
ABSTRACT: We examined whether the neuromuscular function of rectus
femoris (RF) and flexor digitorum brevis (FDB) in humans was modified after
a 6-week training period of functional electrical stimulation (FES), and
whether any effects persisted at the end of a 6-week post-FES recovery
period. In both the stimulated and contralateral nonstimulated muscles, we
recorded the muscle force, surface electromyogram, and M wave, and also
measured the root mean square (RMS) and the median frequency (MF)
during static contraction sustained until exhaustion at 60% of maximal
voluntary contraction (MVC). FES was performed with symmetric biphasic
pulses, with a ramp modulation of both the stimulation frequency and pulse
duration. No changes in MCV and endurance time to exhaustion occurred in
nonstimulated muscles, whereas a significant MVC increase occurred im-
mediately after FES in RF (�14 � 5%) and FDB (�13 � 5%), these effects
persisting 6 weeks after the end of FES. In FDB, FES also elicited a
significant increase in endurance time to exhaustion (�18 � 7%). The
M-wave characteristics never varied after FES, but a marked attenuation
occurred in the MF decrease and the RMS increase measured at endurance
time to sustained 60% MVC, especially in FDB, which contains the higher
proportion of type II fibers. These data indicate that FES improves muscle
function and elicits changes in central muscle activation. The benefits of FES
were greater in FDB, which is highly fatigable, and persisted for at least a
6-week period.

Muscle Nerve 28: 181–188, 2003

CHANGES IN NEUROMUSCULAR FUNCTION
AFTER TRAINING BY FUNCTIONAL
ELECTRICAL STIMULATION
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Boulevard Pierre Dramard, 13916 Marseille, France
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Transcutaneous electrical stimulation of muscle,
also called functional electrical stimulation (FES),
has been used for rehabilitation after neuromus-
cular injuries13,21 and also for sport training.27,40,41

Human studies using either constant (50 – 60 Hz)
or modulated currents (2500-Hz carrier frequency
modulated at 50 Hz) for chronic FES have clearly
shown a significant increase in maximal voluntary

contraction (MVC) of red and white limb mus-
cles,27 when the training duration was long
enough10,18and the FES accorded with the compo-
sition of the stimulated muscle, with a red muscle
being stimulated at low frequency and a white one
at high frequency.37,48,56 Depending on the stimu-
lated muscle, the gain of MVC after a training
session by FES varies from 9 to 59%.27 Most studies
have focused on the immediate effects of FES
training on muscle force. Only Maffiuletti et al.40

have investigated long-term post-FES effects on
muscle function. In addition, we have found very
few data in the literature45 on FES-induced
changes in neuromuscular conduction velocity
and motor unit recruitment during voluntary con-
tractions.
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Electrical current waveform, amplitude, impulse
duration, stimulation frequency, and duty cycle are
among the many parameters to be taken into ac-
count when gauging the electrical stimulus.39 The
effects of different waveform currents, e.g., sinusoi-
dal, square-wave, or sawtooth (triangular) pulses,
were compared by Delitto and Rose15 on the rectus
femoris (RF), but no clear difference was found. A
symmetrical biphasic pulse current is preferred over
an asymmetrical monophasic one.9 Stimulators al-
lowing a ramp modulation of impulse amplitude and
duration have been used,14 but few studies have used
stimulation with ramp modulation of the stimulation
frequency and impulse duration, allowing a progres-
sive recruitment and derecruitment of motor units.
We have used this stimulation pattern in rabbits32

and rats42,55 and showed that, compared to a non-
modulated current, the modulated stimulation
markedly delayed muscle fatigue32 and significantly
accentuated changes in muscle physiology and fiber
type.55 We have also shown that a modulated current
significantly enhanced improvement of functional
characteristics of muscle afferents after nerve repair
by self-anastomosis.42

Surface electromyography (EMG) is a noninva-
sive method to analyze muscle activation during vol-
untary movements. Different EMG variables, such as
the root mean square (RMS) and the median fre-
quency (MF) of the power spectrum density func-
tion, allow changes in motor unit recruitment to be
followed through a contraction trial.20 Significant
correlations exist between the magnitude of changes
in these EMG variables during fatiguing efforts and
the muscle fiber-type composition. Thus, analysis of
the surface EMG signal may constitute a non-
invasive tool to explore the consequences of FES
on the neuromuscular events associated with fa-
tigue.26,33,49,58

The aim of the present study was to examine the
changes in neuromuscular function after a 6-week
period of FES and then after a 6-week recovery pe-
riod. We chose a symmetrical biphasic pulse current

with a ramp modulation of the stimulation fre-
quency and pulse duration. We stimulated the RF, a
mixed muscle (45% of type I fibers and 55% of type
II fibers), and the flexor digitorum brevis (FDB),
which contains a higher percentage of type II fibers
(30% of type I fibers and 70% of type II fibers).34

Muscle function was explored by recording the me-
chanical events (MVC and endurance time to ex-
haustion during a sustained static effort), and by
measuring surface EMG variables (RMS, MF) and
the evoked compound muscle action potential (M
wave).

MATERIALS AND METHODS

Subjects. Seven healthy, untrained men (age:
26.1 � 2.5 years; height: 173.5 � 4.5 cm; weight:
71.9 � 6.2 kg) participated in this experiment. This
study was approved by the local Ethics Committee,
and written consent clarifying the experimental pro-
tocol was obtained from each subject. No subject had
symptoms or a past history of neuromuscular dis-
ease.

Functional Electrical Stimulation. The muscles were
stimulated for a 6-week period (30 min/day, 5 days/
week, i.e., 30 sessions). The stimulation pattern (Fig.
1) consisted of a biphasic symmetrical pulse current
(10 V, i.e., submaximal) with a ramp modulation of
frequency (4–75–4 Hz) and impulse duration (400–
100–400 �s). FES was delivered through a clinical
neurostimulator (Multiprocess 16�, Physitech; Elec-
tronique Médicale, Marseille, France) used for phys-
iotherapy. The stimulating electrodes were placed
on the motor point, defined by Delitto and Robin-
son14 as the point on the surface of the skin over the
muscle belly where the smallest amount of current is
required to produce muscle contraction. Concentric
movements were elicited by FES. Each stimulation
pattern lasted for 11s and was repeated twice per
minute with a rest of 19 s between each stimulation.
FES was only delivered to the FDB and the RF mus-

FIGURE 1. Parameters of the symmetric biphasic pulse current with ramp modulation of frequency and impulse duration delivered twice
per minute to rectus femoris and flexor digitorum brevis muscles for a 6-week period (30 min/day, 5 days/week).
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cles in which we measured the lowest MVC value
before FES (pretest period); the contralateral mus-
cle was not stimulated. We chose to perform FES in
muscles with the lowest MVC values based on the
study by Romero et al.,47 who showed that FES elic-
ited a 47% gain of maximal strength of contraction
on the nondominant (weaker force) than dominant
side.

Measurements of Physiological Variables. Force Mea-
surement. The subject was comfortably seated in an
armchair. His forearm was maintained in a prone po-
sition in an anatomic device specially built for the
experiment that allowed isometric handgrip involving
the FDB. The handgrip strength was measured using a
force transducer (Scaime model ZF, Annemasse,
France), with an output signal linear from 0 to 100 kg.
For exercise test involving the RF, the subject sat with
his knee joint forming a 90° angle and his thigh
clamped to prevent limb movements. An identical
force transducer was mounted on a metal bar placed at
the back of the foot, which made contact with the
strain gauge via a custom-made cast. The subject was
asked to perform a knee extension against the isomet-
ric force transducer. In each protocol, the subject was
given visual feedback of the developed force with an
analogue voltmeter to perform MVCs or to keep the
preset force level constant (60% of control MVC) until
exhaustion. In each muscle, MVC was defined as the
highest force produced in three trials executed within
60-s intervals. The output of the force transducer was
recorded on a polygraph (ES 1000; Gould, Ballainvil-
liers, France). In all subjects, the two forearms and two
legs were successively tested at each sequence of the
protocol, with a 20-min rest period between the trials.

EMG Studies. The surface EMG signal from the
FDB and RF muscles was recorded from a pair of
Ag–AgCl electrodes (model 13L20, Dantec
Medtronic, Skovlunde, Denmark) placed over the
belly of each muscle between the motor point and
the proximal tendon. The interelectrode distance
was 1 cm and impedance was kept below 2,000 � by
careful skin care. The EMG signal was amplified
(Nihon Kohden, Tokyo, Japan; common mode re-
jection ratio, 90 dB; input impedance, 100 m�; gain,
1,000 to 5,000) with a frequency band ranging from
10 to 3,000 Hz, filtered (low-pass filter, 1,500 Hz),
and then recorded on a numeric data magnetic tape
recorder (model RD-120T; Teac Corporation, To-
kyo, Japan) for further analysis.

The EMG analysis was performed in a time and
frequency domain by calculating RMS and the power
spectrum density function, after a fast Fourier transfor-
mation of the signal. The EMG signal recorded during

60% MVC maneuvers was digitized with a sampling
frequency of 1,200 Hz using the winATS software
(Sysma, Aix-en-Provence, France) and a personal com-
puter. RMS and spectral analyses both started at the
beginning of each muscle contraction and covered all
the 60% MVC trial until the measurement of endur-
ance time to exhaustion. The median frequency, de-
fined as the frequency that divided the power spectrum
density function into two regions of equal power, was
calculated from power spectra averaged over a 10-s
period. The changes in RMS during the 60% MVC
maneuvers were expressed in percentage of data mea-
sured during the first 10-s of contraction, whereas we
only considered absolute MF values. The M wave was
evoked by direct muscle stimulation. The monopolar
stimulation technique was adopted in this experiment.
A stimulator (model S88; Grass Instruments, Quincy,
Massachusetts) delivered supramaximal impulses with
0.1-ms rectangular pulses through an isolation unit.
The supramaximal stimulation was defined as the
pulse amplitude level approximately 15% greater than
the level yielding an M wave of maximal amplitude.
One small (1 � 1 cm) stimulating silver cathode was
applied on the main motor point of each muscle, and
the anode was placed on the opposite side of the limb.
The main motor point of the muscle was identified as
the location of the cathode yielding the strongest con-
traction with the lowest pulse amplitude. The EMG
signal was fed onto a numeric oscilloscope (DSP 400;
Gould Instruments, Ballanvilliers, France) allowing the
M waves to be averaged. The peak amplitude, conduc-
tion time (measured between the stimulus artifact and
peak), and duration of the M wave were calculated
from eight averaged potentials. M waves were always
recorded at rest, i.e., before and after (0, 2, 5, and 10
min) each 60% MVC trial.

Muscle Function Testing. Testing was performed at
the inclusion of each subject in the protocol (pretest
investigations), after the 6-week period of FES (stim-
ulated muscles) or the corresponding blank period
(nonstimulated muscles), immediately after the end
of FES (post-FES), and then 6 weeks later (delayed-
test). Subjects performed three isometric MVCs with
each left and right forearm and thigh muscle. The
highest force recorded was considered the MVC.
Then the subject sustained a static effort preset at
60% of the pretest MVC value. During training ses-
sions, subjects were asked to adjust quickly the value
of force for handgrip or leg extension. They were
able to maintain the requested force within �5% of
the target value during the sustained contractions by
means of visual feedback. The endurance time was
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defined as the time elapsing until the force dropped
10% below its preset level.

Statistical Analysis. Data are presented as mean �
SEM. They correspond to the absolute values of M-
wave duration and of MF. The FES-induced relative
changes in MVC and endurance time were expressed
as a percentage of corresponding pretest values. The
changes in M-wave characteristics, MF, and RMS at
endurance time to sustain 60% MVC trials were also
considered. M-wave variations were expressed as per-
centage of the corresponding M-wave data measured
at rest, and the RMS changes were expressed as a
percentage of the mean RMS value measured for the
first 10-s of sustained 60% MVC. In all cases, absolute
MF values were considered. Data processing was per-
formed using a software program (SigmaStat; Jandel,
Chicago, Illinois); we used an ANOVA and a Stu-
dent-Newman-Keuls post hoc test, and the direction
and magnitude of differences between conditions
were determined. A difference was accepted as sta-
tistically significant when P � 0.05.

RESULTS

MVC and Endurance Time to Exhaustion. During the
protocol, no changes in MCV and endurance time to
exhaustion occurred in the nonstimulated muscles
(Fig. 2 and Table 1). By contrast, we observed a
significant (P � 0.05) MVC increase immediately

after FES (posttest) in the RF (�14 � 5%) and also
the FDB (�13 � 5%), and these effects persisted 6
weeks later (respectively, �19 � 6% and �12 � 4%,
P � 0.05). A significant increase (P � 0.05) in en-
durance time to exhaustion occurred immediately
after FES (�18 � 7%) in FDB (Table 1).

M-Wave Measurements. At rest, the values of M-wave
amplitude and duration, and of time-to-peak measured
in the pretest condition did not differ in the stimulated
(FDB: 1.88 � 0.10 ms; RF: 2.10 � 0.13 ms) and non-
stimulated muscles (FDB: 1.86 � 0.09 ms; RF: 1.98 �
0.13 ms), and they never varied in post-FES and de-
layed-test conditions. Moreover, the 60% MVC trials
never induced changes in M-wave amplitude and du-
ration, and of time-to-peak values, whatever the studied
muscle and experimental condition.

EMG Measurements. In nonstimulated muscles, we
found a decrease in MF and an increase in RMS at
endurance time to sustained 60% MVC (Figs. 3 and
4). However, due to a large scattering of RMS data in
RF, the RMS changes at the post-FES session were
not significant. In the stimulated muscles, the de-
cline of MF at the end of 60% MVC persisted after
FES in RF, whereas in FDB a significant attenuation
occurred of fatigue-induced reduction MF at post-
FES and delayed-test sessions. An increase in RMS
throughout the 60% MVC trial only occurred in the
pretest session (Fig. 4), i.e., in FDB and RF muscle,
fatigue-induced RMS variations were absent after
FES and the 6-week recovery period.

DISCUSSION

We found that a 6-week FES training period induced
a modest but significant MVC increase in two limb
muscles (FDB and RF). These functional benefits
occurred immediately after chronic FES had
stopped and persisted during the 6-week post-FES
recovery period. In FDB muscle, the functional ben-
efits were associated with a marked reduction in
EMG signs of neuromuscular fatigue throughout a

FIGURE 2. MVC changes measured in post-FES and delayed-
test sessions, expressed as a percentage of the pretest value.
Asterisk indicates that the FES-induced MVC increase was sig-
nificant (P � 0.05). Black columns, stimulated muscle; grey col-
umns, nonstimulated muscle.

Table 1. Endurance time to exhaustion during exercise
at 60% MVC, expressed as percent pretest value.

Post-FES (%) Delayed-test (%)

FDB stimulated � 17.8 � 7.3* � 2.0 � 4.6
FDB nonstimulated � 4.7 � 4.0 � 4.5 � 2.2
RF stimulated � 2.0 � 5.6 � 4.2 � 2.9
RF nonstimulated � 5.8 � 4.0 � 5.5 � 3.2

FDB, flexor digitorum brevis; FES, functional electrical stimulation; MVC,
maximum voluntary contraction; RF, rectus femoris.
*Post-FES vs. pretest, difference significant at P � 0.05.
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sustained 60% MVC, assessed by a reduction in MF
decline and RMS increase. As shown previously in
other studies,6–8,11,17,43 there were no M-wave varia-
tions during static exercise. We also noted that FES
did not affect the resting M-wave characteristics.

Mechanical Variables. An FES-induced improve-
ment of MVC could result from different mecha-
nisms. First, chronic FES could modify the percent-
age of red or white muscle fibers. Several
authors22,52,53 have reported that the percentage of
fast-twitch fibers in a given muscle is an important
factor for force development during maximal static
efforts. However, our observations were limited to
muscle function and cannot serve to discuss the
existence of FES-induced modifications of muscle
composition and their possible consequence on
MVC. Second, it is well known that FES preferen-
tially recruits the fast motor units,10,16,18,19,27,46,54 in
contrast to their physiological recruitment during a
voluntary contraction. Indeed, based on the Henne-
man size principle,28 the smallest motor neurons

(supplying slow motor units) are first activated dur-
ing voluntary contraction.19,44 This is not observed in
paralyzed or partially paralyzed subjects.51 We ques-
tion the mechanisms of persistence of a preferential
recruitment of fast motor units during MVCs after a
chronic period of FES.

The order of motor unit recruitment during FES
may depend on at least four factors. First, the char-
acteristics of the electrical currents used for FES will
elicit high contraction velocities, which may explain
the selective recruitment of fast motor units.12,22,52

Second, the distance between the stimulating elec-
trode and the axon may affect motor unit activation.
Indeed, the largest-diameter motor units constituted
by the fast-twitch fibers are often superficially located
in the muscle, therefore lying closer to the elec-
trodes. Histological data34 in humans indicate that
the surface of the RF muscle contains 22% more
fast-twitch fibers than the deeper part, and that the
FDB muscle contains 6% more fast-twitch fibers than
the FD profundus. Third, FES activates axon collat-

FIGURE 3. Absolute values of the median frequency of EMG power spectrum measured for each epoch of the protocol at the beginning
and end of 60% MVC trials. Number sign (#) indicates that the value significantly (P � 0.05) increased compared to its pretest value.
Cross (�) indicates that the decreased value at the endurance time was significant (P � 0.05) compared to the beginning value of the
same test. Section sign (§) indicates that the decrease in value was significantly lower (P � 0.05) than the pretest value. The
nonstimulated muscles were tested at the same sessions.
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erals in the muscle rather than the axons in muscle
nerve.19,51 As the largest motor neurons supplying
the fastest motor units have the lowest excitability
threshold, axon collaterals with the largest diameter
should be activated more rapidly by FES than the
smallest one, unlike during voluntary contractions.
Fourth, FES could activate muscular afferents be-
cause the placement of stimulating electrodes over
the motor point must activate both motor and sen-
sory nerve fibers. Feedback effects may also arise
from the activation of muscular sensory endings dur-
ing FES-induced muscle contractions. As already sug-
gested by several authors,25,36 such an increase in
sensory inputs during FES could change the order of
motor unit recruitment.

Howard and Enoka29 found, during FES of one
leg, an MVC increase in the nonstimulated homolo-
gous contralateral muscle. Such a cross-facilitation
may be explained by the removal of central inhibi-
tory processes involving the activation of sensory
pathways from the stimulated muscle. During a FES
protocol, Garnett and Stephens25 also concluded
that the recruitment of motor units during electri-
cally induced muscle contraction could partly de-
pend on afferent inputs. With regard to these obser-
vations, we speculate that FES-induced modifications
of reflex sensorimotor control could persist for a
lengthened period after the muscle stimulation pro-

gram had stopped. This may partly explain the MVC
increase, which could result from the attenuation of
inhibitory reflex pathways.

EMG Variables. Corroborating previous data on vol-
untary static contractions,2,3,5,11,17,24 the force failure
during our fatiguing trials was associated with an MF
decline and an RMS increase, which are well known
indicators of neuromuscular fatigue.20,23 The leftward
shift of the EMG power spectrum during fatiguing
tasks corresponds to the reduced recruitment of high-
frequency motor units and the enhanced recruitment
of low-frequency ones, the latter being highly resistant
to fatigue. This phenomenon, which delays the occur-
rence of contraction failure, is called the “muscle wis-
dom.” Animal31 and human studies4,24,57 attribute this
phenomenon to the key role played by activation of
group IV muscle afferents. However, other investiga-
tors suggest that the frequencies of the EMG power
spectrum are closely related to the conduction velocity
of motor units35,38,50 and thus that altered neuromus-
cular propagation may cause the MF decline, indepen-
dently of any central activation failure. The role played
by peripheral neuromuscular events in the changes in
EMG power spectrum that occur during voluntary fa-
tiguing contractions is still debated, because marked
M-wave alterations may occur independently of any
concomitant MF decrease.1,8,30 After our FES training
program, EMG analysis during 60% MVC trials in the
post- and delayed-tests showed a marked reduction in
MF decline and also a reduced RMS increase. These
observations were mostly performed in the FDB mus-
cle, i.e., the fastest muscle studied, which is basically
highly fatigable and should present the largest varia-
tions of these EMG variables.

There are several possible explanations for these
FES-induced changes in the EMG response to sus-
tained static voluntary effort. The occurrence of an
FES-induced enhancement of aerobic pathways
could reduce the intramuscular release of metabo-
lites, including lactic acid, attenuating the activation
of the group IV muscle afferents which are supposed
to trigger the EMG changes during fatiguing efforts.
FES may also elicit specific changes in the excitability
of these muscle afferents, and particularly in their
ability to detect the metabolic variations preceding
fatigue. Based on the aforementioned observations,
the persistence of a prominent recruitment of fast
motor units after FES may also explain the relatively
high MF values during 60% MVCs.

We are grateful to Francis Berthelin (Centre de Kinésithérapie),
Frédéric Gounard (Physitech, Electronique Médicale), and Fer-
dinand Tagliarini (Faculté de Médecine Nord, Marseille) for
technical assistance, and Délégation Générale pour l’Armement–

FIGURE 4. Variations of the root mean square (�RMS) mea-
sured at the endurance time to sustained 60% MVC in pretest,
post-FES, and delayed-test sessions. The nonstimulated mus-
cles were tested at the same sessions. Asterisk indicates that the
RMS significantly increased (P � 0.05) during the session. Black
columns, stimulated muscle; grey columns, nonstimulated
muscle.
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