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SUMMARY AND CONCLUSIONS

1. Myoelectric (ME) activity of several
motor units was detected simultaneously
from the human flexor pollicis longus and
extensor pollicis longus muscles, the only
two muscles that control the interphalangeal
joint of the thumb. The ME signals were de-
tected while the subjects produced isometric
force outputs to track three different para-
digms: triangular trajectories, random-force
trajectories requiring both flexion and exten-
sion contractions, and net zero force result-
ing from stiffening the joint by voluntarily
coactivating both muscles.

2. The ME signals were.decomposed into
their constituent motor-unit action potential
trains. The firing rate behavior of the con-
currently active motor units was studied
using cross-correlation techniques.

3. During isometric contractions, the fir-
ing rates of motor units within a muscle were
greatly cross-correlated with essentially zero
time shift with respect to each other. This
observation confirms our previous report of
this behavior, which has been called common
drive (9). Common drive was also found
among the motor units of the agonist and
antagonist muscles during voluntary coacti-
vation to stiffen the interphalangeal joint.
This observation suggests two interesting
points: ) that the common drive mechanism
has a component of central origin, and 2)
that the central nervous system may control
the motoneuron pools of an agonist-antago-
nist muscle pair as if they were one pool
when both are performing the same task.

4. During force reversals, the firing rates
of motor units reverse in an orderly manner:

earlier recruited motor units decrease their
firing rate before later recruited motor units.
This orderly reversal of firing rates is consis-
tent with the concept of orderly recruitment
and derecruitment.

5. A control scheme is suggested to ex-
plain the behavior of the motor units in both
muscles during force reversal. It consists of
centrally mediated reciprocally organized
flexion and extension commands along with
a common coactivation command to both
muscles. This control scheme allows for
coactivation and reciprocal activation of an
agonist-antagonist set.

6. The agonist-antagonist pair was ob-
served to generate a net force in two control
modalities: proportional activation and re-
ciprocal activation. In proportional activa-
tion, the agonist-antagonist set is coactivated
during either of two states: when uncertainty
exists in the required task or when a compen-
satory force contraction is perceived to be
required. Otherwise, proportional activation
enables only the agonist. The modality of re-
ciprocal activation is employed when both
states coexist; that is, when uncertainty exists
in the required task and when a compensa-
tory-force contraction is perceived to be re-
quired.

INTRODUCTION

Every joint in the human body is mobi-
lized by muscles that generate forces in op-
posing directions. Therefore, it is possible to
control separately both the torque and the
stiffness at the joint. The net torque at a joint
is the difference between the torques of the
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agonist and antagonist muscle sets. The net
stiffness is the sum of the individual stiffness
of the agonist and antagonist muscle sets.
Thus the value of these two variables may
range from high torque and low stiffness,
when either the agonist set or antagonist set
is individually activated, to zero torque and
high stiffness when both sets are coactivated.

The control of antagonist muscles has
been a topic of great interest since Sherring-
ton (30, 31) reported his influential work.
Sherrington demonstrated the existence of a
centrally mediated reciprocal activation by
applying electrical stimuli to specific areas of
the motor cortex of a cat and noted that
some muscles contracted while their antago-
nist relaxed. He also observed that in decere-
brate cats, a peripherally applied stimulus
elicited opposite reactions in an agonist-an-
tagonist muscle set. This led him to postulate
the concept of (peripherally mediated) recip-
rocal inhibition.

Since Sherrington’s sterling work, the rela-
tive involvement of the central and periph-
eral systems in controlling antagonist mus-
cles has been under constant scrutiny. As
eary as 1925, Tilney and Pike (36) suggested
that the cerebellum plays an important role
in switching from reciprocal activation to
coactivation. This notion has been supported
by the findings of Terzuolo et al. (33, 34)
working with monkeys and Hallett et al. (16)
working with humans. They demonstrated
that lesions in the cerebellum disturb and
may eliminate the agonist-antagonist reci-
procity. Direct measurements from the cen-
tral nervous system have provided indica-
tions that specific cells in the cerebellar cor-
tex (32) and in the red nucleus (7) are
selectively activated during coactivation and
reciprocal activation (6) of agonist-antago-
nist muscles in the upper limb. Cheney et al.
(6) also found cells in the motor cortex that
were selectively activated preceding recipro-
cal activation of agonist-antagonist muscles.

By far, the majority of studies directed at
understanding the behavior of antagonist
muscles have been performed by observing
the gross myoelectric (ME) signal. In the past
three decades, numerous investigators (1, 3,
13, 18, 20, among others) have shown that
during rapid movements, the activity of both
agonist and antagonist muscles often dis-
plays a triphasic pattern: an initial burst of

C. J. DE LUCA AND B. MAMBRITO

agonist activity with the antagonist silent
(limb acceleration); followed by a reduction
of agonist activity with a burst of activity in
the antagonist (limb deceleration); and a
subsequent resumption of agonist and antag-
onist activity. In the past decade, an ani-
mated and productive discussion has been
carried out concerning the relative involve-
ment of centrally preprogrammed com-
mands and peripheral feedback commands
in the control of rapid movements as well as
the reproducibility of the triphasic pattern (1,
13, 15, 21, among others). Relatively few
works have reported on agonist-antagonist
interaction during other contraction modali-
ties.

All previously reported studies on agonist-
antagonist interaction in humans have been
limited to interpretation of the gross ME sig-
nal. Such approaches are restricted to pro-
viding information concerning the timing
and the relative level of the contraction of the
involved muscles. Recent advances in ME
signal analysis techniques have made it pos-
sible to decompose gross signals into the in-
dividual constituent motor-unit action po-
tential trains (MUAPTs). This study em-
ploys these techniques to observe the
behavior of concurrently active motor units
for the purpose of describing the intricacies
of motor control in a relatively simple ago-
nist-antagonist muscle set during voluntary
contractions. Specifically, we were interested
in studying the relationship between the fir-
ing rates of motor units within and among an
agonist-antagonist muscle pair while the
muscles performed a variety of contractions
designed to require varying degrees of coac-
tivation and reciprocal activation.

METHODS

The flexor pollicis longus (FPL) and the exten-
sor pollicis longus (EPL) muscles were chosen as
the agonist-antagonist pair to be studied for the
following reasons: the distal phalanx of the thumb
is controlled solely by these two muscles, and the
thumb has a relatively large cortical representa-
tion, which suggests a relatively high degree of
motor control.

Three male subjects (ages 30, 30, and 34) parti-
cipated in the study. They had no known history
of neuromuscular disease, disorders, or injuries.

Force recording

The subjects were seated. The forearm was
constrained in a specially designed force measur-
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ing apparatus. This device rigidly restrained the
thumb phalangeal joint so that only isometric
force generation was possible. The apparatus con-
sisted of a plastic cast, which immobilized the
wrist, the carpal-metacarpal joints, and the meta-
carpal-phalangeal joint of the thumb. The inter-
phalangeal joint of the thumb was immobilized by
a polyester resin and styrene-monomer cast that
was fitted individually to each subject. The cast
was connected to a high-stiffness force transducer
(3.0 N/um), which generated positive or negative
voltages proportional to the force applied to it (see
Fig. 1). The output of the force transducer con-
trolled the vertical position of either a horizontal
line or a point moving across the screen of an
oscilloscope. A second line or point was simulta-
neously displayed on the oscilloscope. The verti-
cal position of the latter line or point was con-
trolled by a computer. Thus the subject could
isometrically force track various type(s) of com-
puter-generated waveforms. The force transducer
output was recorded on an FM tape recorder.
The output of the force transducer was normal-
ized using the output value obtained when the
subject exerted the maximal voluntary contrac-

tion (MVC) and was acquired at the beginning of
the experiment session before electrode insertion.
Two MVC values had to be considered: one for
flexion, the other for extension. In each case, the
value of the MVC was chosen as the largest of
three consecutive attempts spaced 5 min apart.
Four types of contractions were utilized: /) vol-
untary exerted cocontraction in which the subject
was required voluntarily to stiffen the thumb in-
terphalangeal joint; i.e., to cocontract the FPL
and EPL without exerting any net torque output;
2) force-varying isometric contractions with a
force rate of 15% MVC/s, reaching either 30%
MVC (4 s in flexion and 4 s in extension) or 60%
MVC (8 s in flexion and 8 s in extension). Two
types of tracking modes were utilized with the tri-
angular waveforms. In the first type, the subject
saw two vertically moving horizontal lines on the
oscilloscope: one line controlled by the force
transducer output and the other controlled by the
computer. During a contraction, the subject was
required to match the two lines continuously.
This mode will be referred to as instantaneous
tracking. In the second type of tracking mode, a
triangular waveform was predrawn on the storage

FIG. 1.

—

Arrangement of restraining and force measuring apparatus. Note the needle insertion trajectory into the
flexor pollicis longus and extensor pollicis longus muscles.
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oscilloscope. The subject was then asked to draw
over the predrawn waveform using the output of
the force transducer. In this second mode, the
subject could continuously preview the complete
waveform to be tracked; hence, this mode will be
referred to as preview tracking; 3) isometric force-
tracking of a waveform, whose amplitude was a
random variable with zero mean and a range of
15% MVC in flexion and 15% MVC in extension.
In this contraction mode, the tracking task had
two levels of difficulty. One level was considered
to be relatively easy. In this case, the random
waveform had a mean frequency 0f 0.43 Hz and a
median frequency of 0.37 Hz. The other level was
considered to be of medium difficulty. In this
case, the random waveform had a mean fre-
quency of 0.86 Hz and a median frequency of
0.74 Hz. The degree of difficulty of these two
tracking tasks was established by the subjective
opinions of the three subjects. The validity of this
designation is substantiated by the work of
Doubler and Childress (10), who found that visual
tracking of force-generated trajectories had an
upper boundary of ~1 Hz.

ME signal acquisition and processing

A quadrifilar needle electrode was used to de-
tect three independent channels of ME signals
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from each of the two muscles. The multiple chan-
nel detection increased the disctimination power
among different motor-unit action potentials
(MUAPs). The six detected ME signals (3 per
muscle) were then band-pass filtered with low-
and high-frequency 3-dB points set at 1 and 10
kHz. The procedure of setting the lower 3-dB

. point 4t 1 kHz, rather than at a lower frequency,

consistently reduced the amplitude of the slower
rise time MUAP waveforms produced by muscle
fibers that are distant from the detection site. This
procedure facilitates discrimination of action po-
tentials from different motor units.

During the electrode insertion, the path of the
-electrode to the target muscle was monitored
using functional tests. For the flexor muscle, the
following procedure was executed: I) the elec-
trode was inserted until ME signal activity was
observed with weak wrist extension; 2) while the
subject maintained wrist extension, insertion of
the electrode continued until the ME signal activ-
ity decreased or disappeared; 3) after the muscular
fascia was pierced between extensor carpi radialis
brevis and pronator teres, we verified that ME
signal activity was present only on mild forearm
pronation; and 4) insertion was continued until
ME signal activity was observed only in corre-
spondence with mild flexion effort of the thumb
distal phalanx. A similar procedure was used for
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FIG. 2. Example of the myoelectric signal decomposition. There are 7 intermittently firing motor units in the
flexor pollicis longus and two from the extensor pollicis longus muscles. The 9 motor units are concurrently active,
whereas the net force measured at the interphalangeal joint produces the randomly fluctuating flexion/extension

force displayed by the solid line.
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the extensor muscle. As a precautionary measure,
electrical stimulation through the recording elec-
trode was used to verify the proper electrode loca-
tion.

The ME signals from the triangular force-vary-
ing contractions were sampled, time compressed,
and transferred to digital storage. The ME signal
records were then separated into the constituent
MUAPTS by a technique known as decomposi-
tion. Decomposition algorithms use motor-unit
firing statistics (estimated on-line during the de-
composition operation) and MUAP waveform
shapes (in a three-dimensional representation ob-
tained from the 3 channels of ME signals). The
statistical parameters of the discharge times are
recursively estimated, and the templates for each
motor unit in each channel are updated at each
MUAP detection. Special algorithms designed to
resolve superpositions, such as those that may
occur during synchronous discharges, are in-
cluded. This latter set of algorithms attempts to
identify a complex waveform (in 3 dimensions) by
creating the waveform by superimposing the tem-
plates of all identified MUAPs in three dimen-
sions. This technique has been tested for accuracy
by decomposing the simultaneously recorded ac-
tivities from two needle electrodes inserted into a
muscle at different sites. Whenever a motor unit
was present in the records from both needle elec-
trodes, a 100% agreement between the firings was
obtained. Only those MUAPTS that could be de-
composed with absolute confidence (100% accu-
racy) have been presented in RESULTS. Refer to
Mambrito and De Luca (28, 29) for details. A
formal presentation of the algorithm used to de-
compose the ME signal can be found in LeFever
and De Luca (24) and LeFever, Xenakis, and De
Luca (25).

An example of the results obtained with the
decomposition technique is presented in Fig. 2.
The vertical bars represent the time of occurrence
of the action potentials of each of seven concur-
rently active motor units in the flexor muscle and
two in the extensor muscle. The instantaneous
firing rate was calculated from the interpulse in-
tervals. A typical example of the instantaneous
firing rate and frequency spectrum of the firing
rate is presented in Fig. 3. Note that a dominant
peak is present below 2 Hz. To investigate the
effect of the low-frequency components, the in-
stantaneous firing rate functions were low-pass
filtered.

The time-varying mean firing rate of each
motor unit was estimated by passing an impulse
train corresponding to the motor-unit firings
through a unit area, symmetric Hanning-window
digital filter and inverting the output. This
method was chosen since the degree of smoothing
was independent of the firing rate value. The

width of the filter could be altered to average over
different periods of time, thus affecting the
smoothness of firing rate estimates. A 400-ms-
wide filter, which has a bandwidth of 2 Hz, was
used to estimate the firing rates of the MUAPTSs
analyzed. The filter was advanced through the
data at increments of 5 ms.

Cross-correlation analysis

Cross-correlation techniques were used to iden-
tify common characteristics in the firing rate be-
havior of the agonist-antagonist muscles. This was
implemented as follows. A 5-s interval was chosen
for each contraction that was analyzed. Whenever
possible, this interval was chosen at a time when
no additionally recruited motor units were ob-
served. Within this interval, the motor-unit firing
rates of the two muscles were then processed to
remove the DC component so that only the fluc-
tuations would be analyzed. This was achieved by
removing the mean value. The discrete Fourier
transforms of each filtered record were then com-
puted using a fast Fourier transform algorithm.
The cross-correlation between pairs of firing rates
was obtained by multiplying the discrete Fourier
transform of one element of the pair with the
complex conjugate of the discrete Fourier trans-
form of the second element of the pair, followed
by inverse transformation of the product. This
technique was used to cross-correlate the firing
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FIG. 3. Top: the instantaneous firing rate of a motor
unit from the flexor pollicis longus muscle during coac-
tivation task. Bottom: the frequency spectrum of the
instantaneous firing rate function.
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rate of motor units within a muscle and among
two muscles. It was also used to cross-correlate the
firing rates of motor units with the net force out-
put of the interphalangeal joint. The cross-corre-
lation functions had a resolution of 5 ms, deter-
mined by the resolution of the firing rates.

The cross-correlation function provides a mea-
sure of the amount of common behavior between
two firing rates. A value of +1 indicates that the
two functions are identical; a value of —1 indi-
cates that they are similar but with opposite am-
plitudes; and a value of 0 indicates that the two
functions have no information in common. The
amount of filtering performed on the firing rates
will influence the values of the cross-correlation
function. This effect is evident in Fig. 4, which
presents cross-correlation functions of two
motor-unit firing rates that have been subjected
equally to varying amounts of filtering, from a
filter width of 50-800 ms. As the filter width de-
creases, the peak of the cross-correlation function
decreases, until at 50 ms, where there is no dis-
cernible peak. In all the examples, the peak always
occurs at zero time, indicating that the filtering
does not modify the relative time modulation of

(-1 to +1)

CROSS-CORRELATION

TIME

the firing rates. As filter size increases, the magni-
tude of the cross-correlation peak increases, indi-
cating that the relatively slow modulations, like
the relatively faster modulations of the firing rate,
are also cross-correlated. Some of the relatively
slow modulations in the firing rates may be due to
volitional attempts at regulating the force output,
whereas the relatively fast modulations represent
the intrinsic behavior of motor-unit firing rates.
Regardless of the rate of modulation, the firing
rates are cross-correlated, except when the filter
width was 50 ms. In the latter case, the filter width
corresponds approximately to the average inter-
pulse interval of the motor units. Thus, in this
extreme case, the cross-correlation operation ap-
proximates the operation of discharge-to-dis-
charge correlation, which would reveal discharge-
to-discharge synchronization. In the example of
Fig. 4, synchronization is absent but the firing
rates calculated over as few as 2 or 3 discharges
(100-ms filter width) or as many as 15 discharges
(800-ms filter width) are cross-correlated. Hence,
although the individual motor-unit discharges
may not be directly synchronized, the tendency
for the firing rate to increase or decrease displays a
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FIG. 4. Effect of low-pass filtering of the firing rates on the cross-correlation function. The cross-correlation
functions were calculated with the same two motor-unit firing rates. In each case both firing rates were filtered with a
similar window width. Note that in all cases the peak remains essentially at zero.
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behavior that is similar in all currently active

motor units.

RESULTS

Voluntary exerted cocontractions.

An example of the firing rate and force
behavior during voluntary joint stiffening is
shown in Fig. 5. Note that force output fluc-
tuates between flexion and extension in an
attempt to be maintained at zero value. The
lines designated by EPL indicate the firing
rates of three motor units in the extensor
muscle, and those designated by FPL indi-
cate the firing rates of three motor units in
the flexor muscle. Cross-correlation func-
tions of firing rates and cross-correlation
functions of the firing rate and force are pre-
sented in Fig. 6. A total of 121 cross-correla-
tion functions were calculated. The accumu-
lated maximal values of the cross-correlation
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functions of the firing rates within the EPL,
within the FPL, and between the EPL and
FPL muscles are presented in the histograms
of Fig. 7. The mean and standard deviation
of the histograms were computed and are
represented as a dot and bar on the horizon-
tal axis. Two major observations can be ex-
tracted from Fig. 7.

During voluntary joint stiffening, concur-
rently active motor units within each muscle
(flexor or extensor) display common (in
phase, no shift) fluctuations in their firing
rates. The average and standard deviation of
the cross-correlation values for 30 pairs of
motor-unit combinations in the flexor mus-
cle was 0.58 + 0.14; and for 32 pairs of motor
units in the extensor muscle it was 0.63 +
0.14. The two mean values are not signifi-
cantly different (a two-sample ¢ test rendered
P <0.17).

Motor units among different muscles
(flexor and extensor) also display common
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F1G. 5. Example of the motor-unit firing rate behavior during coactivation of the extensor pollicis longus (EPL)
and flexor pollicis longus (FPL). The net force produced by the contraction is presented as a solid line. Note the
commonality of behavior in the fluctuations of ail the firing rates.
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FPL-EPL
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FIG. 6. Examples of cross-correlation functions of the firing rates of the motor units during coactivation (joint
stiffening) within the flexor pollicis longus (FPL) within the extensor pollicis longus (EPL), between motor units in
both muscles, and between the firing rates of flexor motor units and force and the firing rates of extensor motor units
and force. Note that the cross-correlation functions of the firing rates peak at approximately time zero, indicating that
there is essentially zero time shift between the fluctuations in each of the firing rates. That is, the fluctuations are
produced simultaneously. This behavior has been called the common drive.

(in phase, no shift) fluctuations in their firing  was 0.37 + 0.16 (Fig. 7C). This mean value is
rates. The average and standard deviation of significantly lower than the mean values of
the cross-correlation values for 59 pairs of cross-correlations within one muscle (¢ test
flexor-extensor motor-unit combinations renders P < 0.0001). The cross-correlation
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FIG. 7. Histograms of the cross-correlation maximal values (at time 0 + 10 ms) among firing rates during the
coactivation contractions of the thumb phalangeal joint: among motor units in the flexor pollicis longus (FPL)
muscle (0.58 + 0.14) (4), among motor units in the extensor pollicis longus (EPL) muscle (0.63 * 0.14) (B), and
between motor units from both muscles (0.37 + 0.16) (C).
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FIG. 8. Examples of motor-unit firing rates during triangular force-varying isometric contractions. The F (dash-
dash) lines represent the firing rates of motor units from the flexor pollicis longus and the E (das#-dot) lines from the
extensor pollicis longus muscle. The continuous line represents the net force output, whereas the T (dot-dot) lines
represent the target force being isometrically tracked by the subject. The first and last values of the firing rates are
plotted at the location of the first and last discharges, thereby maintaining the temporal accuracy of the firing rate
function. A4: data from “preview tracking” in which the entire force trajectory was displayed to the subject prior to
the beginning of the contraction. Band C: data from “instantaneous tracking” in which the tracking trajectory was
displayed in real time. The subject only saw 5 ms of the trajectory at any time. MVC, maximal voluntary contraction.
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between the firing rates of either muscle and
the net force is virtually nonexistent as
shown in Fig. 6. This is due to the near zero
value of the net force and the cancellation
effect of the opposing forces on the force
fluctuations emanating from each muscle.

Force-varying isometric contractions

Thirteen contractions were analyzed: six
with preview tracking and seven with instan-
taneous tracking. A total of 27 MUAPTSs
were extracted from the decomposed ME
signals. The firing rate behavior is presented
in Fig. 8, A-C. The firing rates of the flexor
motor units are shown as dash-dash (or F)
lines and those of the extensor as dash-dot
(or E) lines. The force transducer output is
represented by a continuous line and the
tracked waveform by a dot-dot (or T) line.
Flexion force has a negative excursion,
whereas extension force has a positive excur-
sion. Although the three examples represent
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data from the same experimental session and
were recorded at the same electrode position,
there is no guarantee that the same motor
units were detected in contractions A, B, and
C. Nevertheless, these three examples illus-
trate the typical agonist-antagonist behavior
that was observed during triangular force-
varying contractions.

Independent of antagonist muscle activity,
the motor units in the agonist muscle dis-
played an ordered recruitment and dere-
cruitment scheme in all the records that were
analyzed. During force-increasing and de-
creasing contractions, motor units are dere-
cruited in reverse order of their recruitment.
The recruitment order was also maintained
among extensor motor units recruited during
flexion and vice versa. These data agree with
the recruitment scheme observed in other
human muscles such as the first dorsal inter-
osseous muscle and deltoid muscle (8, 12)
and the tibialis anterior muscle (4).

EXTENSION FORCE (% MVC)

-
-

FLEXION FORCE (% MVC)

-130

TIME IN SECONDS

FIG. 9. Examples of motor-unit firing rate behavior during random force isometric tracking. To maintain clarity,
only one example is provided for each muscle. The FPL line represents the firing rate of a motor unit from the flexor
pollicis longus muscle, and the EPL line corresponds to the extensor pollicis longus. The thick solid line represents the
net force output at the joint, and the thick dashed line represents the target trajectory provided to the subject. In this
paradigm, the tracking was instantaneous; that is, only 5 ms of the trajectory was displayed to the subject at any time.
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Figure 84 presents the data from a preview
tracking contraction. Note how the turning
points at the apexes (in flexion and exten-
sion) are executed accurately with the subject
producing the appropriate force, which is
due presumably to prior knowledge con-
cerning the target trajectory. The overall
force record was smoother than that pro-
duced when the force target was not pre-
drawn. Moreover, this observation was true
forall the records. Figure 8, B and C, presents
data from instantaneous tracking contrac-
tions. In this case, compensation for varia-
tion in the target and trajectory could not be
made in advance. Instead, any mismatch be-
tween the target and force trajectories was
compensated after the error occurred. Antag-
onist muscle intervention was observed often
(7 out of 8 contractions) and coincided with
error compensation.
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Figure 8C also shows another aspect of fir-
ing rate behavior that is consistent with ob-
servations previously made in the deltoid
and first dorsal interosseous muscles (8).
Prior to force reversal, at ~5 s, the firing
rates of motor units FI, F2, and F3 display
an ordered reversal, i.e., FI reverses direc-
tion before F2, which in turn reverses direc-
tion before F3. In other words, motor units
recruited first (small motor units that achieve
higher firing rates) reverse their firing rates
before motor units which are recruited later
(larger motor units that achieve slower firing
rates).

Random-force tracking

A total of 10 contractions were analyzed:
six consisting of the relatively simpler track-
ing tasks (median frequency = 0.37 Hz) and
four of the relatively more difficult tracking

EPL

14— 1s

FPLLEPL-FORCE

TIME (—1 to+1 second)

F1G. 10. Examples of cross-correlation functions of the firing rates of motor units during random force isometric
flexion-extension tracking within the flexor pollicis longus (FPL), within the extensor pollicis longus (EPL), between
motor units in both muscles, and between the firing rates of flexor motor units and force and the firing rates of the
extensor motor units and force. Note that the cross-correlation functions of the firing rates peak at approximately
time zero. The cross-correlation functions of the firing rates between muscles have a negative maxima. This indicates
that the firing rates are phase shifted by ~180°. The positive and negative maxima in the cross-correlation functions
of firing rates and force are the result of the convention used to designate the direction of the force. The time delay
between the force and the firing rate is a complicated function of the muscle fiber contraction time, the shape of the
twitch response, and the firing rate. It should not be confused with contraction-time delays obtained in evoked
response measurements.
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tasks (median frequency = 0.74 Hz). Figure
9 shows an example of firing rate behavior.
The dashed line represents the firing rate of a
flexor motor unit and the dash-dot line the
extensor motor unit. The heavy continuous
line represents the net force output, and the
heavy dashed line represents the trajectory.
Note that for the sake of visual simplicity, the
firing rate of only one motor unit from each
muscle is shown.

Figure 10 provides an example of the
computed cross-correlation functions ob-
tained from the random-force tracking ex-
periments. They represent cross-correlation
between pairs of motor-unit firing rates in
the flexor muscles, cross-correlation between
pairs of motor-unit firing rates in the exten-
sor muscle, cross-correlation among pairs of
motor-unit firing rates of the flexor and the
extensor muscle, and cross-correlation be-
tween force and the firing rates of flexor
motor units and between force and firing
rates of extensor motor units. In the cross-
correlation functions of the firing rates, the
peak always occurred within +10 ms of zero

C. J. DE LUCA AND B. MAMBRITO

time shift. When the maximal cross-correla-
tion value was positive, the two firing rates
were in phase with essentially zero time shift.
When the value was negative, as in the case
of the cross-correlation between the motor
units of the two muscles, the two firing rates
were 180° out of phase. In the case of the
cross-correlation between force and the firing
rates of the flexor muscle, the value was neg-
ative because of the force recording arrange-
ments. Force during extension increased in
the positive direction.

The maximal absolute values of the cross-
correlation functions are accumulated in the
histograms of Fig. 11. The bin width is 0.1 s.
The histograms contain the maximal cross-
correlation values (which occurredatt =0 +
10 ms) of the firing rates from all pairs of
motor units in the flexor muscle; the corre-
sponding data for the extensor muscle; the
maximal negative cross-correlation values
(which occurred at ¢t = 0 + 10 ms) of the
firing rates for all combinations of pairs be-
tween the flexor and extensor motor units;
the maximal negative cross-correlation
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FIG. 11. Histograms of the cross-correlation maximal values (at time +10 ms) among firing rates and firing rates
and force during random force isometric flexion-extension tracking: among motor units in the flexor potlicis longus
(FPL) (0.83 + 0.08) (4), among motor units in the extensor pollicis longus (EPL) (0.85 + 0.12) (B), between motor
units in both muscles (—0.72 + 0.11) (C), between the flexor firing rates and force (—0.81 + 0.13) (D), and between

the extensor firing rates and forces (0.79 + 0.09) (E).
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values (which occurred at 100-200 ms) of
the flexor motor-unit firing rates and the
force output; and the corresponding positive
values for the extensor muscle. The mean
and standard deviation of the histograms are
also presented. The following observations
may be extracted from the histograms of
Fig. 11.

During random-force tracking, concur-
rently active motor units in each muscle
(flexor or extensor) display a considerable
amount of common fluctuation in their fir-
ing rates. The average and standard devia-
tion of the cross-correlation values for 57
pairs of motor units in the flexor muscle and
17 pairs of motor units in the extensor mus-
cle was 0.83 + 0.08 and 0.85 + 0.12, respec-
tively. The two mean values are not signifi-
cantly different (P < 0.42).

Motor units of different muscles (flexor
and extensor) display 180° out-of-phase
cross-correlation, thus indicating that as the
firing rates of the motor units of one muscle
are increasing, those of the antagonist muscle
are decreasing in a corresponding amount
and vice versa. The average cross-correlation
value for 46 pairs of simultaneously active
motor units was —0.72 = 0.11. This value is
statistically significantly different (P <
0.0001) from the values of the cross-correla-
tion of the motor-unit firing rates within
each of the two muscles.

In both muscles, the fluctuations in the
motor-unit firing rates are highly correlated
to the fluctuation in the corresponding force
output: 0.81 = 0.13 for the flexor and
—0.79 = 0.09 for the extensor. The peak of
the cross-correlation values occurred be-
tween 100 and 200 ms. This delay represents
the time required to build up the force inside
the muscle and to transmit it through the
tendons and other tissues to the force trans-
ducer.

By comparing the data of the histograms
in Figs. 7 and 11, it 1s apparent that the
amount of cross-correlation among the firing
rates of motor units in a muscle is greater
during random-force trajectory tracking
than during voluntary stiffening. This be-
comes evident when a two-tailed ¢ test is per-
formed on the data. In both the flexor and
extensor muscles, the cross-correlation
values during random-force trajectory track-
ing were greater than those obtained during
voluntary cocontraction (P < 0.0001).

DISCUSSION

The common drive

During the voluntarily coactivated con-
tractions of both agonist and antagonist
muscles to produce joint stiffening, the mean
firing rates of the motor units were substan-
tially correlated with essentially zero time
shift. (See Figs. 6 and 7.) This implies that the
fluctuations of the mean firing rates evident
in Fig. 5 are produced simultaneously. The
unison behavior of the mean firing rates of
motor units is also visible in the force-vary-
ing contractions presented in Fig. 8. This
property of the firing rates has been called
the common drive. De Luca et al. (9) have
described its presence in other muscles. The
existence of common drive indicates that the
nervous system does not control the firing
rates of motor units individually. Instead, it
acts on the motoneuron pool in a uniform
fashion.

Within one muscle, existence of the com-
mon drive could be partially explained by
the widespread homogeneous influence of
the stretch reflex mechanism, especially the
arborization of the Ia-fibers (26). However,
the reciprocal arrangement of the Ia and Ib
fibers with the a-motoneuron fibers of antag-
onist muscles does not favor formation of
zero time shift firing rate fluctuations be-
tween the motoneuron pools of the two
muscles. [This concept is supported by the
data of Fig. 7, which shows that during coac-
tivation, the average value of the maximal
cross-correlation of the firing rates of motor
units among antagonist muscles is signifi-
cantly (P < 0.0001) lower (~60%) than that
of the motor units in the individual muscles.]
Thus it follows that the common drive has a
component of central (supra segmental) ori-
gin. This interpretation is consistent with the
observation of the increasing amount of
cross-correlation among the firing rates as
they are increasingly low-pass filtered (see
Fig. 4) and suggests that common drive is
employed in executing the compensatory-
force corrections, which are the filtered force
output of the motor-unit twitches.

The notion that the common drive is, at
least in part, of central origin is further sup-
ported by the observations of Fetz and
Cheney (11) and Cheney and Mewes (7).
They reported the existence of corticomo-
toneuronal cells in the premotor cortex and
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rubromotoneuronal cells whose activity was
noted to be correlated to motor-unit action
potentials in groups of simultaneously active
muscles in the forearm of primates executing
coordinated volitional contractions. Their
results suggest that individual cortical cells
have a connection to motor units in separate
muscles. Such an arrangement could be ex-
ploited as a mechanism for imparting the
common drive,

The existence of common drive among
motor units of both muscles during volun-
tary coactivation indicates that in this mode
the FPL and EPL muscles are controlled as if
they were one muscle. In this mode, both
muscles are performing essentially the same
function. It is tempting to suggest that the
nervous system is organized to control the
motoneuron pools in a manner dependent
on the function to be performed by the mus-
cles. The generality of this statement may be
limited by the fact that both the FPL and the
EPL muscles share the C; root as their com-
mon major source of efferent nerve fibers.
Thus the corresponding motoneuron pools
would have the anatomical proximity to fa-
cilitate interaction.

A model for agonist-antagonist
motor-unit control

The behavior of the motor units at force
reversals may be explained by considering
the existence of reciprocally organized “flex”
and “extend” command channels in the
central nervous system that act on the moto-
neuron pool to generate torque on a joint.
Let the flex command excite the moton-
euron pool of the flexor muscle and inhibit
that of the extensor muscle; and let the ex-
tend command excite the motoneuron pool
of the extensor muscle and inhibit that of the
flexor muscle. This reciprocal arrangement
of centrally mediated commands finds sup-
port in the results of Kasser and Cheney (22)
who observed a reciprocal behavior in the
myoelectric activity of forearm flexor and
extensor muscles of rhesus monkeys when a
single corticomotoneuronal cell was dis-
charged during a voluntary contraction. The
concept of a command channel is preferable
to a designation of a specific neuronal con-
nection because it embodies a variety of pos-
sible paths without compromising the pur-
pose. For example, other investigations by
Thompson and Fernandez (35) and Asan-

uma and Ward (2) have effectively demon-
strated that different cortical cells may be in-
volved in eliciting excitation and inhibition
to forelimb and hindlimb muscles of the cat.

A force reversal from flexion to extension
would be accomplished as follows. The ex-
tend channel would be activated while the
flex channel is still active. (The continued
presence of the flex command is demon-
strated by the continued activity of the flexor
motor units after the contraction is in the
extension mode. See Fig. 8.) This inhibition
in the flexor motoneuron pool, which at that
instant is the antagonist, would produce the
ordered motor-unit firing rate reversals be-
cause the earlier recruited motor units are
more sensitive to inhibitory inputs (8, 17,
27). The inhibition of the antagonist muscle
prior to excitation of the agonist muscle is
consistent with numerous observations that
have been reported (5, 14, and others). The
extend command is simultaneously excit-
atory to the extensor pool, which at that in-
stant is the agonist. However, the extensor
may not necessarily begin to be activated be-
cause of the relatively high inhibitory action
of the flex command; this behavior is evident
to varying degrees in Fig. 8, A-C. The excita-
tion of the flex command would subse-
quently decrease. The continuously increas-
ing net inhibition to the flexor muscle would
cause an ordered derecruitment of motor
units, in reverse order of their recruitment.
The latter recruited motor units have lower
firing rates and thus reach the inactive level
earlier when the motoneuron pool receives
increased inhibition. The simultaneous and
continuously increasing excitation to the ex-
tensor muscle would cause an ordered re-
cruitment of motor units to the respective
muscles. This complete scenario unfolds in a
variety of ways in Fig. 8, A-C. Note that in
Fig. 8C the behavior of the motor units dur-
ing force reversal from extension to flexion
may be explained in a parallel fashion.

If the two flex and extend commands are
simultaneously activated and if the amount
of inhibition is equal to the amount of exci-
tation they exert on the opposite muscle
motoneuron pool, it will not be possible to
produce a pure cocontraction (zero net
force output). In fact, excitation and inhibi-
tion will cancel each other. Thus a third
coactivation command channel excitatory
to both pools is necessary to produce antag-
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onist muscle cocontraction. The existence
of a coactivation command common to
both muscles is supported by the existence
of considerable cross-correlation (with es-
sentially zero time shift) among the firing
rates of the motor units of the two muscles
during voluntary joint stiffening. Red nu-
cleus cells that elicit coactivation excitation
to motor units in wrist flexors and extensors
of primates have been identified by Cheney
and Mewes (7).

The complete scenario is depicted in the
diagram of Fig. 12. In this diagram, the in-
volvement of the stretch reflex and the Ren-
shaw feedback is also presented. Their pe-
ripheral and spinal level involvement has the
potential of biasing the net excitatory or in-
hibitory drive to the motoneuron pool. In
fact, Hultborn et al. (19) have suggested that
the competitive influence of the Ia neurons
and the Renshaw collaterals may tilt the re-
sulting activation between coactivation and
reciprocal activation. If the intervention of

FLEX

Renshaw recurrent inhibition is considered
to play an active role in gating the command
channels, it is possible to suggest other con-
trol schemata. However, such explanations
would require more detailed knowledge of
the Renshaw system than is currently avail-
able.

Control strategies during tracking tasks

Throughout all the contractions that were
investigated in the course of this study, two
modalities of control were noted to regulate
the agonist-antagonist interaction: coactiva-
tion and reciprocal activation. These two
modalities and their associated contraction
state are schematically expressed in Fig. 13.

COACTIVATION. This modality was found
to be employed in two conditions: either
during states of uncertainty about the re-
quired task or when a compensatory force
correction was required. An example of
coactivation behavior is shown in Fig. 8C.

EXTEND

CO-

ACTIVATE
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FLEXOR EXTENSOR A
R POOL POOL
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>k TN

TORQUE

FIG. 12. A suggested model for agonist-antagonist control of the thumb interphalangeal joint. The thick lines
represent suprasegmental control channels. The flexion and extension channels are reciprocally organized and the
coactivation channel is common to both motoneuron pools. The thin lines represent peripheral feedback paths.
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TASK
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RECIPROCAL
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CONTRACTIONS

FIG. 13. Schematic expression of circumstances during which the nervous system employs coactivation and/or

reciprocal activation control modalities.

Note that during and subsequent to the re-
versal of the flexion, coactivation is initiated
and sustained until the extension phase.
Coactivation is again present during and
subsequent to the reversal of the extension
force. Similar behavior was seen in all the
seven instantaneous tracking contractions.
This is not the case in the other two examples
in the same figure where the subject was per-
forming preview tracking. That is, the sub-
ject could see the complete force trajectory
before beginning the contraction. Hence, it
appears that when an individual is uncertain
about the required task, that is, he cannot
confidently predict the course of the required
force, the antagonist muscles are coactivated.
This behavior was not seen during the in-
creasing phase of the flexion contraction, al-
though the subject only had instantaneously
changing indication of the force trajectory.
In this phase, however, no force reversals oc-
curred to confound the perceived monotonic
behavior of the force trajectory. Thus the
subject had more certainty in the required
task.

The second condition involving a com-
pensatory force correction may also be seen
in Fig. 8. Note that at the apex of the flexor
force triangle (the negative excursion), the
change in slope observed on force reversal
increased from cases 4 to B to C. This was
accompanied by an increase in the observed
antagonist motor-unit activity. Such was the
case in all the data we analyzed. These ob-
servations support the contention that a
more rapid increase in extension force is ob-
tained by simultaneously decreasing the
drive to the flexor muscle and activating the

extensor muscle, rather than by passively re-
laxing the flexor muscle as was done in case
A. The same argument may be used to justify
the flexor intervention during the extension
phase observed in Fig. 8C at ~8.5 s and the
extensor activity at the end of the flexion
phase of the contraction in Fig. 8 B. The lat-
ter two contractions (Fig. 8, B and C) were
performed with instantaneous trajectory
tracking; whereas the contraction in Fig. 84
was performed with preview tracking. Rela-
tively fast, error-compensatory changes in
force are mainly observed during instanta-
neous trajectory tracking rather than during
preview tracking. During preview tracking,
the subject can precompensate for turn-
around points in the trajectory and achieve
smoother force reversals. Thus more antago-
nist activity should be expected during in-
stantaneous tracking than during preview
tracking.

During force reversals, all error-compen-
sating force corrections were performed
without completely relaxing the agonist
while activating the antagonist; the muscles
were coactivated. The nervous system did
not choose the strategy of reciprocal activa-
tion; that is, relaxing the agonist while acti-
vating the antagonist, which would have
achieved the quickest force rate modifica-
tion. Instead, the nervous system appears to
compromise between the need to correct
quickly the errors and the need to maintain
proportional control over the tracking task.
This argument is supported by the observa-
tion illustrated in Fig. 8 B that force decreases
at a rate of 70% MVC/s and in Fig. 8C at a
rate of 90% MVC/s after the apex. The force
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rates of all compensatory adjustments, which
were noted in all the experiments, were
within the above average range. In all three
subjects, the rate of relaxation of the FPL was
found to be 140 = 17% MVC/s when the
subjects were requested to terminate a 30%
MYVC contraction without activating the an-
tagonist muscle.

RECIPROCAL ACTIVATION. The random-
force tracking paradigm of Fig. 9 may be
considered to be an extreme case of error
compensation during instantaneous track-
ing. In this case, the condition of uncertainty
and the condition of error compensation are
simultaneously present. In this mode, the
nervous system reciprocally activates the ag-
onist and antagonist muscles with one mus-
cle completely silent at any time. Such was
the case in all 10 random tracking contrac-
tions analyzed. The behavior was more
clearly evident in the relatively more difficult
tracking tasks.

As described in INTRODUCTION, several
investigators have reported that during rapid
movements, the agonist and antagonist mus-
cles display a triphasic pattern of activity
with the antagonist muscle burst of activity
being used to decelerate the limb. Our results
indicate that the braking action of the antag-
onist is also used in isometric conditions to
reduce or to reverse the rate of force build-up
in the agonist muscle. Thus the antagonist
braking action occurs to regulate the net
force or torque at a joint and not necessarily
the velocity of a joint. Naturally, if the joint
is unrestrained, the torque will generate a dis-
placement. It is necessary to make this dis-
tinction because during the past two decades
numerous studies have focused on studying
the velocity of joint movement as a function
of agonist-antagonist interaction. This ap-
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