USE OF PHYSIOLOGICAL MECHANISMS IN THE ELECTRICAL
CONTROL OF PARALYZED EXTREMITIES

M. R. DIMITRITEVIC

External elecitical control of human extremities with impaived
voluntary control has become a fisld of research where engineers and
physiologists meet in collaboration. The goal is to {ind out electronic
and physiciogical possibilitics 10 replace the insufficient or lost velun-
tary conirol by an artifical, external one.

Paralyzed extremity is a medical term denoting loss or impair-
ment of voluntary muscular power of a limb. There exist several forms
of paralysis, depending on the site and mechanism of lesion of the
nervous system or muscle. For the understanding of assential differ-
ences between single forms it is necessary te explain a1 least elemen-
tary scheme of nervous pathways of the human motor system.

The pathway over which ngrve impulses governing volitional mo-
vement Mmust pass consists of two main components, an upper and
a lower. The upper originates in the brain hemispheres, where the
hodies of the socalled giant pyramidal cells are situated. Their lomg
nerve fibres descend and terminate in the brain stem and in the spinal
cord. This is the upper motor neurcne, whick through a synaptic con-
nection communicates with the lower motor neuron. The cell body
of the lower motor neuron is located in the anterior horns of grey
matter, which extend through the whole length of the spinal cord.
The nerve fibers which originate from Lhe spinal motor neuron cells
emerge from the spinal cord in the ventral rcots and are distributed
to the muscles of the tunk, neck and limbs by the spinal nerves.
Mow it ¢an be realized that palsy of a human limb may be due to
lesions at two different levels: '

at the lavel of the upper motor neurcne, i, & from the cerebral
corfex to the anterior horns of the spinal cord;

or, at the level of the lower motor neuron, or better, motor umit,
that is, to the lesion of the grey matter of the spinal cord, of
peripheral nerves, neuromuscular junction or of muscle fibers.

The work described in this is supported by the Boris Kidri#
Fund of Ljubljana and the Yugoslay Federal Fund for Research.
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In clinical medicine it is spoken in terms of upper and lower
motor palsy, From the ¢lectrophysiclogical point of view, the difference
between the two is essential. In the case of the lower motor
palsy, electrical excitability of the nervous structures below the level
of lesion is lost, while the affected muscles underge prograssive atio-
phy. This is the reason why electrical control of the paralyzed muscle
after a lesion of the lower motor neurcne is impossible,

Faoe 1. Palliard schematic drawing showing peripherial alpha and ma
motor systems  (lower motor neurones) and cenctral part of alpha and
gamma systems {upper motcr neurcnes). Extrapyramidal system
is intentionally neglected

The state of electrical excitability remains, on the other hand,
presarved after the lesion of the upper motor neuroa. The failure is
in the nervous pathway responsible for governming the lower metor
neurcn. However, apart from the decreased muscular strength in per-
forming veluntary movemeants, thers sxicts alteration of muscle ione.
According to clinical experiences with hemiparctic and paraparetic
patients the exaggerated muscle tone and impairment of reciprocal
innervation constitute a much greater obstacle to voluntary movement
than does the actual weakness of the affected muscles. _

Figure 2 shows a polymyographic recording of motor action po
tentials in various muscles of both lower limbs of & paraparetic patient.
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The patient was asked to extend his left lower limb. Immediately after
the beginning of mowvemenl an activity of the antagomistic muscle
groups arises which freezes the started movement. Furthermore, few
seconds later a spontaneous contraction, i e, a spasm of the same
muscles occurs. In addition, an incressed activity of muscle groups
of the contralateral limb can be seen soon afier the beginning of vo-
luntary movement on the left side. This observation demonstrates that
an activation and interaction of two neuruphbysiclogical mechanisms
must be involved during movement of a [imb in normael conditions.

i. control of muscluar contraction and
2. control of muscle tone.

For these two different physislogical mechanisms there are two
different pathways in existence, i e, the so<alled large motor system,
consisting of alpha motor fteurons, and the gamma motor system,
consisting of smalldiameter gamma nerve fibers. Both exist in the
upper and in the lower-motor pathways.
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Figure 2, Electromyopraph of a patient trying to extend the left lower Hnh,
The msvement is attcmpled between the vertical lines. In the second part
of picture, a spasm is recorded a few seconds later

Before further considerations of the behavier of these mecha-
nisms during electrical stimulation of paralyzed limbs, it will be of
interest to see how far the practical application of functional electri-
cal stimulation has advanced.

There have been ohbilained some encouraging results in the fane-
nonal electrical stimulation of the peroneal nerve for correction of
walk in peroneal palsy due to upper motor neurom invelvement!s
and some were reported to this Symposium by our research group?
Some preliminary resutts of the functional electrical stimulation of
extensers of the wrist in the patients with drop wrist have been



30 * DIMITRUEVIE
reported by Long' and a similar project has been started in our
Figure 3 shows several phases of an electrically controlled move-

ment of the hand evoked by simultaneous stimulation of the me
dian and ulnar nerves in a hemiparetic patient.
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.. by simultaneous stimulation of the median and ulnar nerves-
i f ; in a hemiparetic patient

In all of these examples the same physiological mechanism is
used. This is the preserved electrical excitability of the motor nerve
fibers supplying paretic or paralyzed muscles. It is depolarization in
these fibers that brings about muscular contraction following an elec-
trical stimulus,

Once ‘muscular contraction has bean elicited, the next essential
demand is to perform movements of different speed and of wide
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variability of respomnses, which = meant by the physiological term
splasticity of funchion.«

We may succeed in varying speed of the mavement to a certain
degreee by changing the strength of the stimuli applied te a nerve
trunk. The rznge of these variations, however, is, as may be expected,
very poar since the thresholds of single motor nerve fibers for elec-
trical stimulus do not differ musch and since all of them respond accord-
ing to allornothing principle. An additional limitation is that there
exist no great differences between the thresholds of the mator and
sensory nerve fibers. In other words, there are physiclogical limitations
for the use of the nerve trunk for gradation of muscle contraction,
which is normally accomplished by recruitment of varying numbers
of motor units at the level of the spinal cord.

From this consideraticn of the morphological and physiological
characteristics of the lower motor pathway and of the consequent
limitations af our present comczpt of functional elecirical stimulation
(FES) emerges an important fact which we should like to emphasize
on this occasion when the external control of buman extremities is
discussed. :
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4. Granit schematic drawing showing ithe main skeletal muscle.
Miuscle spindle receptor is inseried in p el with muscle fbers. This
is = sensitive receptor measuring the length of the main muscle. 1ts
sensitivity is adjusted the tﬁm parmiha (upper) motor neurond.
The oulput of spindle is trapsmitted to the thick alpha {lower)

) Moo DEurone

This is the fact thal it is not the upper but the lower motor
neqrem that controls the mnscle, For the lower mrotar newron does
not receive the complete information pecessary (o perform a
movernent from the upper motor neuron; essential elements are
added to this information at the spinal ievel by the sensory neu-
rons, interneurons, Renshaw cells, etc. In other words, the upper
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motor neuron could, in a certain sense, be regarded as an on/off con-
trol system, which puts into action or stops a complicated mechanism
of automatic regulatory system, called in peurophysiology spinal
reflex integration mechanisms,

A brief consideration of certain spinal reflex mechanisms par-
ticipating in the motor control of human extremities will show how
the fact referred to above applies to the problems of FES, and will
point out the present imperfections of this method.

Figure 4 is a schematic drawing by Ragnar Granit, showing a
main skeletal muscle, the motor of biocybernetics. A muscle receptor
is inserted in parallel position. This is a sensitive instrument measur-
ing the length of the main muscle. Its sensitivity is adjusted by the
thin gamma upper motor neuron. The results of measurement are
reported to the -thick alpha lower motor neuron. So these are two
control mechanisms of the lower motor neuron: the upper alpha motor
neuron and the peripheral sensory neuron of the muscle receptor.
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Figure 5. Electromyogram of ankle jerk in a paraplegic patient recorded
from tricep surae muscle. Top channel: three jerks . Lower
channel: single jerk. Horizontal scale, upper record: 10 msec/div, lower
record: 50 msec/div. Vertical scale: 2 mV/div .- e
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That is, however, not all. The lower motor neuron is, in addition, in-
fluenced by other receptors, e. g, pain receptors. This influence is not
exerted directly but through an interneuron. So far we have déscribed
three of several different conirol mechanisms which influence the
lower motor neurcn. It won't be necessary to mention them all., In
principle, we can separate the nervous pathways influencing the lower
motor neuron from periphery into two categories:
1. Those conveying impulses from the periphery of the human
body to the spinal motor neuron through a single neuron,
i e, the monosynaptic pathways, and
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2. those consisting of a sensory meuron and interneurons, i. e.,
the polysynaptic pathways.
To summarize, there are three different mechanisms influencing
the function of the lower motor ncuron;
1. Impulses arriving via the upper motor neuron (both alpha and

gamma);

2. Impulses arriving from periphery wvia the monosynaptic
pathwey;

3. Impulses arriving from periphery via the polysynaptic
pathway. :

It will be realized that the behavior and function of thesa mecha-
nisms in the partly or completely isolated human spinal cord must
oot be overlooked in FES of paralyred limbs. We shall refer 1o some
results of our research into the human spinal cord in normal and
pathological conditions which was carried out al our Department
in collaboration with Peter Nathanss 7,
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Klgure 6. Eleclrom am of knee jerk in 2 paraplegic patient. Top channel:
vastus la;emﬁsm channel: gracilis. Five jerks superimposed.
Horizontal scale: 10 msec/div. Vertical : 0.2 mV/div

Figure 5 shows the activity of the main muscle fibers evoked by
stimulation of the muscle recepter — the instrument rmeasuring the
length of the main skeletal muscle. The tendon of the triceps surse
(). e, call muscle) in a paraplegic patient was tapped by B reflex
hammer, which made the mwscle siretch. Stretch activatad the muscle
receptor, and the muscle reseptor activated the spinal motor neuron:
the muscle contracted and returned to the original position. There can
be seen a synchromized discharge of motor units in the top channel,
starting 30 msee. following the tap. The lower channel shows the
same measurement with a slower beam (%) mseciem), o demonstrate

1 Simpeahuom
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later events. Following the first synchronized, i e, monosynaptic
discharge, several bursts of activily occur that reflect the activation
of the polysynaptic, interneuronic system.

[ i T ["_ [Zigge

L

HH-HH R

Figure 7. Electromyogram of hamstring j
vastus lateralis. Lower channel: semitendinosus.

jerks in a patient. Top channel:
Five jerks superimposed.

Horizontal scale: 20 msec/div. Vertical scale, upper record: 0.3 mV/div,
lower record: 1 mV/div
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Figure 8. Electromyogram of knee jerk in a patient. Top channel: vastus
lateralis. Lower channel: gracilis, Eight jerks superimposed. Horizontal
scale: 20 msec/div. Vertical scale: 0.3 mV/div
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When 4 lower motor neuron is activated, it spreads an iohibitory
influence through an oliganeuronic pathway on the lower motor neuroas
supplying the antagonistic muscle groups. This can be seen in Figures
&, 7 and 8.
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Figure %. Electromyogram recorded on a 10 channel Schwarzer electrg-

encephalograph, First channel: 1 cps clock. Second chanuel — svent marker

paraplagic patient THirG and Courth chaninels shov sctivity quadiioops st

paraplegic patient. Third an 55 activi iceps
biceps muscles before and during knee

Figure 9, on the other hand, demonstrates the activiey of the
interneuropic system, which can exert an inhibitory or excitatory in-
fluence on the metor neurons of the antagonistic musele groups. Thus,
there exists an additional complex spinal neuronic mechanism beside
nnmergus regulatory mnechanisms from periphery and from higher
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Flgure 10 Electromyogram of right knee jerk in the paraplegic patient.
First chanpel: 1 eps chock
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levels influencing the lower motor neuron. That is the interneuronic
system of the spinal cord, which is responsible for creating the final
program of motor activity in accordance with the requests of the
higher levels and with the information arriving from periphery. An
additional characteristic of this spinal interneuronic system is its abili-
ty to influence the lower motor neurons at different spinal levels. Tt
is demonstrated in Figure 10, which shows the influence of a stretch of
muscle receptors in the quadriceps femoris on the ipsilateral and con-
tralateral muscle groups of the lower extremities.
Thus, the interneuronic system is a functional structure which
the segmental organization of the spinal cord and which
is one of the conditions of complex and plastic movement of a limb.
The remains of the segmental organization of the segmental -organi-
zation of the central nervous system actually represemt the limits
of complex movement.
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Figure 11. Electromyogram of a paraplegic patient recorded at the end
of a spasm evoked by noxious stimulus

Considering this complicated functional organization of the spi-
nal cord, we can realize, how little of this richness can be substituted
by our present FES. We know that it is not the best we can do to use
the lower motor neuron alone. For stimulation in this very artificial
way, we are avoiding the spinal cord and discarding valuable function
which it could perform even when partly or completely deprived of
the voluntary control of the brain.

. .The following question is then selfetplanatory: Why not change
the ‘site of stimulation? I don’t think of stimulation of the cerebral
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motor structures; on the contrary, I suggeést programmed electrical
stimulation. at the afferent (semsory) terminals of the spinal reflex
mechanisms. Why shouldn’t we make use of the preserved integration
mechanisms of the partly or completely isolated spinal cord, though
they represent a disadvantage for our present technique?

Figure 11 shows movement of extremities of a paraplegic patient,

evoked by a noxious stimulus. The response is a complex one and
chaotic as regards function. It ted that this response could be
changed into a fufictional one prﬁm the way of afferent stimulation
is changed, considering the ‘physiological mechanisms of the isolated
spinal cord.
; A principal solution of the afferent functional electrical stimula-
tion will be seen in the next figures. Figure 12 schematically shows
the principle of the socalled Hreflex, i. e., the reflex response of the
muscle following electrical stimulation of sensory nerve fibers alone.
‘The H-reflex is thus an example of afferent electrical stimulation giving
mmammmmﬁmﬂndtbeluwm'mm
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-reflex, ie. the reflex response uscle following electrical
stimulation of sensory nerve fibers

Figure 13 demonstrates a so-called H-wave (at a time base of 10
msec. per cm.) and a simulataneous mechanogram bellow (at a time
base of 100 msec. per cm.). So it is evidence that an electrically con-
trolled movement can be evoked in this way too. Figure 14 is even
more illustrative. The top record is an H-wave, middle is an H-wave
preceded by an M-wave, which is the result of the electrical stimulation
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af both sensory and motor nerve fibers; botiom record is a me
chanogramm showing both motor responses superimposed

The H-wave, however, is an essentially segmental response, whereas
we need excitation of the interneuronic system. Walking or other

Figure 13. Electm

ram {tnp record] and clectromechanogram (battom
record) of ex of triceps surae. Horlzontal scale, top channel:
I[] msec'div, lower channel: 100 msec/div
T kg
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Fidure 14 H-reflex {top record). Mawave atd Hereflex (middle record).

Elcciromechanogram of M and H-wave (bottom record). Horizontal scale,

top record: L0 msec/drv, middle record: 10 msec/div, bottiom record:
100 msec/div
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skillfu] performance cannot be imagined without a vital contribution
of interneurons. But even that could be accomplished by the H-reflex
alone in paraplegic patients, i. e., in conditions of the isolated spinal
cord.
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Flgure 3. Electromyograms of H-reflex from triceps surae in a paraplegic
pat'ent recorded on a 10 channel Schwarzer electroencephalograph. The
Erequency of stimulalivn is varied. In (b) & tap by reflex hammer
on Achilis tenden is apphisd insisa

Figure 15 shows how, by varyving the frequency of sensory stimu-
lation, an H-wave with 3 simullancous excitation of the interneuromic
system can be oblained. It can be seen how the latency time and
amplitude of the polysynaptic spinal response is changing.
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Figure 16. Electromyogram with gzoniometry of hip, knes and arkle joints
alter noxious electrical stimuli in a paraplegic patient recorded on 16 channel
Kiser cleciroencephalograph
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We can make use of other sensory or afferent pathways in addi-
tion. Figure 14 demonstrates a reflax response elicited in a paraplegic
patient by an electrical stimulus, which excited only cutaneocus sen-
sory nerve endings.

Therefore, there was no direct or monesynaptic response. It would
take tod long fo demonstrate how we cowld even change the sign of
the response in palysynaptic electrical afferent stimulation, although
it was performed at one and the same site.

Let us return to the practical application of the FES. It will be
realized that we have made use of the afferent stimulation before

though not consciously. It can be seen from Figure 17, which is a poly-
electromyagraphic recording of a hemiparetic patient during walk, aided
by the functional electranic peroneal brace. It is oot difficult to make
cut how the activity of the peroneal muscle groups is Facilitated already
during the first electrical stimwlation, which was directed only to the
motor fibers of the paralyzed muscles. The reflex mechanisms involved
here, however, are not the same as those in a paraplegic patient. It is
control of peripheral facilitation which was made use of heret,
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Flgure 17. Electromyogram of a hemiparetic patient during walk aided by
electrical stimaulation, ie. sfunctional electromic perooeal gmce- recorded

on g 10 channel Schwarzer electroemcephalograph

Te conclude, it must be bomme in mind that in electrical control
of paralyzed muscles we do not operate muscles only but influence
the nervoues systemn too, Considering that we de it, why do we then
frequently oppose its mechanisms and why shouldn't we try to make
the best use of them in oiur external contrel of human extremities?

Sumimary. An outline of neurophysiological mechanisms essential
in volitional movement in normal man as well as their behavior fal-
lowing the upper motor neuron involvement is given.

The physiclogical limitations of the present technique of the ex-
ternal electrical control of paralyzed extremities are discussed. Tt is
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emphasized that it is not the upper but the lower motor neuron which
directly controls the muscle.

The neurophysiological mechanisms preserved in the conditions
of the isolated spinal eord Folowing a complete or incomplete transverse
lesion: are described. It is pointed out that it is the interneuronic system
which, being interposed between the primary sensory neurcns and the
lower maotor neurcn, supersedes the primitive segmental organization
of the spinal cord, enabling it to initiate complicated movement. In ad-
dition, it is responsible for the creating of the final program of the
activation of motor units, in accordance with the demands arriving
from the higher motor levels and with the information arriving from
peripheary.

In order to use these mechanisms rather than suppress them, In
the external electrical control of paralyzaed limb, a new way of electri-
cal stimulation is proposed, i. e, a programmed afferent stimulation
of the spinal reflex mechanizms, which would substitute for the upper
motor neurcn rather than for the lower motor neuron.

The advantages expected from such a technique would be functi-
cnal plasticity of the mmovernent integraied at the level of the spinal
cord, which we have not succeeded in obtaining with the stimulation of
the efferent pathways.
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