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Abstract Neuromuscular electrical stimulation (NMES)

generates contractions by depolarising axons beneath the

stimulating electrodes. The depolarisation of motor axons

produces contractions by signals travelling from the stim-

ulation location to the muscle (peripheral pathway), with

no involvement of the central nervous system (CNS). The

concomitant depolarisation of sensory axons sends a large

volley into the CNS and this can contribute to contractions

by signals travelling through the spinal cord (central

pathway) which may have advantages when NMES is used

to restore movement or reduce muscle atrophy. In addition,

the electrically evoked sensory volley increases activity in

CNS circuits that control movement and this can also

enhance neuromuscular function after CNS damage. The

first part of this review provides an overview of how

peripheral and central pathways contribute to contractions

evoked by NMES and describes how differences in NMES

parameters affect the balance between transmission along

these two pathways. The second part of this review

describes how NMES location (i.e. over the nerve trunk or

muscle belly) affects transmission along peripheral and

central pathways and describes some implications for

motor unit recruitment during NMES. The third part of this

review summarises some of the effects that the electrically

evoked sensory volley has on CNS circuits, and highlights

the need to identify optimal stimulation parameters for

eliciting plasticity in the CNS. A goal of this work is to

identify the best way to utilize the electrically evoked

sensory volley generated during NMES to exploit mecha-

nisms inherent to the neuromuscular system and enhance

neuromuscular function for rehabilitation.
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Introduction

Neuromuscular electrical stimulation (NMES) is used to

generate contractions for training and rehabilitation. Fol-

lowing damage to the central nervous system (CNS), the

electrically evoked contractions can be used to restore

purposeful movements (functional electrical stimulation;

FES) and can also produce enduring improvements in

neuromuscular function that outlast the stimulation (ther-

apeutic electrical stimulation; TES). Much research has

been conducted on how different NMES parameters affect

the evoked contractions, with a general goal of identifying

how best to produce the most fatigue-resistant contractions

(Binder-Macleod and Scott 2001; Gregory et al. 2007;

Kesar et al. 2007; Gondin et al. 2010). This work has

provided important information about generating contrac-

tions primarily through peripheral pathways (see Fig. 1),

as the way in which the NMES has been delivered in most
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studies tends to favour the contribution made by activating

motor axons. Research in our laboratory has focused on

identifying ways of generating contractions through central

pathways, initiated by the activation of sensory axons (see

Collins 2007 for review). Generating contractions through

central pathways recruits motor units by the synaptic

activation of motor neurons (Fig. 1), similar to the

recruitment that occurs during voluntary contractions, and

this may be beneficial when NMES is used for rehabilita-

tion. Specifically, increasing central recruitment during

NMES may improve the effectiveness with which NMES

can reduce muscle atrophy for TES and produce contrac-

tions that are more fatigue resistant for FES. Further, the

electrically evoked sensory volley increases activity in

CNS circuits that control movement and this can also help

in the recovery and enhancement of neuromuscular func-

tion after CNS damage. We have found that manipulating

not only the NMES parameters (i.e. pulse amplitude,

duration and frequency), but also the location for delivery

of NMES (i.e. over the nerve trunk or muscle belly) can

alter the electrically evoked sensory volley and its influ-

ence on muscle contractions and CNS circuits. The first

part of this review article describes how transmission along

motor and sensory pathways contributes to contractions

generated during NMES. We describe the effect of

changing stimulation parameters on the balance between

the contribution made by transmission along peripheral

and central pathways. In the second part of this review, we

describe the effect of NMES location on electrically

evoked contractions and discuss some implications of this

for using NMES for rehabilitation. The third part of this

review focuses on how the electrically evoked sensory

volley influences the excitability of CNS circuits. We

describe the effect of manipulating NMES parameters on

corticospinal (CS) excitability and discuss some of the

challenges associated with trying to identify the best way to

apply NMES to increase excitability and strengthen CS

pathways for rehabilitation. A goal of this research is to

identify how best to utilize the electrically evoked sensory

volley to take advantage of mechanisms inherent to the

neuromuscular system and enhance neuromuscular func-

tion for rehabilitation.

NMES and the central recruitment of motor units

NMES generates contractions by the repetitive depolar-

isation of axons beneath the stimulating electrodes. The

depolarisation of motor axons produces contractions by

signals travelling from the stimulation location to the

muscle (peripheral pathway), with no involvement of the

CNS (motor volley; Fig. 1). Motor units recruited through

this pathway discharge relatively synchronously, and their

discharge can be measured as an M-wave in the electro-

myographic (EMG) signal recorded from the muscle

innervated by the stimulated nerve as can be seen in the

EMG traces in Fig. 2. In the same way that motor axons are

recruited during NMES, sensory axons are also depolarized

(sensory volley; Fig. 1). The resultant sensory volley

comprises signals in afferents from muscle spindles, Golgi

tendon organs and cutaneous receptors (Burke et al. 1983).

This sensory volley is sent to the CNS relatively syn-

chronously, compared to sensory feedback generated dur-

ing voluntary movements. It has been estimated that when

evoked by electrical stimulation of the tibial nerve trunk in

the popliteal fossa, signals in the fastest conducting Ia

afferents arrive at the motor neuron in *15 ms, with the

slowest arriving 6.7–9.4 ms later (Burke et al. 1983). The

amount of temporal dispersion of the sensory volley will

depend on the distance between the stimulating electrodes

and the spinal cord, with less dispersion for more proximal

locations. During NMES, the sensory volley is sent to the

CNS repetitively at the frequency of stimulation, and can

contribute to the electrically evoked contraction by the

synaptic recruitment of neurons in the spinal cord (central

pathway; Fig. 1). Thus, contractions produced by NMES

can be generated by a combination of peripheral

antidromic 
transmission

stimulation

central pathway: sensory volley recruits 
motor units through reflex pathways

sensory 
neuron motor 

neurons

peripheral pathway: motor units 
recruited by activation of motor axons 

beneath stimulating electrodes 

motor 
volley

sensory 
volley

Fig. 1 Schematic of peripheral and central pathways. Motor units

are recruited by the electrically evoked motor and sensory volleys

initiated by depolarisation of axons beneath the stimulating elec-

trodes. The contribution from the evoked sensory volley is limited by

antidromic transmission in motor axons at high stimulation ampli-

tudes (adapted from Collins 2007)
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recruitment, by the activation of motor axons beneath the

stimulating electrodes, and central recruitment, by the

electrically evoked sensory volley. Confirmation that the

central recruitment of motor units contributes to electri-

cally evoked contractions has been provided by experi-

ments in which NMES was applied before and during a

complete anaesthetic block of the peripheral nerves

between the stimulation location and the spinal cord

(Collins et al. 2001, 2002a; Blouin et al. 2009; Lagerquist

et al. 2009). In these experiments, contractions were larger

before the nerve block, when the CNS could contribute to

the electrically evoked contraction, than during the nerve

block when only transmission along peripheral pathways

could contribute. Thus, during NMES the recruitment of

motor units through central pathways can augment con-

tractions generated through peripheral pathways, leading

to the development of greater torque (extra or central

torque). A central contribution to electrically evoked

contractions has now been shown for the triceps surae (TS)

(Collins et al. 2002a; Baldwin et al. 2006; Klakowicz et al.

2006; Bergquist et al. 2011), tibialis anterior (TA) (Collins

et al. 2002a; Klakowicz et al. 2006), quadriceps (Bergquist

et al., in revision), wrist extensors (Baldwin et al. 2006)

and flexor pollicis longus (Blouin et al. 2009). The strength

of the central contribution, measured as the amplitude of

H-reflexes, asynchronous activity (see below) and evoked

torque, depends on the muscle being stimulated, the stim-

ulation parameters (Collins et al. 2002b; Dean et al. 2007;

Lagerquist et al. 2009) and the stimulation location

(Baldwin et al. 2006; Bergquist et al. 2011; Bergquist et al.,

in revision). We have noticed anecdotally that there are

large and reproducible differences between individuals

regarding the extent to which transmission through central

pathways can contribute to the evoked contraction

(unpublished observation); further study regarding the

mechanisms that underlie these individual differences is

warranted, however, we have speculated that they may be

due, in part, to differences in the level of monoamines in

the spinal cord (Collins 2007). Additionally, caution must

be taken when evoked torque is the only measure for

assessing the extent of transmission through central path-

ways (i.e. when EMG is not recorded concurrently), as

small nonlinearities in torque production can be evoked in

isolated muscle (Binder-Macleod and Clamann 1989; Fri-

gon et al. 2011).

The sensory volley generated during NMES recruits

motor units centrally in two distinct ways. Perhaps the

most obvious form of central recruitment is through the

Hoffmann- or H-reflex pathway (Klakowicz et al. 2006;

Bergquist et al. 2011; Lagerquist and Collins 2010). Like

the M-wave, motor units recruited through H-reflex path-

ways discharge relatively synchronously although at a

longer latency, as seen in the EMG traces in Fig. 2a, due to

a longer pathway through the spinal cord. Thus far, elec-

trically evoked contractions with a robust contribution

from H-reflexes have been shown for the TS (Fig. 2a)

(Klakowicz et al. 2006; Bergquist et al. 2011; Lagerquist

and Collins 2010) and quadriceps (Bergquist et al., in

revision). In some individuals, contractions that generate

30–40% of the torque generated during a maximum vol-

untary contraction (MVC) could be produced almost

exclusively by H-reflexes in both muscle groups. On the

1st H-reflex
H-reflex

Asynchronous
M-wave

M-wave

asynchronousstimulation 
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Fig. 2 Torque and soleus EMG evoked by 20 Hz NMES delivered

over the tibial nerve trunk (a) and TS muscle belly (b) in a single

participant. In the upper half of each panel, torque represented by the

black lines are average responses to five trains of NMES (grey lines)

and the symbols represent the average EMG data over five repetitions

during a single trial. Vertical calibration represents 20% Mmax for

EMG and 20% MVC for torque. The lower half of each panel shows

EMG traces recorded over a 1-s period at 2–3 s into the stimulation

(left trace) and 6–7 s into the stimulation (right trace) during a single

train of NMES. Bold black lines represent the average of 20 single

responses (grey lines) to NMES. All data are shown on the same

scale, as indicated by the calibration bars in a (adapted from

Bergquist et al. 2011)
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contrary, the H-reflex contribution to electrically evoked

contractions of TA is small (Klakowicz et al. 2006) con-

sistent with the weaker reflexive inputs to TA motor neu-

rons (Jusic et al. 1995). The second form of central

recruitment that occurs during NMES results in motor unit

discharge that, unlike the M-wave and H-reflex, is not

synchronized to each stimulus pulse (Lang and Vallbo

1967; Collins et al. 2001; Bergquist et al. 2011). Such

asynchronous activity tends to develop over time and

generates contractions that are qualitatively similar to

contractions that develop during tonic vibration reflexes,

which arise when vibration is applied over a tendon or

muscle belly (Hagbarth and Eklund 1966; Burke and

Schiller 1976; Magalhaes and Kohn 2010). This type of

motor unit discharge may be due to pre-synaptic mecha-

nisms, such as post-activation potentiation of neurotrans-

mitter release and/or post-synaptic mechanisms, such as the

activation of persistent inward currents in spinal neurons

(Collins et al. 2001, 2002b). Asynchronous activity can be

observed in single motor unit recordings (Collins et al.

2001) and using surface EMG, where it appears as an

increase in baseline activity measured between the M-wave

and the H-reflex (Bergquist et al. 2011), as is evident after

the M-wave in the EMG recording at the bottom of Fig. 2b.

Effect of NMES parameters on central recruitment

The following sections provide an overview of how NMES

pulse amplitude, duration and frequency influence the

electrically evoked sensory volley and the recruitment of

motor units through central pathways.

Pulse amplitude

Increasing the amplitude of NMES pulses (i.e. current or

voltage) produces a stronger depolarizing drive that travels

deeper into the underlying tissue (Theurel et al. 2007; Mesin

et al. 2010). Clearly, higher amplitude NMES generates

larger contractions by depolarizing more motor axons

beneath the stimulating electrodes. Higher amplitude NMES

will also depolarize more sensory axons and send a larger

sensory volley into the CNS, however, the extent to which

this larger sensory volley can contribute to the evoked con-

traction is limited by antidromic transmission in motor axons

(Fig. 1). At high NMES amplitudes, antidromic transmission

in motor axons blocks orthodromically transmitted signals,

reducing the extent to which the central recruitment of motor

units can contribute to electrically evoked contractions

(Gottlieb and Agarwal 1976; Pierrot-Deseilligny and

Mazevet 2000). Thus, contractions evoked at maximal

amplitudes, that activate all the motor axons to a given

muscle, will be driven exclusively by activity through

peripheral pathways. Generating contractions with a large

central contribution requires that the stimulation be deliv-

ered at a low enough amplitude to minimize this antidromic

block. In some individuals, NMES (100 Hz) delivered at or

near motor threshold, when there is little or no antidromic

block in motor axons, can generate up to 40% MVC torque

almost exclusively through central pathways (Collins et al.

2001, 2002b; Collins 2007). On average across a group of 5

participants, when NMES was applied over the tibial nerve

trunk to evoke plantarflexion contractions of *25% MVC

torque, soleus M-waves and H-reflexes were *5 and 10%

the size of a maximal M-wave (Mmax), respectively (Berg-

quist et al. 2011). Across a group of eight participants, NMES

over the femoral nerve trunk to produce knee extension

contractions of 20% MVC torque was generated by M-waves

and H-reflexes in vastus lateralis and vastus medialis that

were *11% Mmax (Bergquist et al., in revision).

Overall, to evoke contractions with a large central

contribution for FES, the stimulation amplitude must be

delivered low enough to minimise antidromic block, but

contractions must be large and stable enough to be useful

for restoring movement. Whether these criteria will be met

for restoring movement in populations with CNS damage

requires further investigation. For TES, when contraction

stability is less of an issue, generating contractions through

central pathways may prove to be an effective way to

reduce muscle atrophy and improve muscle quality.

Although delivering NMES at lower amplitudes may

seem counter-intuitive when considering that benefits

derived from NMES training tend to be proportional to the

NMES contraction amplitude (intensity, Selkowitz 1985;

dose, Stevens et al. 2004), high contraction amplitudes can

be problematic for people with hyper-sensitivity (Sheffler

and Chae 2007) or who have compromised bone density

(Dudley-Javoroski and Shields 2008). Whether delivering

the NMES at lower amplitudes to enhance central recruit-

ment can parallel some of the impressive training results

obtained at high contraction amplitudes, such as those by

Gondin et al. (2011), who report improvements in muscle

mass, maximal voluntary strength, neural drive, oxidative

metabolism and antioxidant defence system following

8 weeks of NMES training at contraction amplitudes of

*55–60% MVC requires further investigation. However,

delivering the NMES at lower amplitudes to enhance cen-

tral recruitment may at the very least increase participation

in NMES programs, as many people do not participate due

to discomfort associated with the stimulation.

Pulse duration

Changing the duration of the pulses delivered during

NMES alters the relative recruitment of motor and sensory

axons. Short pulse durations (0.05–0.4 ms) preferentially

activate motor axons (Grill and Mortimer 1996), whereas

2412 Eur J Appl Physiol (2011) 111:2409–2426
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the use of longer pulse durations (0.5–1 ms) will recruit

relatively more sensory axons (Kiernan et al. 1996;

Mogyoros et al. 1996; Hugon 1973; Panizza et al. 1989).

This differential effect of pulse duration on axonal

recruitment is related to sensory axons having a longer

strength-duration time constant and lower rheobase than

motor axons (Veale et al. 1973; Panizza et al. 1992) and is

the reason that longer pulse durations are more effective for

evoking the H-reflex (Panizza et al. 1989; Lagerquist and

Collins 2008). When single pulses were delivered to the

tibial nerve trunk to generate soleus M-wave-H-reflex

recruitment curves, the H-reflex recruitment curve was

shifted to the left, relative to the M-wave recruitment

curve, when using longer pulse durations (0.5 and 1 ms vs.

0.05 ms), consistent with a preferential recruitment of

sensory over motor axons. Accordingly, when the M-wave

was 5% Mmax, H-reflexes were significantly larger when

using longer pulse durations compared to shorter pulse

durations (Lagerquist and Collins 2008).

A similar effect of pulse duration, consistent with chan-

ges in the relative recruitment of sensory and motor axons,

occurs during repetitive stimulation (NMES). During

NMES at 100 Hz over the TS muscle belly, 1 ms pulses

generated significantly larger contractions, indicative of a

greater central contribution, compared to NMES delivered

using 0.05 or 0.25 ms pulse durations, as shown for one

participant in Fig. 3a (Collins et al. 2002a). In these exper-

iments the current delivered was adjusted for each pulse

duration to evoke the same torque at the beginning of each

contraction. In the same study, changing stimulus pulse

duration did not alter the central contribution to contractions

evoked by stimulation over TA (Collins et al. 2002a). A

more detailed investigation that included assessment of

M-waves, H-reflexes and torque during NMES over the

tibial nerve trunk (Lagerquist and Collins 2010) confirmed

that additional torque generated by the longer pulse duration

was associated with greater central recruitment. When

NMES was delivered at motor threshold and to evoke an

M-wave that was 5% Mmax, pulse durations of 0.2, 0.5 and

1 ms generated larger H-reflexes and greater torque than a

shorter pulse duration (0.05 ms) (Lagerquist and Collins

2010). This effect of pulse duration is shown for one par-

ticipant in Fig. 4 where H-reflexes and torque were larger

following a period of 100 Hz stimulation when NMES was

delivered using 1 ms pulses compared to 0.05 ms pulses.

Interestingly, M-wave amplitude also depended upon pulse

duration. After the initial response, M-waves were depressed

when NMES was delivered using 1, 0.5 and 0.2 ms but not

0.05 ms pulse durations. Thus, the use of longer pulse

durations during NMES can enhance central recruitment

and reduce peripheral recruitment during NMES.

Pulse frequency

The frequency at which individual pulses are delivered

within a NMES train determines the frequency at which

action potentials travel along motor and sensory axons. For

contractions generated through peripheral pathways, pulse

frequency influences how force generated through succes-

sive M-waves summates and contributes to the smoothness

and strength of the evoked contraction. In general, for

contractions generated through peripheral pathways,

NMES is delivered at frequencies high enough to produce

fused contractions (20–40 Hz) (Baker et al. 2000; Bigland-

Ritchie et al. 2000), but not so high (C60 Hz) that con-

tractions fatigue rapidly (Gregory et al. 2007; Kesar et al.

2007). This decline in torque at higher pulse frequencies is

consistent with our observation that torque tends to decline

when NMES is applied at 100 Hz during a peripheral nerve

block, when only peripheral pathways can contribute

(Lagerquist et al. 2009). In the same study, however, sig-

nificantly more torque was recorded when the same stim-

ulation was delivered before the nerve block, when central

pathways could contribute.

100 Hz

200 Hz

25 Hz

1 ms

.25 ms

.05 ms

5%
MVC

1 s

a b

Fig. 3 The effect of pulse duration and pulse frequency on the

central contribution to electrically evoked contractions of the

plantarflexors by NMES delivered over the TS muscle belly.

a Mean (n = 5) torque responses evoked by NMES (100 Hz) using

pulse durations of 0.05, 0.25 and 1 ms in a single participant. b Mean

(n = 5) torque responses evoked by NMES (1 ms) using pulse

frequencies of 25, 100 and 200 Hz. Error bars represent one standard

error (adapted from Collins et al. 2002a)
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The influence of pulse frequency on the recruitment of

motor units through central pathways can be complicated,

as transmission across central synapses is strongly depen-

dent upon the frequency of the sensory volley. For

example, as pulse frequency increases, H-reflexes are

progressively depressed due to post-activation depression

of synaptic transmission (Burke and Schiller 1976; van

Boxtel 1986; Crone and Nielsen 1989; Schindler-Ivens and

Shields 2000). Such post-activation depression is clearly

demonstrated during NMES at 20 Hz for a single partici-

pant in Fig. 2a (open squares) and for a group of partici-

pants in Fig. 5 (filled triangles); both Figures show that

soleus H-reflexes remained markedly depressed throughout

the NMES train after the first H-reflex. In contrast, Fig. 5

shows that H-reflex amplitude did not change when NMES

was delivered at 5 Hz (Fig. 5; Clair et al. 2011), but during

10 Hz NMES reflexes were initially depressed and then

their amplitude recovered completely by the end of the

stimulation. Interestingly, the amount of reflex depression

depended strongly on the voluntary contraction level and

depression was greatest when participants were relaxed and

was absent during contractions of 20%MVC (Clair et al.

2011). In an apparent contradiction to this frequency-

dependant depression of H-reflex transmission, when

NMES is delivered over the TS muscle belly at high, but

not low, frequencies for several seconds, large contractions

can develop (Collins et al. 2001, 2002a). This is shown for

a single participant in Fig. 3b where torque increased the

most when the stimulation was delivered at 100 Hz com-

pared to NMES at 25 or 200 Hz. Across a group of six

participants in this study, torque increased similarly during

NMES at 100 and 200 Hz, but did not increase during

NMES at 25 Hz. Although measuring H-reflexes or asyn-

chronous activity at such high frequencies is difficult due to

contamination of the EMG by successive stimulus arte-

facts, the large contractions that can develop through

central pathways (up to 40% MVC) during high frequency

stimulation (Collins et al. 2002a) may be due to the

emergence of asynchronous activity, as occurs during tonic

vibration reflexes (Magalhaes and Kohn 2010).

In addition to the central recruitment that can develop

during constant high frequency stimulation, central

recruitment can be augmented when brief periods of high

frequency stimulation (bursts) are delivered during longer

trains at lower pulse frequencies (Collins et al. 2001,

2002a; Klakowicz et al. 2006; Dean et al. 2007; Bergquist

Fig. 4 Plantarflexion torque and soleus EMG evoked by NMES

delivered at motor threshold over the tibial nerve trunk in a pattern

(20–100–20 Hz for 2–2–3 s, respectively). Vertical rectangles indi-

cate the region from which torque and H-reflex data were sampled.

A sample of soleus EMG for each pulse duration is displayed beneath

the parentheses. Following NMES at 100 Hz, torque and H-reflexes

were enhanced when using a 1-ms pulse duration, but not when using

a 0.05-ms pulse duration (adapted from Lagerquist and Collins 2010)
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et al. 2011; Lagerquist and Collins 2010). Figure 4 shows

that both H-reflexes and torque can be augmented after

brief bursts of 100 Hz stimulation. These central contrac-

tions depend on the burst frequency, and are largest at

pulse frequencies greater than or equal to 80 Hz (Dean

et al. 2007). Taken together these experiments suggest that

activity through central pathways can contribute to elec-

trically evoked contractions across a range of pulse fre-

quencies, but that the central contribution may be

predominantly due to H-reflexes at lower frequencies and

asynchronous activity when NMES is delivered at higher

frequencies, although H-reflexes can be augmented by brief

bursts of high frequency (100 Hz) NMES. Thus, delivering

NMES that incorporates such bursts into NMES at lower

frequencies may be one way to augment central recruit-

ment while minimizing the decline in torque associated

with motor unit recruitment mediated only through

peripheral pathways at constant high frequencies (Lager-

quist et al. 2009). Differences in the contribution of

H-reflexes and asynchronous activity to electrically evoked

contractions when NMES is applied over a nerve trunk

versus a muscle belly are described further below. The

ways in which the aforementioned stimulation parameters

affect transmission along central pathways for these two

stimulation locations are summarised in Table 1.

Recruitment during NMES over a nerve trunk

versus a muscle belly

Although NMES can be applied through electrodes

implanted under the skin, NMES is typically delivered

through electrodes placed on the skin’s surface. Surface

NMES can be applied through small electrodes placed over

a peripheral nerve trunk, or through larger electrodes

placed over a muscle belly. A summary of what we believe

to be the strengths and weaknesses of delivering NMES

over a nerve trunk versus a muscle belly with regards to

accessibility of the stimulation site, electrode susceptibility

to movement, contraction reliability as well as stimulation

comfort is provided in Table 2. Both locations for deliv-

ering NMES generate contractions by depolarizing axons

beneath the stimulating electrodes, however, the contribu-

tion made by peripheral and central pathways to motor

unit recruitment can be markedly different.

When NMES is delivered at relatively low frequencies

(B20 Hz), over the nerve trunk or muscle belly, contrac-

tions can develop through different pathways. NMES over

the tibial nerve trunk at 20 Hz can be generated with a

robust contribution from H-reflexes (Klakowicz et al. 2006;

Bergquist et al. 2011). Plantarflexion contractions of

*20% MVC torque can be accompanied by relatively

small M-waves, large H-reflexes and little to no asyn-

chronous activity as shown in Fig. 2a. In contrast, when

NMES is delivered at 20 Hz over the muscle belly to

generate the same torque, contractions are generated pre-

dominantly through peripheral pathways with minimal

central recruitment, as demonstrated by large M-waves and

minimal H-reflexes and asynchronous activity in Fig. 2b.

Of the muscle groups studied thus far, this effect of stim-

ulation location on the peripheral and central recruitment

of motor units have been found for TS (Bergquist et al.

2011) and the quadriceps (Bergquist et al., in revision). In

TA, a muscle with relatively weak H-reflexes, dorsiflexion

torque in response to low frequency stimulation over the

common peroneal nerve trunk is generated predominately

through peripheral pathways (Klakowicz et al. 2006),

while preliminary data suggest that torque in response

to stimulation over the muscle belly is generated in a

similar way (Okuma, Bergquist and Collins, unpublished
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Fig. 5 The effect of pulse

frequency on the central
contribution to electrically

evoked contractions of the

plantarflexors. Group data

(n = 11) depicting recovery of

H-reflexes during NMES (to

evoke an M-wave of *5%

Mmax) delivered over the tibial

nerve trunk at 5, 10 and 20 Hz

while seated participants held

plantarflexion contractions of

12 ± 4% MVC. The first two

pulses are an average of three

responses from each participant.

The subsequent bins represent

data averaged over 0.5 s

intervals (adapted from Clair

et al. 2011)
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observation). However, in some participants, there can be a

robust central contribution to contractions evoked when

NMES is applied over the TA muscle belly or common

peroneal nerve trunk (Collins et al. 2002a).

These marked differences between nerve trunk and

muscle belly stimulation diminish when NMES is deliv-

ered at higher pulse frequencies, as activity through central

pathways can be enhanced during NMES at both locations

by increasing the pulse frequency. During stimulation over

the nerve trunk, low frequencies allow for an immediate

central contribution through H-reflex pathways, and con-

tractions that are sustained over several seconds or have

periodic bursts of NMES at high frequencies (100 Hz) can

enhance this activity (Klakowicz et al. 2006; Bergquist

et al. 2011). To generate contractions with a large central

contribution during NMES over the muscle belly, the use

of high frequencies that are sustained over several seconds

delivered constantly or in periodic bursts (Collins et al.

2001, 2002a; Dean et al. 2007; Bergquist et al. 2011) are

required.

These differences in the way motor units are recruited

when NMES is applied over a nerve trunk compared to over

a muscle belly must be due to differences in how axons are

recruited beneath the stimulating electrodes. During NMES

over the nerve trunk, sensory and motor axons are bundled

close together, and recruitment occurs based on a combi-

nation of axon diameter and distance from the stimulating

electrodes. When NMES is delivered over the muscle belly,

however, the variability in axon distance from the stimu-

lating electrode is much greater because axons branch

diffusely throughout the muscle. This branching, in

conjunction with the use of larger electrodes and a greater

inter-electrode distance, will activate axons over a far

broader spatial distribution resulting in a less synchronous

sensory volley arriving at the motor neuron, compared with

NMES over the nerve trunk. There are also likely to be

considerable differences in the types of afferents that con-

tribute to the sensory volley between stimulation locations.

Compared to stimulation over the nerve trunk, activating

the muscle through larger electrodes over the muscle belly

may activate a greater proportion of cutaneous afferents.

Thus, the sensory volley generated during NMES over a

nerve trunk is likely to comprise a greater proportion of Ia

afferents than NMES over a muscle belly. Although these

differences in the temporal dispersion and composition of

the sensory volley remain to be confirmed experimentally,

they are consistent with the fact that it is much easier to

evoke an H-reflex when stimulating over a nerve trunk than

over a muscle belly. Maximal H-reflexes from recruitment

curves generated by stimulation over a nerve trunk were 60

and 30% of Mmax for the TS (Bergquist et al. 2011) and

quadriceps (Bergquist et al., in revision), respectively,

while recruitment curves generated by stimulation over the

muscle belly resulted in maximal H-reflexes that were 10%

and 3% of Mmax, respectively.

The following sections discuss some implications of the

electrically evoked sensory volley for motor unit recruit-

ment during NMES, and highlight differences in the way

motor units are recruited between stimulation locations.

Specifically, the implications for orderly, temporal and

spatial aspects of motor unit recruitment are addressed.

This discussion was prompted in part by ideas presented in

a recent review article citing these three aspects of

recruitment as factors that limit the efficacy of electrically

evoked contractions (Maffiuletti 2010). Here we suggest

that generating contractions with a large contribution

through central pathways may help alleviate these limita-

tions of electrically evoked contractions.

Table 1 Summary of stimulation parameters which show or enhance

transmission through central pathways

Over a nerve trunk Over a muscle belly

Pulse amplitude

Low (to avoid anti-dromic block) Low (to avoid anti-dromic

block)

Pulse duration

0.2–1 ms 0.2–1 ms

Pulse frequency

Low (20 Hz), low with bursts
(20–100–20 Hz) or High (100 Hz)

Low with bursts (20–100–

20 Hz) or high (100 Hz)

Train duration

Short (\2 s) or sustained ([2 s) Sustained ([2 s)

Table 2 Summary of technical strengths and weaknesses of NMES

over the nerve trunk versus the muscle belly of the leg

Over a nerve trunk Over a muscle belly

Accessibility of stimulation site

Common peroneal (high)

Tibial (medium)

Femoral (low)

Tibialis anterior (high)

Triceps surae (high)

Quadriceps (high)

Electrode susceptibility to movement

Common peroneal (low)

Tibial (medium)

Femoral (high)

Tibialis anterior (low)

Triceps surae (low)

Quadriceps (low)

Contraction reliability and consistency

Common peroneal (high)

Tibial (medium)

Femoral (low)

Tibialis anterior (high)

Triceps surae (high)

Quadriceps (high)

Stimulation comfort at sub-maximal amplitudes

Common peroneal (high)

Tibial (low)

Femoral (high)

Tibialis anterior (medium)

Triceps surae (medium)

Quadriceps (medium)
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Motor unit recruitment order

When motor units are recruited by voluntary descending

drive (Milner-Brown et al. 1973) or reflexive inputs

(Henneman 1957), small, fatigue resistant, motor units are

recruited first, followed by larger, fast-fatigable, motor

units in accordance with Henneman’s size principle. This

recruitment order is attributed to smaller motor neurons

having a higher input resistance, which results in their

recruitment at lower synaptic currents (Stotz and Bawa

2001). In contrast to this well-established orderly recruit-

ment during synaptic activation, the data available on

motor unit recruitment order during NMES are less con-

sistent (see Gregory and Bickel 2005 for review). Initially,

recruitment order was thought to be reversed compared to

voluntary contractions, based on experiments involving

stimulation of motor axons using implanted electrodes

(Gorman and Mortimer 1983; Solomonow 1984) and the

idea that axons of larger motor units have lower axonal

resistance, making them more easily depolarized by

externally applied currents (Blair and Erlanger 1933;

Solomonow 1984). While this view has a solid theoretical

foundation, how NMES generates contractions in vivo may

be quite different. In recent years, it has been suggested

that motor unit recruitment during NMES follows the size

principle (Knaflitz et al. 1990; Thomas et al. 2002; Mesin

et al. 2010) or is random with respect to motor unit type

(Gregory and Bickel 2005; Jubeau et al. 2007; Mesin et al.

2010). The general consensus now seems to be that when

NMES is delivered through the skin in humans, axonal

activation depends both on the distance of the axons from

the stimulating electrodes as well as axon diameter. As a

consequence, for contractions produced through peripheral

pathways, there is no clear relationship between recruit-

ment and motor unit type (Adams et al. 1993; Kim et al.

1995; Feiereisen et al. 1997; Gregory and Bickel 2005;

Jubeau et al. 2007). Delivering NMES in a way that opti-

mises the sensory volley and produces contractions through

central pathways is one way to generate contractions that

follow the size principle (Buchthal and Schmalbruch 1970;

Trimble and Enoka 1991). Electrically evoked contractions

that recruit fatigue-resistant motor units first should have

benefits for TES, to improve muscle quality, and for FES,

to generate functional movements.

Temporal aspects of recruitment

During voluntary contractions, motor units are recruited

asynchronously with respect to each other, allowing for

fused contractions to be achieved at relatively low firing

rates [5–25 Hz (Adrian and Bronk 1929; Baker et al.

2000)]. Such low firing rates reduce the metabolic demand

placed on individual motor units (Adams et al. 1993). In

contrast, during NMES, motor units discharge relatively

synchronously relative to each other, as M-waves, time-

locked to each stimulus pulse. Thus, to develop fused

contractions of comparable force, higher motor unit dis-

charge rates are required during NMES than voluntary

contractions, increasing the metabolic demand with respect

to force production (Baker et al. 2000; Vanderthommen

et al. 2003). This is particularly true for people with

chronic spinal cord injury, whose muscle quality below the

level of lesion may be compromised (Burnham et al. 1997;

Shields 2002; Jacobs and Nash 2004). Due to the inactivity

imposed by the injury, paralysed muscle tends to atrophy

and slow motor units take on characteristics of fast motor

units (Shields 2002). As a result of this shift in muscle fibre

composition (Round et al. 1993; Burnham et al. 1997),

higher pulse frequencies (*40 Hz) tend to be required to

generate tetanic contractions in people with chronic spinal

cord injury compared to people with an acute spinal cord

injury or control participants (Stein et al. 1992; Shields

1995). The requisite of such high firing rates during NMES

may be diminished by increasing the contribution to the

electrically evoked contractions made by motor unit

recruitment through central pathways.

During NMES over the nerve trunk, contractions can be

generated by the recruitment of motor units through both

M-wave (peripheral) and H-reflex (central) pathways,

which occur at different latencies with respect to each

stimulus pulse. Motor units recruited as M-waves cannot

discharge as H-reflexes in response to the same stimulus

pulse, due to the aforementioned antidromic transmission

along motor axons. Hence M-waves and H-reflexes repre-

sent the activation of separate populations of motor units.

As such, generating contractions with a contribution from

both M-waves and H-reflexes, an example of which is

shown in Fig. 2a, may in effect double the combined motor

unit firing rate contributing to the evoked torque, while the

actual firing rates of individual motor units remains equal

to the pulse frequency. In this way, it may be possible to

evoke fused contractions at relatively lower discharge rates

of individual motor units, which would reduce the meta-

bolic demand on each unit. Realistically, this would only

be achievable across a relatively narrow stimulation

amplitude range when both the M-wave and H-reflex are

contributing appreciably to the evoked torque.

Perhaps a more practical way to reduce the synchronous

motor unit discharge during NMES would be to maximise

the asynchronous discharge of motor units. Thus far, such

activity has been recorded during NMES of the plantar-

flexors at 20 Hz when the stimulation was maintained for

several seconds (Bergquist et al. 2011). Under similar

conditions, asynchronous activity was not present during

electrically evoked contractions of the quadriceps (Berg-

quist et al., in revision). However, as noted in the Pulse
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frequency section (above), higher pulse frequencies may be

required to generate significant asynchronous activity.

Thus, delivering NMES over the nerve trunk or muscle

belly at low amplitudes and high frequencies (100 Hz), at

which H-reflexes are substantially depressed, but asyn-

chronous activity is enhanced, may prove to be an effective

way to enhance the asynchronous discharge of motor units

during NMES.

Spatial aspects of recruitment

Maffiuletti (2010) identified the limited spatial recruitment of

motor units as one of the major limitations of NMES. Motor

unit recruitment during NMES, at least when applied over the

muscle belly, is mainly, but not entirely (Adams et al. 1993),

superficial due to the large distance from the stimulating

electrodes to the deepest motor units (Vanderthommen et al.

2000; Boerio et al. 2005; Maffiuletti 2010; Mesin et al. 2010;

Place et al. 2010). This results in an inability to recruit all of

the motor units in a muscle, even at high stimulus amplitudes

(Adams et al. 1993; Place et al. 2010). In fact, one estimate

suggests that only *54% of the muscle cross sectional area

can be activated during NMES applied over the quadriceps

muscles (Adams et al. 1993). This idea of superficial

recruitment through peripheral pathways during NMES over

the muscle belly is depicted schematically in Fig. 6a. To

maximise the spatial recruitment of motor units during

NMES over the muscle belly, Maffiuletti (2010) has sug-

gested increasing the pulse amplitude, to depolarise addi-

tional muscle fibres located at a greater distance from the

electrodes (Theurel et al. 2007), and moving the stimulating

electrodes or varying joint angle after several contractions,

both of which will change the population of superficial fibres

that are recruited. We would add that the spatial recruitment

of motor units may also be improved upon by maximizing

central recruitment by stimulating over the nerve trunk or

increasing the pulse frequency.

At the level of the nerve trunk, recruitment of motor

axons is random in relation to axon diameter and is likely

superficial within the nerve trunk (Doherty and Brown

1993; Baker et al. 2000; Major and Jones 2005) as depicted

in Fig. 6b. However, due to the diffuse manner in which

those axons project from the stimulation location to muscle

fibres throughout the muscle belly, one would expect that

motor units recruited as M-waves during NMES over the

nerve trunk to be evenly distributed throughout the muscle

(filled circles; Fig. 6b). This contrasts with the superficial

activation of motor units closest to the stimulating elec-

trodes (Vanderthommen et al. 2000) recruited as M-waves

during NMES over the muscle belly (Mesin et al. 2010) as

depicted in Fig. 6a. Thus, even for contractions produced

solely through peripheral pathways, stimulation over the

nerve trunk is likely to recruit motor units with a wider

spatial distribution throughout the muscle.

Generating contractions through a combination of

peripheral and central pathways, regardless of whether the

stimulation is applied over a nerve trunk or muscle belly,

may also increase the spatial distribution of motor unit

recruitment throughout a muscle. As mentioned previously,

contractions generated through central pathways should

follow the size principle and activate fatigue-resistant

motor units located throughout the muscle (shaded circles;

Fig. 6). The implications of this orderly recruitment

through central pathways for the spatial recruitment of

motor units may be different for different muscle groups.

For muscles such as the quadriceps, fatigue-resistant motor

units are located in deeper compartments (Lexell et al.

1983; Knight and Kamen 2005), where they are less

accessible for activation via NMES over the muscle belly

(Vanderthommen et al. 2000; Mesin et al. 2010; Place et al.

2010). Thus generating contractions through both M-waves

and H-reflexes would increase the spatial recruitment of

motor units due to the different populations of motor units

recruited through these different pathways (Buchthal and

a bFig. 6 Proposed spatial

recruitment through central and

peripheral pathways. a During

NMES over a muscle belly, the

most superficial muscle fibres

are recruited through peripheral
pathways with limited

recruitment through central
pathways. b During NMES over

the nerve trunk, both peripheral
and central pathways recruit

muscle fibres with a greater

spatial distribution, regardless

of a superficial recruitment of

nerve fibres at the level of the

nerve trunk
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Schmalbruch 1970; Trimble and Enoka 1991). For muscles

such as TA, however, where fatigue-resistant muscle fibres

are located superficially (Mesin et al. 2010), contractions

generated through both peripheral and central pathways

with NMES over the muscle belly may tend to recruit

muscle fibres in superficial compartments. Thus, producing

contractions in part through M-waves evoked by stimula-

tion of the common peroneal nerve trunk may help to

activate deeper compartments of the muscle.

Finally, motor unit recruitment during long sub-maxi-

mal voluntary contractions can occur with rotation (Bawa

et al. 2006). Recruitment with rotation refers to the situa-

tion whereby motor units that have been discharging for

long periods of time cease firing and are replaced by pre-

viously inactive motor units of similar threshold. This

increases the spatial distribution of recruitment during

voluntary contractions and helps minimise fatigue, while

contraction force remains stable (Bawa et al. 2006).

Rotation of motor unit recruitment during NMES has not

been reported and during NMES over the muscle belly, the

same superficial motor units are likely to be continuously

activated (Vanderthommen et al. 2000) with no opportunity

for rotation to maintain contractile force, because rotation

is a property of synaptic recruitment and relies on the

gradual increase in the threshold of motor neurons in the

spinal cord (Bawa et al. 2006). Whether recruitment with

rotation occurs during NMES when motor units are

recruited through central pathways is not known, although

it is tempting to speculate that the central recruitment

would result in a unique cycling of motor unit recruitment

during NMES.

Effect of NMES on CNS circuits

The implications of the electrically evoked sensory volley

generated during NMES are not limited to the electrically

evoked contractions. In traversing the spinal cord and

ascending to the brain, the sensory volley increases activity

in spinal and cortical circuits that control movement

(Spiegel et al. 1999; Deuchert et al. 2002; Blickenstorfer

et al. 2008) and this can lead to both short-term and long-

term neuroplasticity. Generally, reducing activity in neural

circuits, such as occurs after CNS injury or disease and

prolonged disuse, reduces the excitability of CNS circuits

and weakens pathways between the brain and muscle

(Liepert et al. 2000). Increases in CNS activity, such as

occurs when learning a new motor skill (Classen et al.

1998) and during NMES (Liberson et al. 1961; Hamdy

et al. 1998; Ridding et al. 2000), increases the excitability

of the same CNS circuits and strengthens CS pathways.

Currently, an active area of research is focused on devel-

oping a better understanding of how NMES alters activity

in CNS circuits. This work will provide a foundation upon

which to develop better ways to use NMES for rehabili-

tation to promote neuroplasticity that leads to improve-

ments in neuromuscular function.

The idea that NMES can lead to enduring improvements

in neuromuscular function is not new, but has its roots in

some of the original FES research. Liberson et al. (1961)

noted that when NMES was applied over TA to improve

dorsiflexion during the swing phase of locomotion,

improvements could outlast the FES sessions, implying

that some kind of CNS adaptation had occurred. Evidence

that NMES can induce measurable changes in CNS circuits

came some time later, when Hamdy et al. (1998) showed

that 10 min of NMES of the pharyngeal nerve increased

CS excitability and reorganized cortical maps for the

muscles that control swallowing. Subsequently, lasting

changes in CS excitability and cortical reorganization fol-

lowing NMES have been reported for a variety of limb

muscles including first dorsal interosseus (Ridding et al.

2000; Pitcher et al. 2003), abductor pollicis brevis,

abductor digiti minimi (Ridding et al. 2000), and TA

(Khaslavskaia et al. 2002; Knash et al. 2003). Like the

plasticity associated with learning a new task, increases in

excitability induced by NMES can last for *5 min to 1 h

after a single session, and for as long as 2 days when

NMES is applied on successive days (McKay et al. 2002a,

b). The following sections review some of the mounting

evidence that NMES can increase CNS excitability. We

also introduce some data we have collected to begin to

identify optimal NMES parameters for inducing such

changes and to compare the effects of NMES on increasing

CS excitability for muscles of the arms and legs.

NMES and spinal circuits

Much of the research designed to identify the influence of

NMES on CNS circuits has focused on pathways between

the brain and skeletal muscles. However, it is clear that

both short- and long-term changes can occur in the excit-

ability of spinal pathways (see Field-Fote 2004 for review).

As described in Pulse frequency (above; see Figs. 4, 5),

transmission along the H-reflex pathway is frequency

dependent and can be facilitated or inhibited depending on

the frequency of the sensory volley (van Boxtel 1986).

While frequency-dependent facilitation or inhibition pro-

vide examples of short-term changes in transmission

through spinal pathways during the stimulation, NMES can

also lead to enduring changes in the excitability of spinal

circuits that persist after the stimulation is turned off. For

example, NMES can lead to long-term increases in reci-

procal inhibition (Perez et al. 2003) and this may restore

levels of reciprocal inhibition that have weakened due to

prolonged disuse (Crone et al. 1994; Thompson et al.

2009). NMES can also influence neural circuits controlling
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muscles contralateral to the stimulation. This cross-edu-

cation phenomena, where training of a muscle group on

one side of the body can enhance the performance of the

same muscle group on the contralateral side, is particularly

potent during NMES-induced training, compared with

voluntary training, and is thought to be mediated by acti-

vation of Group II muscle afferents (Hortobagyi et al.

1999; Maffiuletti et al. 2006). The extent to which NMES

alters transmission along spinal circuits merits further

investigation. However, it is clear that NMES can induce

activity-dependent changes in spinal circuits and this may

hold promise for reversing changes that occur in spinal

pathways due to disuse, by increasing activity in these

pathways through the electrically evoked sensory volley.

NMES and cortical circuits: stimulation parameters

and CS excitability

The most common way to assess the effect of NMES on the

excitability of CS pathways is to apply transcranial mag-

netic stimulation (TMS) over the motor cortex to generate

motor evoked potentials (MEPs) in specific muscles before

and after an NMES session. Although MEP amplitude can

be influenced by the excitability of cortical and spinal

circuits, there is evidence that changes in CS excitability

evoked by NMES are mediated primarily at the level of the

motor cortex (Ridding et al. 2000; Khaslavskaia et al.

2002). Regardless, enduring increases in CS excitability

measured using TMS, which reflect a strengthening of CS

pathways, are often associated with improvements in

functional outcomes of movement rehabilitation programs

(Conforto et al. 2002; Kido and Stein 2004; Stein et al.

2010; Everaert et al. 2010).

When NMES is used to increase CS excitability, the

parameters of stimulation have varied widely. To increase

CS excitability for leg muscles, NMES is typically applied

using stimulation amplitudes sufficient to generate con-

tractions and produce functional movements (i.e. FES), low

frequencies (*10–50 Hz), and short pulse durations

(*0.02 ms). In contrast, when NMES is used to enhance

CS excitability for muscles in the arm, it is typically

applied at low amplitudes (near or below motor threshold),

high frequencies (up to 200 Hz), and long pulse durations

(up to 1 ms). This type of stimulation is often termed

somatosensory stimulation (SS) and is designed to activate

primarily sensory axons and prime CNS circuits for reha-

bilitation sessions, without producing large or functional

muscle contractions (Hoffman and Field-Fote 2007). Even

between studies that have used FES over leg muscles or SS

for hand muscles, many stimulation parameter combina-

tions have been used. For example, in studies investigating

the effect of FES on CS excitability for leg muscles,

amplitudes have varied from below motor threshold to 50%

of a maximal M-wave, frequencies have varied from 1 Hz

to 200 Hz, and pulse durations have varied from 0.2 to

1 ms. NMES has also been applied in a variety of different

patterns and for differing durations [10 min (Hamdy et al.

1998) to 2 h (Ridding et al. 2000)]. Varying NMES

parameters alters the sensory volley transmitted to the CNS

and influences how NMES changes CS excitability (Fraser

et al. 2002). Unfortunately, the wide range of NMES

parameters that have been used to alter CS excitability

have made it difficult to compare between studies and

identify parameters that may be optimal for increasing

excitability the most, the fastest and for the longest

duration.

To begin to fill this gap in our knowledge, we investi-

gated how different pulse frequencies delivered over the

common peroneal nerve affect CS excitability (Mang et al.

2010). Given that the strength of the sensory volley

depends on pulse frequency, we hypothesised that CS

excitability would increase more when NMES was applied

at higher pulse frequencies. NMES was applied over the

common peroneal nerve to activate TA at 10, 50, 100 or

200 Hz in a 20 s on–20 s off pattern for 40 min at an

amplitude that evoked an M-wave that was *5% Mmax.

This protocol was intended to represent one that could be

used to generate contractions during an FES rehabilitation

session. Consistent with our hypothesis, the 100 Hz NMES

increased CS excitability more than NMES at 10 or 50 Hz

as shown for one participant in Fig. 7a and this effect was

significant across the group as shown by the asterisks in

Fig. 7b. NMES at 100 Hz significantly increased MEP

amplitude after 24 min (open triangles) compared to MEPs

recorded before the NMES session. Contrary to our

hypothesis, NMES at 200 Hz was less effective than

100 Hz for increasing CS excitability (not shown; Mang

et al. 2010). This optimal effect of 100 Hz stimulation, but

not lower or higher frequencies, for increasing CS excit-

ability is similar to the frequency-dependent effect found

for maximising motor unit recruitment through central

pathways during electrically evoked contractions (see

Fig. 3b). The weaker effect of NMES at 200 Hz for gen-

erating contractions through central pathways (albeit non-

significant; Collins et al. 2002a) and for increasing CS

excitability (Mang et al. 2010) may reflect a decreased

ability to activate sensory axons due to activity-dependent

hyperpolarisation of the axons beneath the stimulating

electrodes (Burke et al. 2001), in which case a weaker

sensory volley would be sent to the CNS.

After identifying 100 Hz as an optimal frequency to

deliver FES to enhance CS excitability for TA, we then

compared this type of NMES with a SS protocol that is

commonly used to increase CS excitability for muscles of

the hand (Mang, Clair and Collins, unpublished data). Both

protocols were delivered over the common peroneal nerve
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on separate days in the same group of participants. The

FES was delivered at 100 Hz as described in the previous

paragraph and the SS was delivered at 10 Hz in a 500 ms

on–500 ms off pattern at motor threshold for 2 h, as has

been used previously to increase CS excitability for the

hand (Ridding et al. 2000). We hypothesised that the FES

would increase CS excitability more than the SS due to the

greater sensory volley generated, both in terms of number

of sensory axons stimulated (pulse amplitude), impulses

per second (pulse frequency) and absolute number of

stimuli delivered. Both protocols increased CS excitability,

as can be seen in the data from a single participant in

Fig. 8a. Across the group of 15 participants, a repeated

measures analysis of variance identified a significant effect

of time (before versus after the NMES session) on MEP

amplitude, but no effect of protocol (FES vs. SS) and no

interaction; these results are shown in Fig. 8b. Thus, cor-

tical excitability increased significantly (by *30%) after

both protocols, but the magnitude of the increase was not

different between these two very different forms of NMES.

The lack of a difference between the two may be due to a

ceiling effect in the extent to which NMES can increase CS

excitability. Clearly, there will be a limit to how much

NMES can increase cortical excitability and these data

suggest that both the FES and SS may have been effective

at reaching this ceiling. Further support for this idea comes

from experiments showing that increases in CS excitability

reach a plateau and do not increase further after 24 min of

FES (see Fig. 7b; Mang et al. 2010) and after 45 min of SS

(McKay et al. 2002a). Whether these two forms of NMES
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changes in CS excitability.

a Changes in TA MEPs

recorded before (pre) and after

(post) 40 min of NMES over the

common peroneal nerve trunk

delivered at 10, 50 and 100 Hz

in a single participant.
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Fig. 8 a Changes in MEP amplitude in abductor pollicis brevis

following FES and SS protocols in a single participant. Mean MEP

waveforms (n = 10) before (pre) and after (post) stimulation of the

median nerve trunk at the wrist are shown. b MEP amplitude before

(pre) and after (post) FES and SS averaged across the group (n = 15).
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across NMES protocols and the asterisk shows the significant main

effect of time. Error bars represent one standard error (Mang, Clair

and Collins, unpublished data)
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increase CS excitability at the same rate or whether the

excitability remains elevated for the same length of time

has not been explored.

NMES and cortical circuits: differences

between the arms and legs

As mentioned previously, NMES parameters that have

been used to increase cortical excitability for muscles of

the leg (FES) have been very different from those used for

muscles of the hand (SS). Thus, although making a com-

parison of the effect of NMES on CS excitability for

muscles of the leg and hand has been difficult, the available

evidence suggests that the effect may be different for

muscles in the upper and lower limbs. Following stimula-

tion of the ulnar nerve trunk in the arm, MEPs evoked in

ulnar-innervated muscles, aductor digiti minimi and first

dorsal interosseous in the hand, increased by *50%,

whereas MEPs evoked in muscles not innervated by the

ulnar nerve did not change (Ridding et al. 2000). Likewise,

when NMES was applied to activate afferents from the first

dorsal interosseous, there were increases in MEPs for first

dorsal interosseous and no change in MEPs in abductor

pollicis brevis (Ridding et al. 2001). These two studies and

others (McKay et al. 2002a; Pitcher et al. 2003) suggest

that changes in the excitability of cortical projections to

hand muscles are specific to the muscles innervated by

stimulated nerve and do not spread to other muscles.

Whether a similar specificity occurs for muscles of the leg

has been less clear. Following NMES to activate TA,

MEPs recorded from TA increased while MEPs in the

antagonist muscle, soleus, did not change (Khaslavskaia

et al. 2002; Knash et al. 2003). In another study, common

peroneal nerve stimulation was applied to activate TA

during the swing phase of locomotion and MEPs increased

for both TA and the antagonist muscle, soleus, suggesting

that changes in CS excitability may spread to non-stimu-

lated muscles of the leg (Kido and Stein 2004). However,

the increases in soleus MEPs were more variable than those

observed for TA and may have been due to the activity

associated with locomotion and not the NMES. Whether

these apparent differences in the way NMES affects CS

excitability between the hand and the leg are due to

physiological differences in CNS circuits controlling the

upper and lower limbs or are simply due to the different

protocols used in the studies performed on different limbs

has not been clear.

Therefore, to compare the specificity of the effect of

NMES between the leg and hand we investigated NMES-

induced changes in CS excitability in target (i.e. innervated
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Fig. 9 a MEP amplitude changes in the target (TA tibialis anterior,

APB abductor pollicis brevis) and non-target (Sol soleus, FDI first

dorsal interosseous, VM vastus medialis, ECU extensor carpi ulnaris)

muscles for FES of the median nerve trunk at the wrist and common

peroneal nerve trunk at the head of the fibula to evoke an M-wave of

5% Mmax in the target muscle. MEP amplitude before (pre) and after

(post) FES averaged across the group (n = 10) for target (b) and non-

target (c) muscles of the hand and leg. Asterisks show significant main

effect of time. Error bars represent one standard error (adapted from

Mang et al. 2011)
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by the stimulated nerve) and non-target (i.e. not innervated

by the stimulated nerve) muscles of the hand and leg in the

same participants by measuring MEPs before and after a

40-min session of FES (Mang et al. 2011). As shown in

Fig. 9, CS excitability increased in the target muscle in

both the arm and the leg. For the leg, but not the hand, CS

excitability increased in non-target muscles. This differ-

ence in the effect of NMES on CS excitability for muscles

of the leg and hand is consistent with studies investigating

the sensory-conditioning of MEPs by a preceding electrical

stimulus to a sensory nerve and together these studies

suggest that CS excitability is affected differently by sen-

sory input received from the hand and leg (Kasai et al.

1992; Nielsen et al. 1992; Roy and Gorassini 2008). Thus,

when NMES is applied to increase CS excitability for

muscles in the hand, the effect is specific to the muscle

being stimulated, but when NMES is applied over leg

muscles, beneficial effects on CNS circuits can occur for

muscles throughout the limb.

Summary

NMES activates both motor and sensory axons under the

stimulating electrodes. The activation of motor axons

generates contractions through peripheral pathways and

can produce functional movements and improve muscle

quality for training or rehabilitation. The activation of

sensory axons can also generate contractions, by signals

travelling along central pathways. Transmission along

central pathways generates contraction by the synaptic

activation of motor units in the spinal cord, thereby uti-

lising mechanisms employed during voluntary contractions

that cannot contribute when contractions are produced

through peripheral pathways. The extent to which central

pathways contribute to electrically evoked contractions

depends on parameters of the stimulation, the muscle

stimulated and the location at which the stimulation is

delivered (i.e. over the nerve trunk or muscle belly). In

general, regardless of NMES location, to generate con-

tractions with a significant central contribution requires

that the stimulation be delivered at low pulse amplitudes

(to minimize antidromic block), long pulse durations (to

increase the activation of sensory axons), and high pulse

frequencies (to increase the rate at which the sensory volley

is sent to the CNS). Contractions generated by NMES over

a nerve trunk, but not a muscle belly, also have a significant

central contribution, through H-reflexes, even when the

stimulation is delivered at relatively low frequencies.

Motor unit recruitment through central pathways may be

more orderly, less synchronous and more spatially diffuse

throughout the muscle, than recruitment through purely

peripheral pathways. Accordingly, enhancing central

recruitment during NMES may lead to contractions that are

more fatigue resistant and may improve the way NMES

can maintain muscle quality after injury or disease,

although these ideas require further investigation.

The electrically evoked sensory volley also traverses the

CNS and this can lead to short- and long-term plasticity in

circuits that control movement. Utilising the sensory volley

to evoke enduring changes in transmission through spinal

circuits may be one way to reverse the maladaptive plas-

ticity that develops in these circuits after an injury or dis-

ease. Such maladaptive plasticity includes the development

of stretch reflex hyper-excitability and reduced agonist–

antagonist reciprocal inhibition, both of which are thought

to underlie the development of spasticity (Field-Fote 2004).

Further research is required to identify the best way to

deliver NMES to induce such changes. The electrically

evoked sensory volley also traverses the brain, increasing

activity in CS circuits, strengthening CS pathways and

improving neuromuscular function. The myriad combina-

tions of NMES parameters used to promote plasticity in CS

pathways has made the identification of optimal protocols

difficult, although delivering NMES at 100 Hz may be

optimal for increasing CS excitability, at least for the TA

muscle. Whether the effect of NMES on CS excitability is

different for different muscles is not clear, however, there

do seem to be differences between muscles of the upper

and lower limbs. NMES can have a global effect on CS

excitability for muscles of the leg, whereby excitability

increases in both target and non-target muscles. In contrast,

NMES of hand muscles has a more focused effect, and CS

excitability increases only for muscles innervated by the

stimulated nerve (i.e. target muscles). In summary, opti-

mising the sensory volley generated during NMES to take

advantage of mechanisms inherent to the neuromuscular

system, such as Henneman’s size principle and neuro-

muscular plasticity, may help to maximize the potential of

NMES therapies for rehabilitation and enhance neuro-

muscular function at the level of the muscle, spinal cord

and brain after injury or disease of the CNS.
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