
Amyotrophic lateral sclerosis (ALS) can
trap the mind inside an immobile body. It
destroys the nerves that control muscles,
eventually leaving patients without the abil-
ity to speak or even flick their eyes to one
side. In the past few years, however, re-
searchers have started to equip a few such
“locked-in” patients, including those para-
lyzed by stroke or other diseases, with com-
munication devices that unlock their minds.

For decades, science-fiction writers have
envisioned computers that communicate di-
rectly with the brain. Now a rapidly expand-
ing clique of researchers is making it a reality.
A few laboratories started developing these
so-called brain-computer interfaces (BCIs) in
the 1980s and have been refining them since
then (Science, 29 October 1999, p. 888). Now
several dozen teams have entered the field.
Together they’re improving upon early BCI
models and coming up with new ways to read
brain signals. According to BCI pioneer
Jonathan Wolpaw of the Wadsworth Center,
part of the New York State Department of
Health in Albany, “it’s a very exciting time; a
lot of people are getting involved.”

Most BCIs read brain waves, the electri-
cal impulses created by neural activity that
can be detected—albeit fuzzily—through
the scalp. By diligently controlling their
mental activity, patients can choose letters to
spell words, guide a cursor, or direct crude
robots. But a rival circle of scientists is rap-
idly advancing a type of BCI that is implant-
ed inside the brain. Such devices tap into the
more detailed neural signals relayed by indi-
vidual neurons. The most sophisticated of
these implanted BCIs have recently enabled
monkeys to play video games and even ma-
nipulate robotic arms. Whether the implant-
ed devices will actually lead to more versa-
tile and workable BCIs than the external
type is a matter of fierce debate.

In the past few years, brain-wave BCI
technologies have been advancing rapidly,
providing faster spelling, better cursor control,
and headway into prosthetics, environmental-
control devices, and smart wheelchairs. The
advances are fueled in part by cheaper and
more sophisticated computer hardware and
software, which has given BCI researchers
access to portable machines that perform
complex mathematical manipulations on the
fly. Good old-fashioned funding helps, too:
The National Institutes of Health awarded
$3.3 million in late 2002 to a partnership

headed by the Wadsworth group to further de-
velop software that can test several BCI sys-
tems to see which is best for a patient.
Researchers can also use the software to build
and test their own brain-tapping technologies.

In addition, the Defense Advanced
Research Projects Agency (DARPA) recent-
ly awarded a Duke University research team
$26 million to improve its implanted BCI
technique. A DARPA spokesperson says the
agency is interested in technology that
might, for example, enable soldiers to push
buttons with their brains, giving them speed-

ier control of submarines and aircraft and
enabling them to more adeptly manipulate
robotic arms that move munitions.

So far, very few patients have had access
to a BCI. A few scattered labs have conduct-
ed tests on one or more severely disabled pa-
tients, and one research team has tried its
BCI technology on a record 11 patients so
far. Most of the experimental subjects tested
during the development of various BCIs
have been healthy individuals. However, ad-
vancing technology and software innova-
tions have put BCIs on the cusp of becom-
ing more widely available.

Developing an array of useful applica-
tions, in particular, is critical to bringing BCIs

past the experimental stage and into regular
use in people’s homes—the field’s next big
challenge. “A lot of good work has been done
in the past 15 years to build a foundation” for
BCIs, says computer scientist Melody Moore
of Georgia State University in Atlanta. “Now,
it’s time to build the house.”

Tens of thousands stand to benefit from
BCI technologies. Initial beneficiaries will be
people who are almost totally paralyzed: some
ALS patients, who number 30,000 in the
United States alone; people with severe forms
of cerebral palsy; and patients who have suf-

fered severe strokes or accidents, among oth-
ers. As BCI technology improves, it is expect-
ed to become useful to people who are less se-
verely disabled, such as quadriplegics who
want to operate a wheelchair or a robot.

Surfing brain waves

In the brain, billions of neurons are continu-
ously sucking in and spewing out ions, cre-
ating tiny electrical currents. A detector
called an electroencephalogram (EEG) can
measure the sum of these subtle sparks, mil-
lions at a time, by means of electrodes af-
fixed to the scalp.

Niels Birbaumer, a psychologist at the
University of Tübingen in Germany, was
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Although still largely experimental, devices that decipher brain signals are advancing quickly and allowing some
fully paralyzed people to interact with the world

Tapping the Mind
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I think I can. With training, people can modulate their brain waves to direct a miniature robot to

navigate its way through the rooms of a model house.
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one of the first to find that people can con-
trol certain brain waves. He focused on so-
called slow wave cortical potentials: gradual
voltage changes that emanate from the
brain’s exterior section, known as the cere-
bral cortex, and occur over seconds. In the
early 1990s, Birbaumer and his team created
a speller that patients learn to control using
positive or negative slow waves to choose
between two banks of letters. Once selected,
a bank splits in two, continuing a process of
elimination to reveal the wished-for letter. In
March 1999, Birbaumer and his colleagues
reported that after 2 months of training for
about an hour a day, two ALS patients on
respirators learned to write messages at a
rate of about two characters per minute.

Wolpaw trained his eye on another set of
brain currents, EEG rhythms with frequen-
cies between 8 and 12 hertz known as mu
waves, and beta rhythms, which have about
double the frequency of mu rhythms. Both
emanate from the part of the brain’s surface
that mediates sensation and movement, the
sensorimotor cortex. Wolpaw and his col-
leagues, including Wadsworth psychologist
Dennis McFarland and program coordinator
Theresa Vaughan, developed a system that
enables a person to move a cursor up or
down by raising or lowering the amplitude of
a mu or beta rhythm. Usually a person first
learns to do this by imagining moving a hand
or other body part up or down. Healthy sub-
jects, the team reported in 1994, could use
mu and beta rhythms to direct a cursor—
somewhat crudely, but with up to 70% accu-
racy—in two dimensions to one of four large
targets at the corners of a computer screen.

Since then, the Wadsworth team has im-
proved its techniques for homing in on the
desired EEG frequencies, translating those
signals into cursor movements, and tuning
the BCI to individual users. These advances
have given users much more precise control
of the cursor. In work now in press,
McFarland, Wolpaw, and their colleagues
show that college students can use the BCI to
nudge a cursor a precise distance up or down
to land on one of four icons, a step toward
the goal of a brain-wave mouse. “Once you
can control a mouse, the whole world of soft-
ware opens up to you,” Wolpaw says.
Wadsworth neuroscientist Irina Goncharova
is now leading an effort to test this BCI on
patients with mild or moderate ALS at
Drexel University Hospital in Philadelphia.

But both Wolpaw’s and Birbaumer’s
techniques require weeks to months of train-
ing to teach a person how to control their
brain waves. In contrast, a BCI control tech-
nique developed by psychologist Emanuel
Donchin, now at the University of South
Florida in Tampa, requires almost no train-
ing. Donchin and his graduate student Larry

Farwell, then at the University of Illinois,
Urbana-Champaign, in the mid-1980s based
their prototype BCI on the so-called P300
wave, a brief voltage increase that peaks
about 300 milliseconds after the onset of
certain surprising or unexpected events.

Donchin and Farwell devised a grid con-
taining the letters of the alphabet and typing
functions such as space and backspace, which

appear in rows and columns that flash ran-
domly on the screen. A person focuses on a
letter in the grid and mentally indicates “that’s
it!” whenever the row or column containing
the letter is illuminated. This happens about 1
out of 6 flashes, making the event somewhat
surprising and therefore likely to elicit a P300
wave. The computer then identifies the letter
by finding the intersection of the row and col-
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Power to the Paralyzed
Most amyotrophic lateral sclerosis (ALS) pa-

tients do not go on respirators when their

breathing muscles deteriorate but instead

elect to die. Niels Birbaumer of the

University of Tübingen, Germany, attributes

that in large part to a widespread mispercep-

tion that life with ALS is not worth living. But

he has found otherwise.

In an unpublished study, Birbaumer, neu-

roscientist Andrea Kuebler of Trinity College

in Dublin, Ireland, and their colleagues dis-

covered that although three-quarters of the

76 ALS patients Kuebler interviewed had

some depressive symptoms, as a group they

were significantly less depressed than pa-

tients diagnosed with major depression.

With symptoms that ranged from minor to

total paralysis, few had access to brain-

computer interfaces (BCIs) to improve com-

munication. Yet 80% rated their quality of

life as “good” or “satisfying.”

Birbaumer, who depends upon these par-

alyzed patients for his research, has seen

how some of them can thrive, in some cases

even more so by using his pioneering BCI

technology. For example, a 47-year-old for-

mer lawyer named Hans-Peter Salzmann

with total paralysis from ALS has become so

adept with Birbaumer’s Thought Translation

Device, the only BCI that patients have used

for years in their homes, that he has now begun communicating over the Internet. “He is a

happy person. Why kill a happy person?” Birbaumer asks.

Financial reasons may also prompt some severely disabled patients to decline artificial

respiration. U.S. insurance companies often won’t foot the hefty bill—which can be up to

$900 per day—for the 24-hour nursing care that is typically required. German companies

are far more likely to pay, but when Salzmann’s insurance company refused, Birbaumer

helped his family sue—and win.

Birbaumer dreams of getting BCI technology to tens of thousands of other patients

scattered around the world. He spent August 2002 in Lima, Peru, training a wealthy 58-

year-old businessman named Elias Musiris to use a BCI. He’s also been flying twice a

month to Tel Aviv, seeking to assist victims of terrorism who lie paralyzed in hospitals,

unable to talk.

The Internet may help spread BCI technology. Neuroscientist Gert Pfurtscheller and his

team at Graz University of Technology in Austria recently used a net-based telemonitoring

system to interact with a 32-year-old German man with severe cerebral palsy, training him

to use a BCI spelling device.

The next step, says Birbaumer, is to develop a BCI system that can be operated by a

caregiver without ongoing assistance. “We need to come up with a system that is inde-

pendent of us,” he says. He hopes BCI2000, a software system that allows users to develop

their own BCI or find the most effective current model, will be the answer.

–I.W.

Lines of communication. Niels Birbaumer (in

black) teaches a Peruvian patient to express

himself by sending EEG signals to a computer.
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umn that produced the wave.
Recent tests on college students indicate

that the system could be used to “type” nearly
eight characters per minute with 80% accura-
cy. Donchin and his team are now starting to
test their BCI with severely disabled patients.

Another BCI gives users split-second
control over a mobile robot. Instead of ana-
lyzing a particular EEG component, such as
mu rhythms or slow waves, José del R.
Millán at the Dalle Molle Institute for
Perceptual Artif icial Intelligence in
Martigny, Switzerland, developed a BCI that
analyzes overall EEG signals at eight scalp
locations. It relies on the fact
that thinking vastly different
thoughts will produce different
EEG patterns. Using a neural
network algorithm, a computer
learns to distinguish among
three such thoughts—say, men-
tal arithmetic, visualizing a
spinning cube, or imagining
arm movements—and is pro-
grammed to perform a specific
command based on the mental
pattern it detects.

In unpublished work, two
healthy individuals this past
spring learned to use Millán’s
BCI to manipulate a pocket-
sized wheeled robot, a stand-in
for a smart wheelchair. They
could make it scoot forward,
turn right, turn left, or stop, and
thus were able to direct it
through a model house with
surprising speed. “The striking
finding is that subjects can do
this with brain control in only
35% more time than it would take if they
were simply pressing a key,” Millán says.
Millán programmed his BCI to issue com-
mands twice a second, so users can make de-
cisions about where to go on the fly and, say,
avoid overshooting an entryway.

Computer communication

One big drawback of these technologies is
that they are incompatible, making them dif-
ficult to combine and slowing their develop-
ment. Most of the systems started out so in-
flexible that adding a new feature was ago-
nizingly difficult. For instance, Wolpaw and
his team, including software engineer
Gerwin Schalk, found an EEG signal that
appeared when a person made a mistake
while using their BCI, a discovery that could
be used to design a quick “erase” option for
their system. But adding such an option
would have meant extensive reprogramming.

So in February 2000, Wolpaw, Schalk,
and McFarland teamed up with Birbaumer
and Tübingen software engineer Thilo
Hinterberger to build BCI2000, a flexible,

universal BCI platform on which various
brain waves could be selected and new ap-
plications could be easily built. They share it
widely, making it easier for newcomers to
enter the field. Ultimately, they hope that
nurses or family caregivers will use the
Windows-based system with minimal train-
ing, eliminating the need for scarce experts
to accompany BCI software. “We need a
worldwide user-friendly system that a rea-
sonably intelligent person can download
from the Internet for free,” Birbaumer says.

The basic framework for BCI2000 is now
complete, and Wolpaw expects details to be

published soon. It has four easily adaptable
modules that handle the four essential func-
tions of a BCI. One takes the raw brain sig-
nal, amplifies it, and encodes it digitally.
Another extracts the desired features of the
brain signal, such as a mu rhythm or P300
signal, and translates that signal into a com-
mand, such as movement of a cursor in a cer-
tain direction. The third controls a device, say,
one that navigates the Internet or operates a
prosthetic arm. And the fourth allows a user
to start and stop the BCI and to specify de-
tails, such as the speed, of its operation.

The software has already had an impact
on the field. In spring 2002, South Florida’s
Donchin needed to upgrade his BCI, which
was incompatible with state-of-the-art PCs,
so he could start testing disabled patients.
Donchin met with Wolpaw and Schalk at a
BCI conference in Rensselaerville, New
York, in June 2002 and described his
predicament. Schalk volunteered to do the
necessary programming on BCI2000. Within
2 weeks, Schalk managed to get Donchin’s
BCI up and running, enabling Donchin to

bring it to New York City to test it on his first
patient (this author’s father) in September.

Georgia State’s Moore and her colleagues
are using BCI2000 to develop an environ-
mental-control system that allows a user to
turn on and off lights, a television set, and a
radio with brain waves. They’ve also built a
communication system in which a person can
select words from a list of nouns, verbs, and
objects, and that will predict words and even
conversations, potentially providing faster
communication than traditional spellers al-
low. Their Web browser causes a cursor to
hop from one Web link to the next in re-

sponse to altered brain signals.
So far these prototype ap-

plications have been largely
tested on simulated brain sig-
nals, but Moore has just start-
ed testing them on healthy
volunteers and will soon in-
clude patients with spinal
cord injuries or early-stage
ALS. Eventually, Moore
plans to run all of these appli-
cations on a laptop mounted
to a smart wheelchair under
development that will also be
controlled by brain waves.

Direct line from the brain

Many researchers believe that
BCIs that rely on fuzzy brain-
wave signals are of limited
value. These devices listen in
on the accumulated hums of
millions of neurons after they
merge and pass through the
skull, akin to listening to a
crowd in a baseball stadium

from the parking lot. EEG-based BCIs “do
not extract the actual information in our
brains—for example, our concept of a
word,” says neuroscientist John Chapin of
the State University of New York Health
Sciences Center in Brooklyn.

In contrast, a relatively new generation of
BCI researchers implants electrodes inside
the brain to pick up the chatter of single
neurons, something like eavesdropping on
the conversation of a couple inside the stadi-
um from a few seats away. These signals,
Chapin and others contend, comprise the ac-
tual brain code for movement and thought.

Neurologist Philip Kennedy, head of
Atlanta-based Neural Signals, and his neuro-
surgeon colleagues Ron Bakay and Princewill
Ehirim are so far the only team to create a
BCI with electrodes implanted in a human.
Their most successful patient, a Georgia dry-
wall contractor named Johnny Ray who had
suffered a massive stroke that left him almost
totally paralyzed, learned to tune his neural
signals to operate a cursor, enabling him to
spell and hit icons for statements such as “I’m C
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Brain dictionary. New brain-computer interfaces are helping patients translate

thoughts to words more efficiently than earlier models did.



hungry.” (Ray, whom Kennedy calls the first
human cyborg, used the BCI for 4 years be-
fore his death in spring 2002.) 

Ray communicated through a novel elec-
trode technology Kennedy invented: In the
brain, chemicals lining a glass cone coax
neurons to grow through the electrode and
link to recording wires. This anchors the
electrode and allows stable recording. In the
current design, Kennedy and his colleagues
implant two electrodes into their patients’
brains; they are working toward implanting
eight at a time. Other research teams are
testing devices that extract information from
dozens to hundreds of brain cells at a time.
More massive arrays, some researchers be-
lieve, are the key to advanced prosthetics.

In the mid-1990s, Chapin, then at the
Medical College of Pennsylvania–Hanemann
School of Medicine in Philadelphia, and
Miguel Nicolelis, at Duke, threaded 46 hair-
thin wires inside a rat’s brain and taught the
animal to use its thoughts alone to tip a lever
and receive a drop of water. A computer de-
pressed the lever whenever the nerve signals
picked up by the microwires displayed a pat-
tern like that present when the rat moved the
lever with its paw.

In spring 2000, Nicolelis, Chapin, and
their colleagues implanted a more extensive
array inside the brains of two owl monkeys.
They taught the monkeys to operate a joy-
stick with their hands, maneuvering a cursor,
or to reach out with their arms to grab a
piece of fruit and bring it to their mouths. A
simple formula, the team discovered, could
predict from the electrical activity of 100
neurons a monkey’s hand position millisec-
onds later. They translated these natural neu-
ronal patterns into instructions for a robot
arm—and watched the robot obediently
mimic the monkey’s arm movements. 

Such systems have limitations. The mon-
key has to move its arm to produce the cor-
rect brain signal pattern, which won’t work
for paralyzed people. In addition, the mon-
key has no idea that its brain signals are con-
trolling a machine, and so it cannot learn to
improve its robotic performance.

Recently, a group led by neuroscientist
Andrew Schwartz, formerly at Arizona State
University, addressed these issues. They tied
monkeys’ hands down and had them play a
game in which their brain signals directly con-
trolled a cursor. After 2 to 3 weeks of practice,
one of the monkeys could hit the correct tar-
get nearly every time. The researchers linked
observable changes in the firing patterns of 64
neurons to the animal’s improved skills, indi-
cating that practicing the brain-wave game
was honing the responses of the cells
(Science, 7 June 2002, p. 1829). “A monkey
can squeeze a lot of information from a mini-
mal neuronal signal,” Schwartz says. He em-
phasizes that learning, guided by the game’s

visual feedback, was key to this ability.
Similarly, in work presented at the 2002

Society for Neuroscience meeting in
November, Nicolelis’s team, while collecting
data from 86 motor cortex neurons, taught a
macaque monkey to use a joystick to quick-
ly position a cursor inside a target. The sci-
entists then disconnected the joystick—al-
though the monkey could still handle it—
and ran the game off decoded neural signals.
The monkey appeared to learn to manipulate
the cursor just by thinking and eventually
stopped moving its hands altogether.

Recently, the Duke researchers have added
a new robot with a gripper hand into the loop.
When the monkey moves the cursor toward
the on-screen target, the robot will reach for
an object. The monkey will also receive tactile
feedback—from small vibrators attached to its
skin—to indicate the force with which the

gripper grasps the object. The faster the vibra-
tions, the higher the force. The researchers
hope that this will enable a monkey to learn to
pick up an object without crushing or drop-
ping it. This experiment, says Nicolelis,
should have “a tremendous impact on what
you do to control prosthetic devices.” Using
tactile feedback would be particularly useful
in ALS patients, who retain some sensation
even after most motor neurons are destroyed.

In a similar effort, Schwartz, now at the
University of Pittsburgh, and his collabora-
tors have hooked a monkey’s brain up to a
robotic arm. If the monkey is allowed to
view the robot and the food on the computer
screen, it can get the robot to reach out and
retrieve the food. 

In both Schwartz’s and Nicolelis’s experi-
ments, the monkeys were first trained by

practicing the movement with their hands,
something paralyzed people cannot do. But
Nicolelis is optimistic that this hurdle can be
overcome, because people can be trained
with verbal instructions. “We hope that we
can show a visual trajectory to a human or
tell him just to think about executing a
movement,” and that thought alone will elic-
it coherent patterns of neuronal activity in
the motor cortex, Nicolelis says.

Many other hurdles must be overcome
before implanting such arrays in humans—
not least of them establishing that implanted
electrodes are safe. As for stability, the
microwires in the macaques were still pick-
ing up signals from the vast majority of the
initial crop of neurons 1 year later. In
Schwartz’s case, some of the electrodes have
lasted up to 3 years. “But we need to know
that’s the rule,” Schwartz says.

Meanwhile, Schwartz and
a University of Michigan
team are developing elec-
trodes designed to be easier
to implant and to interact
more securely and safely with
natural brain tissue. Brown
University’s John Donoghue
is also working with re-
searchers at Cyberkinetics of
Providence, Rhode Island, on
a novel silicon array of 100
microelectrodes that he says
will make extracting neural
signals much easier.

But some researchers in
the field wonder if trying to
implant such arrays in the
human brain to get motor in-
structions might be overkill.
When operating a prosthetic
limb, for instance, the user
could just tell it to lift, lower,
or open or close its hand—or
even grasp an object at a cer-
tain location—and let robot-

ics do the rest. “BCIs just need to convey in-
tent,” Wolpaw contends, and not the details
of how a brain would coordinate movements.
Indeed, neuroscientist Gert Pfurtscheller and
his team at the Graz University of
Technology in Austria have already demon-
strated that a quadriplegic patient fitted with
a prosthetic left hand learned to use mental
imagery along with a scalp-based BCI to
open and close the hand. After 5 months of
training, the patient picked up an apple with
his new hand and ate it.

Donoghue and others respond that
only implanted BCIs will give disabled
users the kind of natural movement and
interaction with the environment that they
crave. In the end, the patients will say
who is correct. 

–INGRID WICKELGREN
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Direct connection. Monkeys have learned to control robotic

arms such as this one via electrodes implanted in their brains.


