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It is commonly assumed that the motor units comprising a single mammalian muscle will be recruited 
asynchronously at subtetanic firing rates to produce smoothly modulated force output. However, 
electromyograms from certain neck muscles, recorded by implanted bipolar "patch" electrodes having 
large contacts, often exhibited a rhythmic clustering of spike activity whose patterns suggested that 
motor-unit firing was synchronized both within and across muscles. We have developed a computerized 
processing system that digitizes EMG activity and calculates auto- and cross-correlation products of 
selected segments. The presence or absence of synchronization caused by neural mechanisms can be 
identified and differentiated from that due to the rhythmicity of the behavior itself (e.g. shaking) or due 
to cross-talk, according to the shapes of the resultant correlograms. These methods have so far been 
applied to the study of hindlimb and neck muscle EMG during various natural motor behaviors, but they 
provide a general, quantitative tool for the study of an important aspect of motor control that may be 
overlooked by conventional sampling and smoothing techniques. 

Introduction 

Most mammalian muscles are comprised of scores of individual motor units, each 
consisting of a single a-motoneuron and perhaps several hundred muscle fibers 
innervated only by that motoneuron. The amount of active tension generated by the 
muscle depends on the number of such units recruited and their individual firing 
rates. The firing rates of cat hindlimb motoneurons tend to be modulated over a 
range of 15-40 pps (Hoffer et al., 1981,1987) for which the tension of the successive 
twitches is not tetanically fused. However, asynchronous activity in the subpopula- 
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tion of active units usually results in smoothly modulated force production by the 
whole muscle. Similarly, such summed activity gives rise to the typical "interference 
E M G  pattern (Coggshall and Bekesy, 1970; Biro and Partridge, 1971) in which the 
individual discharges of muscle units recorded by macroelectrodes produce a fairly 
smoothly modulated envelope of apparently randomly distributed, spike-like events. 

In certain muscle systems under certain conditions, the recruitment of the 
individual motor units can become synchronized. Such patterns have been inferred 
from low frequency shifts in the power spectrum of skin surface EMG (Blinowska et 
al., 1980), although such an interpretation may be confounded by similar effects 
induced by conduction velocity and unit waveform changes associated with fatigue 
(Weytjens and Steenberghe, 1984). Cross-correlation of skin surface EMGs in man 
suggested weak synchronization as fatigue developed, but the results appeared to be 
contaminated by the inevitable cross-talk of this recording method (Person and 
Mishin, 1964). Such cross-talk has been used to advantage in assessing the conduc- 
tion velocity of action potentials along muscle fibers by cross-correlation of multiple 
recording sites along one muscle (Zorn and Naeije, 1983). Motor unit activity has 
been recorded in certain reduced preparations with sufficient stability to permit 
synchronization to be detected by spike-triggered averaging (Russell and Wallen, 
1983) and cross-correlation histograms (Davies et al., 1985a). 

In the work presented here, we have taken advantage of specially designed, 
implanted "patch" electrodes to obtain well-localized records from multiple, indi- 
vidual muscles and even from multiple compartments of the same muscle during 
unrestrained, natural behavior in cats. We here describe a digitization and analysis 
system that reliably detects and quantifies synchronization both within and across 
motoneuron pools on the basis of temporal correlation patterns within and between 
such "macro-EMG" recordings. 

Materials and Methods 

EMG recording techniques 
With our present system, up to 19 bipolar EMG electrodes can be implanted in a 

single functional region such as the dorsal neck, distal hindlimb, etc. to obtain 
stimultaneous records of activity in a range of muscles during unrestrained behav- 
ior. A 40-pin "back-pack" connector and cable system is affixed to the back of the 
cat using heavy gauge (No. 5 Ethibond) sutures that pass through the skin and 
paravertebral muscles so that any stress is applied to the dorsal spinous processes 
(for details see Hoffer and Loeb, 1983). 

The EMG patch electrodes consist of individually designed sheets of 0.007 in. 
thick, Dacron-reinforced Silastic (Dow Corning No. 501-1) upon which are affixed 
one or more pairs of electrode contacts in a pattern corresponding to the location 
and orientation of the muscle fibers to be recorded (see Fig. 1). These sheets are 
inserted between muscles and affixed by several sutures to the fascia so that each 
pair of contacts forms a dipole whose axis lies parallel to the muscle fibers overlying 
it. Thus, each recording site "faces" tissue in only one direction, being insulated by 



the dielectric sheet from possible sources of cross-talk on the other side (see Loeb 
and Gans, 1986, for analysis of the design and properties of such electrodes; similar 
designs available commercially from Micro Probe, Inc., Clarksburg, MD 20871). In 
the records reported here, each electrode contact was 5 mrn long, the interelectrode 
distance was 5 mm and there was at least a 5 mm margin or spacing to the edge of 
the dielectric sheet or to the next recording site. The sheets were affixed to relatively 
stable points (such as the nuchal midline ridge and tendinous inscriptions between 
muscle compartments), and they were allowed to slide with respect to adjacent 
muscle layers to avoid restricting free motion of the head and neck. Motion artefact 
was generally not a problem after the first couple of postoperative days, presumably 
because of the relatively large surface area and extra-muscular location of the 
recording contacts. 

For certain small, deep muscles lying directly on bone (e.g. semispinalis cervicis, 
spinalis dorsi, and obliquus capitis), we used bipolar suture electrodes, constructed 
by removing the insulation from the distal 3 mm of two wires. These leads were tied 
together by a suture to maintain a 5 rnm interval between their tips. To position the 
two contacts within the muscle, the suture was threaded through the belly of the 
muscle parallel to its fiber orientation and tied loosely to the fascia and to itself 
(Loeb and Gans, 1986). For both electrode types, the leads and contacts were 
fabricated from stainless steel wire consisting of 9 strands of 0.001 in. diameter, type 
316 alloy, jacketed by Teflon (Cooner Sales, Grover City, CA and Bergen Wire 
Rope Co., Lodi, NJ). These wires were passed subcutaneously from the implant site 
to a puncture-wound exit at the connector; there were no joints or other discontinui- 
ties from recording contact to externally soldered termination. 

During recording sessions, the protective back-pack cover is replaced by a 
flexible ribbon cable which terminates in a patch panel that facilitates both the daily 
measurement of the impedance of each contact and the configuration of a bank of 
differential amplifiers (set for 50-5000 Hz bandwidth; similar to Bak Electronics 
MDA-2). An 18-track FM tape recorder (Sangamo Sabre IV, DC-10 kHz band- 
width) is synchronized with a two-camera videotape system using a Datum Time 
Code Generator. All data analysis is performed off-line by viewing video stills on an 
Eigen Video Disc to identify the time codes for particular sequences of interest. 

Data analysis 
Raw EMG records are rectified and analog integrated into bins using digitally 

synchronized, hardware modules (see Fig. 1; Bak and Loeb, 1979; similar to Bak 
Electronics PSI-1). This method permits digitizing the EMG signals at rates that are 
much slower than the frequency components contained in the raw signal without 
introducing aliasing errors and without the long decay properties of analog 
"smoothing" filters. During each integration period, the value of the previous 
integration is sampled by a multichannel digitization program written' in PASCAL 
for the PDP-11/73 computer. The bin resetting and sampling synchronization is 
controlled by the taped time-code to assure reproducibility. The usual bin width is 2 
ms, which is adequate to resolve the fine timing within the EMG envelopes without 
overloading the computer even with 16 channels in parallel. The amplitude calibra- 
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Fig. 1. Multichannel EMGs are recorded from chronically implanted, bipolar "patch" electrodes. The 
raw EMGs (channels i, j; top traces on either side) are full-wave rectified and integrated into 2 ms wide 
bins (second row) for digitization into records E(i, k) and E( j, k), each k bins long. Mean values ui 
and uj are subtracted from the corresponding records to produce the B records; these are shifted over 
range d and multiplied and summed into the unnormalized cross-correlogram C(i, j ,  d )  and autocorre- 
lograms A(i, d )  = C(i, i, d)  and A( j, d )  = C( j ,  j, d). Final output is in the form of normalized 
cross-correlogram C * and autocorrelograms A * as shown in the bottom row. Autocorrelograms are 

computed asymmetrically (note d-axes below correlograms) to minimize redundant information. 

tions shown on the figures represent the equivalent amplitude (referred to amplifier 
input) of a 1 kHz sinewave processed in this manner. 

As shown in Fig. 1, a separate analysis program subtracts the mean value of each 
EMG sequence to produce balanced, biphasic records which are then multiplied and 
summed according to the auto- and cross-correlation functions shown at the 



bottom. Briefly, in generating the correlation function between a pair of channels, 
one channel is shifted in time with respect to the second channel in increments of 
the sampling interval. The time shift is denoted by d, which usually ranged from . - 16 to + 16 bins (- 32 to + 32 ms). At each increment of d, the products of the 
corresponding samples are summed to give the unnormalized correlogram. The 
correlogram is normalized by dividing all of its bins by the square root of the 
product of the two autocorrelograms at d = 0 (before their normalization). The 
normalized cross- and autocorrelograms can range between - 1.0 and + 1.0, where 
the maximum of + 1.0 is always found in the autocorrelation for zero delay. There is 
no rigorous test for statistical significance of cross-correlation functions; in our 
experience, 1-2 s sequences of EMG (such as illustrated here) result in random 
fluctuations of cross-correlation of approximately 0.1 (for example see Fig. 4). 
Values greater than 0.3 are usually associated with strikingly non-random patterns 
in the raw records. Note that the normalization step effectively eliminates absolute 
amplitude information; quiet or noisy channels have auto- and cross-correlograms 
with amplitudes similar to those from well-modulated EMG (e.g. trace OCR in Fig. 
4), so the original digitized records must always be examined to interpret the 
correlogram outputs. 

Results 

Fig. 2 shows different patterns of digitized EMG and the related correlograms 
produced for different muscle activity patterns. Most slow movements of the cat 
hindlimb were accompanied by EMG records similar to those shown at the far left, 
in which the EMG envelopes appeared to result from random summation of large 
numbers of asynchronous events. When such records were cross-correlated, synerg- 
istic muscles produced relatively featureless positive correlograms (A on B) and 
antagonists produced similarly featureless negative correlograms (C on B). The 
autocorrelogram (B auto) had a peak with a width of a few milliseconds, corre- 
sponding to the duration of individual EMG events, which was followed by a 
featureless tail of positive correlation with other spikes in the envelope. 

A similarly slow movement of the cat's head was often accompanied by EMG 
patterns similar to those shown in the second panel from the left, in which the 
envelope of activity from each muscle consisted of rhythmic bursts occurring about 
every 40 ms and separated by periods of silence. This resulted in an autocorrelo- 
gram with a negative value in the tail (when the bursts were more regularly timed, 
the tail could include one or even two positive peaks at intervals corresponding to 
the mean burst rate; see Fig. 3). The cross-correlograms between synergists had 
peaks about 15-20 ms wide, which were usually symmetrical and centered at zero 
delay, indicating true synchronization rather than phased recruitment. (However, 
small shifts of timing may be caused by conduction delays from motor end-plate 
regions to EMG recording sites rather than phasing of motoneuron recruitment.) 
Note that the generally negative cross-correlogram between antagonists B and C has 
a notch near zero delay which corresponds to the tendency for bursts in the two 
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Fig. 2. Typical auto- and cross-correlograms derived from different patterns of EMG spike activity that 
may be encountered. See Results for explanation. 

muscles to be synchronized for the short times during which the two muscles were 
simultaneously active. 

The cross-correlations produced by synchronized recruitment may be dis- 
tinguished from those produced by rapid, alternating movements such as paw 
shaking (third panel from left) and from cross-talk between channels (simulated in 
the far right panel by adding about 50% of the signal in each channel to the other 
channels). For fast, rhythmic movements, the correlograms display broad peaks 
whose width corresponds to half the cycle time of the movement; the timing of each 
peak depends on the phase delays between the muscles. Cross-talk results in 
especially narrow cross-correlogram peaks whose width corresponds to the width of 
the autocorrelation function for single spike events. 

Fig. 3 shows a complete survey of 12 muscles during a grooming movement in 
which the cat slowly lifted its head vertically from a flexed posture as it licked its 
paw (approximately 500 ms/cycle). The rhythmic spike activity is evident in the 
digitized EMG traces for most muscles other than the splenius. The autocorrelo- 
grams show strong double peaks (and even third peaks, not shown here) for most 
muscles, and thus confirm the presence of a strong rhythmicity of about 25 pps in 
the spike bursts of most muscles. Strongly positive relationships are found in the 
cross-correlograms of most muscle pairs. Even muscles working primarily out-of- 
phase with each other (e.g. SCL and OCR) had correlated bursts when they 
overlapped (see cross-correlogram for OCR in bottom row (SCL) of raster which 
has a positive-going notch out of its generally negative trend). Note the much flatter 
cross-correlograms for the more smoothly modulated splenius muscles. For slow 
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Fig. 3. EMG activity in 12 dorsal neck muscles during slow, regular vertical head movements associated 
with licking paw. Cross-correlograms between all possible pairs are shown at right at intersections of 
rows and columns; autocorrelograms are shown in center panel and rescaled on diagonal edge of 
cross-correlogram array for comparison. Abbreviations: SP, splenius; CM, complexus; BC, biventer 
cervicis; OC, obliquus c e ~ c i s ;  RC, rectus capitis major; SD, semispinalis dorsi; SC, semispinalis 
cervicis; numbers refer to compartment (rostra1 to caudal) from which recordings were made in muscles 

with more than one set of implanted electrodes; R, right side; L, left side. 

head-turning movements near the midline, significant synchronization was seen in 
splenius as well. 

Synchronization of rhythmic discharge among muscles was present consistently 
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Fig. 4. EMG activity in the same preparation as in Fig. 3, recorded while the animal was pushing its head 
vertically against the experimenter's hand. Note that the amplitudes of recruitment are similar to those in 
Fig. 3 for most muscles but that the envelopes of activity are smooth, with little evidence of rhythmic 

bursting and essentially flat correlograms. 



in the dorsal neck muscles of all five animals studied but only during certain 
behaviors such as the grooming shown in Fig. 3 and also during slow head-turning 
movements near the midline. For different behaviors involving similar levels of 
muscle recruitment, it could be completely absent. Fig. 4 shows the same animal as 
in Fig. 3 pushing its head vertically against the experimenter's hand; the correlo- 
grams are essentially featureless except for about 0.1 units of apparently random 
fluctuations. 

Recordings from two or more compartments of the same muscle (e.g. CMlR and 
CM2R in Figs. 3 and 4; also splenius and biventer cervicis not shown here) were 
always similarly modulated (producing positive cross-correlograms) but could be 
synchronously or asynchronously recruited in patterns similar to individual muscles. 
That is, there was no fixed or unusually strong tendency for synchronization to 
occur between compartments of the same muscle. 

We have seen no consistent synchronization within or between any proximal or 
distal hindlimb muscles during various behaviors including standing, walking, 
trotting, and scratching. 

Discussion 

Cross-correlation provides a useful tool to quantify synchronization of EMG 
activity both within and among muscles. Its main disadvantage is the absence of a 
statistical test of significance. Such tests have been derived for correlations buried in 
Gaussian noise and could, in principle, be derived if the nature of the noise was well 
defined (Bendat and Piersol, 1986). However, in this case the "noise" is made up of 
all the uncorrelated signals driving the motoneurons, and both the correlated and 
noise signals have been filtered through the highly nonlinear processes of 
motoneuronal recruitment and temporospatial summation of muscle fiber dis- 
charges. For this reason, cross-correlograms of EMG signals should be used to 
monitor and compare large effects. Interpretations will be most valid if changing 
patterns of cross-correlation can be demonstrated when the same muscles are used 
for different types of behavior but at similar recruitment levels. Such patterns 
should be compared for similar' durations of homogeneous behavior so that the 
amplitude of random fluctuations remains constant. The absence of cross-correla- 
tion in some behaviors will then provide a useful control (e.g. compare Figs. 3 and 
4). 

We were surprised by the spatial and temporal extent of motor-unit synchroniza- 
tion that could be inferred from the correlograms of the neck muscles during certain 
behaviors. Similar recording and analysis techniques in a wide variety of hindlimb 
muscles during a wide range of natural behaviors have revealed no similar tenden- 
cies. The patch-type macroelectrodes are designed to eliminate biasing of the 
records by a few closely apposed motor units, such as can occur with intramuscular 
electrodes. Thus it is quite unlikely that such records arose by chance. Furthermore, 
the absence of synchronization in the same muscles during other types of head J 

movement suggests that the circuitry responsible for such widespread synchroniza- 
tion can be gated on and off. 

, 



Possible Mechanisms for Motor-Unit Synchronization 
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Fig. 5. Possible mechanisms for intermuscular synchronization of motoneuron recruitment; see Discus- 
sion for explanation. 

Three general classes of mechanism for synchronized recruitment are indicated 
schematically in Fig. 5. The simplest explanation is that the synchronized activity is 
present already in the premotoneuronal command signal, as appears to be the case 
in the respiratory system (Davies et al., 1985b). This mechanism seems less plausible 
for the much more diverse musculature and motor nuclei involved in voluntary head 
movement, and it begs the question of how such pervasive synchronization might 
arise in the premotoneurons themselves. The possibility of stochastic synchroniza- 
tion arising from a very small number of command cells seems equally unlikely for 
the complex, consciously goal-directed behaviors for which neck muscle synchroni- 
zation is often most marked. 

There are two classes of segmental circuitry that might be able to produce 
intermuscular synchronization, involving feedback of either proprioceptive or ef- 
ference-copy signals. It has long been known that positive feedback from proprio- 
ceptors such as the muscle spindle can result in oscillation as a result of control-loop 
delays (second row, Fig. 5; Stein and Oguztoreli, 1981). Furthermore, gating via 
presynaptic inhibition and/or interposed interneurons could make such effects 
behavior-dependent. However, the dorsal neck muscles are distinguished by having 
unusually weak proprioceptive reflexes (Abraham et al., 1975); our own experi- 
ments with electrical stimulation of muscle nerves during the same behaviors in 
which synchronization has been noted have revealed almost no detectable excitatory 



reflex responses (Richmond and Loeb, in preparation). Alternatively, Renshaw-like 
interneurons could, in principle, communicate the necessary information about 
motoneuron timing to permit synchronization to occur (bottom row, Fig. 4), 
although just the opposite role has been suggested for this efference-copy signal in 
the hindlimb (Adam et al., 1978). Fairly robust Renshaw inhibition has been noted 
among motoneurons supplying several neck muscles (Brink and Suzuki, 1985); 
detailed analysis of both this pathway and the observed patterns of cross-correlation I 

strength will be needed to decide if this explanation is at all plausible. 
The functional significance of motoneuron synchronization remains obscure. The 

sheer mass of the head appears to damp out any gross tremor that might result from 
incomplete fusion of twitch tension at the burst rates that we saw (approximately 25 
pps). However, intramuscular and/or intervertebral "microtremor" remains possi- 
ble, and could have significant effects on the discharge of vibration-sensitive 
proprioceptors such as the muscle spindles. This likely would degrade the resolution 
of the information that could be provided to the CNS. One potentially useful 
consequence of intervertebral vibration might be to relieve static friction between 
the large, flat facets of these joints. 

The ability to detect and quantify non-random departures from asynchronous 
motoneuron recruitment may provide a window on the neural mechanisms control- 
ling motoneuron recruitment. The large behavior-dependent changes in synchroniza- 
tion that we have seen may reflect the varying epiphenomena of different motor 
control pathways or they may reflect a heretofore unsuspected mechanical sophisti- 
cation of the musculoskeletal plant. Modern computerized techniques for gathering 
and displaying EMG data often explicity or implicitly filter out such phenomena to 
save storage space, cope with limited graphical resolution or "enhance" the reader's 
perception of the modulation envelope. The analytical techniques presented here 
serve to complement such displays so that potentially important temporal details are 
not overlooked. 
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