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Correlation of compound action potfential and
electromyography with facial muscle tension
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Functional electric stimulafion is @ new method for dynamic rehabilitation of paralyzed
muscles. The output of such prosthetic devices needs to be modulated by some index of the
muscle movement. In facial paralysis a measure of the muscle contractions of the normal
contralateral side seems to be an appropriate input. In the rabbit, we simultaneously measured
the compound action potential of the buccal branch of the facial nerve, the electromyogram
of the zygomaticus major muscle, and the muscle twitch tension through strain gauge. The
compound action potential, eleciromyogram, and sfrain gauge each had a sigmoidal
relationship to stimulus intensity. The compound action potential peak-to-peak amplitude was
found to have a linear correlation to the peak twitch tension of the comesponding facial
muscle. The electromyogram response, although more variable, also had a linear correlation
with muscle contraction. The possibility of predicting the contraction of facial muscles before
they actually occur is discussed in the context of available and future functional electric

rehabilitation models. (OTOLARYNGOL HEAD NECK SURG 1995;112:279-90.)

Intact facial neuromuscular units are responsible
for facial tone, subserving symmetric facial expres-
sion at rest, rhythmic blinking for eye protection, a
competent oral sphincter necessary for normal
chewing and swallowing, and facial movements dur-
ing emotional expressions. The paralysis of this sys-
tem is devastating for the patient and creates a
serious challenge for the surgeon.

From the Divisions of Head and Neck Surgery (Drs. Goodnight,
Berke, and Hoffman) and Plastic Surgery (Dr. Lesavoy), Uni-
versity of California-Los Angeles School of Medicine; and
Clinic of OtoRhinoLaryngology-Head and Neck Surgery (Dr.
Dulguerov), University of Geneva Switzerland.

Supported by NIDCD DC01404 (Dr. Hoffman) and a grant from
the University of Geneva Medical School (Dr. Dulguerov).

Presented at the Annual Meeting of the American Academy of
Otolaryngology-Head and Neck Surgery, Minneapolis, Minn.,
Oct. 2-6, 1993.

Received for publication Oct. 3, 1993; revision received May 4,
1994; accepted May 6, 1994.

Reprint requests: Pavel Dulguerov, MD, Clinic of Otorhino-
laryngology-HNS, Hopital Cantonal Universitaire, 25, Rue
Micheli-du-Crest, CH-1211 Geneva 14, Switzerland.

Copyright © 1995 by the American Academy of Otolaryngology—
Head and Neck Surgery Foundation, Inc.

0194-5998/95/$3.00 + 0 23/10/57317

An entirely satisfactory solution to dynamic reha-
bilitation of the paralyzed face has yet to be found.
Reanimation is best achieved when directed by the
seventh nerve nucleus. If the proximal segment of
the seventh nerve is available, direct neurorrhaphy
or cable grafts provide the best results. Because of
the lack of spatial segregation of facial motoneu-
rons'” and the absence of neutropism of regenerat-
ing axons,* the outcome is plagued by frequent
synkinesis. Surgical procedures [see Reference 5 for
recent reviews] have been proposed when the proxi-
mal facial nerve is unavailable. The prevailing opin-
ion is that their number attests to the lack of satis-
factory results.’

The possibility of reanimating paralyzed muscles
with galvanic electric stimulation has been investi-
gated during the last decade. Implantable systems
have been developed for lower® and upper” limb
paralysis. One of the main problems with these
devices has been the input that controls the system.
Usually movements in other, unparalyzed body
aparts have been used. These movements are un-
fortunately much cruder than the movements that
are to be generated (for example, shoulder move-
ments used to control delicate hand muscles’). Con-
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Fig. 1. Schema of experimental setup. After superficial parofidectomy all branches of the facial
nerve except for the buccal branch to the zygomaticus muscle were transected. Bipolar stimulating
electrodes were placed around the facial nerve at its exit from theé stylomastoid foramen (SMF).
Bipolar recording electrodes suspended the facial nerve ai a distance 4 to 4.5 cm distal fo the
stimulating electrodes and 2 to 3 cm proximal fo the zygomaticus muscle. A bipolar conceniric EMG
needle was inserted into this muscle. A suture tied to the lateral upper lip was attached to an SG in
the direction of the natural line of pull of this muscle. The interval generator (IG) triggered the
computer and, after a 1-millisecond delay, triggered the nerve stimulator/stimulus isolator (5/) to
produce a rectangular pulse of 100 microseconds’ duration, with the cathode (negative lead) on
the side of the recording electrodes. Stimulus intensity (i.e., the signal generated by the nerve
stimulator/stimulus isolator hardware) refers to the current (in milliamps) recorded by measuring the
voltage drop across a 1-k resistor placed in series with this circuit. After amplification and filtering,
the stimulus intensity, CAP, EMG, and SG signals were passed through an analog fo digital board into

the compuier.

trary to limb muscles, in which the movements of
opposite sides are quite different, axial muscles
often act in symmetry. This prompted Zealar and
Dedo® to propose a rehabilitation system of laryn-
geal paralysis based on contralaterally occurring
movements. They used a strain gauge (SG) trans-
ducer to monitor the contralatéral movements and
provide an input to an electric stimulator on the
normal side. This idea was later applied to facial
paralysis reanimation.’

The facial musculature is a unique system in the
mammalian body. Facial movements are mostly sym-
metric and do not involve joint movements. Thus the
interplay of agonist and antagonist muscles is lim-
ited. Furthermore no proprioceptive receptors (such

as Golgi tendon organs and muscle spindles) are
present within facial muscles,” and no response to
facial muscle contraction or stretching could be
recorded from the facial nerve.” Thus the facial
neuromuscular system seems in many ways simpler
than others.

The ideal facial reanimation technique should
provide for movements of the paralyzed face in
synchrony and symmetry with the normal side. A
functional electrical stimulator device could achieve
these goals, if provided with an index of the con-
tralaterally occurring movements. To achieve syn-
chronous movements, muscle contractions of the
normal side have to be predicted before they occur.
Therefore a measurement of muscle contraction
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Fig. 2. Typical profile of CAP, EMG, and muscle twitch tension (§G) as a function of time. Traces
are the result of a single electric pulse applied to the facial nerve trunk. Note different fime scales in

AandB.

needs to be derived. This event needs to occur early
to provide time for information processing and rout-
ing to the contralateral muscles.

We raised the question as to what electrophysi-
ologic signals can be used to predict muscle behav-
ior. In limb muscles the electrical activity generated
by the muscles during contraction (i.e., electromyo-
gram [EMG]) has been found to be proportional to
the actual muscle tension developed.*™ To our
knowledge the relationship between facial EMG
and corresponding facial muscle behavior has not
yet been investigated. Rothstein and Berlinger'
published strength-duration curves of the orbicu-
laris oculi and zygomaticus minor muscle of the
rabbit before and after denervation in response to
electrical stimuli directly applied to the appropriate
muscles. They stated that “there seemed to be a
direct relationship between the strength of contrac-

tion of these muscle groups and the respective am-
plitude of the generated muscle potential.”

We have investigated the relationship between
compound action potential (CAP), EMG, and
muscle tension as measured by SG in the frog sciatic
nerve—gastrocnemius muscle system.'” The CAP and
EMG were found to have a linear correlation with
muscle tension. In this study we assess whether
facial nerve CAP and facial muscle EMG are related
to facial muscle twitch tension. Electric stimuli were
used to optimize the ability to ascertain fundamental
relations between CAP, EMG, and SG.

METHODS

All animal protocols were approved by the Uni-
versity of California—Los Angeles animal care and
use committee. Animals were cared for in compli-
ance with all federal, state, and local regulations,
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Fig. 3. Representative CAP, EMG, and SG waveforms after manipulations of the experimental
preparation to verify their physiologic nature. Note that each set of waveforms (i.e., CAP, EMG, and
$G) have correspondingly different amplitude and time scaling as indicated by the bars at the
bottom of each wave set (SG amplitude scale units are in newtons). The shaded area highlights
stimulus artifact. These representative waveforms were recorded from one animal, The tracesin each
row reflect the corresponding CAP, EMG, and SG waveforms at each of the following conditions: A,
normal; B, inverted stimulus polarity; €, nerve transection between CAP recording electrodes and
zygomaticus muscle; and D, nerve transection beiween stimulating electrodes and CAP recording

elecirodes.

and in accordance with the Guide for the Care and
Use of Laboratory Animals (National Institutes of
Health publication no. 80-23, rev. 1978). New
Zealand white rabbits (4 to 5 kg each) were anes-
thetized with intramuscular ketamine hydrochloride
(35 mg/kg) and xylazine hydrochloride (5 mg/kg).
One side of the face was shaved. A superficial
parotidectomy was performed, exposing the major-
ity of the facial nerve from the stylomastoid foramen
distally. A 1.5- to 2.5-cm distal segment of the buccal
branch that directly innervated the zygomaticus
muscle was then elevated from its underlying attach-
ments, leaving the epineruium intact. All other
branches of the facial nerve were then transected.

"The experimental setup is illustrated in Fig. 1. A
bipolar stimulating electrode was placed around the
facial nerve at its exit from the stylomastoid fora-
men. The electrode closest to the recording elec-
trode was the negative lead (cathode). The CAP was
recorded with a custom-made bipolar silver elec-
trode system with an interelectrode distance that
varied from 0.5 to 1.5 cm. The distance between

stimulating electrodes and CAP recording elec-
trodes averaged 4 cm. The CAP electrode was po-
sitioned to delicately lift the isolated buccal branch
of the facial nerve to maximize electrode-nerve con-
tact and minimize coupling of stimulus artifact from
surrounding tissues. A bipolar concentric EMG
electrode (Teca Corp., Pleasantville, N.Y.) was in-
serted into the zygomaticus major muscle to record
the stimulus-evoked EMG. One end of a silk suture
was passed through the lateral upper lip at the point
of insertion of the zygomaticus major muscle fibers.
The other end of the suture was attached to an SG
force transducer aligned in the natural line of pull of
the muscle. No specific muscle length adjustments™
were made because the normal insertions of the
studied muscle were left undisturbed.

The location of the electrodes and the position
and tension of the SG were kept constant through
the experiment. The signals from CAP and EMG
electrodes were each differentially recorded and
amplified (10,000 to 50,000 gain; bandpass, 30 Hz to
10 K Hz). The signal from the SG was amplified
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Fig. 4. Superimposed representative traces of CAP, EMG, and SG vs. fime for varing stimulus
intensities (S)) from subthreshold to maximal response in one animal.

(10 x gain, low-pass filter at 3 kHz). After this
preprocessing these signals were then brought to a
Macintosh II FX (Apple Computet, Inc., Cupertino,
Calif.) computer through an A/D board (MIO-16H;
National Instruments, Austin, Tex.) with a resolu-
tion of 5 mV. Data acquisition was triggered by the
output of a pulse timing unit (WPI-interval genera-
tor 1830 and WPI-pulse train module 1831), which
also provided the timing, after a delay of 1 millisec-
onds, to a constant current stimulating unit.

The standard experimental procedure consisted
of recording the CAP, EMG, and SG signals subse-
quent to electrical stimulation of the facial nerve
trunk. Positive or negative electric pulses of variable
intensities and a fixed duration of 100 microseconds
were applied to the facial nerve at its exit from the

stylomastoid foramen. The electric current was cal-
culated from the voltage drop across a 1 k() resistor
placed in series in the stimulating circuit. Several
experimental manipulations were used to ascertain
the physiologic nature of the recorded responses
(see “Results™).

Data collection and analysis were carried out with
a custom module written within the Lab View soft-
ware package (National Instruments). The largest
peak was most often negative, and therefore the
largest negative peak was chosen as the index peak.
Peak amplitude (p), peak-to-peak amplitudes (p-p),
and areas under the curves were computed. The p-p
was calculated between the largest negative peak
and the following positive one. To compare results
across animals, electric stimuli and measures of
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Fig. 5. A, CAP_ ; B,EMG_ ; and €, SG as functions of stimulus intensity in a single animal. At each

intensity the electric stimulus was repeated 3 to 5 times to demonstrate the variability in the recorded

responses.

CAP, EMG, and SG were normalized to percentage
SG values according to those stimulus intensities
that produced a given magnitude of SG response. In
other words, percentage of SG values were estab-
lished by setting the minimum as 0% and maximum
as 100% of the SG response. Scaling of intermediate
SG response value was accomplished according to
the following formula:

SG(%) = [(SG — SG i )/(SGyae — SGpin)] X 100

Stimulus intensity values were likewise normalized
to those values producing a given SG(%), the nor-
malized SG response. CAP_ .. and EMG_, were
defined as those responses produced by the stimulus
intensity producing SG_,,,.

Data plotting and curve fitting were done with the
software program IGOR (Wave Metrics Inc., Lake
Oswego, Ore.). The data were fitted with the best fit
curve, and significance was tested using chi-squared
statistics.

RESULTS

Figure 2 illustrates the temporal relationship of a
typical CAP, EMG, and SG recording. To ascertain
a clearer view of CAP and EMG, the first 14 milli-
seconds of the records in Fig. 24 are expanded in
Fig. 2B. The overall shape of each trace is similar to
previously published CAP and EMG record-
ings.'*"%® The first peak in both traces represents the
stimulus artifact. The first negative peak in the CAP
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Fig. 6. CAP, EMG, and SG as a function of stimulus intensity in a representative animal (rabbit 17).
The data were best fitted with a double sigmoid with the coefficients depicted on each graph. See

text for formula.

recording occurred at 1.0 millisecond. Given an
interelectrode distance of 4 cm, this implies an
action potential speed of 40 m/second, which is
within the known range of mammalian facial nerve
fibers.?* In the EMG recordings the largest nega-
tive peak occurred at a later time, with a delay of 4.8
milliseconds. The amplitude of thet EMG signal is
larger than the CAP signal by a factor of 3 to 4. The
SG output peaked at a later time at about 50 mil-
liseconds and had slower rise and fall times.

A variety of experimental manipulations illus-
trated in Fig. 3 were applied to a typical preparation
to verify the physiologic nature of the recorded
signals. Inverting the polarity of the electrical stimu-

lus (row B) resulted in an inverted artifact (best seen
in the CAP traces) and in smaller and delayed
responses for all three measures. This difference in
response was present at all stimulus intensities and
resulted in different thresholds for normal and in-
verted electric stimuli. This pattern is consistent
with the well-known anode block of nerve excita-
tion.” Cutting the facial nerve branch between the
CAP electrode and the muscle (row C) abolished the
EMG and SG signals but preserved the CAP re-
sponse. Only when the nerve was cut proximal to the
CAP electrode (row D) was the CAP response elimi-
nated. These findings are what one would expect
physiologically because the EMG and SG are de-
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Fig. 7. Normalized CAP, EMG, and SG as a function of stiimulus intensity in all rabbits studied.

pendent on the nerve conducting into the muscle
through the neuromuscular junction.

Changes in CAP, EMG, and SG signals as pro-
gressively larger electric stimuli were applied to the
preparation are shown in Fig. 4. The delay of various
peaks varied little with stimulus intensity. This is to
be expected because the nerve is stimulated directly,
and the first motoneurons to be activated are the
largest one and therefore have the fastest conduct-
ing axons.** With increasing stimulus intensities, pro-
gressively larger CAP, EMG, and SG signals were
obtained.

The variability in these recorded responses in one

animal is illustrated in Fig. 5. The stimulus intensity
was increased in relatively large increments and
repeated 3 to 5 times at each stimulus intensity. The
CAP, , and SG,, signals demonstrated low variabil-
ity (+5%), whereas the EMG, , variability was
higher (=30%).

In Fig. 6 the CAP_ |, EMGP_p, and SG,, are plot-
ted as functions of stimulus intensity for a typical
animal preparation. The data were fitted with sev-
eral types of mathematical functions, including a
straight line, a polynomial curve, an exponential
curve, a single sigmoid curve, and the sum of two
sigmoid curves (data not shown). The best fit was
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obtained with a double sigmoid curve for all three
measures of the following form:

Dl) + (_L_.

-x+B:
1 +e(x—q‘)

Al
~-x+ B

00 = | D,)

1+ e

The curve and its parameters are displayed on each
graph. These results are similar to our findings in
the frog sciatic nerve-gastrocnemius muscle prepa-
ration.”

Similar plots for five animals are shown in Fig. 7.
The thresholds and dynamic range varied in indi-

vidual animals, and the results were thus normalized
to compare data across experiments. All measures
from all animals exhibited sigmoid relations similar
to the corresponding graphs shown in Fig. 6.

To examine the relationship between CAP or
EMG and muscle contraction, CAPp_p and EMGp_p
recordings were plotted against muscle twitch ten-
sion in Figs. 8 and 9. Data from a typical animal are
shown in Fig. 8, and normalized data from several
animals are plotted in Fig. 9. All relationships were
best fitted by a straight line confirming the presence
of a linear relationship between EMG and SG of
previous studies on limb muscles.”>*" The linear
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relationship of CAP and SG extends our findings in
the frog to the facial neuromuscular system.

DISCUSSION

The ensemble of motoneurons innervating a given
muscle is called a motoneuron pool. The recruit-
ment pattern of motoneurons with a pool is orga-
nized according to Henneman’s size principal®: the
size of motoneurons correlates with their suscepti-
bility to discharge. The motoneuron size has been
correlated to the electrophysiologic threshold for
discharge,” the velocity of its action potential,** the
speed of contraction,” the tetanic tension of muscle
fibers,” and even the discharge frequency of human

motor units during voluntary contraction.” Small
motoneurons are more numerous,” ar¢ more readily
discharged physiologically, and fire more often than
the large ones.'*'2® The force they generate is
small, ®* and thus a fine gradation can be produced
and precisely controlled by the recruitment of vary-
ing numbers of small motor units. With increasing
demands, larger tensions are needed. At that point,
larger excitatory inputs are present, and the larger
units, which are physiologically less susceptible to
discharge, can be fired. Theitr tension output is
greater” and is produced more rapidly.”*?%
Conversely, the recruitment during electrical
stimulation is in a reverse order, because large-
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diameter neurons have the lowest threshold to elec-
trical excitation. Therefore, when CAP recordings
and analysis are centered around the largest peak,
they predominantly reflect the properties of large-
diameter, fast fibers. Since the pioneering work of
Gasser and Erlanger,” researchers have attempted
to study and model the CAP waveform as the sum of
individual action potentials to electrical [see Refer-
ences 31 for a review] and sensory stimulation.”
Nevertheless, to our knowledge, a direct study of the
relationship between CAP parameters and electrical
stimulus intensity has not been conducted until re-
cently."” '

This study has demonstrated that the p-p of the
electrically induced CAP of a facial nerve branch has
a sigmoid-type relationship (Fig. 64) with stimulus
intensity. The fact that the data are best fitted with
the sum of two sigmoid curves suggests that more
than one population of facial motoneurons is
present. These populations exhibit different electric
stimulation thresholds and different action potential
velocities. Previous single-fiber recordings from fa-

cial motoneurons in the cat support this point of

view b2

The presence of a similar sigmoidal relationship
of EMG (Figs. 6B and 7B) and SG (Figs. 6C and 7C)
vs. stimulus intensity seems to imply that the facial
neuromuscular system follows the general organiza-
tion of other somatic motoneuron pools. At low
levels of activity the recruited units will have a small
fiber diameter and thus low physiologic and high
electric thresholds. They will generate small EMGs
and small contraction forces (small SG responses),
as seen by the small changes in EMG and SG for
large electric stimulation variations at high stimula-
tion intensities. At progressively higher levels of
activity, recruited units will have larger fiber diam-
eters and thus higher physiologic and lower electri-
cal stimulation thresholds. They will generate large
EMGs and large contraction forces (large SG re-
sponses), as seen by the large changes in EMG and
SG for small electrical stimulation variations at
lower stimulation intensities (steep portion of the
curves).

Because the relationships of CAP, EMG, and SG
to stimulus intensity have similar shapes, it is not
surprising to find a linear relationship between CAP
or EMG and muscle tension. Similar linear relation-
ships between EMG and SG have been found in
limb muscles.’>""7* Also, this study confirms our
previous findings of a linear relationship between
CAP and SG in the frog sciatic nerve—gastrocnemius
system. Activation of a motoneuron results in the
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contraction of all muscle fibers of the neuromuscular
unit.® Our results suggest that the EMG produced
and muscle force generated are proportional to the
activation of the motoneuron.

The implications of these findings to future facial
palsy electronic rehabilitation devices are signifi-
cant. Recording the CAP or EMG will allow a direct
prediction of the amount of muscle contraction
some 40 milliseconds before it actually occurs (Fig.
2). If symmetric facial movements are the goal, a
recording of CAP or EMG on the healthy side could
provide a precise index of contralaterally occurring
movements. This could be used as the input or affer-
ent limb of a facial functional electric stimulator.
Preliminary studies with contralateral EMG as input
have given encouraging results.'** Also, a delay of 40
milliseconds should be sufficient to handle data
analysis and routing of signals to the paralyzed side,
achieving therefore synchronous bilateral facial
movements. Whether this delay is necessary or
whether inputs based on the measure of facial con-
tractions, as proposed by Broniatowski et al.,” are
sufficient could not be addressed from our data.

Future work is needed to study a more physiologic
CAP and EMG response, such as the one evoked
during a facial reflex, and its relationship to twitch
tension. The determination of the feasibility of such
recordings is necessary before a facial functional
electrical stimulation prosthesis could be built. Also,
how twitch tension translates into tetanic tension in
facial muscles needs to be investigated. The effect of
facilitation at high stimulus frequencies also needs
to be further studied. Finally, changes of facial
muscle properties with denervation and reinnerva-
tion need to be evaluated.

We would like to thank Dr. Deborah Watson for her
artistic skills, which made Fig. 1 possible. We would like
to thank Drs. Pierre Montandon and Marco Pelizzone
from the University of Geneva for their tutorial comments
on the manuscript.
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