Skeletal muscle vibrates laterally during voluntary and evoked muscle con-
tractions. We hypothesized that the vibration amplitude from evoked mus-
cle twitches is directly related to evoked twitch force from fatiguing muscle.
To test the hypothesis, vibrations produced by evoked muscle twitches
were recorded during short (5-second) rest periods as the muscle was in-
termittently exercised with voluntary contractions. Trials were performed at
30%, 50%, and 70% of maximal voluntary contraction. Evoked muscle
twitches eliminated the problems of motivation and tremor that complicate
sound and vibration measurements during voluntary contractions. Resuits
from the first dorsal interosseus hand muscle in 11 normal adult volunteers
revealed that the vibration amplitude is highly correlated (©* = 0.93, at 70%
MVC, r* = 0.97, at 50% MVC; r# = 0.85, at 30% MVC) with force. Both
potentiation and reduction of force with exercise were accompanied by par-
allet changes in vibration amplitude, as measured with an accelerometer.
Compound muscle action potentials did not increase with exercise-induced
twitch potentiation, and did not correlate as highly with force during fatigue.
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MUSCLE FATIGUE MEASURED WITH

EVOKED MUSCLE VIBRATIONS

DANIEL T. BARRY, MD, PhD, TIMOTHY HILL, MD, and DUKJIN IM, MD

COntracting skeletal muscle vibrates and emits
sounds that are related to the force of contrac-
tion.®'® The vibrations are an intrinsic component
of the contraction process."'* Frog muscle studies
in vitro have shown that the vibrations occur at
the mechanical resonant frequency of the mus-
cle.*® The resonant frequency increases during a
twitch, because both tension and muscle stiffness
increase as more cross-bridges attach. Joint time-
frequency transformations have been used to
track the frequency change as a function of time
during a contraction.

Note added in proof: At a special session for muscle sounds during the
IEEE BMES annual meeting in Orlando, Florida December 3, 1990, the
group present agreed to call the study of muscle sounds “vibromyogra-
phy” or VMG rather than acoustic myography, acceleromyography, mus-
cle sounds, or other various terms currently in use.
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Muscle Fatigue and VMG

Human muscle twitches also produce vibra-
tions of the muscle. The vibrations propagate to
the skin surface and cause the skin to vibrate. The
skin vibrations cause longitudinal pressure waves
(sounds) to propagate through the air. Some fre-
quency components of the sounds are audible to
human ears, and the full range of frequencies can
be recorded with a wideband microphone.

Previous work with microphones revealed that
human muscle vibrations, produced during evoked
muscle twitches, have characteristic waveforms with
measurable latencies and amplitudes.>'*'®> Using
evoked acoustic signals eliminates the problems of
motivation and microphone stability that are en-
countered in voluntary acoustic signals. Further-
more, evoked acoustic signals can be generated, dis-
played, and analyzed in a manner similar to
electrical nerve conduction studies.

Skeletal muscle sounds produced during con-
traction have been used to measure force, monitor
fatigue, control a prosthesis, and in the diagnosis
of muscle disease.®~®!31%2021 problems encoun-
tered in recording voluntary muscle sounds in-
clude tremor artifact and measurement of subject
motivation. Tremor and motivation problems are
eliminated by using supramaximal percutaneous
nerve stimulation and recording muscle sounds
during a twitch.>'2'® Another problem with most
previous studies was that the transducers were cal-
ibrated in electrical units rather than physiologic
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units {(e.g., acceleration, velocity, pressure, or dis-
placement).

In the present study, an accelerometer was
used instead of a microphone so the signal was
calibrated in physiologic units (meters per second
per second) rather than transducer-dependent
units. Previous work has been done with acceler-
ometers in measuring muscle vibrations.'®!” How-
ever, the data are generally reported in normal-
ized units rather than physiologic units.

Simultaneously recording muscle sound and
force during a maximal voluntary isometric con-
graction reveals that the sound amglitude declines
with force as fatigue occurs.®'*'® The ratio of
acoustic signal amplitude to EMG signal ampli-
tude declines with fatigue and may be useful as a
measure of the “efficiency” of electrical excitation.

As a subject becomes fatigued, physiological
tremor can interfere with the acoustic signal.
Tremor artifact can be effectively eliminated by a
high-pass filter, but some of the sound signal will
be lost because the frequency bands overlap.'*
One possible alternative is to use two sound trans-
ducers, one over the muscle of interest and the
other over a relaxed muscle in the same extremity,
and differentially amplify the two signals. Another
alternative is to allow the subject to relax periodi-
cally during the protocol, and to supramaximally
stimulate the peripheral nerve to the muscle dur-
ing relaxation. The evoked twitch has no tremor
artifact and has the additional advantage of elimi-
nating motivational factors in the measurement.

METHODS

Eleven adult volunteers without known neuro-
muscular disease were recruited for the study, and
provided informed consent in accordance with a
protocol approved by the University of Michigan
Human Subjects Committee. Each subject was
seated comfortably with their right hand in a
modified wrist-hand orthosis that held the second
digit extended and secured the hand and wrist.
Hand temperatures were maintained between
32°C and 34°C, measured with a thermistor on the
dorsal surface of the hand, by using silicone hot
packs when necessary.

Muscle twitches were produced by supramaxi-
mal percutaneous ulnar nerve stimulation. Com-
pound muscle action potentials (CMAPs) were re-
corded with an active electrode over the belly of
the first dorsal interosseus hand (FDIH) muscle
and the reference electrode over the interpha-
langeal joint of the thumb. To minimize size and
mass, the active CMAP electrode was made of a
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tiny piece of metal foil with sticky conductive gel.

The CMAP was amplified with a TECA TD-20
electromyograph, with filter settings of 2 Hz to 10
KHz. Lateral acceleration of the muscle belly was
recorded with an Entran model EGA-125-50D ac-
celerometer (Entran, Fairfield, NJ, sensitivity 0.41
mV/(meter per second per second) at 15-V excita-
tion, mass of 0.5 g) attached with thin double-
sided tape adjacent to the active CMAP electrode.
The accelerometer was amplified by a Grass P16
amplifier (DC to 2 kHz bandpass, Grass Instru-
ment Co., Quincy, MA). A half-inch loop of cloth
held the second digit in extension and provided
restraint so that the muscle twitches were approx-
imately isometric for the FDIH. Force was re-
corded with a load cell (Western Load Cell Co.,
Encinio, CA, model #65) attached to the cloth
loop. The force was amplified with a Grass P16
amplifier (DC to 2 kHz bandpass) coupled to a DC
fixed gain amplifier, and an antialiasing 500-Hz
Butterworth low-pass filter.

The force measured was the net abduction
torque of the second digit. The torque is the re-
sultant of ulnar innervated muscle contractions
and the moment arm from the muscle insertions
to the cloth loop, not just the force generated by
the FDIH. We assumed that the signal was domi-
nated by the FDIH component. This assumption
was supported by the smooth rise and decay of
torque, similar to the waveform expected for force
from a single muscle twitch.

The maximal voluntary contraction (MVCQ)
level was determined at the beginning of each test-
ing session by asking the subject to exert abduc-
tion force with the second digit. Force was main-
tained for about 2 seconds. The procedure was
done twice, and the highest value was used. Visual
feedback of the force exerted was provided on an
oscilloscope screen. After MVC was determined,
the supramaximal stimulation level was deter-
mined by increasing the stimulation to 20% above
the intensity to where the CMAP and force no
longer increased. After a 2-minute rest, 2 twitches
were evoked with stimulations. These two stimula-
tions were averaged to determine the baseline
twitch amplitude. Subjects then voluntarily ex-
erted force at a target level equal to 30%, 50%, or
70% of MVC—the level depended on the particu-
lar trial being performed.

Visual feedback of force on the oscilloscope
screen helped the subject to maintain a steady
force at the target level. When the subject was un-
able to hold the target force, they exerted the
maximum force possible. This was enhanced by
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visual feedback of the root mean squared value of
the surface electromyography signal on a voltme-
ter. After 25 seconds of activity, subjects rested for
5 seconds, and they resumed the target level of
force. At 4 seconds into each 5-second rest period,
a single twitch was evoked by stimulation. Once
the subject was unable to maintain the target
force, the subject was instructed to provide the
maximum force able to generate for the 25-
second activity period. When the subject was no
longer able to maintain the target force for at least
the first 5 seconds of activity, then 3 more activity
periods were performed and the trial ended. No
subject performed more than one trial in any one
day.

Each channel of data (CMAP, force, accel-
erometer) was digitized with sampling rates of ei-
ther 6.250 or 8.333 kHz and 12-bit resolution. No
data waveforms contained frequency components
greater than 3.0 kHz, so the sampling rates were
adequate. The data were subsequently analyzed
digitally using a Zenith 386 PC (Zenith Data Sys-
tems, Chicago, IL).

RESULTS

The acceleration signal from a typical muscle
twitch was an oscillating waveform containing sev-
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eral cycles that decayed in amplitude with time
(Fig. 1). The onset of the acceleration signal was
after the onset of the compound muscle action po-
tential (CMAP) and before the onset of force pro-
duction. The acceleration waveform shape and
timing closely resemble the signal seen with hy-
drophone recordings of frog muscle sounds in
vitro."?

Figure 2 shows an example of acceleration,
force, and CMAP for a single subject at 4 stages of
a single trial. All 3 signals declined in amplitude
with fatigue. In the acceleration signal, the first
oscillation cycle amplitude declined more than
the amplitude of later half-cycles as fatigue pro-
gressed. In other words, fatigue caused the energy
of acceleration to shift to later times in the wave-
form. The acceleration waveforms produced with
a subject’s hand unrestrained by an orthosis tend
to peak later in the waveform (unpublished data),
resembling a fatigued isometric twitch acceleration
waveform more than an unfatigued one. The
CMAP became broadened and sometimes double-
humped with fatigue.

Twitch force consistently potentiated after the
first 25-second exercise period, compared with the
baseline twitch force (Fig. 3). The increase is ac-
companied by an increase in the amplitude of the
acceleration signal, but the CMAP did not in-
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FIGURE 1. Waveforms are shown from a typical unfatigued isometric contraction of the first dorsal
interosseus hand muscle. Ali 3 waveforms are on the same time scale. (A) Acceleration wavefqrm
(m/s? = meters per second per second). (B) Force (N = Newtons). (C) Compound muscle action

potential.
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FIGURE 2. A series of waveforms is shown during a fatigue trial. These data are from a different
subject than the data in Figure 1. Note that the signals are not on the same time scale. (A) Acceler-
ation, force, and compound muscle potential after the first 25-second exercise period. (B) Same sig-
nals with twitch force reduced by 20%. (C) Same signals with twitch force reduced by 30%. (D) Same

signals with twitch force reduced by 55%.

crease. Subsequent exercise periods produced fa-
tigue that was revealed by the decline in twitch
force (Fig. 3).

For all trials, the acceleration signal was more
highly correlated with twitch force than the
CMAP (Table 1), and the overall decline in CMAP
amplitude was less than the overall decline of
force or acceleration. In general, the CMAP am-
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plitude did not decline as fast as force or accelera-
tion in the initial stages of fatigue. These relation-
ships are revealed by least mean squared linear
regression of CMAP amplitude to force and of ac-
celeration amplitude to force (Table 1). In all 3
trials, the slope of the CMAP-to-force relationship
was less than half the slope of the acceleration-to-
force relationship.
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Table 1. Regression coefficients.

Trial r? a b
70% MVC
Acceleration 0.92 11 0.0
CMAP 0.24 0.3 0.7
50% MVC
Acceleration 0.97 0.9 G.1
CMAP 0.88 0.4 0.6
30% MVC
Acceleration 0.85 0.7 0.3
CMAP 0.76 0.3 0.6

Results of least mean squared linear regression for acceleration and
CMAP results as functions of force (see Fig. 4); 1 Is the correlation
cosfficient. a and b are the coefficients of the linear equation ax + b,
relating acceleration or CMAP amplitude to force. Analysis of variance
showed that linear regression is appropriate (P < 0.01) for all fits
except the CMAP plot for the 70% MVC trial (P = 0.15).

DISCUSSION

The oscillating appearance of the acceleration sig-
nal is consistent with in vitro experiments on frog
muscle, where the muscle sound signal recorded
with hydrophones is proportional to the lateral ac-
celeration of the muscle."*"® Human muscle
sound waveforms recorded in vivo with air-
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coupled microphones appear biphasic, without the
oscillations seen here. Air-coupled microphones
do not reveal the oscillations because the pressure
produced in the air chamber is proportional to
skin displacement rather than acceleration. Addi-
tional distortions can occur due to cutoff frequen-
cies of the transducer and/or mechanical binding
of the skin by a massive transducer or excessive
application pressure. Previous work has shown
that integrating the acceleration signal twice (to
obtain displacement) does produce a signal that
is similar to the air-coupled microphone wave-
form.?

The increase in twitch force after the first ex-
ercise period is due to posttetanic potentiation.
The increase in the acceleration signal together
with force is consistent with the hypothesis that
the acceleration signal reflects the mechanical
activity of the muscle. The CMAP does not in-
crease, because all of the muscle fibers were con-
tributing to the baseline CMAP and there is
no increase in size or number of muscle fiber ac-
tion potentials with muscular posttetanic poten-
tiation.

The cause of the shift of high-amplitude oscil-
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FIGURE 3. Acceleration, force, and CMAP are shown as functions of time during the fatigue trials.
Data points occur every 30 seconds, corresponding to the stimulation times during the trials. The first
point in each record is from the stimulation prior to exercise. Note the increase in force and acceler-
ation amplitude due to potentiation after the first exercise period of each trial (second data point of
each graph). The data are averaged values for all subjects. Error bars denote standard deviation. (A)

70% maximum voluntary contraction (MVC) trials.
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FIGURE 3. (B) 50% MCV trials.
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FIGURE 3. (C) 30% MCYV trials.

lations from the beginning of the acceleration sig-
nal to later in the waveform is unknown. One pos-
sibility that cannot be ruled out with these
experiments is that another ulnar-innervated mus-
cle contributes to the signal to a proportionately
greater extent as the FDIH fatigues. This may also
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explain the double hump that sometimes ap-
peared in the CMAP after fatigue (Fig 3). How-
ever, the shift in high amplitude from early to late
in the acceleration waveform has also been seen
with some isolated frog muscle preparations after
fatigue induced with stimulations.
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There may be multiple vibratory modes that
are selectively enhanced or suppressed as the mus-
cle fatigues. Alternatively, the change in contrac-
tile speeds produced by fatigue may cause lateral
acceleration to peak later in the waveform. The
explanation for this effect will require further in-
vestigation.

The decline in CMAP amplitude may be due
to increased dispersion between muscle fiber ac-
tion potentials in different muscle fibers as con-
duction velocity declines with fatigue. However,
some failure of neuromuscular junctions or termi-
nal nerve ends cannot be ruled out on the basis of
these experiments. Surface EMG recordings dur-
ing voluntary fatiguing contractions depend on
the level and duration of contraction, but at mod-
erate levels of contraction the EMG amplitude
typically does not decline, suggesting that neuro-
muscular junction failure does not usually accom-
pany fatigue during voluntary contractions.”'"""

In any case, the CMAP is a reasonable measure of
the electrical activation of muscle fibers. If the
acceleration signal accurately represents the me-
chanical response of muscle fibers, then the ratio of
acceleration amplitude to CMAP amplitude should
provide a measure of excitation—contraction cou-
pling without the need for a force transducer appa-
ratus.

In summary, the evoked signal eliminates arti-
facts of subject motivation and tremor that com-
plicate vibration measurements during voluntary
contractions. The amplitude of lateral acceleration
of the FDIH muscle belly was highly correlated
with supramaximal evoked twitch force during fa-
tigue, reflecting potentiation as well as reduction
of twitch force with exercise. The acceleration
waveform changed during exercise in a character-
istic way that may reflect fatigue-induced changes
in contractile properties of the muscle.
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