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a b s t r a c t

The crosstalk phenomenon consists in recording the volume-conducted electromyographic activity of
muscles other than that under study. This interference may impair the correct interpretation of the
results in a variety of experiments. A new protocol is presented here for crosstalk assessment between
two muscles based on changes in their electrical activity following a reflex discharge in one of the muscles
in response to nerve stimulation. A reflex compound muscle action potential (H-reflex) was used to induce
a silent period in the muscle that causes the crosstalk, called here the remote muscle. The rationale is that
if the activity recorded in the target muscle is influenced by a distant source (the remote muscle) a silent
osture
MS
ompound muscle action potential

period observed in the electromyogram (EMG) of the remote muscle would coincide with a decrease
in the EMG activity of the target muscle. The new crosstalk index is evaluated based on the root mean
square (RMS) values of the EMGs obtained in two distinct periods (background EMG and silent period)
of both the remote and the target muscles.

In the present work the application focused on the estimation of the degree of crosstalk from the soleus
muscle to the tibialis anterior muscle during quiet stance. However, the technique may be extended to

ovide
other pairs of muscles pr

. Introduction

Surface electromyography is a powerful tool extensively used to
rovide insights into muscle physiology and motor control, as well
s for the evaluation and diagnosis of neuromuscular diseases.

Although the surface electromyogram (EMG) provides an easy
ssessment of muscle activity, caution should be taken since the
ignal recorded from a given muscle may not mirror exclusively its
ntrinsic activity. One may record at the same time the activity from
eighboring and underlying muscles. The electric potential gener-
ted by a remote muscle propagates through the volume conductor
o the electrodes placed over the target muscle. This unwanted
nterference could lead to false interpretations of neurophysiologic
henomena (e.g. [1–3]).

In many applications, surface EMG is preferable to invasive
ecording because it provides a more global measurement of mus-
le activity. For example, in most studies of posture and gait it

s more interesting to analyze muscle activation patterns rather
han the activity of individual motor units. However, the researcher

ust always be wary of the possibility that a part of what he/she is
ecording actually comes from another muscle.

∗ Corresponding author. Tel.: +55 11 30915541.
E-mail address: rinaldo@leb.usp.br (R.A. Mezzarane).
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d a silent period may be evoked in one of them.
© 2009 IPEM. Published by Elsevier Ltd. All rights reserved.

During the gait cycle, for example, the recorded EMG reflects
a forceful and alternated activity of the soleus (SO) and tibialis
anterior (TA) muscles [4] and, usually, the crosstalk between both
muscles may be considered as negligible [5]. Nevertheless, in other
studies of the same muscles [6] their activity may be relatively
low, e.g., during quiet stance, and the crosstalk may lead to wrong
interpretations of the data.

Ideally, one could estimate the level of crosstalk by asking the
subject to contract a given remote (or source) muscle (e.g., the
SO) and recording the volume-conducted activity on the target
muscle at rest. The drawback of this approach is that one cannot
assure the voluntary activation of a given single muscle without
the activation of synergists, or even antagonists acting around a
joint [2,7–9].

The compound muscle action potential (CMAP) elicited by elec-
trical stimulation can be used as a tool to evaluate how much the
remote muscle activation contaminates the EMG signal of the tar-
get muscle [8–10]. However, in most situations the aim would be
to estimate the crosstalk between two muscles during their nat-
ural contraction as occurs during upright stance, during gait or
during any other postural task. Instead of the electrically elicited

synchronized motor unit potentials, the EMG interference pattern
is characterized by the asynchronous discharges of the recruited
motor units. Consequently, the crosstalk estimation based on the
CMAP experiments may not be extrapolated to voluntary contrac-
tion [11] since the volume conductor properties may affect both

d.
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Fig. 1. EMG recordings obtained from a subject during upright stance. (a) EMG
recordings from the remote muscle (SO). The three uppermost traces exemplify
individual recordings obtained in response to each electrical stimulus. These are fol-
lowed below by a superposition of 50 individual traces. (b) EMG recordings from the
target muscle (TA). The equivalent superposition of 50 individual EMG recordings
332 R.A. Mezzarane, A.F. Kohn / Medical E

ignals (CMAP and EMG asynchronous activity) in different ways,
esulting in different patterns and levels of crosstalk.

We focused on an approach in which it is possible to briefly abol-
sh muscle activity involuntarily (e.g., of a postural muscle during
pright stance). This can be achieved by applying an electrical per-
utaneous stimulus that activates the Ia afferent axons of a mixed
erve (that supplies the remote muscle) to elicit a reflex response
H-reflex). The H-reflex is the electric homologue of the muscle
tretch reflex and is observed in the EMG as a CMAP resulting from
he synchronous reflex discharge of the motoneurones. During a
ustained muscle contraction, the H-reflex is followed by a brief
eriod of absence of EMG activity (“silent period”) due to spinal
echanisms, such as motoneuronal refractoriness and recurrent

nhibition [12,13].
This possibility of “turning off” (briefly) the electrical activity of a

iven muscle was the motivation behind the approach proposed in
his paper to quantify the level of crosstalk from that muscle – called
ere the remote muscle – to the muscle whose EMG one is actually

nterested in studying and analysing—called here the target muscle.
he remote muscle is “turned off” briefly (silent period) and the
esultant effect on the target muscle is measured. This is compared
ith the ongoing background EMG levels of both muscles.

For the crosstalk estimation, the root mean square (RMS) val-
es of the EMGs of both the remote (R) and target (T) muscles are
alculated at two periods: before the stimulus delivery (background
MG activity) and during the silent period of the remote muscle.

The present work illustrates the new protocol to estimate the
rosstalk level between two leg muscles during a specific task,
amely, the control of upright posture. However, the proposed
echnique is potentially useful for crosstalk assessment between
ifferent muscle pairs provided a silent period is obtainable from
ne of the muscles.

. Methods

.1. Mathematical formulation

All EMGs were assumed to be stationary stochastic processes
ith zero mean during the ongoing background activity and during

he silent period which follows an H-reflex. Under these assump-
ions the square root of the variance is equal to the RMS value.

The remote muscle is supposed to have an ongoing background
MG activity Rb (Fig. 1a and c) with RMS value represented by Rb.
his activity causes a crosstalk signal Rbc on the target muscle with
n RMS value indicated by Rbc . It is a fraction � of Rb, where � is a
on-negative real number, smaller than 1:

bc = �Rb (I)

f Tb indicates the RMS level of the EMG recorded from the target
uscle (Tb) during background activity (see Fig. 1b and d), then the

roposed crosstalk index (CI) is defined as the fraction of the total
uscle activity that is attributable to crosstalk due to the remote
uscle:

I = Rbc

Tb
(II)

The CI defined in Eq. (II) is similar to the inverse of a signal-to-
oise ratio, the noise being the crosstalk from the remote muscle.

From the equations above:

Rb

I = �

Tb
(III)

The challenge is then to evaluate � . This can be achieved with
he help of the measurements of the activity levels of the remote
nd target muscles during the silent period.
followed by three examples of individual recordings. Note the SO H-reflex recorded
at a distance from the TA electrodes. (c and d) Expansions of the same recordings
from (a) and (b) (SO and TA, respectively). The shadowed regions represent the 50 ms
periods (Rb, Rs, Tb and Ts) used to evaluate the crosstalk index CI (see text).

The background EMG activity recorded at the target muscle (Tb)
is the sum of the intrinsic activity of the target muscle itself (Ti), the
crosstalk from the remote muscle (Rbc) and the crosstalk from other
muscles (Obc). These random signals, Ti, Rbc and Obc are assumed
uncorrelated and hence, the variance of Tb is the sum of the vari-
ances of Ti, Rbc and Obc:

Tb2 = Rbc
2 + Ti2 + Obc

2 (IV)

During the silent period, the target muscle EMG (Ts) is equal to
the sum of the crosstalk from the remote muscle during the silent
period (Rsc), the intrinsic activity of the muscle itself (Ti) and the
crosstalk from other muscles (Obc). Note that here the assumption
is that the activities of both the target muscle and the other muscles
that cause crosstalk (except for the remote muscle) are not affected
by the stimulus that causes the silent period on the remote muscle.
Again, the random processes are assumed uncorrelated, resulting
in
Ts2 = Rsc
2 + Ti2 + Obc

2 (V)

Subtracting (V) from (IV) yields:

Tb2 − Ts2 = Rbc
2 − Rsc

2 (VI)
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The remote muscle activity has its activity reduced by a factor ˛
uring the silent period with respect to the background level, i.e.:

s = ˛Rb (VII)

As a first approximation, a linearity hypothesis (see ahead) gives
he relation

sc = �Rs (VIII)

Combining (VII) with (VIII) gives

sc = ˛�Rb (IX)

Squaring (I) and (IX) and substituting in (VI) gives

b2 − Ts2 = �2Rb2 − ˛2�2Rb2 (X)

hich together with (VII) results in

2 = Tb2 − Ts2

Rb2 − Rs2
(XI)

Finally, (XI) in (III) gives the expression for CI which depends on
he measured RMS levels during the background and silent periods
f both the remote and the target muscle:

I =

√
1 − (Ts/Tb)2

1 − (Rs/Rb)2
(XII)

.2. Experimental set up and acquisition

Six volunteers aging 28.7 ± 5.6 years (mean ± STD), five males
nd one female, without any neurological impairment were tested
n the present experiments. The protocol was approved by a local
thics committee. The experimental paradigm was tested with the
ubjects in upright stance. During sitting, the isometric ankle torque
as measured under voluntary activation of the TA.

Two disc electrodes with a diameter of 0.8 cm were placed medi-
lly over the SO belly, 4 cm and 6 cm beneath the junction of the
wo gastrocnemii heads [14]. The TA disc electrodes (0.8 cm diam-
ter) were situated at the first proximal quarter of the fibula with
cm inter-electrode distance.

All the electrodes were fixed with an anti-allergic tape. The skin
as prepared with a special-purpose sandpaper in order to obtain

n impedance lower than 20 k� (in some instances, impedances
elow 5 k� were attained). The ground electrode was located
round the most distal portion of the tibia. The bandwidth of
he filter was from 10 Hz to 1 kHz, and the sampling rate was
.5 kHz.

The electrical stimuli with 1 ms duration were applied by sur-
ace electrodes located at the popliteal fossa (diameter 7.5 mm,
nter-electrode distance 2 cm), to evoke the soleus H-reflex. The
timulus intensity was adjusted to elicit an H-reflex with a
eak-to-peak amplitude within 20–30% of the maximum direct
esponse (20–30%Mmax). An EMG time window of 600 ms dura-
ion was acquired (200 ms before and 400 ms after the stimulus
elivery).

The stimuli were applied by a MEB 4200 (Nihon-Kohden), trig-
ered in synchronism with the signal acquisition. The signals were
onverted into ASCII and processed using MATLAB.

.3. Procedures

One hundred electrical stimuli at 0.3 Hz were delivered to the

ibial nerve of the subjects. The SO was defined as the remote mus-
le, i.e., the source of crosstalk. The TA was defined as the target
uscle, i.e., where the crosstalk level is to be evaluated.
The RMS values were evaluated for the muscles involved in

wo different periods of 50 ms: background EMG activity and silent
ring & Physics 31 (2009) 1331–1336 1333

period (following the H-reflex of the SO) (Fig. 1). The waveform
observed in the TA’s EMG at the same latency of the SO H-reflex
was due to the volume-conducted potentials originated from the
SO [1].

The RMS values Rb and Tb corresponding to the background
EMGs Rb and Tb of equal duration within windows of 50–100 ms
before stimulus delivery were computed (Fig. 1c and d). The RMS
values corresponding to the silent period for the remote and the
target muscles (Rs and Ts, respectively) were also computed for
windows of 50–100 ms duration. The EMG epoch to evaluate Rs
and Ts was specified for each subject, since the silent period dura-
tion and the latency of the H-response in the remote muscle may
vary among the subjects. The RMS values associated with all these
periods were calculated after the subtraction of a best-fit straight
line (detrending) to the samples in a given EMG section (indicated
by the shaded region in Fig. 1c and d).

The formula presented in Eq. (XII) was applied to each EMG
epoch within each record of a given subject. The 100 values of CI
obtained from the records in a trial were averaged resulting in an
overall average index.

For the purpose of verifying the validity of the linearity assump-
tion, i.e., a constant value for � , in the mathematical derivations
presented above, values of � were estimated using expression (XI)
for different RMS values Rb of the remote muscle (SO) EMG. The
Rb fluctuated along each trial associated with the postural oscilla-
tions that occur naturally during the standing position [6] covering
a range of values of physiological significance. Thus, if the propor-
tion of crosstalk signal is constant, one would expect a horizontal
regression line in the plot of � as a function of Rb. A t-test was used
to detect differences in the slope ˛ of the fitted regression line from
zero [15] (significance level set at P < 0.05):

t = ˛ ∗ STD(Rb) ∗ √
n − 1

STD(�) ∗
√

(1 − r2) ∗ (n − 1)/(n − 2)
,

where n is the number of observations, r is the correlation coeffi-
cient, STD(Rb) and STD(�) are, respectively, the standard deviation
of the RMS values of the background remote muscle activity and
the standard deviation of the � values (obtained from each of the
50–100 sweeps). Some outlier points were discarded from this
analysis.

As an additional tool for the verification of linearity, the linear
regression between the cross-talked H-reflex waveform ampli-
tudes measured from TA (H TA) and the SO H-reflex amplitudes
(H SO), for each subject, was analyzed visually. Thereafter, the t-test
described above was used to test the null hypothesis that the slope
of the regression line between the ratios of cross-talked H-reflex
waveform amplitudes measured from TA to SO H-reflex amplitudes
(H TA/H SO) as a function of H SO was zero.

3. Results

During the silent period of the SO there was a simultaneous
decrease in EMG activity of the TA (Fig. 1a–d). Also, at the end of
the silent period, an increase in EMG activity with a spindle-shaped
envelope in the SO EMG was observed simultaneously with a sim-
ilar spindle-shaped EMG activity in the TA (see the superimposed
traces in Fig. 1a and b). The silent period of the target muscle was
not associated with a refractoriness of its motoneurons, since no
H-reflex was elicited in the TA (the cross-talked H-reflex from the
SO is seen in the TA EMG).
Fig. 2b and d shows a typical EMG record of the TA muscle during
a weak isometric activation (at 0.75% of the maximum voluntary
contraction—MVC; Fig. 2a) in a seated position, as compared with
the EMG of the same muscle during quiet stance (Fig. 2c and e). The
low level of background noise observed in the muscle during quiet
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Fig. 2. EMG signals from the TA in seated position exerting a small torque and in
the upright position. (a) Torque recorded during a ramp-and-hold isometric ankle
dorsi-flexion of one subject in a seated position. (b) The corresponding EMG activity
of the TA. Note the bursts of motor unit firings occurring during this gentle muscle
contraction (0.75% MVC). (c) EMG activity recorded in the TA during upright stance.
(d and e) Expanded views of the EMG signals in (b and c), respectively. Compare
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from the remote to the target muscle were assumed equal, which
he background noise recorded from the TA in both conditions at rest (d) and during
pright stance (e), as well as, the actual TA activity during a mild contraction (second
alf of the trace showed in d) with the background activity during stance (e).

tance in this subject suggests that the TA EMG activity recorded in
pright stance is not intrinsically generated in the TA, but is indeed
crosstalk signal from the SO and, perhaps, other muscles.

The � values plotted against the background remote (SO) muscle
ctivity level in RMS (Rb) are shown in Fig. 3a for a single subject. It
s clear that for the depicted case the � values remained relatively
onstant for different values of Rb. The slope of the regression line
as not significantly different from zero (P > 0.05). The regression

ines obtained from all the six subjects are presented in Fig. 3b. The
-test detected significant difference from zero slope (P < 0.05) for
he three steepest lines.

Therefore, the null hypothesis that the regression line relating �
nd Rb had zero slope was not rejected (P > 0.05) for three of the sub-
ects. Hence, for these subjects, the linearity assumption adopted
n the mathematical derivations seems to be a reasonable approxi-

ation. This means that a single value for CI may be representative
or the recordings obtained from the muscle pair. For the remain-
er 3 subjects the test indicated that the regression line was better
epresented by non-constant values of � as a function of Rb. For

hese subjects, the CI value would depend on the level of voluntary
ontraction of the remote muscle.

The linear regression relating the peak-to-peak H-reflexes from
O (these reflex amplitudes change randomly every time they are
ring & Physics 31 (2009) 1331–1336

elicited [16]) and the cross-talked waveform peak-to-peak ampli-
tude recorded from the TA showed (visual analysis) that in five out
of six subjects the line intercepted the axes almost at the origin, as
illustrated in Fig. 3c for one of the subjects. The statistical test for the
slope of the regression line relating H TA/H SO and H SO indicated
differences from zero (P < 0.05) in three of the six subjects tested.
Notwithstanding the overall results being similar to those obtained
for the � values, the slopes of the lines were different (Fig. 3b versus
d) (see Section 4).

To illustrate the estimation of the levels of crosstalk, the CI
(computed by Eq. (XII)) was evaluated for the three subjects that
passed the linearity criterion. The corresponding CI values resulted:
84.8 ± 1.72%; 74.7 ± 1.98% and 74.2 ± 2.88% (mean ± SEM).

4. Discussion

In the present work we approached the problem of estimating
the crosstalk caused by a specific remote muscle on a target mus-
cle by taking advantage of the generation of a silent period in the
remote muscle. The protocol consisted in measuring the EMG sig-
nals from both muscles during a maintained activity and also during
an evoked silent period in the remote muscle. This silent period fol-
lowed the occurrence of a reflex compound action potential caused
by the stimulation of the afferents of the nerve that activate the
remote muscle.

Some approaches have been proposed in the literature to eval-
uate crosstalk between two muscles, such as cross-correlation
[17–19] and protocols based on the activation of the remote mus-
cle and analysis of the EMG acquired from the target muscle
[5,10,20,21]. The limitations of these approaches have also been
pointed out in the literature [7–9,11]. Concerning the voluntary
recruitment of a single muscle, it is extremely difficult to activate
just one muscle, i.e., it is not easy to voluntarily separate the neural
drive from different muscles [2,7–9]. These biophysical and func-
tional restrictions may result in misleading crosstalk evaluations. In
addition, the use of intra muscular electrodes to check for the pres-
ence of crosstalk [10,22] may lead to errors, because the recordings
are rather selective and absence of activity is not a proof of absence
of crosstalk or muscular activation [2,9].

To overcome the problem raised by the voluntary contraction
approach, some authors have adopted the use of electrical stimu-
lus to selectively activate the muscle of interest [8,23]. However,
the estimated crosstalk may be in error due to the different time-
spectral characteristics of CMAPs and the EMG interference pattern.

The advantage of the present proposed protocol for crosstalk
assessment is that it is based on the EMG interference pattern
itself (physiological patterns of motor unit discharge) instead of the
use of the CMAPs (synchronous motor unit firing). Therefore, the
present CI is evaluated from EMG signals of physiologically relevant
amplitudes and frequencies [23], while the subject is performing a
natural motor task (upright posture maintenance in our example).
The approach relies on an electrophysiologically generated muscle
silence (see Fig. 1) in opposition to techniques that involve asking
subjects to contract a given muscle.

The mathematical derivations adopted in the present study
were based on two assumptions. First, the target and the other mus-
cles that may cause crosstalk (besides the remote muscle) are not
responsive to the nerve stimulation to the remote muscle. This may
be verified in practice by visual observation and palpation besides
the reliance on neuroanatomical knowledge. Second, the crosstalk
ratios (�) during background activity and during the silent period
implies a linearity condition (actually, the homogeneity or pro-
portionality part of the linearity condition). The data from Fig. 3
indicated that the proportionality assumption was a valid approxi-
mation for half of the subjects tested. Therefore, for those subjects,
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Fig. 3. Regression lines for the relations between the � values and Rb and also between the crosstalk waveforms from H-reflexes. (a) Regression line fitting the � values
a 0.05)
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nd Rb from one subject. The t-test failed to reject the hypothesis of zero slope (P >
ignificantly different from zero (P < 0.05). In (c) one has the scatter plot of amplitud
ecorded in the TA muscle (H TA) in the ordinate, from one subject. (d) Regression l
gain, 3 out of the 6 subjects showed significant difference from zero in the regress

CI can be readily evaluated irrespective of the level of muscle con-
raction. For the remainder subjects, the CI should be estimated for
ach different muscle activation level.

We also used CMAP signals to study the proportionality con-
ition, with similar statistical results to those obtained before
sing the � . Even though the reflex CMAPs could be an additional
pproach to check the proportionality condition, a measurement
ased on the interference pattern of the EMG (as used here in study-

ng the relation between � and Rb) seems more representative of
he physiological characteristics of the crosstalk associated with
ngoing EMG activity.

The subjects showed a considerable degree of crosstalk from SO
o TA under the experimental condition of very low background
A activity. High values of CI might be related to the very low Ti
alues (see Eqs. (II) and (IV)). Indeed, Fig. 2 shows that the TA mus-
le was not active during quiet upright stance. Fig. 2b and c clearly
how that for a seated subject even a very low TA activity (pro-
ucing an isometric ankle dorsi-flexion torque of 0.75% of MVC;
ig. 2a) was characterized by sparse motor unit potentials that had
igher amplitudes than the background EMG activity observed dur-

ng quiet stance. However, the background activity recorded at the
A during upright stance (Fig. 2e) is higher than the background
oise observed in the first half of Fig. 2d. This suggests that the low

evel EMG background activity recorded in TA during upright stance
s primarily due to crosstalk from the soleus and with a secondary
ontribution from other leg muscles and artificial electrical noise
amplifier electronic noise, electromagnetic interference, etc.).
In the particular case of quiet upright posture, or during for-
ard body inclination, or over a downward inclined surface [6],

he SO seems to have a great importance in the control of balance
24] while the TA is practically always silent. Therefore, in most
ubjects the SO should have a strong effect on the crosstalk to the
. (b) The regression lines from all subjects, with the 3 steepest lines having slopes
-reflexes from the SO muscle (H SO) in the abscissa and the cross-talked waveform
aluated from the ratios H TA/H SO as a function of the H SO values for all subjects.
e slope (P < 0.05).

TA. However, other extensor muscles that generate ankle torque
to counteract the forward fall [25] might also contribute to the
crosstalk observed in the TA in different experimental situations.

In the case of no TA intrinsic muscle activity during stance
(tested as in Fig. 2, for example) the expressions derived before
may be useful to estimate the relative contribution from the SO and
from the other sources to the crosstalk recorded at the TA muscle.
The results obtained from one of the records (out of the 100) of one
subject were: Ti = 0, CI = 0.87, Tb = 2.1 �V and Rb = 50.8 �V. Then,
from (III) � = 0.87*2.1/50.8 = 0.036 and from (I) (Rbc)2 = 3.34 �V2.
From (IV) one gets 4.41 �V2 = 3.34 �V2 + (Obc)2. From this, the
RMS value of the crosstalk recorded at the TA originating from mus-
cles other than the SO (plus possible contributions from artificial
electrical noise) is equal to 1.07 �V. Thus, for the specific record
of this subject, the SO contributed with about 76% of the crosstalk
signal variance recorded in the TA while other sources (leg muscles
such as peroneus longus and peroneus brevis and artificial electrical
noise) contributed with 24% altogether in signal variance. Note that,
these values (for simplicity reasons) refer to RMS measurements in
only one record out of the one hundred.

The present protocol could also be useful to estimate crosstalk
during co-contractions of both remote and target muscles, provided
the hypotheses of the mathematical derivations are satisfied. In this
case, the relative contribution of the remote muscle to the EMG
recorded at the target muscle would be lower than that found in
the present experiments, hence decreasing the CI value.
Acknowledgements

FAPESP, CNPq and CAPES (research funding agencies from
Brazil).



1 nginee

C

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

336 R.A. Mezzarane, A.F. Kohn / Medical E

onflict of interest statement

There is no conflict of interest.

eferences

[1] Hutton RS, Roy RR, Edgerton VR. Coexistent Hoffmann reflexes in human
leg muscles are commonly due to volume conduction. Exp Neurol
1988;100:265–73.

[2] Merletti R, Knaflitz M, DeLuca CJ. Electrically evoked myoelectric signals. Crit
Rev Biomed Eng 1992;19(4):293–340.

[3] Capaday C. Neurophysiological methods for studies of the motor system in
freely moving human subjects. J Neurosci Methods 1997;74:201–18.

[4] Campanini I, Merlo A, Degola P, Merletti R, Vezzosi G, Farina D. Effect of
electrode location on EMG signal envelope in leg muscles during gait. J Elec-
tromyogr Kinesiol 2007;17:515–26.

[5] Winter DA, Fuglevand AJ, Archer SE. Crosstalk in surface electromyography:
theoretical and practical estimates. J Electromyogr Kinesiol 1994;4:15–26.

[6] Mezzarane RA, Kohn AF. Control of upright stance over inclined surfaces. Exp
Brain Res 2007;180:377–88.

[7] Merletti R, De Luca CJ. Crosstalk in surface electromyography. In: Desmedt JE,
editor. Computer-aided EMG and expect systems. Amsterdam: Elsevier; 1989.
p. 137–42.

[8] De Luca CJ, Merletti R. Surface myoelectric signal cross-talk among muscles of
the leg. Electroencephalogr Clin Neurophysiol 1988;69(6):568–75.

[9] Farina D, Merletti R, Indino B, Nazzaro M, Pozzo M. Surface EMG crosstalk
between knee extensor muscles: experimental and model results. Muscle
Nerve 2002;26(5):681–95.

10] Vugt JPP, Dijk JG. A convenient method to reduce crosstalk in surface EMG. Clin
Neurophysiol 2000;112:583–92.
11] Lowery MM, Stoykov NS, Kuiken TA. A simulation study to examine the use
of cross-correlation as an estimate of surface EMG cross talk. J Appl Physiol
2003;94:1324–34.

12] Mcnamara DC, Crane PF, Mccall WD, Ash MM. Duration of the electromyo-
graphic silent period following the jaw-jerk reflex in human subjects. J Dent
Res 1997;56(6):660–4.

[

ring & Physics 31 (2009) 1331–1336

13] Ashby P. Some spinal mechanisms of negative motor phenomena in humans.
Adv Neurol 1995;67:305–20.

14] Burke JR. Multielectrode recordings of tibial nerve H-reflexes at various triceps
surae muscle sites in the right and left legs. Electromyogr Clin Neurophysiol
1997;37:277–86.

15] Sheskin DJ. Handbook of parametric and nonparametric statistical procedures.
4th ed. Boca Raton: Chapman & Hall/CRC; 2007.

16] Mezzarane RA, Kohn AF. Bilateral soleus H-reflexes in humans elicited by simul-
taneous trains of stimuli: symmetry, variability, and covariance. J Neurophysiol
2002;87:2074–83.

17] Aagaard P, Simonsen EB, Andersen JL, Magnusson SP, Bojsen-Møller F, Dyhre-
Poulsen P. Antagonist muscle coactivation during isokinetic knee extension.
Scand J Med Sci Sports 2000;10:58–67.

18] Marshall P, Murphy B. The validity and reliability of surface EMG to assess the
neuromuscular response of the abdominal muscles to rapid limb movement. J
Electromyogr Kinesiol 2003;13:477–89.

19] Mogk JPM, Keir PJ. Crosstalk in surface electromyography of the proximal fore-
arm during gripping tasks. J Electromyogr Kinesiol 2003;13:63–71.

20] Kilner JM, Baker SN, Lemon RN. A novel algorithm to remove electrical
cross-talk between surface EMG recordings and its application to the measure-
ment of short-term synchronization in humans. J Physiol 2002;538(3):919–
30.

21] Lapatki BG, Stegeman DF, Jonas IE. A surface EMG electrode for the
simultaneous observation of multiple facial muscles. J Neurosci Methods
2003;123:117–28.

22] Johanson ME, Radtka SA. Amplitude threshold criteria improve surface elec-
trode specificity during walking and functional movements. Gait Posture
2006;24(4):429–34.

23] Koh TJ, Grabiner MD. Cross talk in surface electromyograms of human ham-
string Muscles. J Orthop Res 1992;10:701–9.

24] Mezzarane RA, Kohn AF. Effect of vision and imposed inclined sur-

face during quiet stance on postural sway. In: Proceedings of the 15th
congress of the international society electrophysiology and kinesiology. 2004.
p. 239.

25] Sasagawa S, Ushiyama J, Masani K, Kouzaki M, Kanehisa H. Balance control
under different passive contributions of the ankle extensors: quiet standing on
inclined surfaces. Exp Brain Res 2009;196:537–44.


	A method to estimate EMG crosstalk between two muscles based on the silent period following an H-reflex
	Introduction
	Methods
	Mathematical formulation
	Experimental set up and acquisition
	Procedures

	Results
	Discussion
	Acknowledgements
	Conflict of interest statement
	References


