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ABSTRACT

Because maximal voluntary strength of the knee extensor muscles can be facilitated by the
concomitant application of neuromuscular electrical stimulation (NMES) to the contralateral
homologous muscle, we aimed to determine whether this was associated with an enhanced
neural drive to the agonist muscles. A secondary goal of this study was to examine the
potential dose-response relationship between NMES intensity and contralateral facilitation.
Twelve healthy men (age: 30+7 yr) completed several maximal voluntary contractions (MVC)
of the left knee extensors while the right quadriceps received low-intensity NMES (10%
MVC), high-intensity NMES (30% MVC) or no NMES. Supramaximal paired stimuli were
delivered to the left quadriceps muscle during and immediately after the MVCs to assess
voluntary activation. The EMG activity of vastus lateralis (VL) and biceps femoris (BF) was
recorded. MV C torque, voluntary activation and VL EMG activity were higher for both low-
intensity and high-intensity NMES compared to no NMES (P<0.05), with no difference
between the two NMES conditions. The acute application of NMES to the right quadriceps
facilitated MVC strength of the contralateral homonymous muscle by enhancing its efferent
neural drive. No< evident dose-response relationship between NMES intensity and

contralateral facilitation was observed.

INTRODUCTION

Neuromuscular electrical stimulation (NMES) is a training/rehabilitation method widely used
in the fields of sport and clinical practice for its multiple effects on the neuromuscular
function, at both muscular and neural levels. The acute application of NMES induces a
peripheral muscle contraction while also involving the central nervous system as shown by
transient increases in spinal motoneuron and cortical activity (Smith et al. 2003; Collins 2007,

Bergquist et al. 2010). The chronic use of NMES can lead to muscular (e.g., hypertrophy,



changes in muscle fiber type distribution) and neural (e.g., increased neural drive) adaptations
that ultimately improve maximal muscle force production (Martin et al. 1994; Maffiuletti et
al. 2002; Stevens et al. 2004; Gondin et al. 2005, 2006, 2011).

Interestingly, the contralateral homologous muscles can also benefit from unilateral
NMES of a specific muscle group (Hortobagyi et al. 1999; Zhou 2000; Hortobagyi and
Maffiuletti 2011). Hortobéagyi et al. (1999) were the first to demonstrate that 6 weeks of
NMES training to the left quadriceps increased maximal knee extensor strength also on the
right side (i.e., cross-education). Surprisingly, even the acute application of NMES to the right
quadriceps significantly facilitated maximal voluntary strength of the left knee extensor
muscles by approximately 11% (Howard and Enoka 1991). These findings, which were
obtained in a heterogeneous group of untrained and active individuals, seem to prove that they
were unable to generate their true maximal strength during unilateral voluntary isometric
contractions, presumably because of an incomplete efferent motor outflow (neural drive). This
assumption is legitimate as the knee extensors often show incomplete muscle activation
during a maximal voluntary contraction (MVC) manoeuvre, as witnessed by both
electromyographic (EMG) and twitch interpolation results (Rutherford et al. 1986; Hales and
Gandevia 1988). Somewhat unexpectedly, however, Howard and Enoka (1991) reported that
the maximal EMG activity of the left vastus lateralis (VL) muscle was basically unchanged
during the administration of NMES to the right quadriceps, a result that is quite at odds with
the above-discussed assumption. However, they did not assess the level of voluntary
activation with the twitch interpolation technique and did not pay particular attention to EMG
findings (as this was beyond the scope of their study). More specifically, they did not
normalize the maximal EMG activity of the agonist muscle to the respective maximal
compound muscle action potential (M wave) (so as to reduce the between-subject variability

and increase the sensitivity of EMG to detect changes in activation; (Buckthorpe et al. 2012))



and did not specify whether the EMG activity of the antagonist muscles was modified by the
contralateral application of NMES (an occurrence that could have altered the net knee joint
torque).

Accordingly, the primary aim of this study was to re-examine whether the increase in
MVC strength induced by NMES of the contralateral homologous muscles is accompanied by
an enhanced neural drive to the agonist muscles (as estimated with two different techniques:
surface EMG and twitch interpolation) and/or a reduced level of coactivation of the antagonist
muscles. In the study of Howard and Enoka (1991), NMES was delivered exclusively at high
doses (maximal tolerance), which inevitably resulted in a strong cutaneous sensation and
afferent feedback. Thus, the secondary goal of this study was to examine the potential dose-
response relationship between NMES current intensity and contralateral MV C strength gains.
We therefore assessed MVC torque and voluntary activation of the knee extensors, as well as
EMG activity of both agonist and antagonist (coactivation) muscles on the left limb while the
right quadriceps received low-intensity NMES, high-intensity or no NMES. It was
hypothesised that the application of NMES may play a role in increasing the efferent neural
drive to the contralateral homologous muscle and that such facilitation would be proportional

to NMES intensity.

MATERIALS AND METHODS
Participants

Twelve healthy men (age: 30 + 7 yr; height: 180 + 6 cm; weight: 76 £ 7 kg) who were
free from cardiovascular, musculoskeletal and neurological disorders volunteered to
participate in the study. None of them had previous experience with NMES. Written informed

consent was obtained from all participants prior to the experiments. The study protocol was



approved by the local ethics committee and conformed with the declaration of Helsinki (last

modified in 2013).

Experimental procedure

Participants completed a single session of approximately 90 min that was-arranged in
two main experimental phases: (1) determination of NMES current intensities for the right
quadriceps and (2) completion of several MV Cs of the left knee flexors and extensors — to
assess MV C torque, voluntary activation, agonist EMG activity and antagonist coactivation —
while the right quadriceps received or not NMES. Participants were placed in the seated
upright position with the trunk inclined at 0° with respect to the vertical and the knee joint at
109° (180°: knee fully extended) (Howard and Enoka 1991). The isometric knee joint torque
was recorded using an isokinetic dynamometer (Biodex Medical System Inc., New York,
USA). Participants were stabilized by means of two crossover shoulder harnesses and a belt
above the abdomen. They were asked to cross their arms and to hold the shoulder straps
during the entire experimental session.

During the first experimental phase (Fig. 1A), the right leg was fixed to the lever arm
of the dynamometer, while the left leg was hanging free. After a standardized warm up (see
below) and the completion of 2 MVCs of the right knee extensors, NMES was delivered to
the right quadriceps muscle and current intensity was carefully adjusted to evoke 10% and
30% of the MVC torque (hereafter referred to as low-intensity and high-intensity NMES,
respectively). We applied NMES using large electrodes and multiple current pathways
because this modality is better tolerated than conventional NMES (Maffiuletti et al. 2014;
Morf et al. 2015) (Fig.2). In a recent study from our laboratory (Maffiuletti et al. 2014) — in
which this NMES modality was used — most of the subjects were able to tolerate NMES

intensities evoking 10 and 30% of MVC torque. Therefore, also because this corresponds to



the therapeutic window range for NMES use in different clinical populations (Laufer and
Snyder-Mackler 2010; Maddocks et al. 2016), in this study we arbitrarily defined low- and
high-intensity NMES for evoked torque levels corresponding to 10% and 30% MVC torque,
respectively. During the second experimental phase (Fig. 1A and 1B), the left leg was
attached to the dynamometer lever arm and the right leg was also fixed by means of a custom-
made solution. After a standardized warm up and the completion of 2 MVCs of the left knee
flexors (for normalization purposes), participants were asked to perform 3 sequences of 3
MVCs (i.e., 9 trials). In each sequence, the 3 NMES conditions (low-intensity NMES, high-
intensity NMES or no NMES) were randomly applied to the right quadriceps. Subjects were
not informed about the NMES condition prior to each MVC. During these 9 MVC trials,
voluntary activation of the left knee extensors was evaluated by means of the twitch
interpolation technique, and the EMG activity of both agonist and antagonist muscles was
concomitantly recorded. Four seconds before each MV C trial, a single supramaximal stimulus
was delivered to evoke the maximal M wave, whose amplitude was subsequently used for

normalization purposes (see below).

Neuromuscular electrical stimulation

NMES was delivered by means of a commercially-available multipath system
(Kneehab XP, Bio-Medical Research, Galway, Ireland) that has recently been shown to
generate stronger and more comfortable contractions than conventional NMES units
(Maffiuletti et al. 2014). The system consists of a brace that wraps around the thigh and
incorporates four large self-adhesive pre-gelled electrodes, and a battery-powered unit that
delivered biphasic symmetrical square pulses lasting up to 400 ps at a frequency of 50 Hz.
The on-off ratio was 5:10 s and the ramp-up and ramp-down times lasted both 1 s. During the

first phase of the experiment, the experimenter progressively increased NMES current



intensity by 5-mA steps in an attempt to attain the two target torque levels of 10% (low-
intensity NMES) and 30% (high-intensity NMES) MVC torque. This process was normally
accomplished in 5-10 trials for low-intensity NMES and 4-8 trials for high-intensity NMES.
The discomfort induced by low-intensity and high-intensity NMES was evaluated by means
of a 0-10 cm horizontal visual analogue scale, where 0 indicates no discomfort and 10
indicates maximum discomfort. During the second phase of the experiment, the current
intensity for low- and high-intensity NMES was set at a constant value. Right-side NMES
application lasted 5 s and started simultaneously with the left-side MVC effort using manual

triggering.

Assessment of MVC torque

Each series of MVVC was consistently preceded by a standardized warm-up, which
consisted of three 5-s submaximal contractions (intensity: 25, 50 and 90% of the estimated
MVC torque) separated by 20-s. MVC is usually defined as a contraction in which subjects,
with continuous feedback and encouragement, believe their effort to be maximal (Gandevia et
al. 1996). Thus, participants were asked to contract as forcefully as possible for 4-5 s, and to
build up their force progressively during 1-2 s at the beginning of the contraction.
Standardized verbal encouragements were given throughout all the contractions. The 3 MVC
trials within each sequence were separated by 3 min of rest to minimize the effect of fatigue
and each sequence of MVCs was separated by a 5-min rest period. The torgue signal was fed
directly from the dynamometer into a 16-bit A/D converter (MP150, Biopac Systems, Goleta,
USA) then into a computer sampling at 1 kHz using Acknowledge software (Biopac

Systems).

Assessment of EMG activity



The EMG activity of VL, rectus femoris (RF) and biceps femoris (BF) muscles was
recorded using pairs of Ag/AgCl surface electrodes (Controle Graphique Meédical, Brie-
Comte-Robert, France). The electrodes (diameter: 10 mm, inter-electrode distance: 10 mm)
were applied to each muscle after careful skin preparation including shaving, abrasion with
fine sandpaper and cleaning with alcohol. The electrodes were placed at a distance of 2/3
between the anterior spina iliaca superior and the lateral side of the patella for the VL muscle,
midway between the anterior spina iliaca superior and the superior part of the patella for the
RF muscle and 1/3 along a line from the ischial tuberosity to the lateral aspect of the popliteal
cavity for the BF (Hermens et al. 2000). A ground electrode was placed on the left patella.
The EMG signal was sampled at 2 kHz and stored for off-line analysis with the Biopac
acquisition system. Agonist EMG activity of VL and RF muscles was determined as the root
mean square value over a 500-ms interval around MVC torque, and was subsequently
normalized by the amplitude of the maximal M wave for respective muscles. Antagonist
coactivation of the BF muscle was obtained by normalising the root mean square value
recorded during knee extensors MVC with respect to the one recorded during knee flexors

MVC, as a percentage (Macaluso et al. 2002; DeVito et al. 2003).

Assessment of voluntary activation

Voluntary activation, which is classically defined as the level of motoneuronal drive during a
contraction (Gandevia et al. 1996) was evaluated using the twitch interpolation technique.
Paired stimuli were delivered transcutaneously to the femoral nerve using a high-voltage
(maximal voltage: 400 V) constant-current stimulator (model DS7AH modified, Digitimer,
Hertfordshire, UK). The stimulus duration was 1 ms and the interval between the two paired
stimuli was 10 ms (Rozand et al. 2015). The femoral nerve was stimulated using a cathode-

ball electrode pressed into the femoral triangle by the same experimenter during all tests. The



anode was a large (10 x 5 cm) rectangular electrode (Compex SA, Ecublens, Switzerland)
located in the gluteal fold opposite to the cathode. The optimal intensity of stimulation (i.e.,
ensuring full recruitment) was considered to be reached when an increase in the stimulation
intensity did not induce a further increase in the amplitude of the twitch and of the
concomitant M waves (Place et al. 2005). This current intensity was additionally increased by
20% to ensure stimulus supramaximality (Verges et al. 2009; Thompson et al. 2011) and kept
constant throughout the session on an individual basis. Paired supramaximal stimuli were
delivered during (i.e., close to MVC torque) and 4 s after the MVVC to evoke respectively a
superimposed and a potentiated doublet (Girard et al. 2010; Rozand et al. 2014). The level of
voluntary activation was quantified by measurement ‘of the superimposed force response to
nerve stimulation during the MV C effort (Allen et al. 1995; Gandevia et al. 1996). Because
the superimposed stimulation is not constantly applied at the MV C peak torque, the voluntary
activation was estimated according to the following formula, including the Strojnik and Komi
(1998) correction:

superimposed doublet torque X (Tgi,/MVC torque)
X

Voluntary activation = |1 — 100

potentiated doublet torque

Where Tgim corresponded to the torque value at the time of the superimposed doublet.

The potentiated doublet torque was also retained as a proxy of peripheral muscle fatigue

(Place et al. 2007; Rozand et al. 2015).

Statistical analysis

Normal distribution of data was verified using the Kolmogorov-Smirnov test. NMES
current intensity levels and the corresponding self-reported discomfort scores were compared
between the low- and the high-intensity NMES conditions with paired t tests. Two-factor

ANOVA with repeated measures [NMES condition (no NMES, low-intensity NMES, high-



intensity NMES) x sequence order (sequence 1, sequence 2 and sequence 3)] were performed
on MVC torque, voluntary activation, agonist EMG activity, potentiated doublet torque and
antagonist coactivation. When a main effect or a significant interaction was found, a post-hoc
analysis was made using Tukey’s test. Effect sizes for each ANOVA were also calculated as
partial eta squares (npz). The percent difference in MVC torque, voluntary activation and
agonist EMG data between the no NMES condition and the two NMES conditions (mean of
low- and high-intensity NMES) was calculated on an individual basis. The relationships
between MVC torque and voluntary activation or agonist EMG activity differences were
assessed using Pearson’s product-moment correlations. The level of significance was set at
P<0.05. All data are presented as means + standard deviations. Statistical analyses were

performed using Statistica 10 (Statsoft, Tulsa, OK, USA).

RESULTS

NMES current intensity and self-reported discomfort were significantly lower for low-
intensity (56 £ 13 mA and 2.8 £ 1.9, respectively) compared to high-intensity NMES (81 + 10
mA and 5.3 £ 2.5, respectively; P<0.001).

For all'the neuromuscular measurements, no significant interaction and no main effect
of sequence order was observed (P>0.05), indicating that no fatigue occurred during the
experimental session. Moreover, No main effect of NMES condition was observed for
potentiated doublet torque (P>0.05), indicating no peripheral alterations in the left knee
extensors following right-side NMES.

For MVC torque, the main effect of NMES condition was significant (F=6.66,
P<0.01, np2:0.38). Compared to no NMES, MVC torque was significantly higher for both
low-intensity (+4.4%; P<0.05) and high-intensity NMES (+5.2%; P<0.01), while no

difference was observed between the two NMES conditions (Fig. 3).
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For voluntary activation, the main effect of NMES condition was significant
(F=11.20, P<0.001, np2:0.51). Voluntary activation was significantly higher for both low-
intensity (+3.4%; P<0.05) and high-intensity NMES (+5.4%; P<0.001) compared to no
NMES, while no difference was observed between the two NMES conditions (Fig. 4).

For agonist EMG activity of both VL and RF muscles, the main effect of NMES
condition was significant (F=6.44, P<0.001, np2:0.37). VL EMG activity was significantly
higher for both low-intensity (+7.6%; P<0.05) and high-intensity NMES (+10.7%; P<0.01)
compared to no NMES, while no difference was observed between the two NMES conditions
(Fig. 5A). RF EMG activity was significantly higher for high-intensity NMES compared to no
NMES (+9.8%; P<0.01), while no significant difference was observed between all the other
conditions (Fig. 5B). For antagonist coactivation of the BF muscle, the main effect of NMES
condition was significant (F=6.47, P<0.01, np2:0.37). Antagonist coactivation was
significantly higher for high-intensity NMES compared to no NMES (P<0.01), while no
significant difference was observed between all the other conditions (Fig. 6).

Percent differences in MVC torque between no NMES and the two NMES conditions
did not correlate significantly with voluntary activation differences (r=0.14; Fig. 7A).
Conversely, as depicted in Fig. 7B, significant positive correlations were found between MVC
torque and agonist EMG differences for both VL (r=0.72; P<0.01) and RF (r=0.84; P<0.001)
muscles. In other words, left-side MVC torque and agonist EMG activity increased

proportionally when NMES was applied to the right quadriceps.

DISCUSSION
The main findings of this study were that (1) the acute application of NMES to the
right quadriceps significantly increased MVC torque of the left knee extensor muscles by 4-

5%; (2) this was accompanied by an enhancement of both voluntary activation and agonist
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EMG activity (i.e., efferent neural drive), the latter being significantly correlated to the
increase in MVC torque; and (3) the NMES-mediated increase in maximal voluntary strength
and neural drive basically did not differ between low-intensity and high-intensity NMES
conditions.

Our current results are in agreement with the findings of Howard and Enoka (1991),
and confirm that the facilitation of knee extensors MVC strength induced by concomitant
NMES of the contralateral homologous muscles can be pretty consistent and substantial
(range: -2 to 15% in our study and 1 to 23% in Howard and Enoka (1991)). In their study,
Howard and Enoka (1991) further discriminated two groups of subjects: those presenting a
bilateral facilitation (i.e., the force produced by one leg was higher during bilateral than
unilateral contractions) and those presenting a bilateral deficit (i.e., the force produced by one
leg was lower during bilateral than unilateral contractions). They showed that right-leg NMES
resulted in a facilitation of left-leg MVC strength by 16% for the “bilateral facilitation” group
and by 7% for the “bilateral  deficit” group. Even if we did not assess bilateral
facilitation/deficit, based on the results of Howard and Enoka (1991) we could assume that
our subjects presented overall a bilateral deficit. Taken together, our results and those of
Howard and Enoka (1991) prove that most healthy subjects are unable to produce their
maximal strength during unilateral isometric contractions of the knee extensor muscles.
Compared to that previous pioneer study (Howard and Enoka 1991) whose main focus was
bilateral deficit, the present investigation additionally explored the possible effects of NMES
on efferent neural drive as well as potential differences in contralateral facilitation between
low- and high-intensity NMES.

Both voluntary activation and agonist EMG activity were significantly enhanced when
NMES was concomitantly delivered to the contralateral muscle, and this occurred in

conjunction with MV C strength facilitation. This finding is in contradiction with the results of
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Howard and Enoka (1991), who reported no effect of contralateral NMES on non-normalized
EMG activity of the VL muscle; however they did not give too much emphasis to these EMG
findings (as this was beyond the scope of their study) and did not assess the level of voluntary
activation with the twitch interpolation technique. Although the amplitude of surface EMG
and the interpolated twitch torque are only crude indicators of the efferent neural drive to
muscle (Farina et al. 2004), they were both modulated by NMES in a way that was indicative
of increased motor unit recruitment and/or discharge rate of active motor units. The increase
in EMG activity (range: -8 to 20% for VL, -6 to 26% for RF), but not in voluntary activation
(range: -2 to 14%), mediated by contralateral NMES was significantly correlated with MVC
strength facilitation, probably because of a greater sensitivity to change of the former.
Interestingly, antagonist coactivation of the BF showed a modulation comparable to the one
observed for RF (agonist) EMG, as it was significantly higher during high-intensity NMES
than in the control condition. While this unexpected result did not contribute to the facilitation
of MVC strength caused by NMES (as an increase in antagonist coactivation likely reduced
the net knee extension torque; Baratta et al. (1988)), it was probably instigated by
mechanisms comparable to those explaining agonist neural drive modulation, and discussed
below.

From a biomechanical perspective, the facilitation of MVC strength and efferent
neural drive caused by contralateral NMES could have been due to postural adjustments (e.g.,
at the hip and/or spine level) that may have differed between the two NMES conditions and
the control condition (no NMES), essentially because of an actual bilateral action with NMES
vs. a pure unilateral contraction without NMES. However, despite the lack of an active
control condition in the present study (i.e., a voluntary contraction with a torque output
matched to one of the two NMES conditions), we believe that potential condition-specific

posture-related differences did not largely impact our results, as the facilitation of MVC
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torque, voluntary activation and VL EMG activity was comparable between low- and high-
intensity NMES (which evoked respectively 10 and 30% of the MVC torque).

From a neurophysiological perspective, the facilitation of MV C strength and efferent
neural drive caused by contralateral NMES could have originated from a combination of
crossed excitatory effects acting at various levels of the neuraxis. Although the involvement
of specific spinal and supraspinal structures in such neural integration is purely theoretical,
some potential mechanisms can be discussed in relation with our findings. A hypothetical
contribution of the short-latency stretch/Hoffmann reflex, i.e.; an index of the balance
between the excitatory and inhibitory inputs on the a-motoneurons, cannot be discarded even
if no crossed excitatory effects of la afferents are known in humans (Schieppati 1987).
Indeed, muscle contractions evoked by NMES.may facilitate the magnitude of the Hoffmann
reflex for upper limb muscles (Hortobagyi et al. 2003). These authors assumed that the
cutaneous afferent stimulations due to NMES could underlie the contralateral facilitatory
effect on the Hoffmann reflex. ' The medium-latency crossed extension reflex, which results in
flexor excitation and extensor inhibition in one limb (“withdrawing” limb) but excitation of
contralateral extensors-and inhibition of flexors through the involvement of group 111 muscle
afferents (Sherrington 1910; Purves et al. 2003), could play a role in the contralateral
facilitation of knee extensors we observed. Cutaneous reflexes and long-loop reflexes with the
involvement of skin mechanoreceptors, free nerve endings and nociceptors (via group Il and
LIl afferents) may have contributed to the facilitation of the motoneurons innervating the
contralateral homologous muscle, but their specific impact on our results is difficult to
ascertain.

Despite the common misconception that NMES has a negligible impact on supraspinal
structures, various functional magnetic resonance imaging studies have recently demonstrated

a bilateral involvement of specific brain regions during NMES (Han et al. 2003,

14



Blickenstorfer et al. 2009). Similarly, based on bilateral recordings of motor evoked potentials
and H reflex responses during NMES vs. voluntary contractions, Hortobagyi et al. (2003)
have suggested that these two modalities of activation may have different supraspinal effects
in the contralateral homologous muscle (Hortobéagyi and Maffiuletti 2011). More specifically,
it was conjectured that NMES is capable of modifying the excitability of interhemispheric
connections and perhaps the balance between interhemispheric excitation and inhibition
(Hortobéagyi and Maffiuletti 2011), possibly via transcallosal mechanisms (Gueugneau et al.
in press). Thus, a complex interaction of neural mechanisms may have contributed to the
contralateral facilitatory effects observed in our current study, potentially as a result of a
barrage of afferent inputs to the spinal cord and/or to sensorimotor cortical areas during
unilateral NMES, that in turn interacted with the descending motor command.

However, contrary to expectations, the extent of afferent feedback was not a main
determinant of contralateral facilitation as MVC torque, voluntary activation and VL EMG
activity were equally enhanced by low- and high-intensity NMES. Thus, the balance between
the amount and type of afferent feedback was probably similar between the two NMES
modalities. This suggests that even low doses of NMES current, which evoked relatively
weak contractions (10% MVC) and low discomfort scores (2.8 on a 0-10 scale) — and are
therefore particularly relevant for clinical populations — have the potential to affect neural
integration in the same manner as high-intensity NMES. Based on these results, it could also
be conjectured that a sort of ceiling effect may have occurred at the higher stimulation
intensity. These observations raise the interesting questions of whether (1) very low NMES
currents (<10% MVC) might also induce contralateral facilitation, and (2) the actual motor
response is a prerequisite for facilitation to occur. Interestingly, different sensory electrical
stimulation modalities have proven effective in enhancing contralateral motor performance

and neural excitability in healthy and patient populations (for a review, see Veldman et al.
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(2014)), although the link with our current findings remain elusive at this stage. Similarly, the
use of relatively low current intensities with wide pulse widths (the so-called wide pulse
NMES) — which has recently been shown to have a major effect on ipsilateral spinal neurons
and interneurons (Collins 2007; Bergquist et al. 2011) — offers an interesting perspective
regarding contralateral facilitation.

This study is not without limitations. For example, the two NMES intensity levels
were only determined at the beginning of the experimental phase, but we did not verify if the
10 and 30% MVC torque levels were systematically attained throughout the test session, due
to technical limitations. This could explain, at least in part, the inter-individual variability in
contralateral facilitation effect and the lack of difference between low- and high-intensity
NMES. In our study, the application of NMES lasted only 5 s and it was repeated 9 times with
3 min of rest in-between to prevent the occurrence of muscle fatigue and/or potential “extra
force”. We assumed therefore that the torque evoked by NMES was constant throughout the
experimental session and consistent for the two previously-determined NMES intensities.
EMG activity was only recorded from RF and VL muscles, while vastus medialis activity
could have provided a more complete picture of contralateral NMES effects. Another study
limitation is the lack of an active control condition (e.g., submaximal voluntary contractions
at 10% and 30% MVC torque) that could have been compared with NMES conditions.
However, it is quite challenging to maintain a submaximal voluntary contraction at a given
intensity with one leg while the other one is performing a maximal effort.

From a practical perspective, the present results have at least two important
implications for muscle strength training and evaluation. First, considering the fact that nearly
all individuals are unable to produce their maximal force during a unilateral isometric
contraction of the knee extensor muscles, low-intensity NMES can be delivered to the

contralateral homologous muscle during maximal strength testing in an attempt to maximize
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efferent neural drive and performance while circumventing the use of unfriendly techniques
ipsilaterally (such as the twitch interpolation). The facilitatory effects observed in this study
remain nevertheless to be confirmed (1) for muscles other than the knee extensors, (2) in
dynamic (and possibly functionally-relevant) actions, (3) in women and (4) in patient
populations with muscle weakness and voluntary activation deficits due to aging, neurological
and orthopedic conditions (Yue et al. 1999; Stackhouse et al. 2001; Berth et'al. 2002; Mizner
et al. 2003; Stevens et al. 2003a, 2003b). Second, considering the well-known cross education
effect induced by unilateral NMES training (Hortobagyi et al. 1999) — when the contralateral
muscle is stimulated while the ipsilateral one is not contracted — it is likely that a
training/rehabilitation modality consisting of contralateral low-intensity NMES during MVC
of the ipsilateral homologous muscle would be beneficial to improve muscle strength and

restore voluntary activation deficits through a chronic facilitation effect.

CONCLUSION

The present study provided evidence that the acute application of NMES to the
contralateral quadriceps, even with low current intensities, significantly facilitated maximal
voluntary strength of the ipsilateral knee extensor muscles by enhancing its efferent neural
drive. A complex combination of spinal and supraspinal adjustments mediated by
contralateral NMES likely contributed to the facilitation of the motoneurons innervating the

contralateral homologous muscle.
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Figure legends

Fig. 1. Graphical overview of the experimental design. (A) represents the right-leg knee
extension efforts required to define the two NMES intensity levels of 10% (low-intensity
NMES) and 30% (high-intensity NMES) of the MV C. (B) represents the left-leg knee flexion
efforts performed to determine the maximal EMG activity of the antagonist muscle. (C)
represents the left-leg knee extension efforts performed to compare MVC torque, voluntary
activation, agonist EMG activity and antagonist coactivation across the three following
conditions: no NMES, low-intensity NMES and high-intensity NMES of the contralateral
(right) homologous muscles. Arrows indicate the timing of paired stimuli delivered during
and after each MVC. NMES: neuromuscular electrical stimulation; MVC: maximal voluntary
contraction. The 3 MVC trials within each sequence were separated by 3 min of rest and each

sequence of MV Cs was separated by a 5-min rest period.

Fig. 2. Electrode positions for NMES (right thigh) and EMG recordings of vastus lateralis and

rectus femoris (leftthigh).

Fig. 3. Left-leg MV C torque recorded while the right quadriceps received no NMES, low- and
high-intensity NMES. Circles represent individual data. *significantly higher than no NMES

(P<0.05).

Fig. 4. Left-leg voluntary activation recorded while the right quadriceps received no NMES,

low- and high-intensity NMES. Circles represent individual data. *significantly higher than

no NMES (P<0.05).
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Fig. 5. Left-leg EMG activity of agonist muscles (A: vastus lateralis; B: rectus femoris)
recorded while the right quadriceps received no NMES, low- and high-intensity NMES.

Circles represent individual data. *significantly higher than no NMES (P<0.05).

Fig. 6. Left-leg antagonist coactivation of the BF muscle recorded while the right quadriceps
received no NMES, low- and high-intensity NMES. Circles represent< individual data.

*significantly higher than no NMES (P<0.05).

Fig. 7. Scatterplots showing the relationship between MVC torque and voluntary activation
(A) or maximal EMG activity (B) differences between no NMES and the two NMES
conditions. The linear regression equation in (A) is y=4.26+0.13x (r=0.14; P=0.65). The
linear regression equations in (B) are y=1.24+0.41x (r=0.72; P<0.01) for VL and

y=1.61+0.42x (r=0.84; P<0.001) for RF.
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