MNEWS FEATURE

Implants in the brain could one day help paralysed people move robotic arms and legs. But first,
scientists need to work out how our brains know where our limbs are, says Alison Abbott.

hut your eyes. Now, touch your nose.
Chances are you can do this without
even thinking about it. For this you can
thank your sense of proprioception,
which is 50 much a part of us that most of us
are unaware that it exists. This ‘sixth sense’ lets
our brain know the relative positions in space
of different parts of our bodies. Without it, our
brains are bost
lan Waterman knows how that loss fecls.
More than 30 years ago he lost this sense
almost overnight, when a flu-like virus dam-
aged the required sensory nerves. His muscles
worked perfectly, but he could not control
them. “1 lost ownership of my body,” he says.
He could no longer stand, or even sit up by
himself, and doctors said he would never be
able to do so again. Watermans condition arose
from a disease called acute sensory neuropathy
and is so rare that only a dozen or so similar
cases are known to the medical literature.
Somie neuroscientists are taking a cue from
Watermans experiences and starting to inves-
tigate whether robotic devices controlled by
thought alone could be integrated with an arti-
ficial sense of proprioception. If so, they rea-
somn, these ‘neuroprosthetics’ could be made

to work in a2 much more life-like way. What's
mwore, they hope to gain a deeper understand-
ing of how proprioception works, and how
they might be able to manipulate it.

Some months after his virus attacked,
Waterman, only 19 years old, was lying in bed
applying all his mental enerpy to the fght for
controd of his body. He tensed his stomach
muscles, lifted his head and stared down at the
limbs that seemed no longer to belong to him.
He willed himself to sit up.

Concentrated effort
Later, he realized that it was the visual feed-
back that allowed his body to unexpectedly
obey the mental instruction. “But the eupho-
ria of the moment made me lose concentration
and | nearly fell out of bed,” he remembers.
From then on he learnt to compensate for
his deficit in proprioception with other forms
of sensory feedback to help him understand
where his limhs are, and thus control them. It
requires constant, intense concentration, but
now, despite his profound impairments, he can
manage fairdy normal movements. Most of the
input that he relies on is visual — standing up
with his eyes closed is still nearly impossible —
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but he can also tune in to the tug of a jacket »
deeve to work out the direction his arm is &
moving. Or to the cool air on his armpit when =
he raises his arm in a loose shirt. Neuropros- =
thetic engineers are realizing that many ©
sensory feedback signals could be similardy
hamessed.

A neuroprosthetic is more accurately called
a brain-machine interface. Hundreds of elec-
trodes, fixed into tiny arrays, are placed inor
on the surface of the cortex, the thin, folded
outer surface of the brain that controls com-
plex functions induding the organization of
movement. The electrodes record the electri-
cal signals from the cortex’s neurons and these
are translated by a computer algorithm and
used to drive specific actions — the movement
of a cursor on a computer screen, for example,
or of an artificial limh.

In this issue of Nature, two papers' * demon-
sirate dramatic progress in the area. A tecam
consisting of John Donoghue’s group, based at
Brown University in Rhode Idand and Cyber-
netics Meurotechnology Systems in Foxbor-
ough, Massachusetts, implanted 96 dectrodes
into Matt Magles motor cortex, the brain
region thal processes information about move-
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Mind control: Matt Magle's neuroprosthetic lets him move a cursor using thought alone.

ment. Magle is a quadriplegic patient and the
first human volunteer to reach this advanced
stape of besting (see picture, abowe ). Hooked up
to computers and attended by a team of techni-
cians, Magle could move a cursor to issue dif-
ferent instructions — for example, to open
e-mails or turn down the television.

Krishna Shenoy's group at Stanford Univer-
sity, California, has done similar work in a
non-paralysed monkey’s premotor cortex, the
area of brain where the animal’s movement-
related ‘intentions’ are generated. Using a new
algorithm, the team'’s brain-computer inter-
face produced results four times faster and
more accurate than previously seen.

Closing the loop
The two papers show how dosely neuropros-
thetics are approaching medical reality. But
although moving a computer cursor by
thought alone may be dazzling, scientists have
long-term ambitions to make neuroprosthet-
ics reproduce more complex functions. Could
patients direct a robotic arm to pick up a cof-
fee cup, for example? “For this, the devices
need to deliver feedback to the brain — we
need to close the loop.” says Daofen Chen,
director of the neural prosthesis programme at
the US National Institute of Neurological [is-
orders and Stroke in Bethesda, Maryland.
The brains sensory cortex receives signals —
proprioception, touch, pain and so on — from
the body (see graphic), and in response con-
stantly modifies its movement-related com-
mands. The current generation of cutput-only
neuroprosthetics are open-loop systems —
with more limitations than lan Waterman, who
can at least use visual, temperature and tactile
feedback. ®Brain-machine interfaces will have
to become interactive,” says Chen. “But now
that we would like to exploit it, we realize we
know next to nothing about sensory input.”
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A handful of researchers is starting to ry to
work out where and how Lo stimulate the sen-
SOTY nervous system to reproduce the sorts of
information that a limb might send to the sen-
sory cortex. It is early days: none of their work
is published. And as so little is known about
the system, IlEremnnnl:mmlsp]a:-r:tﬂnarL

Theoretically, the "where' could be the
nerves running from the limb into the spinal
cord, or the spinal cord itself (see graphic). Or
it could be higher — in the brain’s thalamus,
where incoming sensory signals are integrated

HOW SOME OF THE BODHY'S SEMNSORY
IMPUTS WIRE INTO THE BRAIN
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and redirected to the appropriate part of the
cortex, or the sensory cortex itself.

The how’ refers to the design of the electri-
cal signals to be fed into the cortex. These
could mimic the sensory system’s natural
nerve impulses, based on parameters such as
frequency and amplitude. Or they could
involve creating artificial signals that the sen-
sory cortex is able to distinguish, in the hope
that the brain can be trained to assocate par-
ticular signals with particular parameters.

Once scientists have worked out how best to
encode the signals, the idea would be to place
sensors on artificial limbs to generate signals
representing propricceptive information such
as angle of joint, vibration, force of grip — and
other sensory information that Waterman has
found helpful, such as temperature.

Trained brain

Most in the field have a hunch that the signal
will not have to mimic neural activity per-
fectly. The brain can, after all, cope with the
very unphysiological signals generated by the
muost successful brain-machine interface to
date: the cochlear transplant. Already, some
110,000 profoundly deafl people have been
implanted with the device, according to the US
Mational Institutes of Health. The implant sits
in the inner ear and interfaces with the audi-
tory nerve. Its sipnals are totally artificial, and,
at first, recipients can make nothing of the
noise. But the anditory cortex, it turns out, is
highly adaptable. With appropriate training, it
can guickly learn to associate particular codes
with particular sounds, so that transplant
recipients can learn to follow conversations
with ease.

“When the concept of stimulating the andi-
tory nerve emerged in the 1970s, people said it
would be impossible to generate the right dec-
trical signal to the brain,” says Shenoy. “But it
turned out that you don't have to get it perfect,
just close enough for the brain to do its own
fine-tuning” On the other hand, one does not
want to burden patients with having to learn
too much, says John Chapin a physiologist at
the State University of Mew York Health
Science Center in Brooklyn, and a pioneer in
using neural activity tocontrol robots. “Ideally
we should aim to mimic the natural signal as
closely as possible;” he says (see "Voyagers in
the cortex”).

For now, whatever works will be good. "We
don’t know if it will turn out to be possible to
incorporate sensory information but we are
going o try, says neuroscientist Andrew
Schwartz of the University of Pittsburgh, an
expert in brain—computer interface technaol-
ogy for the control of robotic arm movement.

Schwartz is working with Douglas Weber,
a bioengineer at Pittsburgh whao is developing
a model for studying sensory input. This
involves using electrodes to stimulate the
sensory nerves from the limbs of an anaes-
thetized cat at the point just before they enter
the spinal cord, and simultaneously recording
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Voyagers in the cortex
If paralysed people can now wse g Ludies, may haee failed because
electronic irmplanls bo move the cortex is loo complicated Lo

cormpuber cursor by thought,
oould similar inplanis make the

dead hear, or the blind see? Mot any
Lime soom, Say researchers. The
brain's visual and auditory cortices,
which process vision and hearing,
respeciively, ane exlrermely
cormplex — and early experiencs
s been discouraging,

A fewe decades ago neurclogists
tried stimulating cormbinations of
Mo, i the hope that patients
would perceive cormplex shapes,
or sounds. The patients perceived
slrong signals, bul they were
unsiructured — flashing light
spolts, of hissing sounds™™.

Frark Ohl of the Leibniz Institule

for Meurabiolozy in Magdeburg,

b stimial abed using the <arme
simple sspnalling that works on
Ehe peripheral nerves that feed
inbo i “0 is consiantly active, and
Q6% of thal activily is internal

— different parts of the cortex
exchanging informalion with
each other” he explains.

Oihl's beeain has been momiboring
this internal chatber whibe
experimenting with different
pattens of edectrical stimulation.
He hopes bo find a way of
delivering just the right kinds of
signals al ust the right point amid
the chatler when the corfex is able
bi "lisken’ b Ehesr. Fendichly
comglicated, but Ohl has already
s et thiat his chosen sulyects,

rising and falling tomes whelher
they are presented as sound,
oF a5 derect stimulations bo the
corlex thal create the same
pattern of cortical activily as
the sound produces”. He also
has unpublished evidence that
the gerbils become more accurale
in distinguiching the signals when
b Lakes the chatler inlo account.
A e wseks ago, Ohl's university
signed an agreement with
nieurasurgeon Volker Sturm
From the Dieversity of Cologne Lo
rowe the project on to humans.
Epileplics sometimes hawe
electrodes implanted in the areas
af their brain believed lo generale
thesr seirures, If these areas
happen Lo be in or clase to the
auditory cortex, Ohl will attemd the

animal experiments on patients
willing Lo Lake parl

Ed Tehownik, a newmosceentist
at the Massachusetls instifube
of Technology, = taking a similar
approach in the visual cortex in
mankeys. He thinks earler
attermpls may have failed because
thesy dicd mot consider how
imiportant the cortex's detailed
architecture is bo fumclion.
Where and how you interfacs
wilth this part of the brain i
critical, he says.

Ihis may all be a long way from
restoring sight or hearing, bul
it will at leasl establish the
physological principles onwhach
Sersory neuroprosheces iy be
based. o thee ireanbine we will
find out a lot about how the beain

Gerrmany, belieses that earler

from neurons in the sensory cortex. Weber
will then repeat the recording. only this time
manually moving the cats limbs, instead
of stimulating their nerves with eectrodes.
He will then compare the pattern of neural
activity in the cortex in the two situations and
see whether he can mimic the patterns he sees
in response W passive movements with artifi-
cial stimulation.

“Mot everyone agrees, but my gut feeling is
that we will be more successful if we stimulate
outside of the central nervous system,” says
Weber. At more central points there will be
greater convergence of different inputs and |

guess it would be hard to get dean signals”

Daily operation: the light traces of a person getting dressed show that
even simple task= require complicated movements.

gerbils, can discriminate between

Lee Miller, a neurophysiodogist from Morth-
western University in Chicago, agrees that
Weber could be right, but is nevertheless
approaching the problem from the top.
Although useful for study, stimulating nerves
from peripheral areas of the body such as
limbs will not work for a patient whose spinal
cord is severed.

Working in monkeys, Miller's group is dec-
trically stimulating the part of the cortex that
processes proprioception, and recording neu-
romal activity in the motor cortex at the same
time. Miller hopes this will eventually let him
design stimulation patterns that can imitate the
brains own processing of proprioceplive sig-
nals, much in the way that
Weber is designing signals
to imitate processing of
movemnent. Monkeys will
be trained to move a "virtual’
arm, created on a computer
screen by computer alpo-
rithms fed by both record-
ings from the motor cortex
and the simulated proprio-
ceptive feedback.

It's a complex experi-
meent, he admits, which will
probably take up to five
vears o gel working opli-
mally. But he draws hope
from his groups finding,
presented at the 2005 Soci-
ety of Neuroscience meet-
ing in Washington D(C, that
the monkeys can recognize
and distinguish between
high- and low-frequency
stimulation.

Chapin’s set-up is equally
ambitious. He also works
on monkeys but his chosen
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operalions and repeat some of the

wiorks,” says (hi, AN

target is the thalamus, the brain's junction box
for sensory input. " The higher you go in the
brain, the more complex and abstract things
become,” he says. "It is hard to know if you are
stimulating something precise.” In his experi-
mental system, Chapin electrically stimulates
the area of the thalamus that relays touch-
related signals. Simultaneously he records in
the areas of the sensory cortex that process tac-
tile information. The monkeys meanwhile,
have one arm strapped down and one free.
They have been taught to point with their free
hand to an area on their immobilized arm that
they “feel’ is being touched. “We have found
that we can produce a sort of “natural response’
in the cortex when we stimulate in the thala-
mus, he says. The response matches that pro-
duced normally when a specific part of the
monkeys arm is touched. Chapin plans to
extend his investigations to study propriocep-
tion in the same way.

The papers on brain-machine interfaces by
Donoghue and Shenoy'™ seem like scdence fic-
tion becoming reality. The next step — trying
to introduce sensory input into brain-
machine interfaces — may appear at first
glance to be as fanciful as the Six Million Dal-

lar Man. But few neuroscientists could seri-

ously doubt their theoretical potential As

experience with the first generation of neuro-
prosthetics shows — it's a question of under-

standing how the system works. N
Alison Abboltt is Moture's senior European

correspondent.
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