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Abstract The use of electrical stimulation (ES) can
contribute to our knowledge of how our neuromuscular
system can adapt to physical stress or unloading. Although
it has been recently challenged, the standard technique used
to explore central modiWcations is the twitch interpolated
method which consists in superimposing single twitches or
high-frequency doublets on a maximal voluntary contraction
(MVC) and to compare the superimposed response to the
potentiated response obtained from the relaxed muscle.
Alternative methods consist in (1) superimposing a train of

stimuli (central activation ratio), (2) comparing the MVC
response to the force evoked by a high-frequency tetanus or
(3) examining the change in maximal EMG response
during voluntary contractions, if this variable is normalized
to the maximal M wave, i.e. EMG response to a single
stimulus. ES is less used to examine supraspinal factors but
it is useful for investigating changes at the spinal level,
either by using H reXexes, F waves or cervicomedullary
motor-evoked potentials. Peripheral changes can be exam-
ined with ES, usually by stimulating the muscle in the
relaxed state. Neuromuscular propagation of action poten-
tials on the sarcolemma (M wave, high-frequency fatigue),
excitation–contraction coupling (e.g. low-frequency fatigue)
and intrinsic force (high-frequency stimulation at supra-
maximal intensity) can all be used to non-invasively
explore muscular function with ES. As for all indirect
methods, there are limitations and these are discussed in
this review. Finally, (1) ES as a method to measure respiratory
muscle function and (2) the comparison between electrical
and magnetic stimulation will also be considered.

Keywords Evoked force · M wave · Voluntary activation · 
ReXexes · Magnetic stimulation · Respiratory muscles

Introduction

It is well-known that not only the muscles (e.g. Aagaard
et al. 2001; Sale 1988; Zierath and Hawley 2004) but also
the nervous system (e.g. Aagaard et al. 2002; Sale 1988;
Yue et al. 1999) are subject to plasticity resulting from
aging, training/detraining, long-term spaceXight, dietary
changes or environmental conditions such as hypoxia.
In addition to these chronic modiWcations, adaptations/
alterations occur during acute conditions such as fatigue
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(Gandevia 2001; Millet et al. 2003a). Over the years diVerent
methods have been used to assess neuromuscular function
(NMF), in particular maximal voluntary isometric or isoki-
netic contractions. It is accepted that comparing voluntary
and evoked force or electromyography (EMG) in response
to artiWcial stimuli gives more insight into the performance
and fatigability of NMF. Among the diVerent artiWcial stim-
uli that can be used (magnetic, mechanic, chemical) to
investigate NMF in clinical and research Welds, electrical
stimulation (ES) is probably the most popular technique.
Several muscles or muscle groups can be stimulated
through their motor nerves, e.g. knee extensor (femoral
nerve), plantar Xexor (tibial nerve), elbow Xexors (muscu-
locutaneous nerve), tibialis anterior (peroneal nerve), etc.,
and superWcial muscles can also be directly stimulated
through electrodes placed on the muscle (intramuscular
branches of the nerve) (Hultman et al. 1983).

Alterations/improvements of NMF are due to central
(neural) and/or peripheral (muscular) changes, which
appear to be mutually dependent. In fact, recruitment and
Wring of motoneurones is dependent on a descending drive
from supraspinal sites as well as recurrent inhibition, but it
is also controlled through a combination of inXuences
including excitatory and inhibitory reXex inputs from diVer-
ent groups of muscle and cutaneous aVerents (Gandevia
1998). Combining diVerent types of ES with EMG and
force measurements on contracted or relaxed muscles may
help investigate the chronic or acute plasticity of NMF. For
instance, it has been shown during a 2-min sustained maxi-
mal voluntary contractions (MVC) that strength loss and
peripheral fatigue were less in neuromuscular patients
(facioscapulohumeral dystrophy, myotonic dystrophy,
motor and sensory neuropathy type I) than in healthy sub-
jects whereas central fatigue did not diVer between the two
groups (Schillings et al. 2007). On the other hand, central
activation at rest was much lower in the neuromuscular
patients. Other examples can be found in (1) training adap-
tations which can be evidenced by ES often combined with
voluntary contractions and EMG measurements (Van
Cutsem et al. 1998) or (2) fatigue in athletes. Another example
is the fact that extreme running (over 24 h) induces large
central fatigue and changes at the muscle level that are
highly variable and dependent on the course proWle and
muscle group (Martin et al. 2010; Millet et al. 2011).

The Wrst two parts of this review will examine the poten-
tial interest of using ES to non-invasively assess central
drive and peripheral response in the Welds of pathology and
fundamental or applied research. For both aspects, limits of
utilization and interpretation will be highlighted. This is
important because ES can be used not only in fundamental
research but also in the diagnosis of pathology, to evaluate
the eVect of a therapy/retraining program or to follow the
history of a disease in patients although many restrictions

due to stimulation tolerance exist. The third section will be
dedicated to ES as a method of investigating the NMF of
respiratory muscles and the fourth a comparison between
ES and magnetic stimulation. Describing in detail the meth-
odology of each technique presented is beyond the scope of
this paper and can be found in other publications (Aagaard
et al. 2002; Gandevia et al. 1996, 1999; Goodall et al. 2009;
Martin et al. 2004b; Merton 1954; Place et al. 2007; Polkey
et al. 1996; Swallow et al. 2007; Taylor and Gandevia
2001; Todd et al. 2003; Verges et al. 2009; Zehr 2002).
Here, our purpose is to review the potential interests and
limits of ES as an evaluation tool in the Welds of sport and
pathology.

Use of ES to assess central drive

Voluntary activation has been deWned as the level of voluntary
drive during an eVort (Gandevia 2001). To determine the
level of maximal voluntary activation (%VA), the standard
technique (Merton 1954) is the interpolated twitch
technique (ITT) which consists in superimposing electri-
cally evoked single twitch to MVC and to compare the
superimposed response to the potentiated response evoked
on the relaxed muscle (Allen et al. 1995). A derived
method consists in superimposing high-frequency (e.g.
100 Hz) paired-pulses which are compared with the same
stimulation on the relaxed muscle (Fig. 1). While it has
been argued that there was no signiWcant diVerence in the
ITT sensitivity between twitches, doublets or quintuplets
(Behm et al. 1996), ITT with high-frequency potentiated
paired-pulses are now usually recommended (Duchateau
2009; Place et al. 2007). ITT is often but not always applied
in isometric conditions but when performed in dynamic
conditions, the contraction speed is generally low (Babault
et al. 2001) even if some studies have applied ITT to angu-
lar velocities as high as 300° s¡1 (Gandevia et al. 1998).
Whether the interpolated twitch provides a valid measure of
%VA is still debated (de Haan et al. 2009; Taylor 2009),
but authors agree that it helps in the detection of altered
drive to muscles, for instance with fatigue (Gandevia 2001)
or pathology, at least semi-quantitatively (de Haan et al.
2009). Superimposed stimulations have been used in funda-
mental research as well as to investigate the central drive in
diVerent diseases such as stroke (Horstman et al. 2008),
chronic heart failure (Harridge et al. 1996), respiratory dis-
eases (Vallier et al. 2011) or neuromuscular disorders
(Allen et al. 1994; Schillings et al. 2007). In the context of
pathology, it is interesting to report that muscle (rather than
nerve) stimulation can be used to determine %VA. Similar
%VA changes were reported between supramaximal stimu-
lation of the femoral nerve and muscle stimulation with the
following intensities: (1) maximally tolerated muscle
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stimulation (Rutherford et al. 1986), (2) 100 mA (Place
et al. 2010) or (3) intensity to obtain a tetanus at 80 Hz
equal to 50% of the subject’s MVC (Martin et al. 2004b).

Alternative methods of ITT consist in (1) central activation
ratio superimposing a train of stimuli (or to single/double
pulses) to MVC (Bigland-Ritchie et al. 1978; Martin et al.
2010; Rutherford et al. 1986), (2) comparing the MVC
response to the force evoked by a high-frequency tetanus
(Martin et al. 1999) or (3) examining the change in RMS ·
M¡1 which is the root mean square of maximal EMG
response during voluntary contractions normalized to
maximal M wave, i.e. EMG response to a single stimulus
(Baudry et al. 2007; Millet et al. 2003b). This latter technique
is less reproducible since intraday coeYcients of variation
(CV) were found to be ·2.5% for ITT or central activation
ratio versus >10% for RMS · M¡1 (Place et al. 2007; Todd
et al. 2004) and similar results were found for interday
CVs. However, it allows the examination of modiWed acti-
vation (maximal EMG activity) in the individual muscles of
a muscle group, something which is not feasible with any

other technique based on force measurement. For instance,
RMS · M¡1 of the vastus lateralis, vastus medialis and rec-
tus femoris can be measured while only %VA of knee
extensors is quantiWed. In addition, EMG measurements
may represent the only way to assess central changes dur-
ing high-velocity contractions. Comparison of some of
these techniques can be found elsewhere (Behm et al. 2001;
Place et al. 2007).

ES is also useful to investigate changes at the spinal
level, by using either the HoVmann reXex (H-reXex), cervi-
comedullary motor-evoked potentials (CMEP) or F waves.
For years, adaptations within the spinal cord, e.g. due to
training (Aagaard et al. 2002) or fatigue, have been
assessed in humans by using the H-reXex (Aagaard et al.
2002; Duchateau et al. 2006; Garland and McComas 1990;
Zehr 2002), which includes a monosynaptic connection
between group Ia aVerents and the �-motor neurons (Mn�).
Unfortunately, although many investigators have used the
H-reXex as an index of Mn� excitability, the connection
between the aVerents and the Mn� is modulated by presyn-
aptic mechanisms that directly aVect neurotransmitter
release at the Ia/Mn� synapse (Zehr 2002). The factors that
aVect presynaptic inhibition include aVerent feedback from
other peripheral receptors (e.g. Golgi tendon organs, cuta-
neous mechano-receptors, group III and IV aVerent Wbers)
and descending supraspinal commands (Zehr 2002). Thus,
the H-reXex must be evoked under the same experimental
conditions (ambient noise, position of the head, etc.) to
minimize extraneous factors that can alter its amplitude.
In particular, it is necessary to ensure that the stimulus
remains the same between sessions, because H-reXex
response is heavily modulated by minor changes in stimu-
lus intensity. This is usually performed by using a stimula-
tion intensity that produces a certain percentage of maximal
M wave response (Aagaard et al. 2002). Also, it has been
shown that H-reXex excitability measured during MVCs
increased with strength training but this was not the case for
resting H-reXex amplitude (Aagaard et al. 2002). It was
then suggested that H-reXexes evoked during voluntary
contractions likely represent a more functional estimate of
the motoneurone excitability (including presynaptic inhibi-
tion) than measurements of the H-reXex at rest. To distin-
guish cortical from spinal changes (see next paragraph),
motor-evoked potentials (MEPs) induced by transcranial
magnetic stimulation (TMS) over the motor cortex have
been compared with H-reXexes. Both responses are inXu-
enced by the level of motoneurone excitability, but the H-
reXex does not test the same input axons or synapses as
does corticospinal input to motoneurones (Petersen et al.
2002). This is one reason why CMEPs have recently been
popularized. Another advantage is that they are not subject
to pre-synaptic inhibition. CMEPs consist in subcortical
stimulations of the descending corticospinal tract (Gandevia

Fig. 1 Typical torque trace (black line) during knee extensor maximal
voluntary contraction and determination of the maximal activation
level, as well as high- and low-frequency doublets (100 and 10 Hz,
respectively), and single twitch (Tw), before (a) and after (b) an ultra-
marathon. From (Millet et al. 2011). The black arrows indicate the
timing of delivery of the stimuli. EMG is represented with a gray line.
Of note are the outsized evoked responses when the muscle is in
relaxed state to compare with maximal voluntary contraction. This was
due to large central fatigue after the race
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et al. 1999; Petersen et al. 2002). For instance, Gandevia
et al. (1999) demonstrated a CMEP reduction following
a 2-min MVC task, reXecting a reduction in the eVective-
ness of corticospinal actions on Mn� at the corticomotoneu-
ronal synapse level. CMEPs have to be normalized to M
wave responses to account for any peripheral alteration of
the EMG signal, particularly during fatigue studies since
the M wave’s properties are inXuenced by the type of
fatigue (Cupido et al. 1996; Darques et al. 2003) and diVer
between muscles. Another type of stimulation is the F wave
produced by antidromic motoneurone activation. This
technique is not ideal because F waves test only a small
portion of the Mn� pool (Taylor and Gandevia 2001). The
respective use of these diVerent indexes also depends on the
muscle tested.

Limits of ES in assessing central drive

The main limit of the techniques used for measuring %VA
is that none of them allows diVerentiation of the spinal from
supraspinal mechanisms implicated in central adaptations.
In fact, the methods described above only reXect the neural
drive provided by the central nervous system to the muscles
and not changes in their ability to generate output from the
motor cortex. A way to gain insight into the supraspinal
drive is to measure changes in the V wave response (Upton
et al. 1971), which has already been used to assess adapta-
tion to training/unloading (Aagaard et al. 2002; Del Balso
and Cafarelli 2007; Pensini and Martin 2004; Seynnes et al.
2011) and occasionally for central fatigue (Racinais et al.
2007). A methodological concern of the V wave is that it
could be confounded by recurrent F wave responses
(Aagaard et al. 2002). Also, supraspinal %VA can be inves-
tigated by using TMS (see Fig. 2 and last section).

Another important limitation of the techniques to deter-
mine maximal %VA is probably that they all require an
MVC which may be problematic with patients or subjects
not familiar with maximal contractions. The cause of the
large central activation failure in patients is unclear and
could be due to reduced concentration, motivation or eVort
(Schillings et al. 2007). However, it is not recommended to
extrapolate the relationship between interpolated twitch and
voluntary force to predict maximal force (Taylor 2009). An
additional limit in the determination of %VA is the fact that
the superimposed stimulus is not always delivered on the
force plateau. Correction factors (Strojnik and Komi 1998)
and automatic methods (torque-based triggering or time-
based triggering methods) (Krishnan et al. 2009) have been
proposed to resolve this problem. Other potential methodo-
logical limits of this technique can be found elsewhere (de
Haan et al. 2009; Taylor 2009). Finally, it has been argued
that maximal %VA may be associated with diVerent capac-
ities of activation at high-speed dynamic contractions, i.e.

the force over the Wrst 40 ms of a contraction. This latter
factor was highly correlated with the initial EMG, indicat-
ing that diVerences in neural drive underlie this variation
(de Ruiter et al. 2004).

Use of ES to evaluate peripheral response

From single stimulation to high-frequency tetanus

Peripheral changes can be investigated with ES, usually by
stimulating the motor nerve when the muscle is in its
relaxed state. The standard method is to Wrst determine

Fig. 2 Measurement of supraspinal voluntary activation (%VA) of the
quadriceps Superimposed twitches are magnetically evoked to the mo-
tor cortex at 50, 75 and 100% of maximal voluntary contraction
(MVC) (a, b). The reference twitch is not directly measured as in Fig. 1
but interpolated (SIT) from the regression shown in c. Trials 1, 2 and 3
highlight the good intra-day and inter-day reproducibility (Goodall
et al. 2009). With transcranial magnetic stimulation (TMS), electrical
stimulation (ES) of the femoral nerve is required to normalize the
motor-evoked potential to the maximal M wave and to compare supra-
spinal %VA with ‘classic’ %VA determined using ES of the femoral
nerve. Adapted from (Goodall et al. 2009); (Sidhu et al. 2009b)
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optimal intensity by progressively increasing the intensity
of the stimulus to optimal intensity, which is deWned as the
intensity of the stimulation required to attain maximal
isometric twitch torque (Pt) or M wave amplitude. Supra-
maximal intensity—generally 120 to 150% of optimal
intensity—is usually chosen to ascertain full spatial recruit-
ment with small changes in electrode position even if such
high intensity may induce co-activation in some muscle
groups, e.g. dorsiXexors when stimulating plantar Xexors
through the tibial nerve. The same is true for motor point
stimulation, e.g. the triceps brachii can be inadvertently
stimulated if the stimulus intensity applied to the biceps
brachii is excessive (Awiszus et al. 1997).

Pt cannot be measured from nerve stimulation of every
muscle, even when the nerve is superWcial enough. For
instance, stimulation of the musculocutaneous nerve to
evoke a motor response of the elbow Xexors induces co-
contraction of the elbow extensors invalidating the mechan-
ical response. In this case, nerve stimulation can be used to
obtain the M wave but motor point stimulation is required
to measure the mechanical response (e.g. Todd et al. 2003).
When conditions of nerve stimulation are met, another
methodological point has to be considered during repeated
contractions: the contradictory eVects of potentiation and
fatigue (Millet and Lepers 2004; Rankin et al. 1988;
Rassier and Macintosh 2000). Indeed, the net twitch tension
depends on potentiation (the primary mechanism being
phosphorylation of the myosin light chains, which is known
to induce increased Ca2+ sensitivity, Rassier and Macintosh
2000) and fatigue-associated eVects. This is why it is rec-
ommended to measure Pt in the fully potentiated condition
(Place et al. 2007). The activation needed to fully potentiate
the twitch response may depend on the muscle, i.e. after
three 5-s MVCs in the quadriceps (Kufel et al. 2002) versus
only one for inspiratory muscles (Mador et al. 1994).
Potentiation may actually depend on the force–time integral
produced before the twitch (Mettler and GriYn 2010).
Despite the potentiated twitch being a more sensitive index
of contractile fatigue than the unpotentiated twitch (Kufel
et al. 2002), full potentiation has not been systematically
used in the literature [e.g. (Millet et al. 2002)]. In addition
to potentiation, other parameters such as musculo-tendi-
nous stiVness may also aVect the mechanical response to a
single ES pulse. For instance, when measured in similar
conditions in two diVerent exercises at the same relative
power (55% VO2max) and duration (5 h), Pt has been found
to decrease in cycling (Lepers et al. 2002) and increase in
running (Place et al. 2004).

Another solution for assessing peripheral changes is to
induce high-frequency tetanus (Duchateau and Hainaut
1984; Millet et al. 2003a). The problem with this method
when applied to large muscle groups is its ‘brutality’.
Depending on the muscle groups, this type of stimulation

may be painful and/or induce cramping. Alternatively, the
use of absolute electrically evoked force when a tetanus
induced by nerve stimulation at supramaximal intensity
(high-frequency stimulation) is superimposed on an MVC
(i.e. similar to the central activation ratio method) as an
index of ‘intrinsic’ force (Martin et al. 2010) has also been
proposed. While it is a little less painful than evoked high-
frequency tetanus on a relaxed muscle (Millet et al. 2003a),
the level of discomfort remains high. In addition, it may
lead to injuries, for example, a knee cap dislocated during
an experiment (Bigland-Ritchie et al. 1978). A compromise
for examining contractile response might be to use high-
frequency paired pulses (Place et al. 2007; Verges et al.
2009), even if this measure is still prone to be aVected by
potentiation and stiVness changes.

The force–frequency relationship is another tool used to
characterize a muscle’s contractile properties. This relation-
ship can be deduced from several trains of stimulation at
diVerent frequencies (Binder-Macleod and McDermond
1992; Edwards et al. 1977) or from a single prolonged stim-
ulus that includes several frequencies (Orizio et al. 2004).
During in vivo studies conducted in humans, particularly
during fatigue experiments, it is possible to use only two
trains of stimulation at low- (below the fusion frequency,
e.g. 10–20 Hz) and high-frequency (above the fusion fre-
quency, e.g. 80–100 Hz). From the ratio of the mechanical
response at low- and high-frequency, the type of peripheral
fatigue can be determined. Low-frequency fatigue (LFF)
is characterized by a higher relative loss of force at low
frequencies of stimulation (Fig. 3) and slow recovery
(Edwards et al. 1977; Jones 1996; Metzger and Fitts 1987).
Because LFF is frequently but improperly used to describe
fatigue induced by low-frequency stimulation, the term
‘prolonged low-frequency force depression’ has been pro-
posed to avoid confusion (Bruton et al. 2008). LFF is usu-
ally associated with a failure in the excitation–contraction
coupling; intracellular measurements have shown that LFF
is due to a reduction in Ca2+ release (Hill et al. 2001; West-
erblad et al. 1993), but decreased myoWbrillar Ca2+ sensi-
tivity, which could be mediated by reactive oxygen species
(Bruton et al. 2008), may also play a role. LFF is mostly
seen after eccentric exercises (Martin et al. 2004a, b, 2005;
Verges et al. 2009). A recent study suggests that this might
be due to a reduced level of the proteins involved in trans-
verse (T)-tubule and sarcoplasmic reticulum membrane
apposition named junctophilins (Corona et al. 2010). Con-
versely, high-frequency fatigue is characterized by an
excessive loss of force at high stimulation frequencies and
is attributed, at least in part, to an accumulation of extra-
cellular K+. For this type of fatigue, rapid recovery of force
occurs when the frequency is reduced (Jones 1996).
Changes in M wave characteristics have also been used
to investigate the neuromuscular propagation of action
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potentials on the sarcolemma (Bigland-Ritchie 1981) but
the automatic correspondence between M wave amplitude/
duration and neuromuscular propagation of action poten-
tials has been questioned (Dimitrova and Dimitrov 2002).

An important problem in the evaluation of a patient’s
muscular fatigability is motivation since every evaluation
assumes that the patients give their best at each test. It has
been reported that the variations in performance for time-
to-exhaustion are much higher in patients than in controls
and that patients show greater variations in MVCs (Vallier
et al. 2011). By using ES (or magnetic stimulation) on the
relaxed muscle regularly over a test imposing a given load
(force or power), it would be possible to make the results of
muscle fatigability independent of the patient’s will and
motivation. To the best of our knowledge, such a standard-
ized test does not exist.

Limits of ES in assessing peripheral changes

As for central drive assessment, limits have to be
acknowledged when ES is used to determine muscle
function. For instance, the absence of modiWcation of the
low-to-high-frequency ratio after fatiguing exercise (e.g.
Place et al. 2004; Martin et al. 2010) could result from the
combined eVects of LFF, which preferentially depresses low-
frequency response, and hyperpolarization, which preferen-

tially depresses high-frequency response. Potentiation and
stiVness may also aVect the low-frequency response. More
importantly, as explained above, the main problem that is
encountered with patients is the discomfort associated with
supramaximal nerve stimulation so that this testing is not
always suitable with fragile populations such as the elderly.
Some stimuli are not well tolerated because of discomfort/
pain, particularly nerve trunk stimulation of large muscle
groups. Consequently, stimulation protocols must be modi-
Wed for use with frail people. In this regard, submaximal
evoked torques could be used but this type of measurement
also has limitations. For instance, submaximal quadriceps
muscle ES preferentially recruits motor units near the stim-
ulating electrode which are more likely to be fast-twitch
ones. Because these motor units are more fatigable than
their slow-twitch counterparts, this could lead to an overes-
timation of the fatigability of the whole muscle. As we
explained above muscle damage is partly responsible for
LFF after eccentric exercises but because muscle damage is
heterogeneously distributed in the muscle, the use of sub-
maximal ES may lead to wrong conclusions. In addition,
submaximal muscle ES can activate sensory axons, provide
excitatory synaptic input to the Mn�. and produce contrac-
tions through a central mechanism (Dean et al. 2007).
Despite these limits, we have shown that LFF is compara-
ble when evaluated with nerve and muscle stimulation
(Martin et al. 2004b). We also recently suggested that LFF
could be evaluated by using low- and high-frequency dou-
blets (Verges et al. 2009) but further studies (e.g. compar-
ing the two methods to assess high-frequency fatigue) are
needed to conWrm this result. Another method to minimize
discomfort would be to use peripheral magnetic stimulation
(see last chapter).

Use of electrical stimulation to assess inspiratory 
and expiratory muscles

The diaphragm is the main inspiratory muscle and is of
critical functional signiWcance both for healthy subjects
(e.g. during exercise-induced hyperpnoea) and patients
(e.g. those with respiratory diseases or neuromuscular
dysfunctions). It is innervated exclusively by the phrenic
nerve. Functional ES of the phrenic nerve can be used to
restore diaphragm muscle activity and thereby ameliorate
patient dependency on mechanical ventilation (Shehu and
Peli 2008; Sieck and Mantilla 2009). Phrenic nerve stimu-
lation (PNS) also provides the opportunity to speciWcally
investigate the diaphragm independently of other accessory
inspiratory muscles. Indexes such as surface EMG, mouth
pressure, esophageal or gastric pressures, although not
speciWc for diaphragm contraction when measured during
voluntary maneuvers, relate exclusively to the diaphragm

Fig. 3 Low-frequency fatigue (also named ‘prolonged low-frequency
force depression’, Bruton et al. 2008) is characterized by a relative loss
of force of stimulation at low frequency (e.g. 20 Hz, a) compared to the
force at high-frequency (e.g. 80 Hz, b). This is typical response after
an exhaustive eccentric exercise, e.g. here intermittent one-legged
downhill running, from (Martin et al. 2005)
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when they are derived from PNS. PNS can provide important
information regarding the mechanical function of the
diaphragm independently of patient cooperation and the
inXuence of the central nervous system. PNS superimposed
on naturally occurring or voluntary contractions (i.e. ITT)
can also provide an objective estimate of the maximal
%VA of the diaphragm.

DiVerent PNS techniques have been used in healthy
subjects, less often in patients. Needle stimulation (Aubier
et al. 1981) and implanted wire stimulation (Hubmayr et al.
1989) are invasive and rarely used due to the risk of hema-
toma and phrenic nerve damage. Transcutaneous electrical
PNS has been more extensively used in both research and
clinical settings. By using electrical PNS, diaphragm
fatigue in healthy subjects has been described following
loaded breathing (Aubier et al. 1981; Bellemare and
Bigland-Ritchie 1987) and intense exercise (Johnson et al.
1993), while diaphragm weakness has been described in
several patient populations such as lung diseases (Mier-
Jedrzejowicz et al. 1988; Similowski et al. 1991).

In addition to the important methodological aspects
developed above for ES which also apply to PNS, speciWc
points have to be considered. A major condition for evalu-
ating the pressure response to PNS is adequate relaxation of
the respiratory muscles at the same lung volume, usually
the functional residual capacity (Mier et al. 1990). Mainte-
nance of a similar relaxed posture, including thoraco-
abdominal conWguration (Chen et al. 2000), is also critical
because pressure responses to PNS depend on the load the
diaphragm acts against, and therefore on the mechanical
characteristics of the rib cage and abdominal wall. The
phrenic nerve is usually found underneath the posterior bor-
der of the sternocleidomastoid muscle, at the level of the
cricoid cartilage (Dionne et al. 2009). Maintaining optimal
contact between the stimulating electrode and the nerve can
be diYcult and it may be necessary to impose a signiWcant
degree of pressure on the soft tissues of the neck which can
be painful for subjects. Furthermore, it is sometimes impos-
sible to dissociate PNS from brachial plexus stimulation,
particularly at high current intensities. This can be a source
of discomfort for subjects and can theoretically modify the
characteristics of the rib cage. Finally, the use of PNS-
derived pressures to study the mechanical action of the dia-
phragm assumes that stimulation is bilateral, and therefore
the phrenic nerves have to be stimulated similarly on both
sides. Consequently, the technical expertise required for
eVective electrical PNS may be a source of variability in
research studies and limit its use in the clinical Weld. This
explains why cervical magnetic stimulation was developed
and validated as an easier and faster method for PNS (see
next chapter). Intraday CVs of 7–8% for electrical PNS and
5–7% for cervical magnetic stimulation have been reported
(Mador et al. 1996; Wragg et al. 1994).

In addition to the inspiratory muscles, the abdominal
muscles are major contributors to respiration, both through
their expiratory action on the rib cage and their mechanical
linkage with the diaphragm. Their function can be explored
by voluntary maneuvers but also by ES, allowing quantiW-
cation of muscle strength and fatigue (Gandevia et al. 1990;
Lim et al. 2007; Mier et al. 1985; Suzuki et al. 1999). For
instance, Suzuki et al. (1999) reported a CV of 3% for gas-
tric twitch pressure evoked by abdominal muscle ES as
well as a signiWcant alteration in twitch pressure following
sit-ups in healthy subjects. From a therapeutic point of
view, its use has also been considered to enhance cough in
patients with cervical cord injury (Linder 1993). However,
direct ES is painful and supramaximality is diYcult to
achieve. It is also complicated to activate all the abdominal
muscle groups at once.

Electrical versus magnetic stimulation

Merton and Morton (1980) were among the Wrst to stimu-
late the cerebral cortex of intact human subjects using ES.
According to Rothwell and co-workers (Rothwell 1991,
Rothwell et al. 1991), response to electric stimulation is
less aVected by the level of cortical excitability than is mag-
netic stimulation since a higher proportion of the descend-
ing volley is initiated directly on the axons of the pyramidal
cells. However, two main inconveniences of this technique
are that (1) only a small fraction of the current applied to
the scalp goes through the brain and (2) the large currents
that Xow on the surface cause a contraction in nearby
scalp muscles which makes the stimulation uncomfortable
(Rothwell et al. 1991). This is why cortical stimulation is
preferably performed using TMS, with the exception of
transcranial direct current stimulation (tDCS) which is still
used as an alternative to repetitive TMS (rTMS).

Supraspinal %VA can be investigated using TMS
(Gandevia et al. 1996; Todd et al. 2003), which has recently
been applied on the knee extensors (Goodall et al. 2009;
Sidhu et al. 2009a, b). This method is derived from the ITT
except that the resting twitch is not measured directly as it
is for nerve stimulation but is an extrapolation from the
linear regression between the superimposed twitch and vol-
untary force at diVerent force levels (Fig. 2).

TMS over the motor cortex can elicit short-latency excit-
atory responses, i.e. MEPs (Taylor and Gandevia 2001).
This response is considered to be both direct (D wave) and
indirect (I wave, probably due to excitation of corticospinal
neurons by diVerent sets of cortical axons). Similar to
CMEPs, MEPs have to be normalized to M wave
responses. However, this is not suYcient because when
using MEPs to interpret changes at the cortical level, infor-
mation from more distal motor pathways (as described
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above) are needed, i.e. ES is still required when using TMS.
When TMS is delivered during a voluntary contraction,
MEPs are followed by a period of EMG silence called the
cortical silent period (CSP), which is too long (sometimes
more than 200 ms) to be representative of reduced Mn�
excitability. Thus, CSP reXects intracortical inhibition med-
iated by GABAB receptors (Taylor and Gandevia 2001). It
has been shown that an impairment of supraspinal %VA
after sustained isometric MVC persists if the muscle is
maintained in full ischemia, despite MEPs and CSPs
returning to initial values (Gandevia et al. 1996). It was
concluded that inadequate neural drive ‘upstream’ of the
motor cortex participated in central fatigue.

While ES has been utilized for years to evoke motor
responses, the use of magnetic stimulation for peripheral
measurements has recently gained popularity, particularly
with patients (e.g. Kremenic et al. 2004; O’Brien et al.
2008; Polkey et al. 1996) for the same reason as the use of
TMS compared with transcranial electrical stimulation, i.e.
to minimize discomfort. Magnetic nerve stimulation has
mostly been used for quadriceps assessment (Amann and
Dempsey 2008; Decorte et al. in press) using adequate coils
(Tomazin et al. 2010). We (Verges et al. 2009) ascertained
the correspondence between electrical stimulation (supra-
maximal intensity) and magnetic stimulation (Fig. 4) of the
femoral nerve. We also reported no activation of antagonis-
tic muscles during magnetic stimulation, as during femoral
nerve ES (Verges et al. 2009). Magnetic stimulation also
allows a valid quantiWcation of %VA levels using the ITT
(O’Brien et al. 2008), even with superimposed high-fre-
quency doublets, provided a bi-stimulator is used. Thus,
peripheral magnetic stimulation may be useful from a clini-
cal point of view (Laghi 2009). However, further limits
exist with this latter technique, in particular for overweight
subjects. In fact, we (Tomazin et al. 2011) have shown that
the conditions of utilization may not be met in overweight
and obese subjects. Supramaximality is also problematic
for ES but the limit is usually associated with patients’ dis-
comfort rather than any limitation in stimulator power out-
put as is the case with magnetic stimulation. Moreover,
it is usually recommended that optimal intensity must be
increased by +20 to +50% to take into account movements
of the stimulating tool (see above). In the case of fatigue, it
also allows hypoexcitability to be taken into account, i.e.
the fact that the activation threshold of motor nerve axons
increases after minutes of repetitive use (e.g. Burke 2002;
Vagg et al. 1998). Thus, magnetic stimulation at the periph-
eral level may be limited for fatigue studies even with
slightly overweight subjects.

Regarding diaphragm function testing, cervical magnetic
stimulation has been developed and validated as an easier
and faster method than PNS for evaluating diaphragm func-
tion. The subjects’ tolerance is also improved using cervical

magnetic stimulation compared with ES. Nevertheless,
there is some co-contraction of the upper rib cage and neck
muscles, stiVening the rib cage, so that transdiaphragmatic
pressure may be greater than that with electrical PNS
(Laghi et al. 1996). As for PNS, magnetic stimulation over
the vertebral column at the level of the eighth to tenth tho-
racic vertebra has been proposed as an interesting alterna-
tive to ES for nonvolitional assessment of abdominal
muscle strength (Kyroussis et al. 1996, 1997). Again, this
allows a decreased level of discomfort for the tested
subjects.

As explained earlier, an important diYculty with
patients in the evaluation of fatigability is their motivation.
To completely remove the inXuence on the central nervous
system, one solution is to use repeated ES contractions and
measure the decrement in the kinetics of force, but this
induces high levels of discomfort. Assessing muscular
endurance by repetitive peripheral magnetic stimulation has
been demonstrated to be feasible and well-tolerated in
clinical studies (Swallow et al. 2007). According to Taylor

Fig. 4 Comparison of changes induced by fatigue in quadriceps peak
force evoked by a single twitch (a) and in high-frequency paired-puls-
es (b) using three stimulation methods: supramaximal electrical stim-
ulation of the femoral nerve (ES), supramaximal magnetic stimulation
of the femoral nerve (MS) and submaximal electrical muscle stimula-
tion (EMS). Measurements were performed before (Pre), immediately
after (Post) and 30 min after (Post30) the fatiguing exercise which con-
sisted in a 30-min downhill run. Adapted from (Verges et al. 2009)
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(2007), the day-to-day reproducibility of magnetic muscle
stimulation measurements is better than ES measurements
if the coil is carefully positioned and the same stimulus
intensity is used. This may help to easily determine changes
in muscle properties with pathology, after exercise, or with
training.

Conclusions

In conclusion, electrical stimulation is not only an interest-
ing tool to improve force and muscular endurance in sport
and rehabilitation but it also allows the examination of
NMF when coupled with force and EMG measurements.
A combination of (1) electrical nerve or muscle stimula-
tion, (2) single or multiple (doublets or trains) pulses at
diVerent frequencies, (3) stimulations on relaxed or fully
contracted muscles, can help to investigate central (mostly
at the spinal level) and peripheral adaptations (Fig. 5). For
cortical stimulation but also more recently for peripheral
stimulation, the use of electrical stimulation for testing pur-
poses may sometimes be advantageously completed by the
slightly more comfortable magnetic stimulation, although

this latter technique has its own limits. Bearing in mind the
limitations of each of these techniques, clinicians should be
encouraged to use electrical and magnetic stimulation—
associated with both EMG and force response—to assess
their patients in their daily practice.
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