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ABSTRALT

This paper presents arguments and experimental observations to support
the concept of employing nerve signals for controlling electricaily driven
prosthese. Direct neural contro! would enable the prostheses to perform more
"natural® functions in accordance with the volitional commands of an amputee.

An electrode for recording nerve signals was designed and tested. Several
electrodes have been implanted around severed peroneal nerves of rabbits. Results
show that when appropriate desfgn considerations are taken into ‘account, the
enclosed nerve suffers minimal damage and that the slectrode can record elec-
trically stimulated compound action potentials for periods up to 24k days (the
longest implant tested to date). A modified version of the electrode was built
to correct some of the shortcomings of the original electrode. Specific consid-
eration was given to eliminating the recording of the concurrent EMG signai.

Two of the modified versions have been implanted thus far and the preiiminary
results are encouraging. They indicate the possibility of chronically recording .
and isolating nerve signals from the urwanted EMG signals.
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IKTRODUCT!ION

The problem of providing a suitable method of controlling prostheses,
especially upper-1imb prostheses, has been germane to their development. In
order to overcome some of the shortcomings of conventional mechanically
operated prostheses, various approaches have been empioyed. In the case of
upper—limb prostheses, one of the most promising approaches has been the use
of the etectromyographic (EMG) signal to control an electrically driven
device. The first such device used ENG signals to effect the movement of a
prosthesis in an "on-of f" manner. However, there were two major physiclogicai
disadvantages of this system. Firstly, the EMG signal used to control the
movement was recorded from surrogate muscles not ordinarily involved in the
activity to be duplicated. Secondly, the patient was not able to modulate
the output (position, force or velocity) of the terminal device. Hence, the
effective control of the prosthesis required an attentive, conscious effort
on the part of the amputee. Such systems have met with limited success.

A different conceptual approach was proposed by a Harvard-M.1.T. - Liberty
Mutual Insurance Co. team of investigators. They proposed that EMG signgls.
used to control the motion In prostheses be derived from muscles that normaliy
performed the required function in the Intact extremity. The motion in 3 pros-
thesis actuated in such a manner would be “wolitional” in the sense that, :
theoretically, the patient would merely desire a particular motion in order
to spontaneously set off a chain of events beginning in the pre-central gyrus
in the cortex and ending with the contraction of the appropriate muscle(s}.
Since the extent of the muscle contraction and the EME signal! would be a
function of the volitional demand of the patient, the output of the prosthesis
could be continuously modulated by the demand of the amputee. This approach
has the advantage of reducing the muscle function retraining required for
effective prostheses control. In addition, it enables the amputee to perform
the motions in the same natural, essentlally reflexive manner that he normaily
performed them in the intact extremity. As a result of the above considerations,
an above-elbow prosthesis was developed which was capable of proportional elbow
flexion and extension by the command of the EMG stgnals generated from the
biceps and triceps muscles respectively, Further description of this prosthesis,
now known as the "Boston Arm", can be found in the 1iterature (1,2,3).

From anatomical considerations it is obvious that the Boston Arm approach
severely limits the motions and degrees of freedom possible in an above-elbow
prosthesis since the muscles controlling the hand and forearm motion have been
ablated. Thus, in order to obtain volitional, non-mechanical control of addi-
tional degrees of freedom, it s necessary to harness other “signals* or "infor-
mation'" from the amputee.

Recently, pattern recognition approaches have been used to associate the
EMG signal from the remaining muscles on a limb or shoulder girdle with a
functionatly distinct movement of the Jimb (4,5,6). This appears to be a
wortiwhile approach, but has some practical disadvantages. It wil) require a.
relatively large number of recording electrodes whose individual impedance
must be maintained constant with respect to that of the other electrodes. ~ The
muscles and particular EMG signal pattern used will depend on the type of ampu-
tation, resuiting In a detailed prosthesis fitting procedure. If the function
to be duplicated is sufficiently removed from the surrogate control muscles,
the EMG signals will not be related to the movement. Far example, the EMG
signals from the muscles in the shoulder girdle cannot easily be related to
the movements of the hand with respect to the forearm. The muscles controll ing
the movements of the hand and the muscles in the shoulder girdle are supplied
by separate nerves and the hand can be moved with respect to the forearm with-
out generating any appreciable moments about the shoulder.
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In the case of above-elbow prostheses which ideally require severai
degrees of freedom an alternative control approach may be possible - that is,
direct neural control. Although the muscies normally controlling the desired
functions may no longer be present, the peripheral nerves that contain the
motor heurons to these muscles are accessibie in the remaining part of the
arm. If it were possible to record the nerve signals -on a chronic basis,
the viability of this approach could be tested.

APPROACHES

Three essential functions of the upper 1imb are flexion-extension of the
forearm, pronation~-supinatfon of the forearm, and opening-closing of the hand.
Flexidn of the forearm is governed by the musculocutanecus nerve and extension
by the radial nerve. Pronation of the forearm is governed by the median nerve
and supination by the radial and musculocutaneous nerves. Opening of the
hand is governed by the radial nerve and closing of the hand by the median
and ulnar nerves. Three nerves, the musculocutaneous, median and radial supply
sufficient information relating to the three essential functions. At least six
functionally distinct nerve signals are required to supply an adequate control
scheme. Therefore, two or more functionally distinct nerve signals must be
recorded from one or more of the nerves, Lichtenberg {7) has shown that under
experimental conditions functionally distinet signals can be recorded from the
surface of the sciatic nerve in rabbits. A paper describing the technique and
resuits of the experiment for recording functionatly distinct signals is in
preparation.

The concept of interfacing a nerve with an electrode for the purpose of
recording nerve signals has been considered before. In 1964, the Marvard-H.I.T.
Liberty Mutual Insurance Co. team of investigators attempted to record volitional
motor nerve signals in a below-elbow amputee (Alter (8) ). The median, ulnar and
radial nerves were exposed at the end of the amputation stump. Platinum wire
loops were placed over each of the dissected and isclated narves. The patient
was instructed to think about performing hand and finger motions normally con-
trolted by the exposed nerves In the ablated forearm. Signals were recorded
in phase with the volitional intent. However, the investigators encountered
technical and physiclogica) rsetrictions that prevented them from reliably
isolating nerve signals. -

A Liberty Mutual Insurance Co. - Harvard Medical School team then attempted
another approach utilizing the tibial nerve in the hind iimb of rabbits. The
distal end of the tibial nerve was divided into four or five fiber bundles by
cuttin% the epineurign and delicately teasing the fiber bundles. Tubes of
Teflon®and Sitastic™ were located over the individual bundles. All these
attempts resulted in nerve damage and/or necrosis; probably as a resylt of
interference with the nutrition to the nerve. However, it is possible that
this approach may yield positive results if a sophisticated microdissection
technique s employed to divide the nerve.

More recently, Marks (9) and Mannard et_al. (10) working with amphibians
have developed a nerve regeneration electrode. Mdarks (9) induced cut nerve
fibers to regenerate into a multiple microelectrode consisting of a Teflon struc-
ture having smal) metal-lined holes. Mannard et al. (10) advanced the design of
the regeneration electrode unit. They constructed an electrode that consisted
of a thin epoxy plate pierced by several holes whose surfaces were coated with
a metal. The plerced plate was secured in a notch cut into a nerve. They have
shown that in amphiblans the nerve fibers will regenerate and pass through the
holes, thus establishing an interface with the slectrode. The regeneration unit
approach has the advantage of supplying a large nerve signal-to-noise ratio due
to the fact that the recording element is very close to the individual axons.
However, the technique for installing the unit requires a relatively delicate
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surgical procedure that may not be cohvenient during an amputation. In addition,
this electrode would by its nature be highly selective in recording action poten-
tial trains of individual motorreurons. In general, several channels of infor-
mation would be necessary to associate the nerve signal with the resulting
muscle contraction which is modulated by motoensuron recruitment as welj as
firing rate.
In this article, a new approach for developing an electrode capable of
recording functionally distinct nerve signals for prolonged periods of time
will be described. The electrode satisfies the following requirements:
(1} It should be possible to place the electrode on severed nerves during
amputation.
(2) The implant procedure should be relatively simple.
{3) The electrode should have the capability of recording functionalty
distinct nerve signals from the nerve.

BASIC ELECTRODE DESIGN AND IMPLANTATION PROCEDURE

A suitable electrode should have the following characteristics: (1) a good
mechanical connection with the nerve trunk, to minimize the relative movement
of the electrode and nerve; (2} a good signal-to-noise ratio; and (3) the capa- -
bility to disregard the concurring EMG signals from adjacent muscles. The design
of an electrode to achieve the above presents two basic problems: (1) the elec-
trode must be placed close to the nerve with minimal physical damage and few
physiological restrictions to the nerve; and {2) all the materials used to con-
struct the electrode must be biocompat ibie.

The construction of the electrode can be divided into two parts. The first
is the structural component that provides the meéchanical .connection to the nerve
trunk. The second consists of the recording elements of the electrodes that pro-
vide the electrical connection.

THS structural component consists of a tube fabricated from a sheet of
Dacron™or Teflon knitted cloth with the borders glued together with Silastic
rubber. The tube has an inside diameter of 2.5 mm and a length of 1.5 ¢cm. The
recording elements consist of two wires (90% platinum-10% iridium) with a dia-
meter of 75um covered with a Teflon coating. The wires are woven into the cloth
and terminate with an inter-wire spacing of 0.5 cm. At the terminal point the
wires are curved perpendicularly to the cloth towards the inside of the tube,

The wires are cemented in this position and the terminal ends are cut flush with
the cloth. The portion of the wires protruding from the tube is placed inside a
Silastic tube that is affixed to the cloth. A 6-0 silk suture is tied to the
distal end of the cloth tube. Figure | shows an electrode ready to be implanted.

New Zealand white rabbits (3i-4 kg) were used as the experimental animals.
The rabbits were anesthetized. Their hind parts were shaved and surgically pre-
pared with the Betadyne solution. An incision was made in the popliteal fossa
and the peroneal nerve (a branch of the sciatic nerve) was exposed. The nerve
was severed as distally as possible near its insertion into the peroneus muscle.
{The severing of the nerve dyplicated the amputation trauma.) A 6-0 braided silk
suture was passed through the epineurium at the distal end of the nerve. The
Suture and nerve were pulled through the tube until the tube was located over
-the distal part of the nerve. The suture on the nerve was tied to the suture on
the distal part of the tube, thus securing the unit to the nerve. The implanted
unit was comfortably arranged in the popliteal fossa and the incision was
sutured. A total of 22 electrodes were implanted.
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(Figure 1 near here)

BICLOGICAL COMPATABILITY

The histological appearance of the nerve and surrounding tissue, and the
nerve signal characteristics of the electrode-nerve unit were studied for
implantation periods ranging from 3 to 244 days. No serious biccompatability
problem was observed in the nerve and surrounding tissue. |In some cases the
enclosed nerve experienced severedegeneration. The information presently
available is not definitive; it is very likely that the denervation was a
result of some anatomical damage that oceurred accidently during the implanta-
tion procedure. ’

A capsule of connective tissue develops around the tube. This external
capsule Is continous with the adjacent fascla and the connective tissue around
the nerve proximal to the electrode. Figure 2 shows a typical fusion of the
electrode tube to the terminal end of the peroneal nerve. {The nerve-electrode
unit has been solated from the surrounding tissue by a cotton swab for visual
clarification.) The space between the enciosed nerve and the inside wall of
the tube is also invaded by connective tissue that is well bound to the enclosed
nerve. The internal and external connective tissues communicate through the
interstitial spaces of the knitted cloth providing a good mechanical bond between
the nerve and electrode. Figure 3 shows a cross-sectional view of the electrade
tube and enclosed nerve.

The presence of the Dacron and Teflon tubes Induces a slight inflammatory
reaction in the adjacent connective tissue. Foreign body giant cells were
present in the conpectlve tissue but they decrease In number with increasing
implantation time. Also, the internal connective tissue undergoes a reorgani-
zation with increasing implantation time. The cellular component diminishes
and the remaining cells occupy the space adjacent to the tube wail. The space
between the epineyrium and the cellular component is filted with collagen fibers
and fatty tissue. This connective tissue reorganization may be important in
explaining the signal levels recorded from the electrodes.

(Figures 2 & 3 near here)

PARAMETERS EFFECTING THE RECORDED SIGNAL

. The implanted electrodes were tested by maximally stimilating the sciatic
nerve proximal to the origin of the peroneal nerve. Tubocurarine chloride was
administered to the rabbit to eliminate the coricurring EMG signal. Most of the
electrodes could successfully record the electrically-stimulated compound action
potential. The few failures were due to problems unique to particular experi-
ments and not basic to the electrode design.

The recorded compound action potentials had an amplitude that ranged from
40 to 300 UV and a time duration of 0.9 to 1.5 msec. The amplitude of the com-
pound action potentials recorded from dectrodes implanted !ess than 17 days
had a mean and standard deviation of 150 * 101 uV; wherease that recorded between
25 and 244 days was 79 ¥ 46 wV. The coefficlent of variation is 0.67 for the for-
mer group and 0.58 for the latter. This indicates that the relative amplftude
of the recorded signal is as apt to vary by almost similar amounts regardless
of implantation time. A detailed discussion on the histology and signal pro-
perties of the nerve-electrode unit will be presented by De Luca et al. {11).
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The -decrease in the absolute value of the amplitude of the recorded signal
Is, in all probability, caused by physiclogical and physical properties within
the implant, rather than the structural properties of the electrode unit. A
decrease in the signal amplitude can result from the following developments:

(1) the nerve degenerates;{(2) the impedance of the internal connective tissue
increases; and (3) the metal-electrolyte interface of the recording.electrode
changes. As stated previously, the light microscopy analysis revealed that with
increasing implantation time, the connective tissue between the enclosed nerve
and the inside wall of the tube becomes reorganized. It appears that the increas-
ing deposits of collagen fibers and decreasing ceilular component in the connect-
ive tissue impede the conduction of compound action potentials from the nerve to
the etectrode. The compaction of the coliagen fiber matrix surrounding the nerve
could induce nerve degeneration by directly invading the space occupied by the
nerve fibers or by occluding the nutrients required by the nerve. Fortunately,
If it is found to be necessary, the amount of connective tissue formation can be
regulated by pharmacological agnets such as proline and lysine analog (12).

There are severa) possibilities that can account for the farge standard
deviation of the recorded signal amplitude. One prominent source for the ampli-
tude irregularity Ts the lack of concentricity between the nerve and surrounding
electrode as seen in the majority of the histological cross-sections. Thus, the
exposed area of the wires would not be at a consistant distance from the surface
of each nerve. Detailed measurements have shown that in a normal saline medium,
the amplitude of a compound action potential is approximately inversely pro-
protional to the radial distance from the surface of the nerve. The ampl i tude
decreases by approximately &5% in the first millimeter from the nerve. Another
possible explanation for the large standard deviation is the variation in the
diameter of the rabbit peroneal nerves. All the implanted electrodes were con-
structed with a fixed inside diameter of 2.5 mm. An attempt was made at using
rabbits of approximately the same weight (31-4 kg), however, it was not possible
to accurately measure the diameter of the severed end of the peroneal nerve dur-
ing the operation. Hence, it is inevitable that the recording wires in some
implants are closer to the nerve than in other implants.

The sharp decrease in the compound action potential as a function of radial
distance requires that the wires in the electrode be placed as close as possible
to the nerve, so that larger signals may be recorded. With the current design
this requirement is satisfied by decreasing the inside diameter of the tube.
Several electrodes of varying tube diameter to nerve diameter ratio have been
Implanted. The analysis on this series of experiments is not yet compiete.
Preliminary data indicates that a tube diameter to nerve diameter ratio greater
than 1.4 does not cause serlous damage to the enclosed nerve. However, experi-
ments are in progress to document the effects of a smaller diameter ratio. This
investigation is considered important because minimization of the diameter ratic
is the simplest method for increasing the effective signal-to-moise ratio.

It is also possible to obtaln a greater signal-to-noise ratic bv changing
the configuration of the recording wires, i.e., by increasing the area of the
exposed wire and by increasing the inter-wire spacing. The larger recording
area would decrease the impedance of the electrodes and the increased inter-wire
spacing would increase the differential signal recorded by the eiectrode. How-
ever, the increase In these two parameters also yieldsan electrode that would .
record the average signal from a larger surface area of the nerve trunk. This
could have the result that the electrode might no longer be able to record func-
tionally distinet signals localized on the nerve surface.
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ELIMINATION OF CONCURRENT .EMG S1GNAL

It is an inevitable fact that an electrode capable of recording signals
from the surface of a nerve has the capability of recording the much larger
concurrent EMG signals from adjacent muscles. In the limbs the proximity of
muscles to nerves is unavoidable. Two approaches have been considered for
eliminating or reducing the unwanted EMG signal.

The first approach consists of surrounding the knitted-cloth tube of the
electrode with a thin Silastic rubber tube that is sealed at the distal end.
The Silastic tube acts as an insulator that partially isolates the recording
elements of the electrode from the EMG signals. Several units of this type
have been implanted. Two problems arise:” 1) it is difficult to permanently
affix the Silastic tube to the electrode. . In several implants the Silastic
tube managed to detach itself from the electrode after an implantation period
of less than two months. 2} the presence of the Silastic tube appears to have
a detrimental effect on some of the enclosed nerves. The reason for this latter
result is not yet clear. In any case, the S$ilastic tube in the present form
cannot yield a totally effective solution because it is open on the proximal
end. Hence, the EMG signal has a teakage path. This arrangement reduces the
recorded amplitude of the EMG signal, but does not eliminate the EMG signal.

The second approach employs a double differential recording technique.

The electrode unit is modified by weaving an additional pair of Teflon coated
(902 platinum=10% iridium) wires in the tubs. The exposed terminal ends are
oriented towards the outside of the tube. FEach of the two new wires is located
on the opposite side of the tube to the corresponding internally located wires.
With this arrangement, the internal pair of wires Is closer to the nerve, hence,
they will record a larger nerve signal than the external pair {in the first
millimeter from the nerve surface, the amplitude of the signal decreases by
approximately 45%). However, the EMG signal will have a source that will be
approximately equidistant from both electrode pairs and the amplitude of the
EME signal recorded from both pairs will be approximately equal. By subtracting
the two signals from the twe recording palrs, it should be possibie to eliminate
the EMG signal and retain most of the nerve signal.

AN ELECTRODE FOR RECORDING VOLUNTARILY ELICSTED S1GNALS

The basic electrode described in a previous section required a terminal
experiment to be performed on the animal to evaluate its us?fulness thus pre-
cluding the possibility of recording voluntarily elicited 5|gnals: A chronical]y
implantable version of the basic electrode has been designed. This version
allows the continuous monitoring of the bicelectric signals. The design incor-
porates both of the above mentioned techniques for eiiminating the EMG sign?Is.

The new electrode is an improvement of the previous version. The previous
version 'is supplemented with an additional pair of wires woven Into the knitted-
cloth tube and originating on the external surface of the tube. The fouf wires
that leave the tube gontinue as a helical-coil cable wound around a stra!n-re-
lieving siement. The cable s enclosed in a Silastic tube. The wires terminate
on connectors that are located in a vitreous-carbon transcutaneous button {13!.
This electrode is Tmplanted around the peroneal nerve in the same f?shio? as its
predecessor. When the electrode has been secured to the nerve, a Silastic tube
is placed over the nerve-electrode unit. Figure 4 presents a complete electrode
ready to be implanted.

YTo date, gnly two of the new electrodes have been implanted. Ad?ition?l_
implants are planned. Preliminary results of the quality of voluntarily elicited
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signals that have been recorded can be seen in Figure 5. The top trace repre-
sents the Signals recorded from the internal wire pair and the bottom trace
those recorded from the external pair. For every pulse in the top trace there
is & corresponding pulse in the bottom trace. This indicates that both wire
pairs record similar signals to some extent. However, the relatively large
pulses in the top trace have a corresponding low amplitude pulse in the lower
trace and vice versa. It is tempting to identify the relatively large ampli-
tude pulses in the top trace as the nerve signal and the relatively large ampli-
tude pulses in the bottom trace as the EMG signal. |If such is shown to be the
case, it would require a relatively simple processing scheme to isolate the
nerve signal.

The signals obtained from the new electrode will require extensive analy-
sis to certify the distinction between EMG signals and nerve signals. Detailed
stimulation and recording techniques are being devised to identify the proper-
ties of the motor unit action potentials from the adjacent muscles and the nerve
action potentials from the enclosed nerve.

Additioal implants are planned to study the effect of connective tissue
ingrowth and reorganization on the recorded signals.

(Figures 4 £ 5 near here}
CONCLUS | ON

The current information available from experiments designed to record nerve
signals from severed nerves for prolonged periods of time suggests that thé proposed
recording technique may be viable. Electrodes constructed with suitable materials
can be located around the distal end of the severed nerve by proper surgical
techniques without causing serious damage to the nerve and the surrounding tissue,
Electrically stimulated compound action potentials have been recorded from elec-
trodes implanted around the peroneal nerves of rabbits for periods up to 24h
days. There is some evidence that voluntarily elicited nerve signals may be
recorded after prolonged periods of implantation and may be separated from the
concurring EMG signal. However, this last point requires more investigation.

The possibility of obtaining prolonged recordings of voluntarily elicited
nerve signals from severed nerves coupled with the fact that functionally dis-
tinct nerve signals have been acutely recorded from the surface of the sciatic
nerves in rabbits (7) advances the likelihood of direct neural control for
prostheses.
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CAPTIONS
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