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was lower in EMS compared to ENS, whereas no differ-

ence was found between ENS and MNS for any parameter. 

Discomfort associated with MNS (1.5 ± 1.4 cm) was sig-

nificantly less compared to ENS (5.5 ± 1.9 cm) and EMS 

(4.2 ± 2.6 cm) (p < 0.05).

Conclusion  When PS100 is used to evaluate neuromus-

cular properties, MNS, EMS and ENS can be used inter-

changeably for plantar flexor neuromuscular function 

assessment as they provide similar evaluation of central 

and peripheral factors in unfatigued and fatigued states. 

Importantly, electrical current spread to antagonist mus-

cles was similar between the three methods while discom-

fort from MNS was much less compared to ENS and EMS. 

MNS may be potentially employed to assess neuromuscu-

lar function of plantar flexor muscles in fragile populations.

Keywords  Muscle fatigue · Contractile properties ·  

M wave · Voluntary activation · Discomfort

Abstract 

Introduction  As it might lead to less discomfort, mag-

netic nerve stimulation (MNS) is increasingly used as an 

alternative to electrical stimulation methods. Yet, MNS and 

electrical nerve stimulation (ENS) and electrical muscle 

stimulation (EMS) have not been formally compared for 

the evaluation of plantar flexor neuromuscular function.

Methods  We quantified plantar flexor neuromuscu-

lar function with ENS, EMS and MNS in 10 volunteers 

in fresh and fatigued muscles. Central alterations were 

assessed through changes in voluntary activation level 

(VAL) and peripheral function through changes in M-wave, 

twitch and doublet (PS100) amplitudes. Discomfort asso-

ciated with 100-Hz paired stimuli delivered with each 

method was evaluated on a 10-cm visual analog scale.

Results  VAL, agonist and antagonist M-wave amplitudes 

and PS100 were similar between the different methods 

in both fresh and fatigued states. Potentiated peak twitch 
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Abbreviations

EMG	� Electromyographic

EMS	� Electrical muscle stimulation

ENS	� Electrical nerve stimulation

GL	� Gastrocnemius lateralis

GM	� Gastrocnemius medialis

MNS	� Magnetic nerve stimulation

MVC	� Maximal voluntary contraction

PS10	� 10-Hz paired stimuli

PS100	� 100-Hz paired stimuli

Pt	� Peak twitch

SD	� Standard deviation

SE	� Standard error

SOL	� Soleus

TA	� Tibialis anterior

VAL	� Maximal voluntary activation level

Introduction

Transcutaneous electrical stimulation is routinely used as a test-

ing tool in both research and clinical settings to gain insight 

into neuromuscular function (Millet et al. 2012). The common 

techniques consist of electrically stimulating a muscle nerve 

trunk (electrical nerve stimulation, ENS) or directly depolariz-

ing muscle terminal axonal branches through surface electrodes 

placed over the muscle (electrical muscle stimulation, EMS). 

Both these techniques present limitations restricting their wide 

application. The relatively high discomfort/pain often associ-

ated with ENS (Han et al. 2006; Place et al. 2010) limits its use 

in sensitive populations (children, elderly, patients). Addition-

ally, concerns have been raised regarding the possible displace-

ment of the stimulation electrode during voluntary contractions 

and the possible recruitment of antagonist muscles in certain 

muscle groups with ENS (Place et al. 2010). EMS partly over-

comes these drawbacks but may lead to incomplete or different 

spatial recruitment in comparison to ENS (Martin et al. 2004; 

Place et al. 2010; Rodriguez-Falces et al. 2013a).

Magnetic nerve stimulation (MNS) is increasingly being 

used to assess neuromuscular function in muscles such as 

the knee extensors (Polkey et al. 1996; Swallow et al. 2007; 

Kremenic et  al. 2009; Bachasson et  al. 2013), adductor 

pollicis (Harris et al. 2000) and respiratory muscles (Man 

et al. 2004). Importantly, it has been found to be less pain-

ful than ENS and EMS for quadriceps muscle stimulation 

(Han et al. 2006). The reduced discomfort associated with 

MNS could represent a great advantage for testing sensitive 

populations. However, one of the main drawbacks of MNS 

arises from the limited maximal output of currently avail-

able magnetic stimulators. Supramaximal stimulation may 

thus not be achieved in all conditions (Tomazin et al. 2011) 

and might preclude the use of MNS to assess the neuro-

muscular function in fatigued conditions. As such, maximal 

stimulator output might be insufficient to recruit all motor 

units from the muscle group of interest, a prerequisite for 

neuromuscular evaluation in the fatigued state (Millet et al. 

2011) when motoneuron excitation threshold is increased 

(Kernell and Monster 1982a, b; Vagg et  al. 1998; Burke 

2002). This limitation may also be a technical problem 

in overweight individuals if a thick layer of subcutaneous 

fat tissue is present at the stimulation site (Tomazin et al. 

2011). Furthermore, since the magnetically-induced elec-

tric field has been shown to decrease less with tissue depth 

compared to electrical stimulation (Barker 1991), MNS 

might result in increased antagonist muscle recruitment 

possibly leading to underestimation of the evoked force.

Despite the growing use of MNS, only a few studies 

have compared it to ENS (Harris et  al. 2000; Laghi et al. 

1996; Verges et al. 2009) or EMS (Han et al. 2006; Verges 

et al. 2009) and even fewer have examined the validity of 

MNS in the fatigued state (Verges et  al. 2009). Similar 

results have been reported for resting peak twitch assess-

ment (Harris et  al. 2000) and peripheral fatigue detection 

between MNS and ENS (Laghi et  al. 1996), whereas less 

perceived discomfort was found with MNS compared 

to EMS (Han et  al. 2006). Conversely, the comparison 

between EMS and ENS for neuromuscular function assess-

ment has been extensively studied (Scaglioni and Martin 

2009; Martin et  al. 2004; Rutherford et  al. 1986; Place 

et  al. 2010; Rodriguez-Falces et  al. 2013a, b). Most of 

these studies were conducted on the knee extensors and 

reported similar outcomes between ENS and EMS for 

both mechanical and electromyographic activity responses 

(Rodriguez-Falces et  al. 2013a, b; Rutherford et  al. 1986; 

Martin et al. 2004; Place et al. 2010). Scaglioni and Mar-

tin (2009) observed similar maximal voluntary activation 

levels (VAL) and evoked forces with ENS and EMS in the 

plantar flexors. Only one study compared all three stimula-

tion techniques (ENS, EMS and MNS) in the knee exten-

sors of healthy individuals and found similar neuromuscu-

lar properties in fresh and fatigued muscle states (Verges 

et  al. 2009). However, no studies have investigated the 

validity of MNS and EMS compared to ENS in the plantar 

flexors, a functionally important group of postural muscles. 

Impairment of plantar flexor function greatly impairs qual-

ity of life in many disorders such as cerebral palsy (Brou-

wer et al. 1998; Wiley and Damiano 1998), Charcot-Marie-

Tooth disease (Vinci and Perelli 2002), Duchenne muscular 

dystrophy (Gaudreault et  al. 2009) and diabetic polyneu-

ropathy (Andreassen et al. 2009). If validated, MNS would 

be a useful means to assess neuromuscular function in such 

patients.

The main purpose of this study was to determine 

whether the evaluation of plantar flexor neuromuscular 

function with MNS, EMS and ENS provides similar results 

in fresh and fatigued states in healthy and physically active 
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individuals. The two following hypotheses were tested: (1) 

MNS, EMS and ENS lead to similar estimates of central 

and peripheral determinants of neuromuscular function in 

both fresh and fatigued states and (2) MNS causes less dis-

comfort compared to EMS/ENS.

Materials and methods

Subjects

Ten healthy and physically active subjects (7 men–3 

women, 35  ±  10  years, 173  ±  6  cm, 71  ±  10  kg) vol-

unteered to participate in this study after having been 

informed of the experimental procedures and possible risks. 

All subjects were recreationally physically active but not 

involved in any structured training program. Additionally, 

all participants had previously taken part in at least one 

similar experiment using comparable testing procedures. 

The study protocol was performed in accordance with 

the Declaration of Helsinki and approved by the Geneva 

University Hospital ethics committee (protocol 11–287). 

Before participation, each subject gave written informed 

consent.

Experimental protocol

Subjects lay prone with their dominant leg (as assessed 

via the revised Waterloo questionnaire (Elias et al. 1998)) 

fully extended so that the popliteal fossa was accessible 

for MNS. The dominant foot was securely strapped at the 

level of the ankle and metatarsi to a pedal fixed to a wall 

and equipped with a strain gauge (S2 1,000 N, sensitivity 

2  mV/V and 0.0043  V/N; HBM, Darmstadt, Germany). 

Ankle angle was set at 90°. To limit upper body contri-

bution to the force production, straps were applied at the 

hip level. The force signal was recorded at 1  kHz using 

an analog–digital conversion system (MP150, BIOPAC, 

Goleta, USA). The experimental procedure started by 

determining the maximal stimulus intensity for ENS and 

EMS, i.e. the intensity where a plateau in peak twitch 

evoked force and agonist M-wave amplitudes was reached 

in relaxed conditions (see electromyographic (EMG) 

recordings for further details). Recruitment curves relat-

ing force to stimulation intensity were obtained by evok-

ing single stimuli of increasing (or decreasing) intensity 

delivered between 50 and 120  % of maximal intensity 

(steps 5  % of maximal intensity) for ENS and EMS, and 

from 50 to 100 % of maximal stimulator output for MNS 

(Verges et  al. 2009). The increasing or decreasing pattern 

and the order in which ENS, MNS and EMS were delivered 

were counterbalanced between subjects and kept constant 

for a given subject throughout the protocol. All subsequent 

stimuli were delivered at 120 % of the maximal intensity 

for ENS and EMS and at 100 % of maximal stimulator out-

put for MNS. Subjects then warmed-up by contracting their 

plantar flexors 8–10 times at 20–80  % of their estimated 

maximal voluntary contraction (MVC) force. The pre-exer-

cise tests consisted of 3 MVCs (3–4 s) with 100-Hz paired 

stimuli delivered at maximal force by EMS, ENS and MNS 

(1 MVC for each stimulation method, see Fig. 1). Two sec-

onds after each MVC, 100- and 10-Hz paired stimuli were 

delivered at an interval of 2  s in the relaxed muscle with 

the stimulation technique used during the MVC. Subjects 

then performed a fourth MVC that was followed by sin-

gle stimuli delivered sequentially by EMS, ENS and MNS 

with an inter-stimulus interval of 2 s. Thereafter, a fatiguing 

task, consisting of four 40-s MVCs of the plantar flexors 

separated by 8 s, was started. During the 8-s rest between 

MVCs, three twitches were evoked by the three stimula-

tion methods with an inter-stimulus interval of 2 s. Imme-

diately after the fatiguing task, post-exercise tests (which 

were identical to the pre-exercise tests) were completed. An 

outline of the experimental protocol is provided in Fig. 1.

Electrical nerve stimulation

ENS was delivered transcutaneously by a cathode self-adhe-

sive electrode (1-cm diameter, with no applied pressure, 

Meditrace 100, Tyco, Markham, Canada) placed over the 

tibial nerve in the popliteal fossa and an anode (5 × 10 cm, 

Compex, Ecublens, Switzerland) located over the ante-

rior surface of the knee, 2–3  cm proximal to the patella. 

Rectangular-wave pulses (1-ms duration) were generated 

by a high-voltage (max 400 V) constant-current stimulator 

(Digitimer DS7AH, Hertfordshire, UK) as single and paired 

electrical stimuli. Maximal intensity (i.e. the stimulus inten-

sity at which no further increase in peak twitch or M-wave 

amplitudes was observed despite an increase of two 10-mA 

increments) was determined (Neyroud et  al. 2014). All 

stimuli were subsequently delivered at 120  % of maximal 

intensity (except during the recruitment curve) to ensure 

supramaximality (157 ± 37 mA, range 120–228 mA).

Electrical muscle stimulation

EMS was delivered transcutaneously to the plantar flexors 

via two 5 × 10 cm rectangular self-adhesive surface elec-

trodes (Compex). The anode was placed over the gastroc-

nemii (~5  cm distal to the popliteal fossa) and the cath-

ode over the soleus (~10  cm proximal to the calcaneus). 

Pulse width was 1 ms as for ENS. Both single and paired 

stimuli were delivered by the same stimulator as for ENS. 

Stimulus intensity was set at 120 % of maximal intensity 

(181  ±  24  mA, range 144–216  mA), except during the 

recruitment curve.
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Magnetic nerve stimulation

MNS was delivered to the tibial nerve with a 45-mm figure-

of-eight coil (peak magnetic field strength 2.5 T) positioned 

over the popliteal fossa and powered by two Magstim 2002 

stimulators connected by the Bistim2 module (Magstim, 

Whitland, Dyfed, UK). The stimulus duration was 1  ms 

with a rise time of 100 µs. The coil position where the larg-

est peak twitch and M-waves were elicited was marked on 

the skin. All stimuli were delivered at the maximal stimula-

tor output (Verges et  al. 2009), except during the recruit-

ment curve.

Electromyographic recordings

EMG activity was recorded from the agonist soleus (SOL), 

gastrocnemius lateralis (GL), gastrocnemius medialis 

(GM) and antagonist tibialis anterior (TA) muscles with 

pairs of circular silver chloride (Ag/AgCl) (1-cm recording 

diameter) self-adhesive electrodes (Meditrace 100) with an 

inter-electrode (center-to-center) distance of 3 cm. For the 

SOL, the electrodes were placed distally at a location cor-

responding to 2/3 of the distance between the medial con-

dyle of the femur and the medial malleolus. For GL, GM 

and TA, the electrodes were positioned lengthwise over the 

middle of the muscle belly (Place et  al. 2009). The refer-

ence electrode was placed over the ipsilateral patella.

Low resistance between pairs of electrodes was obtained 

by shaving, lightly abrading and cleaning the skin. EMG 

signals were amplified with a gain of 1,000, filtered with 

a bandwidth frequency between 10 and 500 Hz, digitized 

at a sampling frequency of 2  kHz and recorded with the 

analog–digital conversion system. Isometric force and 

EMG data were stored and analyzed offline with commer-

cially available software (Acqknowledge, BIOPAC Sys-

tems, Goleta, USA).

Discomfort

During pre-exercise neuromuscular assessment, a horizon-

tal visual analog scale (10 cm) was presented to the sub-

jects after each MVC to assess the discomfort associated 

with 100-Hz paired stimuli delivered in a relaxed state. 

Subjects were asked to place a vertical mark between 

“no discomfort” (0  cm) and “worst possible discom-

fort” (10  cm) to rate the discomfort associated with the 

stimulation.

Data analysis

Force data

Maximal  isometric MVC force was considered as the 

peak force attained during the MVC. Muscle fatigue 

was defined as the amount of MVC force loss induced 

after exercise (Gandevia 2001). As an index of mus-

cle activation, VAL during MVCs was quantified as 

follows:

VAL  =  (1−(superimposed 100-Hz doublet amplitude/

resting potentiated 100-Hz doublet amplitude))  ×  100 

(Allen et al. 1995).

A correction was consistently applied to this equation 

when the superimposed doublet was not elicited at peak 

force (Strojnik and Komi 1998). Pre- (unpotentiated and 

Fig. 1   Experimental protocol. 

The order in which the different 

methods of stimulation were 

delivered was kept constant for 

a given subject and counterbal-

anced between subjects. In this 

example, black arrows depict 

electrical nerve stimulation, 

grey arrows depict electrical 

muscle stimulation and dark 

diamond arrows depict mag-

netic nerve stimulation. ENS 

electrical nerve stimulation, 

EMS electrical muscle stimula-

tion, MNS magnetic nerve 

stimulation
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potentiated) and post-exercise twitch (Pt) and 10 and 100-

Hz paired stimuli (PS10 and PS100, respectively) ampli-

tudes were analyzed to assess muscle contractile properties. 

The PS10/100 ratio was calculated both pre- and post-exer-

cise for each method of stimulation and the change in this 

ratio was used as an index of low-frequency fatigue (Verges 

et al. 2009).

EMG data

Due to stimulation artifact contamination, GL and GM M 

waves could be consistently recorded with the three meth-

ods of stimulation in only 4 and 6 individuals, respectively, 

and were thus not considered for the analyses. Whenever 

possible, all agonist M-wave amplitudes were considered 

for the determination of stimulation intensity. When GL 

and/or GM M waves could not be obtained, only uncontam-

inated M waves were considered for stimulation intensity 

determination. SOL M-wave peak-to-peak amplitude was 

measured from the EMG responses elicited by single stim-

uli before and after the fatiguing task. Antagonist M-wave 

amplitude elicited by the agonist nerve/muscle stimulation 

was measured to assess the level of current spread to TA 

innervation.

Statistical analysis

Data normality was checked with the Shapiro–Wilk 

test. Depending on the normality test outcome, one-

way repeated  measures ANOVAs (intensity of stimula-

tion) or Friedman tests (when normality was not present, 

i.e. for EMS and MNS Pt and for ENS and EMS SOL 

M-wave amplitudes) were performed to compare Pt and 

SOL M-wave amplitudes obtained with each of the three 

methods of stimulation (between 50 and 120  % of maxi-

mal intensity for ENS and EMS, and between 50 and 

100 % of maximal stimulator output for MNS), as well as 

for all pre-exercise parameters and for relative changes in 

those parameters induced by the fatiguing task. One-way 

repeated measures ANOVAs (method of stimulation) were 

also conducted to compare Pt and M-wave amplitudes at 

maximal stimulation intensity/stimulator output. To evalu-

ate the extent of fatigue measured by each method of stim-

ulation, two-way [method of stimulation (ENS vs. EMS vs. 

MNS) ×  time (pre- vs. post-exercise)] repeated  measures 

ANOVAs were performed for all parameters. For all ANO-

VAs, when significant main effects were found, the Tukey 

post-hoc test was used to identify differences among pairs 

of means. The α-level for statistical significance was set 

at p  <  0.05. Bland–Altman analyses were also conducted 

to assess the agreement between the different methods of 

stimulation for the principal parameters (i.e. VAL, PS100, 

Pt and SOL M-wave amplitude). Sigmaplot software for 

Windows (version 11, Systat, Chicago, IL) was used for 

statistical analysis. Data are reported as mean ± SD in text 

and tables and as mean ± SE in figures.

Results

Recruitment curves

Similar to ENS and EMS, a plateau in unpotentiated 

Pt could successfully be reached in MNS, as Pt forces 

were similar between 70 and 100  % of maximal stimu-

lator output for MNS (p  >  0.05, Fig.  2a). Furthermore, 

MNS Pt recorded at 100 % of maximal stimulator output 

(118.6 ± 25.1 N) was similar to ENS (116.2 ± 26.3 N) and 

EMS (109.4 ± 31.8 N) Pt obtained at 100 % of maximal 

intensity (p > 0.05). Additionally, similar to ENS and EMS, 

SOL M-wave amplitudes reached a plateau with MNS as 

no differences were observed between 80 and 100  % of 

maximal stimulator output (p  >  0.05, Fig.  2b). No differ-

ences were found in TA M-wave amplitudes at maximal 

stimulation intensity/stimulator output between ENS, EMS 

and MNS (p > 0.05, Fig. 2c).

Discomfort

Discomfort induced by the paired-pulse stimuli  was 

found to be significantly (p  <  0.001) lower for MNS 

(1.5 ± 1.4 cm) compared to ENS (5.5 ± 1.9 cm) and EMS 

(4.2  ±  2.6  cm, Fig.  3), with no difference between ENS 

and EMS (p > 0.05).

Neuromuscular function evaluation

Typical recordings of the plantar flexor voluntary and 

evoked forces and SOL M waves elicited by single stimuli 

with the three methods of stimulation are depicted in Fig. 4.

With each method of stimulation, VAL, M-wave and 

contractile properties were assessed in comparable condi-

tions at a given time point (in fresh or fatigued states), i.e. 

at similar MVC force levels for the three stimulation tech-

niques, in those states, respectively (p > 0.05).

Prior to exercise, a  main effect of stimulation method 

was only found for Pt (potentiated by the MVC), which 

was lower in EMS compared to ENS (Table  1) and for 

PS10 (the post hoc test could not identify any differences 

between the different methods of stimulation). The Bland–

Altman analysis also showed that the different methods of 

stimulation allowed a similar assessment of VAL, PS100, 

Pt and SOL M-wave amplitudes despite a slight systematic 

bias with MNS for VAL assessment (Fig. 5). 

After the completion of the fatiguing task, a signifi-

cant MVC force decrease of 9.8  ±  15.9  % (p  <  0.05) 
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was observed. At the central level, no VAL changes were 

found (p  >  0.05). At the peripheral level, SOL and TA 

M-wave amplitudes as well as potentiated Pt, PS100 and 

PS10 amplitudes were unchanged by exercise (p  >  0.05), 

whereas a significant (but similar between methods) reduc-

tion in PS10/100 ratio was observed (p < 0.05, Fig. 6). This 

exercise-induced fatigue was not differently detected by the 

three stimulation methods (p > 0.05, Table 2). Bland–Alt-

man analysis also showed a good agreement between the 

different methods of stimulation in the post-exercise condi-

tion (Fig. 5). 

During the fatiguing task, the potentiated Pt and the 

associated SOL M-wave evoked after each 40-s sustained 

MVC remained unchanged and were comparable across all 

stimulation methods (data not shown).

Discussion

The present study was designed to assess whether MNS, 

EMS and ENS can be used interchangeably to evalu-

ate neuromuscular function of fresh and fatigued plantar 

flexors in healthy individuals. Whereas ENS and MNS 

led to a similar evaluation of the neuromuscular function, 

EMS resulted in an underestimation of potentiated Pt in 

comparison to ENS in the unfatigued state. Nevertheless, 

when the 100-Hz paired stimuli were considered, EMS 

was found to provide a comparable evaluation of neu-

romuscular function to ENS and MNS in both fresh and 

fatigued states. Further, in accordance with our hypoth-

esis, MNS induced much  less discomfort compared to 

ENS, whereas the discomfort associated with EMS and 

ENS was similar.
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Fig. 4   Typical recordings of 

a MVC and superimposed 

and resting doublets and b 

potentiated twitches evoked by 

each stimulation method and 

c the associated SOL M wave. 

Dashed lines indicate the win-

dows in which M waves were 

searched

SOL M wave evoked by MNS
SOL M wave evoked by ENS SOL M wave evoked by EMS

2 mV

5 ms

artifact

artifact

Peak twitch evoked by MNS Peak twitch evoked by EMSPeak twitch evoked by ENS

20 N

100 ms

artifact

b

c

ENS EMSMNS

100 N

2 s

100 N

1 s

a

Table 1   Neuromuscular function assessment with ENS, EMS and MNS

For PS10 evoked by EMS, N = 9 as no PS10 was evoked in one subject due to technical problems

ENS electrical nerve stimulation, EMS electrical muscle stimulation, MNS magnetic nerve stimulation, VAL voluntary activation level, SOL 

soleus, TA tibialis anterior, Pt peak twitch, PS100 100-Hz paired-stimuli evoked force, PS10 10-Hz paired stimuli evoked force

* p < 0.05 indicates a significant difference compared to ENS. Note that a main effect for stimulation method was found for PS10, but post hoc 

analysis did not reveal any difference between the means

ENS EMS MNS Main effect

MVC (N) 621.5 ± 169.3 604.1 ± 190.5 600.0 ± 171.3 0.459

Central

 VAL (%) 75.9 ± 19.1 77.1 ± 18.7 68.0 ± 20.3 0.068

Peripheral

 SOL M-wave amplitude (mV) 10.0 ± 3.5 8.2 ± 2.5 7.7 ± 3.9 0.114

 TA M-wave amplitude (mV) 5.0 ± 1.9 4.7 ± 2.8 3.2 ± 2.8 0.087

 Pt (N) 168.6 ± 25.1 153.8 ± 18.0* 159.2 ± 25.9 0.043

 PS100 (N) 237.1 ± 36.0 222.6 ± 29.5 218.2 ± 57.6 0.506

 PS10 (N) 262.4 ± 36.4 228.4 ± 42.1 229.8 ± 49.7 0.042
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Recruitment curves

One of the major concerns related to the use of MNS and 

EMS compared to ENS for neuromuscular function assess-

ment is the potentially incomplete motor unit recruitment 

with maximal stimulation intensity (Martin et  al. 2004; 

Rodriguez-Falces et  al. 2013a; Place et  al. 2010). When 

stimulating with MNS, the capacity of the commercially 

available stimulators may be insufficient to elicit a maxi-

mal response (Tomazin et  al. 2011; Millet et  al. 2012), 

whereas the potentially incomplete motor unit recruitment 

with EMS could be due to the stimulation of superficial 

axonal terminal branches only (Rodriguez-Falces et  al. 

2013a). To address this issue, recruitment curves were plot-

ted for the three methods of stimulation to verify the pres-

ence of a plateau for both Pt and SOL M-wave amplitudes. 

Additionally, Pt and SOL M-wave amplitudes obtained 

at 120  % of maximal intensity for ENS and EMS and at 

100 % of maximal stimulator output for MNS were com-

pared. A plateau was observed with all three stimulation 

methods. Further, unpotentiated Pt and SOL M-wave 

amplitudes associated with the maximal intensity of stimu-

lation/stimulator output for the three methods of stimula-

tion were similar. Importantly, if maximality is defined as 

no more than a 5 % increase in Pt amplitudes between 90 

and 100 % of maximal intensity/stimulator output, this was 

successfully achieved in all subjects. Taken together, these 

results highlight complete and similar motor unit recruit-

ment with ENS, EMS and MNS, which is in accordance 

with previous studies on knee extensors in healthy indi-

viduals where complete motor unit recruitment with ENS 

(Place et  al. 2010; Verges et  al. 2009; Rodriguez-Falces 

et  al. 2013a) and MNS (Polkey et  al. 1996; Verges et  al. 

2009; Tomazin et  al. 2011) was also observed. Similarly, 

the comparable extent of plantar flexor motor unit recruit-

ment between ENS and EMS is in agreement with results 

found in the knee extensors (Rodriguez-Falces et al. 2013a) 

but contrasts with other studies also performed on the knee 

extensors (Verges et al. 2009; Place et al. 2010). The dis-

crepancies between the study of Rodriguez-Falces et  al. 
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Fig. 5   Bland–Altman plots for voluntary activation level (VAL), 

100-Hz paired stimuli (PS100), peak twitch (Pt) and SOL M-wave 

amplitudes. Dashed lines represent the mean difference between the 

two considered techniques and solid lines represent the upper and 

lower limit of agreement. ENS electrical nerve stimulation, EMS elec-

trical muscle stimulation, MNS magnetic nerve stimulation
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(2013a) and the ones of Verges et al. (2009) and Place et al. 

(2010) might be explained by different stimulation elec-

trode sizes. Rodriguez-Falces et  al. (2013a) used larger 

electrodes resulting in a greater stimulation area. This sug-

gests that whereas EMS may not completely recruit large 

muscle groups such as the knee extensors, it may consist-

ently recruit all motor units in smaller muscle groups such 

as the plantar flexors in healthy, physically active subjects.

Additionally, the present data did not reveal any dif-

ferences between ENS and EMS at 120  % of the maxi-

mal stimulation intensity and MNS at 100 % of the mag-

netic stimulator output in current spread to the antagonist 

muscle, as highlighted by similar TA M-wave amplitudes. 

It thus appears that the greater size of the stimulating coil 

in MNS compared to the electrodes used for ENS and EMS 

is not problematic for antagonist current spread and thus 

presumably did not result in an underestimation of evoked 

plantar flexor forces (Place et  al. 2010). Overall, MNS, 

EMS and ENS thus resulted in complete motor unit recruit-

ment in healthy physically active individuals and similar 

current spread to the antagonist muscle.

Neuromuscular function assessment

In both fresh and fatigued conditions, ENS, EMS and 

MNS yielded similar results for PS100, PS10/100, SOL 

M-wave amplitudes and VAL. Potentiated Pt and PS10 

were the only parameters showing a stimulation method 

main effect in the fresh state. While the post-hoc analysis 

could not identify a difference between the three methods 

of stimulation for PS10, Pt was found to be smaller when 

evoked by EMS compared to ENS. Further studies are 

required to uncover the reason for this underestimation of 

Pt when evoked by EMS as it cannot be explained in the 

present work. Nevertheless, for PS100—which is gener-

ally considered a better index of peripheral fatigue (Place 

et  al. 2007)—no differences were found between ENS, 

EMS and MNS. The reason for this discrepancy between 

Pt and PS100 is unclear. Yet, it must be noted that a sys-

tematic bias was found with MNS for VAL assessment (as 

shown by the Bland–Altman analysis) and thus caution 

must be taken when interpreting VAL assessed via MNS. 

Thus, it appears that MNS might be used instead of ENS 

if contractile properties are assessed with PS100 (and not 

with Pt) in both fresh and fatigued conditions as long as 

one keeps in mind a possible slight underestimation of 

VAL. The similar results found for ENS and MNS for all 

neuromuscular parameters at rest and their changes with 
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Fig. 6   PS10/100 ratio in pre- and post-exercise. Individual data are 

presented in the upper panel and group data in the lower panel. Post-

exercise PS10/100 ratio was significantly lower than pre-exercise 

with a significant main effect for time (p < 0.05). ENS electrical nerve 

stimulation, EMS electrical muscle stimulation, MNS magnetic nerve 

stimulation, pre pre-exercise and post post-exercise. N = 10 for ENS 

and MNS, and 9 for EMS as no PS10 was evoked pre-exercise in one 

subject

Table 2   Central and peripheral changes induced by the fatiguing task assessed with ENS, EMS and MNS

For PS10 evoked by EMS, N = 9 as no PS10 was evoked pre-exercise in one subject

ENS electrical nerve stimulation, EMS electrical muscle stimulation, MNS magnetic nerve stimulation, VAL voluntary activation level, SOL 

soleus, TA tibialis anterior, Pt peak twitch, PS100 100-Hz paired-stimuli evoked force and PS10 10-Hz paired stimuli evoked force

ENS EMS MNS Main effect

∆MVC force (%) −10.6 ± 17.9 −10.1 ± 17.7 −9.0 ± 14.4 0.784

Central

 ∆VAL (%) −5.9 ± 23.0 −2.3 ± 17.8 2.9 ± 23.0 0.855

Peripheral

 ∆SOL M-wave amplitude (%) −1.9 ± 12.3 −1.5 ± 13.7 1.2 ± 29.7 0.741

 ∆TA M-wave amplitude (%) 6.3 ± 19.1 −8.6 ± 25.2 −7.8 ± 31.5 0.569

 ∆Pt (%) −5.4 ± 13.2 −0.2 ± 11.8 −1.3 ± 14.8 0.199

 ∆PS100 (%) 2.0 ± 10.4 2.6 ± 13.7 6.3 ± 25.2 0.987

 ∆PS10 (%) −8.5 ± 9.5 4.6 ± 30.8 −7.5 ± 19.2 0.104
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fatigue are in agreement with previous findings obtained 

for the knee extensors (Verges et  al. 2009). Other studies 

have also shown the validity of MNS for neuromuscular 

function evaluation in the fatigued state for the knee exten-

sors (Polkey et  al. 1996) and the diaphragm (Laghi et  al. 

1996; Polkey et al. 2000). Thus, MNS appears to represent 

a valid method to assess neuromuscular adjustments of the 

plantar flexors. Regarding EMS, the present results are in 

agreement with previous studies showing similar assess-

ment of VAL (Scaglioni and Martin 2009; Rutherford et al. 

1986; Martin et al. 2004) and low-frequency fatigue (Mar-

tin et al. 2004) compared to ENS. Noteworthy, and despite 

the general good agreement observed between the different 

methods of stimulation, MNS appears more variable than 

ENS and EMS, as can be observed by the larger upper and 

lower limits of agreement.

The major difference observed between the three meth-

ods of stimulation was much less discomfort with MNS 

compared to ENS and EMS. This result is consistent with 

Han et  al. (2006), who showed that for a similar evoked 

force, MNS resulted in less discomfort. This greater toler-

ance for MNS has been suggested to result from the fact 

that when MNS is used, the electric field is produced only 

once the magnetic field has passed the cutaneous nocicep-

tors (Barker et al. 1987; Barker 1991). Indeed, the magnetic 

field produced by the stimulator passes through the dif-

ferent tissues with little attenuation, contrary to the elec-

tric field produced by ENS and EMS (Barker et al. 1987; 

Barker 1991). This allows stimulating deeper structures 

without the need of ENS and EMS for a high surface elec-

tric field to compensate for progressive intensity loss while 

penetrating the tissue. It is noteworthy that no difference 

was observed between VAS associated with ENS or EMS 

in contrast to the findings of Martin et al. (2004). This dis-

crepancy can be explained by one subject who was highly 

sensitive to EMS (VAS = 9.5 cm with EMS vs. 7.1 cm with 

ENS). Nonetheless, the reduced discomfort associated with 

MNS compared to ENS and EMS did not result in differ-

ences in MVC force levels when either of these techniques 

was delivered during MVC. This might appear surprising 

given the findings reported by Button and Behm (2008), 

who showed that ENS anticipation resulted in reduced knee 

extensor MVC force. Our result might be explained by the 

fact that the present subjects were all very familiar with the 

testing procedures, as all of them had taken part in at least 

one previous experiment involving tibial nerve stimulation. 

In agreement, Button and Behm (2008) reported that VAL 

and MVC were not significantly different when the super-

imposed stimulus was anticipated in experienced subjects, 

contrary to inexperienced subjects. Because discomfort 

remains an issue especially with sensitive populations, the 

lower discomfort level induced by MNS is a major advan-

tage when compared to electrical stimulation.

All three stimulation methods have limitations, which must 

be considered when selecting the appropriate method for in 

vivo neuromuscular evaluation. For MNS, the nerve trunk 

must be accessible to the coil, which implies position limi-

tations such as an extended leg for the plantar flexors. In an 

extended knee position, a different contribution of the triceps 

surae muscles has been reported in comparison to the knee 

flexed position (Cresswell et al. 1995). In contrast, ENS and 

EMS can be used at any joint angle. Another potential con-

cern is the “intra-method” reliability of measurements con-

ducted with these three methods of stimulation; for instance, 

electrode or coil displacement can lead to increased vari-

ability. It is also noteworthy that the present study revealed a 

high between-subjects variability for some parameters (VAL, 

Pt, PS100, PS10) and this variability associated with a rela-

tive small subject sample (N = 10) may lead to type II error. 

Future studies using greater sample sizes and assessing the 

reproducibility of these methods are thus needed.

In conclusion, MNS and ENS give the same results when 

assessing neuromuscular function of the plantar flexors in 

both fresh and fatigued states. In addition, if 100-Hz paired 

stimuli are used to evaluate contractile properties, MNS, 

EMS and ENS can be used interchangeably. MNS was 

found to overcome the major limitation of ENS and EMS, 

namely self-reported discomfort. The choice between ENS, 

EMS and MNS for plantar flexor muscle assessment should 

therefore be based on the study design (e.g. subject posi-

tion, the use of single or paired stimuli) and on the studied 

population, MNS being recommended for frail populations.
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