes. Neither preclinical nor
human evidence of ECoG’s ability to record safely or effec-
tively for extended periods of time is yet established; long-
term ECoG studies are currently being conducted in
Tuebingen. Subdural strips or grids remain in place for
rarely more than three weeks, with recordings occasionally
complicated by hemorrhage, infection, infarction, cerebral
edema, or death [31]. The removal of a subdural grid and
subsequent replacement with a new grid (a potential asset for
any in-dwelling medical device) is rarely performed sec-
ondary to inflammation of the meninges. The use of smaller
and fewer ECoG electrodes may reduce many of these com-
plications, as may transcranial systems. Thus, it remains
unclear whether ECoG is either more safe or less invasive
than intracortical recordings.
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signal generator for all BCls.

Intracortical Recording and Preclinical Studies
Cerebral neuronal activity is the ultimate signal generator for
all BCls, and the arm-hand area of the primary motor cortex
(M1) may be ideally suited to provide cortical control of a
multiarticulate prosthetic device [32]-[34]. Decades of single-
cell recordings in monkeys, as well as neuronal pair and
ensemble interactions discovered with newer recording tech-
nologies [35]-[39], have revealed that many features of vol-
untary motor control are encoded in the neuronal discharge
of primate M1 [40]. Such features include movement dynam-
ics (e.g., force, joint impedance), kinematics (e.g., direction,
velocity), and “higher level” variables such as target-depen-
dent activity [41]. Movement commands are localized into
distinct face, arm, and leg regions on each side of the brain.
The ability to analyze the simultaneous activity of multiple
cortical neurons during the preparation and production of
movement [42], not only in M1 but in other cortical areas,
presents the potential to record chronically from the cortex of
persons with paralysis and to use these recordings for the
direct, real-time control of a prosthetic device [43]-[45]. At
least five laboratories [46]—-[50], including our own, have
now demonstrated the ability for a monkey to perform useful
behavioral tasks simply by using the neural signals recorded
from electrodes chronically implanted in its brain. In these
tasks, monkeys were trained to play simple “video games”
using a standard joystick or manipulandum to control a com-
puter cursor or other output. Electrodes were then placed
chronically into motor areas of the brain, allowing cortical
recordings to be correlated to motor activities. After building
decoders (e.g., linear filters, artificial neural networks) that
mapped this neural activity to the motor output, the joystick
was then “disconnected,” and these (neurologically intact)
monkeys quickly learned that they could still control the
computer cursor by direct neural output. Such experiments
provided preclinical “proof of principle” for subsequent clin-
ical trials in persons with paralysis.

Clinical Trials of Intracortical BCls

The first type of intracortical BCI (iBCI) implanted into
humans was the “cone”—or “neurotrophic”—electrode,
which contains two electrode wires in a glass enclosure
[51]. Patients with near complete paralysis secondary to
ALS, brainstem stroke, and mitochondrial myopathy have
received this electrode, which has been implanted into the
motor cortex [52], [53]. By modulating action potentials or
local field potentials generated by the axons, which have
grown into the enclosure, patients demonstrated control over
the vertical or horizontal excursion of a computer cursor,
which re-enabled the ability to control a keyboard-type dis-
play; the flexion of a “cyberdigit” was also achieved [54].
While the interval between the “go” cue and response (e.g.,
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flexion of cyberdigit) was 5 s or longer, the ability for per-
sons with paralysis to gain external device control with even
a single pair of implanted electrodes made clear the poten-
tial for clinically useful human iBCIs.

Based upon work conducted in the Donoghue laboratory
[46], [55], and following eight years of device development
and testing in monkeys, a 4 mm x 4 mm sensory (array) of
100 silicon microelectrodes ([35], Cyberkinetics, Inc.) is
now being tested in pilot clinical trials of a brain-computer
interface system in humans with spinal cord injury, brain-
stem stroke, or muscular dystrophy. By simultaneously
recording local field potentials and action potentials from an
ensemble of neurons in the arm-hand area of the motor cor-
tex, it is hoped that real-time control over an external device
can be provided to persons with severe paralysis. The initial
goal of this pilot trial of the BrainGate Neural Interface
System is to demonstrate the safety and feasibility of com-
puter cursor control. Preliminary results from the first par-
ticipant, a 25 year old with traumatic C4 ASIA A spinal
cord injury, have been encouraging [56], including rapid
ability for continuous cursor control. A similar pilot trial for
persons with amyotrophic lateral sclerosis has been
approved as well.

Intracortical electrode arrays and iBCIs have numerous
advantages. First, they can record directly from the same
cortical location(s) which provided the substrate for volun-
tary movement before neural injury or degeneration. This
implies a greatly reduced need to “learn” new strategies for
device control, as the neural activity evoked by intended or
imagined limb movement can be converted, in a timescale
of less than 200 ms, to related movement of an external
device. Second, by harnessing signals from the motor cortex
in particular, it is anticipated that neuromotor prosthesis
control can remain relatively independent of other motor or
cognitive activities, as does natural limb action, thereby
allowing a person with paralysis to control an external
device while looking around the room and talking. Third, by
incorporating both dynamic and kinematic variables known
to be encoded in cortical neuronal activity, it may be possi-
ble to use these same signals to direct the position, velocity,
and force applied by a prosthetic limb or (using evolving
functional electrical stimulation techniques [57], [58]) to re-
enable control over one’s own limb. Finally, the array’s tiny
size, surface location, minimal penetration by very fine elec-
trodes, and limited surgical procedure would classify the
implant as minimally invasive, by our definition.

The current human trials utilize a single multichannel elec-
trode array. While considerable neural information can
potentially be extracted, it is likely that recordings taken
from multiple arrays placed over a wider expanse of motor
cortex (including, e.g., the contralateral arm or leg M1
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and measures to evaluate the relative

benefits of each system will be useful.

cortex) might provide even greater user flexibility. It is also
worth mentioning that iBCIs may be useful not only for per-
sons with paralysis but also for those with limb amputation.
Intracortical neurotechnologies also may be useful in rehabil-
itation after stroke by helping to re-engage areas of the cor-
tex partially isolated by neighboring or subcortical
infarction. While clinical and neuroprosthetic research indi-
cations will continue to guide the placement of intracortical
electrodes, their placement will also provide an unprecedent-
ed opportunity to observe basic neurophysiologic mecha-
nisms of learning, memory, and motor control, which could
previously only be examined in animal models.

We and others have wondered whether intracortical elec-
trode recording surfaces must lie in layer V, the principal
output layer from motor cortex to the spinal cord, in order to
be useful. While large pyramidal cells in layer V generate
larger amplitude signals and are thus comparatively easier to
record, these large cells have not always been the ones
recorded from in the nonhuman primate work that formed
the basis for the current clinical trials, and there is no partic-
ular reason to believe that it will be easier to modulate volun-
tarily the activity of layer V cells than pyramidal cells in
layer II/IIL. It is unclear whether the arrays being used in the
current BrainGate clinical trials, which have 1-mm-long
electrodes, are recording from cells in layer III or V. The
intriguing question about which layer(s) may be ideal for
iBCI control might be tested directly in the future by using
electrodes with vertically oriented, closely spaced recording
surfaces or other configurations not currently available for
humans. In addition to the Cyberkinetics array, several addi-
tional intracortical sensors are being developed for potential
iBCI use [35], [36], [38], [59]-[64]. While certain electrodes
have been shown to record for years in nonhuman primates
[65], longevity will be an ongoing issue, as electrodes appear
to generate varying degrees of intracortical and meningeal
tissue reaction, which may or may not significantly interfere
with recording over time, especially if they must function for
many decades. It is also important to recognize that implant
materials may have varying tolerance to the dynamic biolog-
ical environment [66]. Ultimately, there may be many ideal
cortical and subcortical locations and designs for these
arrays, which will only be determined by continued, careful
animal and human studies.

Intracortical BCIs require neurosurgical placement and
thus carry small but unavoidable risks associated with
surgery (including stroke, hemorrhage, infection, and com-
plications from anesthesia). However, experience with cen-
tral nervous system implants continues to expand, and deep
brain stimulators—with stimulating electrodes inserted
through approximately 65 mm of cortical and subcortical tis-
sue until they reach their target structure—have been placed
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in more than 25,000 persons with movement disorders with
considerable success. Like early cardiac pacemakers and
deep brain stimulators, iBCIs currently utilize externalized
connectors that limit patient mobility and maintain a break in
skin integrity where they protrude; more desirable, but more
complex implantable systems that use telemetry or infrared
communication to transmit neural signals to extracorporeal
(or other internal) devices are under development. The first
in-human iBClIs now being tested, like EEG-BCIs, currently
require substantial equipment and the assistance of a trained
technician. Both miniaturization and automatization of
amplification/decoding processes are challenging but feasi-
ble. These advances are critical steps towards a fully
implantable and portable system that can potentially provide
great benefit to persons with paralysis.

Can Information Transfer Rates

Be Used to Compare BCls?

An increasing number of laboratories are focusing their
efforts on BCI development, and measures to evaluate the
relative benefits of each system will be useful. In compar-
ing the merits of various BCIs, the information transfer
(bit) rate [67] is often considered to be a significant yard-
stick to compare disparate systems. While useful for evalu-
ating how well discrete selections are made by a user
employing a particular BCI, there are important limitations
of this metric. The goal of information rate calculations is
to compare the speed and accuracy of different input sys-
tems (i.e., sensors and decoders). Such comparisons
demand that the same actuator (test effector) be used in
each comparison, as even slight differences between tasks
limits the utility of further comparison. For example, in the
standard “center-out” task in which a cursor is centered in a
screen and the user must move the cursor to one of several
peripheral targets, it is difficult to compare tasks in which
initial contact (<1 ms) with the target is scored as a “hit,”
when another task requires that the user remain within the
target boundary for hundreds of milliseconds. This scenario
also alludes to a second issue with information rate calcula-
tions: they are dependent upon the test effector (often pre-
sented on a video display). The BCI2000 initiative provides
an important effort toward ensuring equivalent effectors
when making such comparisons. A principal goal of BCI
research is not only to re-enable communication and to pro-
vide discrete environmental control but to permit persons
with paralysis to reanimate their own limbs in the same,
continuous manner achieved by individuals without paraly-
sis. While bit rate calculations can be helpful benchmarks
and stimulate productive competition among laboratories,
care should be applied if extrapolating or comparing infor-
mation rates from BCIs with nonidentical effectors.
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Furthermore, individual patients may select future BCI sys-
tems for practical, cosmetic, or other reasons independent
of bit rate or even objective efficacy.

Outlook

Toward the pursuit of “turning thought into action,” the ideal
BCI will provide complete independence, requiring neither
assistance from a caregiver nor daily oversight by a trained
technician. Efforts should be made to develop BClIs for which
training is relatively rapid and acceptable to users [68].
Persons with tetraplegia place high priority on the restoration
of arm and hand function, and toward that goal, systems for
the intracortical control of multiarticulate prosthetic limbs are
now being designed. For persons with locked-in syndrome and
other severe communication impairments, BCIs may provide
useful communication systems within the next few years.
Minimizing or eliminating the need for caregiver/technician
assistance with these systems will be crucial to their success.
BClISs have largely been developed and maintained by university-
or government-supported researchers; myriad regulatory, com-
mercial, reimbursement, and product support considerations
must be satisfied before the transition from laboratory bench
to patient bedside is fully achieved. The scale of this transla-
tional effort is formidable. While a brief comparison of sen-
sors has been provided, the continued development of
different BCI systems remains critical. Not only will advances
in signal processing and decoding be fostered by both the
independent and cooperative efforts of multiple laboratories,
but BClIs ultimately offered to patients may well include intra-
cortical, intracranial, and extracranial sensors or a combination
of these. The interdependence between sensors, decoders, and
actuators underscores the importance of early and thoughtful
BCI design choices, which will result from extensive collabo-
ration among physicians, therapists, neuroscientists, computer
scientists, biomedical engineers, and, most importantly, the
patients and research participants whose experience and
insights must continue to guide our efforts.

Acknowledgments

This work is supported by National Institutes of Health/
National Institute of Neurological Diseases and Stroke;
Defense Advanced Research Projects Agency; Rehabilitation
Research and Development Service/Department of Veterans
Affairs; and the Office of Naval Research. John P. Donoghue
is chief scientific officer for Cyberkinetics Neurotechnology
Systems (compensation, stock holdings, director). Leigh R.
Hochberg receives clinical trial support from Cyberkinetics.
The BrainGate pilot clinical trial discussed is conducted in
accordance with the policies and procedures of the institutions
having jurisdiction over the research.

Leigh R. Hochberg received a Sc.B. with
honors in neural science from Brown
University, Providence, Rhode Island, in
1990 and his M.D. and Ph.D. in neuroscience
from Emory University in Atlanta, Georgia,
in 1999. His thesis work under the direction
of Dr. Donald Humphrey was the first to
demonstrate that intracortical recordings from
a monkey could be used for the offline, real-time control of a
robot wrist. Following his residency and chief residency in neu-
rology at Massachusetts General Hospital/Brigham and

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

Women’s Hospital/Harvard Medical School, he completed a fel-
lowship in stroke and neurocritical care. Leigh is now an instruc-
tor of neurology at Harvard Medical School and is on staff at
Massachusetts General Hospital, Brigham and Women’s
Hospital, and Spaulding Rehabilitation Hospital. He is investiga-
tor in neuroscience at Brown University and associate investiga-
tor in the Rehabilitation Research and Development Service,
Department of Veterans Affairs, Providence, Rhode Island.

John P. Donoghue received the Ph.D.
from Brown University, Providence,
Rhode Island, in 1979. He is a professor
in the Department of Neuroscience at
Brown University. He has helped develop
Brown’s undergraduate neuroscience con-
centration and the brain science program,
which brings together ten departments and
more than 100 faculty into a unique interdisciplinary
research and education program. His personal research pro-
gram is aimed at understanding how the brain turns thought
into movement and the development of neuromotor pros-
thetic devices. In addition, he is a cofounder of
Cyberkinetics, Inc., Foxboro, Massachusetts, a biotech
start-up that is developing brain implants to restore move-
ments to paralyzed individuals.

Address for Correspondence: Leigh R. Hochberg, M.D.,
Ph.D., Department of Neuroscience, P.O. Box 1953, Brown
University, Providence, RI 02912 USA. Phone: +1 401 863 1874.
Fax: +1 401 863 1074. E-mail: leigh_hochberg@brown.edu.

References

[1] J. Leon-Carrion, P. van Eeckhout, and R. Dominguez-Morales Mdel, “The
locked-in syndrome: A syndrome looking for a therapy,” Brain Inj., vol. 16,
pp. 555-569, 2002.

[2] N.K. Logothetis, “The underpinnings of the BOLD functional magnetic reso-
nance imaging signal,” J. Neurosci., vol. 23, pp. 3963-3971, 2003.

[3] V.S. Mattay and D.R. Weinberger, “Organization of the human motor system
as studied by functional magnetic resonance imaging,” Eur. J. Radiol., vol. 30,
pp. 105-114, 1999.

[4] J.T. Baker, J.P. Donoghue, and J.N. Sanes, “Gaze direction modulates finger
movement activation patterns in human cerebral cortex,” J. Neurosci., vol. 19,
pp. 10044-10052, 1999.

[5] J.N. Sanes and J.P. Donoghue, “Plasticity and primary motor cortex,” Annu.
Rev. Neurosci., vol. 23, pp. 393415, 2000.

[6] L.G. Ungerleider, J. Doyon, and A. Karni, “Imaging brain plasticity during
motor skill learning,” Neurobiol. Learn. Mem., vol. 78, pp. 553-564, 2002.

[7] N. Weiskopf, K. Mathiak, S.W. Bock, F. Scharnowski, R. Veit, W. Grodd, R.
Goebel, and N. Birbaumer, “Principles of a brain-computer interface (BCI) based
on real-time functional magnetic resonance imaging (fMRI),” IEEE Trans.
Biomed. Eng., vol. 51, pp. 966-970, 2004.

[8] S.S. Yoo, T. Fairneny, N.K. Chen, S.E. Choo, L.P. Panych, H. Park, S.Y. Lee,
and F.A. Jolesz, “Brain-computer interface using fMRI: Spatial navigation by
thoughts,” Neuroreport, vol. 15, pp. 1591-1595, 2004.

[9] D.A. Benaron, S.R. Hintz, A. Villringer, D. Boas, A. Kleinschmidt, J. Frahm,
C. Hirth, H. Obrig, J.C. van Houten, E.L. Kermit, W.F. Cheong, and D.K.
Stevenson, “Noninvasive functional imaging of human brain using light,” J.
Cerebral Blood Flow Metab., vol. 20, pp. 469-477, 2000.

[10] N. Pouratian, S.A. Sheth, N.A. Martin, and A.W. Toga, “Shedding light on
brain mapping: Advances in human optical imaging,” Trends Neurosci., vol. 26,
pp. 277-282, 2003.

[11] S. Coyle, T. Ward, C. Markham, and G. McDarby, “On the suitability of near-
infrared (NIR) systems for next-generation brain-computer interfaces,” Physiol.
Meas., vol. 25, pp. 815-822, 2004.

[12] T.M. Vaughan, W.J. Heetderks, L.J. Trejo, W.Z. Rymer, M. Weinrich, M.M.
Moore, A. Kubler, B.H. Dobkin, N. Birbaumer, E. Donchin, E.W. Wolpaw, and
J.R. Wolpaw, “Brain-computer interface technology: A review of the second inter-
national meeting,” IEEE Trans. Neural Syst. Rehab. Eng., vol. 11,
pp- 94-109, 2003.

[13] R.T. Lauer, P.H. Peckham, K.L. Kilgore, and W.J. Heetderks, “Applications
of cortical signals to neuroprosthetic control: A critical review,” IEEE Trans.
Rehab. Eng., vol. 8, pp. 205-208, 2000.

SEPTEMBER/OCTOBER 2006

37



38

[14] N.V. Thakor and S. Tong, “Advances in quantitative electroencephalogram
analysis methods,” Annu. Rev. Biomed. Eng., vol. 6, pp. 453-495, 2004.

[15] L.A. Farwell and E. Donchin, “Talking off the top of your head: Toward a
mental prosthesis utilizing event-related brain potentials,” Electroencephalogr.
Clin. Neurophysiol., vol. 70, pp. 510-523, 1988.

[16] E. Donchin, K.M. Spencer, and R. Wijesinghe, “The mental prosthesis:
Assessing the speed of a P300-based brain-computer interface,” IEEE Trans.
Rehab. Eng., vol. 8, pp. 174-179, 2000.

[17] E.-W. Sellers, D.J. Krusienski, D.J. McFarland, and J.R. Wolpaw, “P300-
based brain-computer interface (BCI) performance: Effects of matrix size and pre-
sentation rate,” presented at Soc. Neurosci., Washington, DC, 2005.

[18] N. Birbaumer, A. Kubler, N. Ghanayim, T. Hinterberger, J. Perelmouter, J.
Kaiser, I. Iversen, B. Kotchoubey, N. Neumann, and H. Flor, “The thought transla-
tion device (TTD) for completely paralyzed patients,” IEEE Trans Rehab. Eng.,
vol. 8, pp. 190-193, 2000.

[19] T. Hinterberger, B. Wilhelm, J. Mellinger, B. Kotchoubey, and N.
Birbaumer, “A device for the detection of cognitive brain functions in com-
pletely paralyzed or unresponsive patients,” IEEE Trans. Biomed. Eng., vol.
52, pp. 211-220, 2005.

[20] G. Pfurtscheller, C. Guger, G. Muller, G. Krausz, and C. Neuper, “Brain oscil-
lations control hand orthosis in a tetraplegic,” Neurosci. Lett., vol. 292,
pp- 211-214, 2000.

[21] B. Obermaier, C. Neuper, C. Guger, and G. Pfurtscheller, “Information trans-
fer rate in a five-classes brain-computer interface,” IEEE Trans. Neural Syst.
Rehab. Eng., vol. 9, pp. 283-288, 2001.

[22] S.G. Mason, R. Bohringer, J.F. Borisoff, and G.E. Birch, “Real-time control
of a video game with a direct brain-computer interface,” J. Clin. Neurophysiol.,
vol. 21, pp. 404-408, 2004.

[23] J.R. Wolpaw and D.J. McFarland, “Control of a two-dimensional movement
signal by a noninvasive brain-computer interface in humans,” PNAS, vol. 101, pp.
1784917854, 2004.

[24] G. Schalk, D.J. McFarland, T. Hinterberger, N. Birbaumer, and J.R. Wolpaw,
“BCI2000: A general-purpose brain-computer interface (BCI) system,” IEEE
Trans. Biomed. Eng., vol. 51, pp. 1034-1043, 2004.

[25] N. Neumann and A. Kubler, “Training locked-in patients: A challenge for the
use of brain-computer interfaces,” IEEE Trans. Neural Syst. Rehab. Eng., vol. 11,
pp. 169-172, 2003.

[26] P. Kennedy, D. Andreasen, P. Ehlrim, B. King, T. Kirby, H. Muo, and M.M.
Moore, “Using human extra-cortical local field potentials to control a switch,” J.
Neural Eng., vol. 1, pp. 72-77, 2004.

[27] E.C. Leuthardt, G. Schalk, J.W. Wolpaw, J.G. Ojemann, and D.W. Moran, “A
brain-computer interface using electrocorticographic signals in humans,” J. Neural
Eng., vol. 1, pp. 63-71, 2004.

[28] B. Graimann, J.E. Huggins, S.P. Levine, and G. Pfurtscheller, “Toward a
direct brain interface based on human subdural recordings and wavelet-packet
analysis,” IEEE Trans. Biomed. Eng., vol. 51, pp. 954-962, 2004.

[29] C. Toro, C. Cox, G. Friehs, C. Ojakangas, R. Maxwell, J.R. Gates, R.J.
Gumnit, and T.J. Ebner, “8-12 Hz rhythmic oscillations in human motor cortex
during two-dimensional arm movements: Evidence for representation of kine-
matic parameters,” Electroencephalogr. Clin. Neurophysiol., vol. 93, pp.
390-403, 1994.

[30] T.N. Lal, T. Hinterberger, G. Widman, M. Schroder, N.J. Hills, W.
Rosenstiel, C.E. Elger, B. Scholkopf, and N. Birbaumer, “Methods towards inva-
sive human brain computer interfaces,” in Advances in Neural Information
Processing Systems, vol. 17, LK. Saul, Y. Weiss, and L. Bottou, Eds. Cambridge,
MA: MIT Press, 2005.

[31] H.M. Hamer, H.H. Morris, E.J. Mascha, M.T. Karafa, W.E. Bingaman, M.D.
Bej, R.C. Burgess, D.S. Dinner, N.R. Foldvary, J.F. Hahn, P. Kotagal, I. Najm, E.
Wyllie, and H.O. Luders, “Complications of invasive video-EEG monitoring with
subdural grid electrodes,” Neurology, vol. 58, pp. 97-103, 2002.

[32] J.P. Donoghue, “Connecting cortex to machines: Recent advances in brain
interfaces,” Nat. Neurosci., vol. 5, Suppl., pp. 1085-1088, 2002.

[33] A.B. Schwartz, “Cortical neural prosthetics,” Annu. Rev. Neurosci., vol. 27,
pp. 487-507, 2004.

[34] M. Serruya and J. Donoghue, “Design prinicples of a neuromotor pros-
thetic device,” in Neuroprosthetics: Theory and Practice. Imperial College
Press, 2003.

[35] E.M. Maynard, C.T. Nordhausen, and R.A. Normann, “The Utah intracortical
electrode array: A recording structure for potential brain-computer interfaces,”
Electroencephalogr. Clin. Neurophysiol., vol. 102, pp. 228-239, 1997.

[36] J.C. Williams, R.L. Rennaker, and D.R. Kipke, “Long-term neural recording
characteristics of wire microelectrode arrays implanted in cerebral cortex,” Brain
Res. Brain Res. Protoc., vol. 4, pp. 303-313, 1999.

[37] K.A. Moxon, J.C. Morizio, J.K. Chapin, M.A. Nicolelis, and P.D. Wolf,
“Designing a brain-machine interface for neuroprosthetic control,” in
Neuroprostheses for Restoration of Sensory and Motor Function, Methods and
New Frontiers in Neuroscience, J. K. Chapin and K.A. Moxon, Eds. Boca Raton,
FL: CRC Press, 2001, pp. 179-219.

[38] D.R. Kipke, R.J. Vetter, J.C. Williams, and J.F. Hetke, “Silicon-substrate
intracortical microelectrode arrays for long-term recording of neuronal spike activ-
ity in cerebral cortex,” IEEE Trans. Neural. Syst. Rehab. Eng., vol. 11,
pp. 151-155, 2003.

[39] D.R. Humphrey, E.M. Schmidt, and W.D. Thompson, “Predicting measures
of motor performance from multiple cortical spike trains,” Science, vol. 170,
pp- 758-762, 1970.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

[40] D.R. Humphrey and J. Tanji, “What features of voluntary motor control are
encoded in the neuronal dischrage of different cortical motor areas?” in Motor
Control: Concepts and Issues, D.R. Humphrey and H.J. Freund, Eds. New York:
Wiley, 1991, pp. 413-443.

[41] S.H. Scott, “The role of primary motor cortex in goal-directed movements:
Insights from neurophysiological studies on non-human primates,” Curr. Opin.
Neurobiol., vol. 13, pp. 671-677, 2003.

[42] E.M. Maynard, N.G. Hatsopoulos, C.L. Ojakangas, B.D. Acuna, J.N.
Sanes, R.A. Normann, and J.P. Donoghue, “Neuronal interactions improve cor-
tical population coding of movement direction,” J. Neurosci., vol. 19, pp.
8083-8093, 1999.

[43] L.R. Hochberg, “Primary motor cortex: Functional reorganization with acqui-
sition of subtly changing motor tasks, and suitability of multi-site, multi-unit
recordings for control of a prosthetic device,” Ph.D. dissertation, Emory Univ.,
Atlanta, GA, 1998.

[44] D.J. Reed, L.R. Hochberg, and D.R. Humphrey, “Real-time, off-line control
of a robot wrist from macaque MI recordings,” presented at Soc. Neurosci., 1997.
[45] A.K. Engel, C.K. Moll, I. Fried, and G.A. Ojemann, “Invasive recordings
from the human brain: Clinical insights and beyond,” Nat. Rev. Neurosci., vol. 6,
pp. 35-47, 2005.

[46] M.D. Serruya, N.G. Hatsopoulos, L. Paninski, M.R. Fellows, and J.P.
Donoghue, “Instant neural control of a movement signal,” Nature, vol. 416,
pp. 141-142, 2002.

[47] D.M. Taylor, S.I. Tillery, and A.B. Schwartz, “Direct cortical control of 3D
neuroprosthetic devices,” Science, vol. 296, pp. 1829-1832, 2002.

[48] M.A. Nicolelis, “Brain-machine interfaces to restore motor function and probe
neural circuits,” Nat. Rev. Neurosci., vol. 4, pp. 417422, 2003.

[49] S. Musallam, B.D. Corneil, B. Greger, H. Scherberger, and R.A. Andersen,
“Cognitive control signals for neural prosthetics,” Science, vol. 305, pp.
258-262, 2004.

[50] G. Santhanam, S.I. Ryu, B.M. Yu, A. Afshar, and K.V. Shenoy, “Intracortical com-
munication prosthesis design,” presented at Soc. Neurosci., Washington, D.C., 2005.
[51] P.R. Kennedy, “The cone electrode: A long-term electrode that recordss from
neurites grown onto its recording surface,” J. Neurosci. Methods, vol. 29,
pp- 181-193, 1989.

[52] P.R. Kennedy, R.A. Bakay, M.M. Moore, K. Adams, and J. Goldwaithe,
“Direct control of a computer from the human central nervous system,” /[EEE
Trans. Rehab. Eng., vol. 8, pp. 198-202, 2000.

[53] P.R. Kennedy and R.A. Bakay, “Restoration of neural output from a paralyzed
patient by a direct brain connection,” Neuroreport, vol. 9, pp. 1707-1711, 1998.
[54] P.R. Kennedy, M.T. Kirby, M.M. Moore, B. King, and A. Mallory,
“Computer control using human intracortical local field potentials,” IEEE Trans.
Neural Syst. Rehab. Eng., vol. 12, pp. 339-344, 2004.

[55] M. Serruya, N. Hatsopoulos, M. Fellows, L. Paninski, and J. Donoghue,
“Robustness of neuroprosthetic decoding algorithms,” Biol. Cybern., vol. 88,
pp. 219-228, 2003.

[56] L.R. Hochberg, J. Mukand, G.M. Friehs, and J.P. Donoghue, “BrainGate
neural interface system: Feasibility study of a human neuromotor prosthesis
[abstract],” presented at Amer. Academy Neurology, 2005.

[57] G. Pfurtscheller, G.R. Muller, J. Pfurtscheller, H.J. Gerner, and R. Rupp,
““Thought’-control of functional electrical stimulation to restore hand grasp in a
patient with tetraplegia,” Neurosci.. Lett., vol. 351, pp. 33-36, 2003.

[58] P.H. Peckham and J.S. Knutson, “Functional electrical stimulation for neuro-
muscular applications,” Annu. Rev. Biomed. Eng., vol. 7, pp. 327-360, 2005.

[59] J.D. Kralik, D.F. Dimitrov, D.J. Krupa, D.B. Katz, D. Cohen, and M.A.
Nicolelis, “Techniques for long-term multisite neuronal ensemble recordings in
behaving animals,” Methods, vol. 25, pp. 121-150, 2001.

[60] J. Csicsvari, D.A. Henze, B. Jamieson, K.D. Harris, A. Sirota, P. Bartho, K.
D. Wise, and G. Buzsaki, “Massively parallel recording of unit and local field
potentials with silicon-based electrodes,” J. Neurophysiol., vol. 90, pp.
1314-1323, 2003.

[61] K.S. Guillory and R.A. Normann, “A 100-channel system for real time detec-
tion and storage of extracellular spike waveforms,” J. Neurosci. Methods, vol. 91,
pp. 21-29, 1999.

[62] R.J. Vetter, J.C. Williams, J.F. Hetke, E.A. Nunamaker, and D.R. Kipke,
“Chronic neural recording using silicon-substrate microelectrode arrays implanted
in cerebral cortex,” IEEE Trans. Biomed. Eng., vol. 51, pp. 896-904, 2004.

[63] K.D. Wise, D.J. Anderson, J.F. Hetke, D.R. Kipke, and K. Najafi, “Wireless
implantable microsystems: High-density electronic interfaces to the nervous sys-
tem,” Proc. IEEE, vol. 92, pp. 76-97, 2004.

[64] J.G. Gregory, A.L. Kip, J.O. Kevin, L.I. Edward, and R.K. Daryl, “Naive
coadaptive cortical control,” J. Neural Eng., vol. 2, p. 52, 2005.

[65] S. Suner, M.R. Fellows, C. Vargas-Irwin, K. Nakata, and J.P. Donoghue,
“Reliability of signals from chronically implanted, silicon-based electrode array in
non-human primate primary motor cortex,” IEEE Trans. Neural Syst. Rehab. Eng.
to be published.

[66] D.H. Szarowski, M.D. Andersen, S. Retterer, A.J. Spence, M. Isaacson, H.G.
Craighead, J.N. Turner, and W. Shain, “Brain responses to micro-machined silicon
devices,” Brain Res., vol. 983, pp. 23-35, 2003.

[67] D.J. McFarland, W.A. Sarnacki, and J.R. Wolpaw, “Brain-computer interface
(BCI) operation: Optimizing information transfer rates,” Biol. Psychol., vol. 63,
pp. 237-251, 2003.

[68] K.D. Anderson, “Targeting recovery: Priorities of the spinal cord-injured pop-
ulation,” J. Neurotrauma, vol. 21, pp. 1371-1383, 2004.

SEPTEMBER/OCTOBER 2006





