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Keenan KG, Farina D, Meyer FG, Merletti R, Enoka RM.
Sensitivity of the cross-correlaton between simulated surface
EMGs for two muscles to detect motor unit synchronization. J Appl
Physiol 102: 1193-1201, 2007. First published October 26, 2006;
doi:10.1152/japplphysiol.00491.2006.—The purpose of the study
was to evaluate the use of cross-correlation analysis between simu-
lated surface electromyograms (EMGs) of two muscles to quantify
motor unit synchronization. The volume conductor simulated a cylin-
drical limb with two muscles and bone, fat, and skin tissues. Models
of two motor neuron pools were used to simulate 120 s of surface
EMG that were detected over both muscles. Short-term synchrony
was established using a phenomenological model that aligned the
discharge times of selected motor units within and across muscles to
simulate physiological levels of motor unit synchrony. The correlation
between pairs of surface EMGs was estimated as the maximum of the
normalized cross-correlation function. After imposing four levels of
motor unit synchrony across muscles, five parameters were varied
concurrently in the two muscles to examine their influence on the
correlation between the surface EMGs: 1) excitation level (5, 10, 15,
and 50% of maximum); 2) muscle size (350 and 500 motor units); 3)
fat thickness (1 and 4 mm); 4) skin conductivity (0.1 and 1 S/m); and
5) mean motor unit conduction velocity (2.5 and 4 m/s). Despite a
constant and high level of motor unit synchronization among pairs of
motor units across the two muscles, the cross-correlation index ranged
from 0.08 to 0.56, with variation in the five parameters. For example,
cross-correlation of EMGs from pairs of hand muscles, each having
thin layers of subcutaneous fat and mean motor unit conduction
velocities of 4 m/s, may be relatively insensitive to the level of
synchronization across muscles. In contrast, cross-correlation of
EMGs from pairs of leg muscles, with larger fat thickness, may
exhibit a different sensitivity. These results indicate that cross corre-
lation of the surface EMGs from two muscles provides a limited
measure of the level of synchronization between motor units in the
two muscles.

electromyograms; model; motor neuron; synchrony

BECAUSE COMMON SYNAPTIC INPUTS Oonto motor neuron pools can
cause coincidental discharges of action potentials by motor
neurons, the correlated discharge of motor units is often used
as an index of the common synaptic input received by the
motor neuron pool (10, 48, 53). The level of correlation can be
quantified as motor unit synchronization by cross-correlating
the discharge times of pairs of concurrently active motor units.
Although most studies have focused on motor unit synchrony
within muscles (18, 56), several studies have examined syn-
chrony across muscles (7, 29, 52).

Due to the limitations associated with extrapolating from the
data obtained on a few pairs of motor units to the population
(54), indexes based on the cross-correlation of surface electro-
myograms (EMGs) have been used to represent population
levels of motor unit synchrony across muscles (25, 26, 39).
One method involves correlation in the time domain and is
suggested to provide information on common inputs onto the
motor neuron pools (21, 25, 31, 38). This cross-correlation
technique assumes that the EMG signals contain information
on the timing of the synchronized motor unit discharges.
However, the two EMG signals can be influenced by variation
in a number of physiological parameters that may confound
this assumption (16). For example, the shapes of motor unit
potentials of synchronized units in the two muscles, and hence
their contribution to the interference EMGs, will vary due to
differences in fiber length, the locations of the motor units
relative to the recording electrodes, and the conduction veloc-
ities of the action potentials (16).

To identify the influence of these different factors, a com-
putational approach was used. This strategy has proved useful
for examining motor unit populations (19, 41, 52) and assess-
ing the sensitivity of the surface EMG to selected parameters
(4,9, 15). The purpose of the study was to evaluate the use of
cross-correlation analyses between simulated surface EMGs of
two muscles to quantify motor unit synchronization. Short-
term synchrony was imposed at varying levels within and
across muscles by aligning motor unit discharge times, and the
influence of selected physiological parameters on the time-
domain measure of cross-correlation between surface EMGs
was examined.

METHODS

The study involved computer simulations that were based on a
model of recruitment of a population of motor units (20) with the
addition of an EMG model (17) that simulated the surface EMG
detected above two muscles within a cylindrical limb containing bone,
muscle, fat, and skin tissues. The simulations comprised five main
steps: 1) determining the recruitment and discharge times of two
populations of motor neurons in response to different levels of
excitation; 2) imposing physiological levels of synchrony within and
across muscles; 3) generating motor unit potentials from estimates of
the number, location, and conduction velocities of the muscle fiber
action potentials for each motor unit; 4) simulating the surface EMG
by summing the trains of motor unit potentials; and 5) estimating the
correlation between pairs of surface EMGs as the maximum of the
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normalized cross-correlation function. The selected parameters that
were varied concurrently in the two muscles to examine their influ-
ence on the cross-correlation function included excitation level, mus-
cle size, fat thickness, skin conductivity, and mean motor unit con-
duction velocity.

Surface EMG Simulations

The model was implemented in Matlab version 6.5 (The Math-
works, Natick, MA). The basic parameters for the model of the two
muscles in an idealized cylindrical limb are presented in Table 1. The
distributions of properties across the motor unit pool were based on
the Size Principle (28), and these included innervation number,
recruitment threshold, motor unit territory, and conduction velocity of
motor unit potentials.

Volume conductor. The cylindrical volume conductor (Fig. 1)
consisted of a bone (20-mm radius) that was surrounded by an
anisotropic muscle layer (50-mm radius), a fat layer (1 or 4 mm thick),
and a skin layer (1 mm thick). Two muscles were simulated in the

Table 1. Table of model parameters

Model Parameters Values

Motor unit conduction velocity
Mean 4% and 2.5% m/s

Standard deviation (Gaussian distribution) 0.4 m/s
Conductivities (S/m)

Bone 0.02

Muscle (radial and transverse) 0.1

Muscle (longitudinal) 0.5

Subcutaneous tissue 0.05

Skin 1* and 0.1
Large muscle

Number of motor units 500

Muscle cross-sectional area 1413 mm?

Number of fibers 260,017

Innervation number: average (range) 520 (24-2408)

Average fiber length 130 mm
Small muscle

Number of motor units 350

Muscle cross-sectional area 518 mm?

Number of fibers 95,339

Innervation number: average (range)
Average fiber length
Skin thickness
Subcutaneous tissue thickness
Innervation zone
Width (standard deviation of uniform
distribution)

Horizontal location (% along fiber length)
Tendon ending spread (uniform distribution)

Electrodes
Circular (diameter)
Interelectrode distance

Distance of detection system from center of

innervation zone
Large muscle
Small muscle

Separation of detection systems around

cylinder
Two large muscles
One small and one large muscle
Two small muscles
Excitation level (% maximum)
Synchrony level (average CIS)
Within muscle
Across muscles

272 (14-1410)
80 mm

1 mm

1+ and 4* mm

5 mm
50%
5 mm

8 mm
20 mm

32.5 mm
20 mm

907t degrees
67.5 degrees
45%* degrees

5%, 10, 15, and 501%

0,0.2, 04, 0.6, 0.8, and 1
0.

,0.2,0.4, and 0.6

CIS, common input strength. *Condition that resulted in the maximal
cross-correlation index. TCondition that resulted in the minimal cross-corre-

lation index.

A mm<— EMG Electrodes

Subcutaneous
Tissue
(4 mm)

i

Muscle A

EMG Electrodes

Fig. 1. Cross section of the simulated volume conductor. Points represent the
random location of the center of the motor units for two large muscles with 500
motor units in each muscle (A); one small muscle with 350 motor units and one
large muscle (B); and two small muscles (C). The radial position of the bipolar
surface electromyogram (EMG) detection systems is shown above the center
of each muscle.

muscle layer: a large muscle that had 500 motor units and a small
muscle that had 350 motor units. The cross sections of both muscles
were simulated as ellipses with the axes of 30 and 60 mm for the large
muscle and 22 and 30 mm for the small muscle. The number of
muscle fibers was 260,017 and 95,339 for the large and small muscles,
respectively (Table 1), based on a mean muscle fiber area of 5,437
pm? (43), a muscle cross-sectional area of 1,413 mm? and 518 mm?,
respectively, and an estimation that 20% of the cross-sectional area
comprised noncontractile tissue (30). Three comparisons were made
between muscles: /) two large muscles with centers located 90° apart
(Fig. 1A); 2) one small muscle and one large muscle with the centers
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located 67.5° apart (Fig. 1B); and 3) two small muscles with centers
located 45° apart (Fig. 1C).

Generation of muscle fiber potentials. Each tissue layer was ho-
mogeneous, and the conductivity properties of each layer (Table 1)
were similar to those reported by Farina et al. (17). The muscle layer
was anisotropic and more conductive in the longitudinal than the
transverse fiber direction, whereas the bone, subcutaneous, and skin
tissues were isotropic. Two values for skin conductivity were chosen
since higher values may influence cross talk and the amplitude of the
cross-correlation function (41).

Average fiber length was 130 and 80 mm for the large and small
muscles, respectively, and the center of the innervation zones for both
large and small muscles were located at 50% of the length of the fibers
and in the same transverse location within the volume conductor. The
end plate and insertion of each fiber into the tendons varied randomly
(uniform distribution) over a range of 5 mm. The electrodes were
simulated as circular (§-mm diameter) and arranged in bipolar pairs
(20-mm interelectrode distance) along the direction of the muscle
fibers. The electrodes were located halfway between the innervation
zone and the distal tendon and were placed directly over the center of
the muscle in the radial direction (Fig. 1). The simulation of the
intracellular action potential was based on the analytical description of
Rosenfalk (51). The surface-recorded, motor unit potential comprised
the sum of the action potentials of the muscle fibers belonging to the
motor unit. Motor unit potentials and the EMG signal were computed
at 4,096 samples/s.

Motor unit properties. The distribution of the motor units within
the muscle (32, 44) was determined by randomly selecting the x-y
coordinates corresponding to the center of each motor unit territory
within the elliptical cross section of the muscle. The fibers of a motor
unit were randomly scattered in the motor unit territory (58) with a
density of 20 fibers/mm? (2) and interdigitated with fibers belonging
to many other units. The territories of the largest motor units, there-
fore, were greater than those of the smallest motor units (5). To
restrict the distribution of the fibers of a motor unit (5, 58), motor unit
territories were modeled to be circular (8). The radius of the motor
unit territory was based on the density of fibers and the assigned
innervation number of the motor unit. However, when a portion of the
motor unit territory was constrained by the muscle boundary, the
territory of the unit was modified to fit the muscle cross section, and
fiber density was changed to accommodate the required number of
motor unit fibers within the new territory. The result of constraining
the motor unit territory had little influence on fiber density for small
motor units but increased fiber density for the largest motor units,
consistent with experimental findings (2, 33). In previous versions of
the model (20, 63), motor unit territories were restricted to be circular
and within the muscle; thus the largest motor unit territories over-
lapped within the center of the muscle, resulting in high fiber densi-
ties. In the current version of the model, constraining the motor unit
territories resulted in a more uniform fiber density throughout the
muscle.

To match the exponential relation between the number of motor
units and motor unit force (35, 37, 45) and the high correlation
between innervation number and tetanic force of a motor unit (6, 33),
the number of fibers innervated by a single motor neuron increased
exponentially from the smallest to the largest motor unit. Innervation
numbers in the current study ranged from 24 to 2,408 for the large
muscle and from 14 to 1,410 fibers for the small muscle based on an
~100-fold range of twitch forces (13, 45, 60). The motor units had
mean muscle fiber conduction velocities of either 4 = 0.4 or 2.5 = 0.4
m/s (14), with the smallest motor units assigned the slowest conduc-
tion velocities (1).

Activation characteristics. Activation of the motor unit pool was
modeled as a ramp-and-hold function, with a 1-s ramp increase in
excitation to a mean level that was constant for 119 s. The distribution
of recruitment thresholds for the motor neurons was represented as an
exponential function with many low-threshold neurons and progres-
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sively fewer high-threshold neurons (11, 46). Each motor unit began
discharging at 8 pulses/s (pps) once excitation exceeded the assigned
recruitment threshold of the unit, and discharge rates increased lin-
early with increases in excitation. Excitation refers to the simulated
net synaptic input onto the motor neuron pool (27), and it was
assumed that all neurons received the same level of excitation.
Although excitation level was similar, the response of the neurons
differed based on their assigned recruitment thresholds, thereby al-
lowing simulated input-output functions of the motor neurons to be
specified by observed relations between discharge rate and injected
current (36).

Maximal excitation was denoted as the level of input necessary to
bring the last recruited motor neuron to its assigned peak discharge
rate and values of excitation were expressed as a percentage of the
maximal input. To match experimental reports (23, 46), peak dis-
charge rates increased linearly with recruitment threshold in the range
of 25-35 pps. The last unit was recruited at 79% maximal excitation
for both muscles sizes, matching the range observed in many limb
muscles (3, 11). Variability in discharge rate was modeled as a
random process with a Gaussian distribution and a coefficient of
variation set at 20%. Motor unit activity and associated surface EMG
signals were simulated for the two muscles when both muscles were
active at 5, 10, 15, and 50% of maximal excitation.

Motor unit synchronizaton. Motor unit synchronization was simu-
lated by using a phenomenological model (47, 59, 63) that adjusted
the timing of selected action potentials to impose a temporal associ-
ation between action potentials discharged by different motor neurons.
The scheme imposed motor unit synchrony first within muscle A and
then by aligning discharge times of units in muscle B with units in
muscle A. Motor unit synchronization was quantified with the com-
mon input strength (CIS) index as the number of synchronous counts
above chance in the cross-correlation histogram constructed from the
discharge times of pairs of motor units relative to the duration of the
trial (extra counts/s; Ref. 48). CIS values were calculated and aver-
aged for 50 randomly selected pairs of motor units either within or
across muscles to quantify synchronization.

Within-muscle synchrony. Motor unit synchrony was imposed
within muscle A at six levels by applying a function that selected
between 0, 1.4, 3.4, 5.0, 7.4, and 10.1% of the action potentials
discharged by each motor unit to be synchronized with eight other
motor units. Discharge times of the reference motor unit were selected
randomly, and when a discharge time of another randomly selected
motor unit occurred within =30 ms of the discharge by the reference
motor unit, this discharge time was aligned with the reference unit
with a Gaussian distribution that had a standard deviation of 1.67 ms
centered on the reference unit. This process was repeated until the
discharge times of eight other motor units were aligned with the
discharge time of the reference motor unit for each discharge of the
reference motor unit selected for this adjustment and ad seriatim for
all motor units in the pool. The six levels of motor unit synchroniza-
tion were chosen to generate average CIS values within muscle A
(CISwm) of 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 (Table 1), which match
the range of values observed experimentally within many muscles
(29, 55).

Previous studies have demonstrated that selecting a proportion of
the discharges to be synchronized with a proportion of the other motor
units resulted in varying CIS levels across the active motor units (59,
63). Specifically, motor unit pairs with the highest recruitment thresh-
olds active at a given excitation level had lower CIS values than the
mean value calculated across all pairs. To impose a uniform CIS level
across the entire motor unit pool, the current scheme imposed syn-
chrony across a set number of motor units (47).

Across-muscle synchrony. To evaluate the influence of motor unit
synchrony among motor units in two muscles, four levels of syn-
chrony across the two muscles were simulated. For this condition, the
discharge times of motor units in muscle A were randomly selected, to
which the discharge times of motor units in muscle B were aligned
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according to the procedure described above. To impose synchrony
across muscles, the discharge times of the units in muscle B were
moved to coincide with those in muscle A. Four levels of motor unit
synchronization were chosen to generate average CIS values across
muscles (CIS.m) of 0.0, 0.2, 0.4, and 0.6 (Table 1). These values
matched the range observed experimentally across muscles (29, 34,
61). The percentage of discharge times from each unit that were
moved to achieve the requisite level of synchrony across muscles was
0, 4.1, 9.8, and 16.7% for CIS. levels of 0.0, 0.2, 0.4, and 0.6,
respectively.

Analysis of Simulated Surface EMGs

Selected conditions (Table 1) were varied concurrently in both
muscles to determine their influence on the correlation between pairs
of surface EMGs. Because the distribution of motor unit locations
alters the surface EMG signal and may influence the level of corre-
lation between pairs of surface EMGs, the measurements were calcu-
lated from 20 simulations with randomly varying location of the
motor units in each muscle for each simulation. Variability in the
time-domain measure of correlation across the 20 random motor unit
locations for the simulated conditions was small (<5%), however, so
only means are reported in the text and figures.

The cross-correlation function (Ryy) was calculated from pairs of
interference EMGs recorded over the concurrently activated muscles
and normalized with respect to the square root of the product of the
autocorrelation of both signals at zero time lag (62). The maximal Ryy
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will be referred to as the cross-correlation index. To examine the
influence of cross talk on the cross-correlation index, the EMG
contributed by activation of the muscle not directly under the record-
ing electrodes was removed before the two signals were correlated.
Specifically, the EMG contributed by muscle B to the electrodes over
muscle A (Fig. 1) and the contribution of muscle A to the electrodes
over muscle B were subtracted from the EMGs that resulted from
concurrent activation of both muscles.

RESULTS

Selected parameters were adjusted to examine their influ-
ence on the cross-correlation index. These parameters included
excitation level, motor unit conduction velocity, muscle size,
fat thickness, and skin conductivity.

Influence of Motor Unit Synchrony

The influence of motor unit synchronization on the cross-
correlation index varied across the simulated conditions. Rep-
resentative data are shown for the condition (asterisks in Table
1) that resulted in the maximal cross-correlation index between
surface EMG recordings after imposing motor unit synchrony
across muscles (Fig. 2). Synchronization between randomly
selected pairs of motor units was first imposed within muscle A
(CISwm = 0.6), and then selected discharge times in muscle B
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were aligned with the discharge times in muscle A (CISym =
0.6-0.0; 4 levels). Interference EMGs detected above muscle
A (Fig. 2, top) and above muscle B, with varying levels of
across-muscle synchronization between motor units, are shown
in Fig. 2A. Representative cross-correlations are shown in Fig.
2B between the EMGs for the two muscles; the top trace
indicates the autocorrelation function for the muscle A signal.
For this condition (asterisks in Table 1), the cross-correlation
index increased up to ~0.6 with an increase in motor unit
synchronization from CIS,,, = 0-0.6.

Influence of Cross Talk

The increase in the cross-correlation index due to motor unit
synchronization was not influenced by cross talk. In addition to
the conventional cross-correlation index (solid lines in Fig.
3A), the cross-correlation analysis was performed after remov-
ing the EMG signal contributed by each muscle to the record-

A o5 ~— ClSim=08
~— ClSam=0.4
0.3 - B '. CISam =0.2

Time lag (ms)

1.0

0.8 -

0.6 -

0.4 1

0.2 1

Cross-correlation index

0.0 T T : : . . - - .
0 5 10 15 20 25 30 35 40 45
Separation of EMG detection sites (degrees)

Fig. 3. Influence of cross talk on the cross-correlation index. A: the cross-
correlations from Fig. 2 are depicted for the 4 levels of CISam (0, 0.2, 0.4, and
0.6), with (solid line) and without (dotted line) cross talk. The cross-correlation
index was minimally influenced by the removal of cross talk, which indicates
that cross-correlation between EMG signals from nearby muscles does not
reflect cross talk between the muscles. B: the influence of cross talk on the
cross-correlation index was then examined by varying the distance between
EMG detection systems. Cross correlations were computed for the set of
parameters that resulted in the maximal cross-correlation index (Table 1) and
that would be expected to increase the magnitude of cross talk (41, 50, 57).
EMG detection systems were positioned between the two muscles and were
separated by 0—45° (5° increments) along the radial location of the volume
conductor (Fig. 1C). The cross-correlation index decreased with increasing
distance between the EMG detection systems.

1197

ing over the other muscle. Cross correlations for the condition
without cross talk (dotted lines in Fig. 3A) are shown for four
levels of across-muscle synchrony. There was little change in
the cross-correlation index after removal of cross talk, even
when the cross-correlation index was maximized (asterisks in
Table 1) by the closest spacing between muscles and elec-
trodes, the thicker subcutaneous tissue, and a higher skin
conductivity, which are conditions that are expected to increase
cross talk (41, 50, 57).

To confirm that cross talk could influence the cross-correla-
tion function, the cross-correlation analysis was performed on
EMGs detected without motor unit synchronization across
muscles and after varying the separation between the two EMG
detection systems (Fig. 3B). Data are shown for the condition
(asterisks in Table 1) that resulted in the maximal cross-
correlation index between surface EMG recordings and that
would be expected to maximize the influence of cross talk.
EMG detection systems were modeled first to be at the iden-
tical radial location between the two muscles (0° separation)
and then progressively separated by 5° intervals up to 45°. The
cross-correlation index decreased with increasing distance be-
tween detection systems, reaching a minimum at ~45°, con-
sistent with a study that examined the influence of cross talk on
the cross-correlation index in more detail (41).

Factors that Influenced the Cross-Correlation Index

To quantify the influence of different parameters on the
cross-correlation index, four levels of motor unit synchroniza-
tion were imposed across muscles (CIS,, = 0-0.6; Fig. 4,
x-axis) and the cross-correlation index was generated for con-
current adjustments in all other parameters (Table 1). The
result was a total of 96 conditions at each level of motor unit
synchronization, and the effect on the cross-correlation index is
shown in Fig. 4. There was a set of conditions that maximized
the influence of motor unit synchronization on the cross-
correlation index (Ryy) between the surface EMG recordings
and another set that minimized Ry, (Table 1). For the condition
that maximized Ryy, the cross-correlation index increased up to
~0.6, with an increase in motor unit synchronization across
muscles (Fig. 4). In contrast, the condition that minimized R,
caused the cross-correlation index to increase less, up to 0.08
(Fig. 4), although the level of across-muscle synchronization
was high (CIS,, = 0.6).

Further analysis examined why variation in parameters that
influenced only the individual motor unit potentials, such as
mean motor unit conduction velocity, skin conductivity, and
subcutaneous tissue thickness, had such a large effect on the
cross-correlation index. Figure 5 shows the three largest am-
plitude potentials for the motor units that were active at 5%
maximal excitation in the small muscle when generated with
the parameters (Table 1) that produced the maximal (Fig. 5A)
and minimal (Fig. 5B) cross-correlation indexes. For these two
conditions, the same motor unit potentials were used for both
muscles A and B to demonstrate the influence of shape on the
cross-correlation index. Random variability in the timing of the
potentials shown in Fig. 5 has been added (SD = 1.67 ms;
Gaussian distribution) for both muscles A and B, which is
identical to the variability added when imposing motor unit
synchronization. The variability in timing was the same for
motor units in Fig. 5, A and B. Due to variation in the shapes
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Fig. 4. The increase in the cross-correlation index with increased CIS.m was
sensitive to variation in all model parameters. Four levels of motor unit
synchronization were imposed across muscles, and the cross-correlation index
was generated for concurrent adjustments in all other parameters (Table 1),
resulting in a total of 96 conditions at each level of motor unit synchronization.
To demonstrate the range of all possible values, the cross-correlation index is
shown for the conditions that resulted in the maximal (0) and minimal (m)
cross-correlation index in the current study (Table 1). An increase in the level
of CISam (0—0.6) resulted in a greater increase in the cross-correlation index
between the pairs of surface EMGs when the condition involved a decrease in
excitation level, muscle size, and motor unit conduction velocity, and an
increase in fat thickness and skin conductivity (O).

of the motor unit potentials, however, the summed potentials
were more variable for the condition in Fig. 5B. For the same
variability in the timing of the potentials, the cross-correlation
between summed motor unit potentials was greater for the
maximal condition (0.99) compared with the minimal condi-
tion (0.68).

Table 2 summarizes the influence of each parameter on the
cross-correlation index with varying levels of motor unit syn-
chronization across the two muscles. For each simulation, the
CIS level within muscle A was set at 0.6 and motor unit
synchronization across muscles (CIS,;,) varied from 0.0 to 0.6.
Values for CIS,,, = 0 are not shown since the cross-correlation
index never exceeded 0.03. The cross-correlation index in-
creased with an increase in motor unit synchronization for each
of the simulated conditions, but variation in the value for each
parameter led to variation in the magnitude of the correlation.

DISCUSSION

Although the cross-correlation index increased with the level
of motor unit synchrony across muscles, variation in all of the
parameters examined in the current study influenced the mag-
nitude of the correlation. These parameters included excitation
level, motor unit conduction velocity, muscle size, fat thick-
ness, and skin conductivity. The results indicate that the cross-
correlation analysis of surface EMGs from two muscles pro-
vides a limited estimate of the level of motor unit synchroni-
zation between the muscles.

Cross-Correlation Index

A recent simulation study found that the amplitude of the
cross-correlation index was influenced by motor unit syn-
chrony (41). They reported a high cross-correlation index
(R<y = ~0.9) during a simulated high-synchrony condition,
which involved synchronizing 10% of the discharge times of

CROSS-CORRELATION OF SURFACE EMGs

all active motor units with 10% of other motor units within and
across two simulated muscles. It was suggested, however, that
the strong cross-correlation may have resulted from higher than
physiological levels of motor unit synchronization. The current
study indicates that, although motor unit synchrony does in-
fluence the cross-correlation index, so do many other parame-
ters (Figs. 4 and 5; Table 2). The lower cross-correlation
indexes in the present study compared with Lowery et al. (41)
are attributable to such effects as shorter fiber lengths, greater
variability in the alignment of the potentials of synchronized
units, thinner layer of subcutaneous tissue, and a greater range
in motor unit conduction velocities and innervation numbers.
These findings suggest caution in interpreting changes in the
cross-correlation index as indicative of variation in the level of
motor unit synchronization.

The current study has practical implications for techniques
that use cross-correlation in the time domain to detect motor
unit synchrony. First, the magnitude of the change in the
cross-correlation index needs to be considered in relation to the
many factors that may influence the index. Although relatively
small increases in the cross-correlation function between pairs
of EMG signals have been used to suggest an increase in the
amount of common input onto different motor neuron pools,
this interpretation seems problematic because changes in other
muscle parameters may cause the same result. Kilner et al. (38),

A

Muscle A Muscle B

w1 _/\/__/
w2 JVJ
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Fig. 5. Influence of the shape of the motor unit potentials on the cross-
correlation index. An assumption of the cross-correlation technique is that the
EMG signals contain information on the timing of the synchronized motor unit
discharges and that the constituent potentials have similar shapes, thereby
resulting in a high correlation between the two signals. The three largest
potentials for motor units active at 5% maximal excitation in the small muscle
are shown as generated for the conditions that resulted in the maximal (A) and
minimal (B) cross-correlation index. For representative purposes, the same
three potentials were summed for muscles A and B after imposing a random
variability (SD = 1.67) between the activation times of the 3 units. The
resulting cross-correlation index between the summed signals was 0.99 for the
maximal condition (A) and 0.68 for the minimal condition (B). The difference
in the amplitude of the cross-correlation function was attributable to variation
in shapes of the summed potentials. MU, motor unit.
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Table 2. Mean (range) of the cross-correlation index across the 5 selected parameters in Table 1 after varying 1 parameter

at a time in each muscle concurrently

*CISam = 0.6
Cross-Correlation Index

CISam = 0.4
Cross-Correlation Index

CISam = 0.2
Cross-Correlation Index

Excitation level
5%

0.32 (0.11-0.56)

50% 0.21 (0.08-0.38)
Muscle size

Small 0.33 (0.13-0.56)

Large 0.22 (0.08-0.41)

Skin conductivity, S/m

1.0
0.1

Subcutaneous tissue, mm

4
1

Mean conduction velocity, m/s

2.5
4

Mean of above conditions

0.33 (0.16-0.56)
0.21 (0.08-0.45)

0.32(0.14-0.56)
0.22 (0.08-0.46)

0.30 (0.13-0.56)
0.24 (0.08-0.48)
0.27 (0.08-0.56)

0.24 (0.11-0.41)
0.16 (0.05-0.29)

0.22 (0.10-0.41)
0.16 (0.05-0.33)

0.24 (0.10-0.41)
0.15 (0.05-0.31)

0.23 (0.09-0.41)
0.16 (0.05-0.32)

0.22 (0.08-0.41)
0.17 (0.05-0.34)
0.19 (0.05-0.41)

0.13 (0.05-0.23)
0.06 (0.02-0.11)

0.12 (0.04-0.23)
0.07 (0.02-0.17)

0.12 (0.04-0.23)
0.08 (0.02-0.17)

0.12 (0.03-0.23)
0.08 (0.02-0.18)

0.11 (0.03-0.11)
0.08 (0.02-0.19)
0.10 (0.02-0.23)

Values are means, with range in parentheses. *CIS.m, level of motor unit synchrony across muscles.

for example, suggested that differences in the cross-correlation
function of ~0.1 between EMGs recorded over pairs of hand and
wrist muscles during a precision grip task indicated task-depen-
dent modulation of motor unit synchronization. Although Table 2
indicates that an increase in the cross-correlation index of ~0.1
could be due to an increase in motor unit synchronization, varia-
tion in any one parameter when an average CIS of 0.6 was
imposed across muscles could change the cross-correlation index
by this magnitude. Because experimental interventions can
change many parameters that have varying effects on the cross-
correlation index, the sensitivity to any one factor (e.g., motor unit
synchrony) is obscured by the effect of the other parameters.
These considerations are important when identifying changes in
the cross-correlation function during walking (25), development
(21), sustained submaximal contractions (49), between muscles in
the upper and lower extremities (22), and when identifying muscle
synergies (42).

Second, different techniques have been proposed to remove
the confounding effect of cross talk before cross-correlation
analysis is performed. For example, Kilner et al. (38) reported
a process of double differentiation and a blind source-separa-
tion algorithm to remove cross talk before cross-correlating
pairs of surface EMGs. However, mathematical differentiation
of the EMG signal does not reduce cross talk (12). Further-
more, it is likely that cross talk has little effect on the cross-
correlation index when electrodes are placed at a distance from
one another, as reported by Lowery et al. (41) and demon-
strated in Fig. 3. Consequently, it is probably not necessary to
use advanced methods to remove cross talk before cross-
correlation analysis.

Limitations

The current study used a phenomenological model to impose
motor unit synchrony to replicate experimentally observed
index CIS values in the simulated conditions. Although the
current modeling approach was limited to selecting a propor-
tion of the discharges of eight other motor units to impose a
constant level of synchrony across the entire motor unit pop-
ulation, other phenomenological approaches (59, 63) produced

similar results. In addition, although index CIS was the focus
of the current study, CIS,, levels of 0.2, 0.4, and 0.6 at 5%
maximal excitation resulted in average index E values of 0.02,
0.04, and 0.05, respectively, and k' values of 1.21, 1.35, and
1.49, respectively. Although index E and k' decreased system-
atically with an increase in excitation level, possibly due to the
rate dependence of synchronization indexes (24), there was
still variability in the cross-correlation index with increasing
levels of synchronization across muscles for the conditions
simulated in the study. Also, the phenomenological approach
used to impose synchrony complicates separating the influence
of within-muscle synchrony on across-muscle synchrony. For
example, with a high level of synchrony within muscle A, the
proportion of discharges in muscle B that were adjusted to
establish a high level of synchrony across muscles is less than
when synchrony is not imposed first within muscle A.

Simulations reported in this work were restricted to concur-
rent variations in specific muscle properties so that it was
possible to examine their effect on cross-correlation analysis
between pairs of surface EMGs in the time domain. An
idealized volume conductor was simulated, and it is certain that
variation in many different anatomical and motor unit proper-
ties could also influence the magnitude of the cross-correlation
index. Also, the magnitude of the change in EMG amplitude
with motor unit synchronization is influenced by the location of
the recording electrodes relative to the underlying muscle
fibers (40) and may pose practical limitations to the implemen-
tation of cross-correlation analyses.

In summary, although the level of motor unit synchroniza-
tion across two muscles influenced the measure of cross-
correlation between pairs of surface EMG signals, variation in
many parameters had a large influence on the magnitude of the
cross-correlation index. These results indicate limitations in
techniques used to estimate population levels of motor unit
synchronization from pairs of surface EMGs.
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