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Imagine a complex manufacturing plant 
that has been completely automated. Ev- 
erything is under the control of a central 
co-mput&: the ordering of raw materials, 
the owration of machine tools, the main- 
tenaice and repair of capital equipment, 
the shipping of products, and the account- 
ing of expenses and income. No matter 
how well the system was originally de- 
signed, problems a re  bound to arise: 
equipment breaks down, market demand 
changes, some assembly lines back up, 
while others lie idle. Now imagine that 
you a re  hired t o  get things working 
again. Your workshop has lots of mechan- 
ical and plumbing parts and tools, but 
you are told that you can't change the 
computer program or repair or modify 
any of the electrical circuits. I think most 
of us  would quit in  frustration rather 
quickly. 

Yet that is approximately the situation 
i n  which medical practitioners work to- 
day. We have acquired amazing tools to 
diagnose, treat, and repair the mechan- 
ical, chemical, and plumbing functions of 
the body, but the central nervous system 
that controls it all has remained virtually 
untouchable. I t  has been estimated that 
80 percent or more of the symptoms that 
cause patients to seek medical treatment 
arise through damage to or dysfunction of 
this global control system. People become 
patients when they cannot interact prop- 
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erly with the outside world: pain, paral- 
ysis, impotence, incontinence, deafness, 
and blindness. 

There are  two fundamental reasons 
why the treatment of neurological dys- 
function lags so far behind other fields 
such a s  orthopedic and cardiovascular 
surgery. First, nervous tissue is not self- 
repairing. Bones and blood vessels have 
mechanisms for completing the  func- 
tional repairs that  are  started by sur- 
geons, but  sense organs and central 
nervous system neurons neither regener- 
ate nor reconnect. Second, the physical 
scale of function in the nervous system is 
much finer. The smallest ossicle or ar- 
teriole amenable to microsurgical repair 
is  likely to perform a singular, easily 
identified function. A similarly sized 
nerve tract contains thousands of diverse 
and independent functional elements. 
And there may be a third, not so funda- 
mental reason: the neurosciences seem to 
be the  most isolated of medical spe- 
cialties. A circulatory physiologist could 
probably give a passable lecture in renal 
physiology, but most wouldn't volunteer 
to explain the Hodgkin-Huxley equation 

describing the nehral action potential. A 
chest surgeon could certainlv take out an 
appendix, but he wouldn't resect a brain 
tumor. However, as clinicians start to re- 
pair the control circuits as well as the 
mechanical equipment, we will need in- 
terdisciplinary specialists who know 
something about how nerves work as well 
as the functions they are supposed to con- 
trol. 

The  concept of neural  control 
Some of the functions performed by our 
central nervous system have started to be 
duplicated using the  artificial intel- 
ligence of computers. While still vastly 
inferior to our normal sense organs, com- 
puters can use video signals to "see" ob- 
jects and microphone signals to "under- 
stand" human speech. Robotic controllers 
can organize the movement of motorized 
"arms" and "hands" to perform useful 
tasks. Given that both brains and com- 
puters operate via electrical impulses, it 
should be possible to interface the two by 
exchanging the necessary control signals 
and data. Neural control consists-of de- 
velopment of such bidirectional interfaces. 

The most common form of interface 
consists of an array of metal electrodes 
positioned close to nerve fibers whose ac- 
tivity must be recorded and/or stimu- 
lated. The objective may be functional 
restoration, basic neurophysiological re- 
search, or a combination of the two. The 
methodology involves a variety of phys- 
iological and engineering disciplines, but 
there are unifying principles that have 
facilitated recent, rapid progress across 
widely separated clinical fields: (1) Most 
neural circuits transmit information via 
large numbers of parallel channels, each 
of which uses pulse-rate coding to signal 
the amplitude of a single dimension of 
information (e.g., brightness, loudness, 
force, etc.); (2) the all-or-none impulses 
consist of fluxes of cations which are con- 
trolled by well-characterized membrane 
processes and which propagate through 
the volume-conductive body fluids in pre- 
dictable ways; (3) electronic circuits car- 
rying current in the form of electron 
motion in metal conductors can interact 
in both directions (recording and stimu- 
lating) with the biological ionic currents 
using safe, stable, easily controlled elec- 
trochemical reactions; and (4) the closer 
an electrode is to a given neural process, 
the better it  is able to selectively record or 
evoke activity in that process. 

As we learn to build and implant arrays 

with larger numbers of smaller electrode 
contacts, we become able to interact func- 
tionally with more complex and less ac- 
cessible parts of the central nervous 
system (Fig. 1). For some functions such 
as pain control, single channeljj for ac- 
tivating superficial nerves from outside of 
the body may suffice (e.g., transcutaneous 
electrical nerve stimulation). For others 
such as  vision, hundreds of channels, 
each directly and locally activating only a 
few neurons directly in the cerebral cor- 
tex, will be required. In between, lies the 
present, rapidly expanding state of the 
art. 

Auditory prosthetics 
Perhaps the best-known and most suc- 
cessful clinical application of neural con- 
t rol  i s  i n  the  t reatment  of profound 
sensorineural hearing loss. There are 
hundreds of thousands of deaf patients 
with relativelv intact auditorv nerves and 
perceptual centers who derive no benefit 
from hearing aids because they have lost 
their cochlear hair cells, which normally 
transduce acoustic vibrations into neural 
impulses. Perhaps a dozen different func- 
tional cochlear prostheses are now com- 
mercial ly  avai lable  o r  undergoing 
clinical testing. Although they are quite 
different in their electrode placements 
and signal processing, they all work by 
transforming the sounds picked up by a 
microphone into patterns of electrical 
stimulation directed toward the remain- 
ing auditory nerve fibers. Even a single 
channel of such stimulation can produce 
clinically useful auditory sensations via 
the temporal information content of com- 
mon sounds. While far short of enabling 
speech comprehension, such devices aid 
in lipreading, permit identification of 
many ambient sounds (e.g., doorbells and 
car horns) and help the wearer control 
and modulate his own speech. Multichan- 
nel devices divide the stimulation among 
s p a t i a l l y  l o c a l i z e d  s u b s e t s  of 
tonotopically organized auditory nerve fi- 
bers, thereby replacing the tuned spatial 
filter of the basilar membrane as well as 
the transduction of the hair cells. Predic- 
tably, these devices provide much more 
information and are  now verging on 
providing unaided speech recognition, a t  
least in selected subjects under acous- 
tically clean ambient conditions. 
*# From these devices we have learned 
two important lessons. First, the em- 
pirical results have confirmed the ap- 
plicability of theoretical biophysics to 
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electrically excitable processes. The ac- 
tual and relative performance of these 
prostheses and the agreement among de- 
sign predictions, animal testing, and 
clinical performance mandate that future 
work on even more ambitious neural con- 
trol interfaces must be based on these 
principles, rather than the cut-and-try 
empiricism that was required of the pi- 
oneers in this field. Second, the clinical 
evaluation of these devices has provided 
an unparalleled opportunity to conduct 
psychophysical experiments regarding 
some of the least understood cognitive 
processes of the human brain. We have 
just begun to exploit this basic research 
aspect of neural control, but it seems 
likely that the iterative process of build- 
ing well-characterized electrode arrays, 
testing the responses of human subjects 
to well-controlled patterns of electrical 
stimulation, and then redesigning the 
prostheses accordingly, will lead to rapid 
advances in both neuroscience and pros- 
thetics. 

hnctional neuromuscular 
stimulation 
This is another ambitious, active, and 
promising application of complex neural 
control interfaces, although clinical re- 
habilitation remains as yet somewhat 
elusive. Current research includes re- 
animation of the hand in quadriplegics, 
wafking in paraplegics, and bladder con- 
trol in a variety of spinal cord disorders. 
Patterned electrical stimulation of mus- 
cle nerves can providi? tension and mo- 
tion. As with sensory prostheses, the 
complexity and finesse of the possible 
motor activities so elicited depends on the 
number and selectivity of stimulation 
channels. However, there are several fac- 
tors that further complicate clinical im- 
plementation: . 

(If In addition to pure motor effects, 
electrical stimulation tends to activate 

the complex reflex-control circuits which 
persist but tend to vary greatly in their 
functional state among patients. 

(2) Most motor behaviors require de- 
tailed and rapid command signals from 
the patient to be executed safely and effi- 
ciently. These must be obtained from the 
limited set of motor functions still under 
voluntary control by the patient or by di- 
rect recording from motor cortical centers 
where they presumably originate. 

(3) Most motor behaviors are regulated 
both consciously and unconsciously by 
multimodal somatosensory feedback. 
These signals must either be recorded 
and decoded from afferent nerves or repli- 
cated via electromechanical transducers 
and then reintroduced to both the patient 
and the stimulation control circuitry. 

(4) Sensory prostheses rely on the brain 
to perform the computational chores of 
perception, so the designer only needs to 
know the form of the required input sig- 
nal, not the perceptual algorithms. The 
controller for a functional neuromuscular 
stimulation prosthesis must embody the 
control algorithms of such poorly under- 
stood central nervous system centers as 
the cerebellum and spinal cord. 

Nevertheless, primitive but useful 
motor control has been achieved in 
cl inical  t r i a l s  of functional  neu- 
romuscular stimulation controllers of the 
hand, legs, and bladder. For determined 
patients and practitioners trying to cope 
with problems of living for which no alter- 
native is available, the limited perfor- 
mance and surgical intervention will be 
deemed acceptable, providing re-  
searchers with continuing opportunities 
to refine their understanding ormotor 
control and the capabilities of the pros- 
theses. 

The future 
The past decade has been spent building 
the tools, both technical and conceptual, 
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Y NEURAL CONTROL INTERFACES NOW BEING DEVELOPED: 

Replace eye - stimulate visual cortex- - - --m------ Record cortical motor commands 

Repla- ear - stirnutate auditory nerve----+b\d 

Stimulate skin nerves for pain relif - -  - - - Pacemaker for heart, diaphragm 

Stimulate back musck to rtop-- - - - -.-Record myoelactric signal to control 
abnormal spim, curvature artificial arm 

Recad rtnrorV feedback from hand" 

Activate paralyzed hand muscles' 

Stimulate autonomic nerves to control' 
bbdder, correct impotence 

Coordinated etivation of paralyzed-. 
k g  musck for walking 

THE FIELD OF NEURAL CONTROL 
I. Chronic Recording 

A. Neurophysiological Research Tools 
8. Myoelectricallv Controlled Prostheses 
C. Monitors of Command Signals 

II. Functionel Ekctrical Stimulation 
A. Pacemakers 
B. Tissue Growth Stimulators 
C. Neural Prosthetics 

1. Single Channel Actuatots 
2. Multichannel Sensory Replacements 
3. Sensorimotor Coordinators 

that space constrains me from detailing 
here (see references for further reading). 
We are now beginning to build the pros- 
theses. Even with these sophisticated 
tools, progress will come by evolution 
rather than revolution, moving cau- 
tiously through the cycles of design, fab- 
rication, animal and clinical testing, and 
then redesign and retesting. Yet each 
time around each loop, we will learn im- 
portant things about our science and our 
technology that will have implications for 
many other applications of neural con- 
trol. 

This synergism will be exploited best 
by multidisciplinary teams with larger 
perspectives than a single device or disor- 
der. We need imaginatively led teams in 
which the very different expertise and 
personalities of clinicians, engineers, and 
basic scientists can work together 
smoothly on a variety of projects. We need 
administrative and funding mechanisms 
that permit assembling a critical mass of 
technolonv. science, and rehabilitation 
services.-ht above all, we need persons 
who know enough about enough different 
aspects of these problems to be able to 
find, understand, and implement the so- 
lutions that are starting to emerge. 
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