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Abstract 

The present thesis examined two general questions regarding 

neuromuscular electrical stimulation (NMES): 1) How can the delivery of NMES 

be optimised to enhance synaptic motor unit recruitment via reflex pathways 

(central pathways) and 2) Can motor unit recruitment through central pathways 

improve the fatigue-resistance of NMES-evoked contractions in people with 

chronic motor-complete spinal cord injury (SCI)? 

To address the first general question, two sets of experiments were 

conducted with people who were neurologically-intact (Chapters 2 and 3). 

Information about how motor units were recruited was provided by 

electromyographic responses evoked during NMES. The first two sets of 

experiments tested the hypothesis that NMES delivered over the nerve trunk 

(nNMES) would generate contractions of the plantar flexors (Chapter 2) and knee 

extensors (Chapter 3) with greater activity through central pathways compared 

with contractions of equivalent amplitude evoked by NMES delivered over the 

muscle belly (mNMES). Both hypotheses were confirmed, indicating that 

nNMES may hold significant advantages over mNMES for rehabilitation, and in 

particular for generating fatigue-resistant contractions.  

To address the second general question, two sets of experiments were 

conducted in people with chronic motor-complete SCI (Chapters 4 and 5). The 

first set of experiments tested whether contractions of the paralysed plantar 

flexors evoked by mNMES would fatigue sooner, and to a greater extent, 

compared with contractions of equivalent amplitude generated by nNMES. This 



 

hypothesis was confirmed. However, differences in fatigue-resistance between 

NMES sites were dependent upon the contribution of central pathways (H-

reflexes) during the evoked contractions. When contractions were generated only 

through successive motor axon activation (M-waves; peripheral pathways), 

NMES site had no influence on fatigue-resistance. The second set of experiments 

tested the hypothesis that contractions of the paralysed plantar flexors evoked by 

nNMES using a short pulse duration (50 µs) would fatigue sooner, and to a 

greater extent, compared with contractions of equivalent amplitude evoked by 

nNMES using a long pulse duration (1000 µs). Data collection for this project 

continues, however initial data support our hypothesis. In conclusion, activity 

through central pathways is dependent upon NMES site, and holds promise for 

generating fatigue-resistant contractions after SCI. 
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CHAPTER 1: GENERAL INTRODUCTION
1
 

1.1 Preface 

The focus of this thesis was two-fold; 1) to develop a further 

understanding of how motor units are recruited and, thus, muscle contractions are 

generated by neuromuscular electrical stimulation (NMES), and 2) to determine 

ways of improving the fatigue-resistance of contractions generated by NMES in 

people with chronic spinal cord injury (SCI). Chapters 2 and 3 involve 

experiments designed to determine whether the site that NMES is delivered on the 

surface of the skin (NMES site), either over a muscle belly (mNMES) or over a 

nerve trunk (nNMES), affects how contractions of the plantar flexors (Chapter 2) 

and knee extensors (Chapter 3) are generated. Chapters 4 and 5 involve 

experiments designed to determine whether the NMES site (Chapter 4) and 

NMES pulse duration (Chapter 5) affect the fatigue-resistance of evoked plantar 

flexor contractions in people with chronic SCI.  

 

1.2 Overview of NMES  

NMES can generate contractions to assist activities of daily living (82) 

and provide opportunities for exercise (36, 67) in people who experience paralysis 

due to SCI. However, the non-physiological way in which motor units are 

                                                

 

1 A portion of this chapter has been published.  

Bergquist AJ, Clair JM, Lagerquist O, Mang CS, Okuma Y, and Collins DF. Neuromuscular 

electrical stimulation: implications of the electrically evoked sensory volley (invited review), 

European Journal of Applied Physiology 111:2409-2426, 2011. 
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recruited beneath the NMES electrodes (see Section 1.3 below) results in 

contractions that have limited fatigue-resistance, thereby minimising the 

effectiveness of NMES for restoring movement (11, 99, 118). This is particularly 

true for people with chronic SCI, whose muscle quality below the level of lesion 

may be compromised (119). Due to the inactivity imposed by the injury, muscle 

paralysed by SCI tends to atrophy and previously slow fatigue-resistant motor 

units take on characteristics of fast fatigable motor units (26, 61, 113, 120). Much 

research has been conducted on determining how different NMES parameters 

affect the evoked contractions, with a general goal of identifying how to produce 

the most fatigue-resistant contractions (see Section 1.3 below). This work has 

provided important information about generating contractions primarily through 

peripheral pathways (Figure 1-1), as the way in which NMES has been delivered 

in most studies tends to favor the contribution made by activating motor, as 

opposed to sensory, axons. Research in our laboratory has focused on identifying 

ways of generating contractions through central pathways, initiated by the 

activation of sensory axons (see Ref 30 for review). Generating contractions 

through central pathways recruits motor units by the synaptic activation of motor 

neurons (Figure 1-1), similar to motor unit recruitment that occurs during 

voluntary contractions, and this may be beneficial when NMES is used for 

rehabilitation. Specifically, increasing central recruitment during NMES may 

improve the fatigue-resistance of evoked contractions (see Section 1.3.1 below). 
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1.2.1 Peripheral and central contributions to evoked contractions 

NMES generates contractions by the repetitive depolarisation of axons 

beneath the NMES electrodes. The depolarisation of motor axons produces 

contractions by signals traveling from the NMES site to the muscle (peripheral 

pathway), with no involvement of the central nervous system (motor volley; 

Figure 1-1). Motor units recruited through this pathway discharge relatively 

synchronously, and their discharge can be measured as an M-wave in the 

electromyographic (EMG) signal recorded from the muscle innervated by the 

stimulated nerve. In the same way that motor axons are recruited during NMES, 

sensory axons are also depolarised (sensory volley; Figure 1-1). The resultant 

sensory volley comprises signals in afferents from muscle spindles, Golgi tendon 

organs and cutaneous receptors (21). This sensory volley is sent to the central 

nervous system relatively synchronously, compared to sensory feedback 

generated during voluntary movements. It has been estimated that when evoked 

by NMES of the tibial nerve trunk in the popliteal fossa, signals in the fastest 

conducting Ia afferents arrive at the motor pool for soleus in ~15 ms, with the 

slowest arriving 6.7 - 9.4 ms later (21). The amount of temporal dispersion of the 

sensory volley will depend on the distance between the NMES electrodes and the 

spinal cord, with less dispersion for more proximal sites. During NMES, the 

sensory volley is sent to the central nervous system repetitively at the frequency 

of NMES, and can contribute to the evoked contraction by the synaptic 

recruitment of neurons in the spinal cord (central pathway; Figure 1-1). Thus, 

contractions produced by NMES can be generated by a combination of peripheral 
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recruitment, by the activation of motor axons beneath the NMES electrodes, and 

central recruitment, by the evoked sensory volley. 

Confirmation that the central recruitment of motor units contributes to 

evoked contractions has been provided by experiments in which NMES was 

applied before and during a complete anaesthetic block of the peripheral nerves 

between the NMES site and the spinal cord (18, 31, 32, 87). In these experiments, 

contractions were larger before the nerve block, when the central nervous system 

could contribute to the 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 contractions 

generated through peripheral pathways, leading to the development of greater 

torque (extra or central torque). A central contribution to evoked contractions has 

now been shown for the triceps surae (4, 9, 31, 32, 79), tibialis anterior (31, 79), 

quadriceps femoris (10), wrist extensors (4) and flexor pollicis longus (18). 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 and the NMES parameters (9, 10, 31, 37, 87, 88). The first two 

research chapters of the present thesis investigate the possibility that the strength 

of the central contribution also depends on the NMES site (mNMES versus 

nNMES) for contractions of the plantar flexors (Chapter 2) and knee extensors 

(Chapter 3). 

The sensory volley generated during NMES recruits motor units centrally 

in two distinct ways. Perhaps the most obvious form of central recruitment is 



5 

 

through the Hoffmann- or H-reflex pathway (29, 79, 88). Like the M-wave, motor 

units recruited through H-reflex pathways discharge relatively synchronously, 

although at a longer latency due to a longer pathway through the spinal cord. Thus 

far, evoked contractions with a robust contribution from H-reflexes have been 

shown for the triceps surae (9, 29, 79, 88) and quadriceps (10). On the contrary, 

the H-reflex contribution to evoked contractions of tibialis anterior is small (79) 

consistent with the weaker reflexive inputs to tibialis anterior motor neurons (73). 

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 synchronised to each 

NMES pulse (32, 89). Such asynchronous activity, which tends to develop over 

time, may be initiated by pre-synaptic mechanisms, such as post-activation 

potentiation of neurotransmitter release and/or post-synaptic mechanisms, such as 

the activation of persistent inward currents in spinal neurons (32, 33). During 

NMES, asynchronous activity has been observed in single motor unit recordings 

(32, 89) and using surface EMG, where it appears as an increase in baseline 

activity measured between the M-wave and H-reflex (9). 

1.2.2 Effect of NMES parameters on motor unit recruitment 

The following sections provide an overview of how NMES pulse 

amplitude, pulse duration and pulse frequency influence the recruitment of motor 

units through peripheral and central pathways. 

1.2.2.1 Pulse amplitude 

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

produces a stronger depolarising drive that travels deeper into the underlying 
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tissue (97, 126). Clearly, higher NMES intensities generate larger contractions by 

depolarising more motor axons beneath the NMES electrodes. Higher NMES 

intensities will also depolarise 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 contraction is limited by antidromic transmission in 

motor axons (Figure 1-1). At high NMES intensities, antidromic transmission in 

motor axons blocks orthodromically transmitted signals, reducing the central 

contribution to evoked contractions (56, 108). Thus, contractions evoked at 

maximal intensities, 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 NMES be delivered 

at a low enough amplitude to minimise 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% of the torque generated 

during a maximum voluntary isometric contraction (MVIC) almost exclusively 

through central pathways (31, 32). Overall, to evoke contractions with a large 

central contribution, the NMES intensity must be delivered low enough to 

minimise antidromic block, but contractions must be large and stable enough to 

be useful for restoring movement. Although delivering NMES at lower intensities 

may seem counter-intuitive when considering that benefits derived from NMES 

training tend to be proportional to the contraction amplitude (intensity, (117); 

dose, (124)), high NMES intensities can be problematic for people with hyper-

sensitivity (118) or who have compromised bone density (43).  
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1.2.2.2 Pulse duration 

Changing the duration of the pulses delivered during NMES alters the 

relative recruitment of motor and sensory axons. Short pulse durations (50 to 400 

μs) preferentially activate motor axons (60), whereas the use of longer pulse 

durations (500 to 1000 μs) will recruit relatively more sensory axons (68, 77, 101, 

104, 105). 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 (Figure 1-2; 101, 106, 132) and is the reason 

that longer pulse durations are more effective for evoking the H-reflex (86, 104). 

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 (500 and 1000 μs versus 50 μs), consistent with a preferential 

recruitment of sensory over motor axons. Accordingly, when the M-wave was 5% 

of a maximal M-wave (Mmax), H-reflexes were significantly larger when using 

longer pulse durations compared with shorter pulse durations (86).  

A similar effect of pulse duration, consistent with changes in the relative 

recruitment of sensory and motor axons, occurs during repetitive NMES. During 

100 Hz mNMES of triceps surae, 1000 μs pulses generated significantly larger 

contractions, indicative of a greater central contribution, compared to NMES 

delivered using 50 or 250 μs pulse durations, as shown for one participant in 

Figure 1-3a (31). In these experiments the current delivered was adjusted for each 

pulse duration to evoke the same torque at the beginning of each contraction. In 
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the same study, changing pulse duration did not alter the central contribution to 

contractions evoked by mNMES of tibialis anterior (31). A more detailed 

investigation that included assessment of M-waves, H-reflexes and torque during 

NMES over the tibial nerve trunk (88) 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 200, 500 and 1000 μs generated larger H-reflexes 

and greater torque than a 50 μs pulse duration (88). This effect of pulse duration is 

shown for one participant in Figure 1-4 where H-reflexes and torque were larger 

following a period of 100 Hz NMES delivered using 1000 μs pulses compared to 

50 μs pulses. Interestingly, M-wave amplitude also depended upon pulse duration. 

After the initial response, M-waves were depressed when NMES was delivered 

using 200, 500 and 1000, but not 50, μs pulse durations. Thus, the use of longer 

pulse durations during NMES can enhance central recruitment and reduce 

peripheral recruitment during NMES. However, these experiments indicate that 

activity through central pathways can contribute to evoked contractions across a 

range of pulse durations. 

1.2.2.3 Pulse frequency 

The frequency at which individual pulses are delivered within a NMES 

train (pulse frequency) determines the frequency at which action potentials travel 

along motor and sensory axons. For contractions generated through peripheral 

pathways, pulse frequency influences how torque generated through successive 

M-waves summates and contributes to the smoothness and strength of evoked 



9 

 

contractions. In general, for contractions generated through peripheral pathways, 

NMES is delivered at frequencies high enough to produce fused contractions (20-

40 Hz; 3, 14), but not so high (>50 Hz) that contractions fatigue rapidly (58, 76); 

see Section 1.3.2.1 below). A decline in torque at higher pulse frequencies is 

consistent with the observation that torque tends to decline when NMES is 

applied at 100 Hz during a peripheral nerve block, when only peripheral 

pathways can contribute (87). In the same study, however, significantly more 

torque was recorded when the same NMES was delivered before the nerve block, 

when central pathways could contribute.  

The influence of pulse frequency on the recruitment of motor units 

through central pathways can be complicated, as transmission across central 

synapses is strongly dependent 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 (34, 115, 129). Such post-

activation depression is clearly demonstrated during NMES at 20 Hz for a group 

of participants in Figure 1-5 (filled triangles), showing that soleus H-reflexes 

remained markedly depressed throughout the NMES train after the first H-reflex. 

In contrast, H-reflex amplitude did not change when NMES was delivered at 5 

Hz, but during 10 Hz NMES H-reflexes were initially depressed and then their 

amplitude recovered completely by the end of the NMES train (Figure 1-5; Ref 

28). Interestingly, the amount of reflex depression depended strongly on the 

voluntary contraction level, since depression was greatest when participants were 

relaxed, and was absent during contractions of 20% MVIC. In an apparent 
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contradiction to this frequency-dependant depression of H-reflex transmission, 

when NMES is delivered over the triceps surae muscle belly at high, but not low, 

frequencies for several seconds, large contractions can develop (31, 32). This is 

shown for a single participant in Figure 1-3b where torque increased the most 

when NMES was delivered at 100 Hz compared to NMES at 25 or 200 Hz. 

Across a group of 6 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 asynchronous activity at such high frequencies is 

difficult due to contamination of the EMG by successive NMES artefacts, the 

large contractions that can develop through central pathways (up to 40% MVIC) 

during high frequency NMES (31) may be due to the emergence of asynchronous 

activity, as occurs during tonic vibration reflexes (22, 62, 93).  

In addition to the central recruitment that can develop during constant 

high-frequency NMES, central recruitment can be augmented when brief periods 

of high-frequency NMES (bursts) are delivered during longer trains at lower pulse 

frequencies (4, 31, 32, 37, 79, 88). Figure 1-4 shows that both H-reflexes and 

torque can be augmented after brief bursts of 100 Hz NMES. These central 

contractions depend on the NMES frequency, and are largest at frequencies 

greater than or equal to 80 Hz (37). Taken together these experiments suggest that 

activity through central pathways can contribute to evoked contractions across a 

range of frequencies, but that the central contribution may be predominantly due 

to H-reflexes at lower frequencies and asynchronous activity when NMES is 
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delivered at higher frequencies; although H-reflexes can be augmented by brief 

bursts of high-frequency (100 Hz) NMES.  

 

1.3 Aspects of motor unit recruitment that affect fatigue-

resistance 

In each of the following sections, we describe how the orderly, temporal 

and spatial aspects of motor unit recruitment through peripheral pathways 

contribute to the limited fatigue-resistance of NMES-evoked contractions (92). 

We then describe a number of approaches that aim to improve each aspect.  

1.3.1 Motor unit recruitment during NMES is not orderly 

When motor units are recruited by voluntary descending drive (39, 98) or 

reflexive inputs (6, 20, 64, 65, 128), small fatigue-resistant motor units are 

recruited first, followed by larger fast-fatigable motor units, in accordance with 

the size principle (63). This recruitment order is attributed to smaller motor 

neurons having higher input resistances, which results in larger excitatory post-

synaptic potentials for a given input, resulting in their recruitment at lower 

synaptic currents than larger motor neurons (125). In contrast to this well-

established orderly recruitment during synaptic activation, the data available on 

motor unit recruitment order during NMES are less consistent (see Ref 57 for 

review). Initially, recruitment order was thought to be reversed compared to 

voluntary contractions, based on experiments involving NMES of motor axons 

using implanted electrodes in anesthetised cats (55, 123) and the idea that axons 

of larger motor units have lower axonal resistance, making them more easily 
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depolarised by currents applied directly to the nerve trunk (17, 123). While this 

view has a solid theoretical foundation, how NMES generates contractions for 

NMES at the surface of the skin may be quite different. In recent years, it has 

been suggested that motor unit recruitment during NMES follows the size 

principle (80, 97, 127) or is random with respect to motor unit type (71, 97). The 

general consensus 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 

NMES electrodes as well as the axon diameter (2, 49, 78, 97). As a consequence, 

for contractions produced through peripheral pathways, the consensus is that 

there is no clear relationship between motor unit recruitment order and motor unit 

type (57). Thus, NMES-evoked contractions recruit relatively fewer fatigue-

resistant motor units than voluntary contractions of equal amplitude, thereby 

contributing to the limited fatigue-resistance of NMES-evoked contractions. 

1.3.1.1 Approaches to improve the orderly aspects of motor unit recruitment 

during NMES 

Surprisingly few methods have been developed to improve motor unit 

recruitment order (i.e. recruit slow fatigue-resistant motor units first) during 

NMES. Methods that have demonstrated improved recruitment order empirically 

involve implanted electrodes that block action potentials in large motor units 

using either direct current (114), high-frequency (600 Hz; 5) or anodal (1, 48) 

NMES (simulations of exponentially rising waveforms have demonstrated 

improved recruitment order; Ref 66). In each case, action potentials are initiated 

at a proximal electrode and blocked at a distal electrode positioned along a nerve 
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trunk. To selectively activate small motor units, these methods take advantage of 

the reversed motor unit recruitment order of motor axons which occurs when 

NMES is delivered directly to a nerve trunk (55, 123). Since large motor units are 

more easily depolarised by externally applied currents (17, 123), large motor units 

are also more easily blocked at lower amplitudes of direct current, high-frequency 

or anodal NMES. Despite this work, the validity of achieving improved 

recruitment order with blocking techniques for improving-fatigue resistance of 

evoked contractions has not been tested thoroughly (123) and has largely been 

abandoned. Further, such blocking techniques are not feasible using NMES from 

the surface and, thus, it is unlikely that these methods will be widely incorporated 

into NMES rehabilitation programs. 

Aside from these blocking techniques, generating contractions through 

central pathways (H-reflexes) can also recruit motor units according to the size 

principle (20, 128). Thus, generating contractions through central pathways may 

be one way to improve the fatigue-resistance of NMES-evoked contractions. 

Evidence that central contributions can improve fatigue-resistance of evoked 

contractions has been provided by nerve block experiments in people who are 

neurologically-intact (87). When NMES was delivered for up to 30 s at high 

frequencies (100 Hz), plantar flexion torque decreased when only motor axons 

could contribute (blocked condition) and increased when sensory axons could also 

contribute (before the nerve block). Chapters 2 and 3 of the present thesis aim to 

identify non-invasive ways of augmenting activity through central pathways, 

thereby recruiting motor units according to the size principle, during NMES. 
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Chapters 4 and 5 go on to test whether generating contractions through central 

pathways does indeed improve the fatigue-resistance of NMES-evoked 

contractions in people with chronic SCI.  

1.3.2 Temporal aspects of motor unit 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 (<20 Hz for soleus; Refs 8, 35). Such low firing rates 

reduce the metabolic demand placed on individual motor units (2). In contrast, 

during NMES, motor units discharge relatively synchronously to each other as M-

waves, time-locked to each NMES pulse. Thus, to develop fused (tetanic) 

contractions capable of reaching near maximum torque levels, higher motor unit 

discharge rates are required during NMES than voluntary contractions (3), 

increasing the metabolic demand with respect to torque production (2, 131). Thus, 

although higher pulse frequencies are capable of generating greater torques, they 

also increase the rate of fatigue (53, 54, 70, 76). Thus, when recruiting motor 

units through peripheral pathways, it is recommended that NMES be delivered at 

the lowest frequency, capable of generating the desired torque, in order to 

minimise fatigue (3).  

1.3.2.1 Approaches to improve the temporal aspects of motor unit recruitment 

during NMES 

The majority of the research directed at improving the fatigue-resistance 

of NMES-evoked contractions has focused on the potential of modulating pulse 

frequency. Typically, NMES is delivered at constant frequencies, which have 
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evenly spaced intervals between pulses, to generate contractions. However, 

variable frequency trains, which begin with two pulses (doublet) separated by a 

brief interval (5 to 10 ms) followed by evenly spaced pulses at longer intervals, 

can augment torque development of fatigued muscle (14, 15, 27, 112). Variable 

frequency trains that utilise a high-frequency doublet at the onset of NMES take 

advantage of the intrinsic catch-like property of skeletal muscle (24). The catch-

like property of skeletal muscle is the increased torque observed when high 

frequency pulses are added to the beginning of a non-tetanic train of NMES 

pulses (24), and may be due to either increased sarcoplasmic calcium 

concentration and/or increased stiffness of the series elastic elements of the 

muscle (25, 42, 107). Interestingly, high-frequency doublets like those at the onset 

of variable frequency trains also occur during voluntary contractions (7, 85) and 

are more prevalent during fatigue (59). Thus, the use of high-frequency doublets 

may be one way the central nervous system optimises torque output to overcome 

fatigue. Although variable frequency trains can augment torque development of 

fatigued muscle, there is controversy as to whether repetitive activation with 

variable frequency trains can generate contractions that are more fatigue-resistant 

than constant frequencies alone. During continuous isometric contractions of the 

thenar muscle with nNMES, variable frequency trains resulted in slower rates of 

torque attenuation, suggesting a slower time to fatigue, compared with constant 

frequency trains (14). However, during intermittent isometric contractions of the 

quadriceps with mNMES, variable frequency trains generated a greater decline in 

torque compared with constant frequency trains (16). Thus, it may be that optimal 
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NMES patterns involve the introduction of high-frequency doublets only once 

fatigue begins to develop (116). 

Another strategy that aims to improve the fatigue-resistance of NMES-

evoked contractions involves progressively increasing the pulse frequency during 

an NMES session (41, 74, 122). For  mNMES of the knee extensors in people 

with SCI (74), switching from a lower (20-33 Hz) to a higher (66 Hz) pulse 

frequency allowed for a greater number of intermittent knee extension 

contractions to be completed compared with constant pulse frequencies (20, 33 or 

66 Hz). This method of modulating pulse frequency is thought to overcome low 

frequency fatigue, which is the relative greater torque loss at low compared to 

high pulse frequencies once a muscle becomes fatigued (Ref 44; see Section 1.4.2 

below). Interestingly, this effect of increasing pulse frequency seems to be 

dependent upon NMES intensity. During sustained isometric contractions of the 

thenar muscle by nNMES of the median nerve, progressively increasing the pulse 

frequency from 20 to 40 Hz improved fatigue-resistance compared with a 

constant 20 Hz frequency, but only when NMES was delivered at maximal 

amplitudes (to evoke Mmax; Ref 41). 

1.3.3 Spatial aspects of motor unit recruitment 

Motor unit recruitment during mNMES is mainly, but not entirely (2), 

superficial due to the large distance from the mNMES electrodes to the deepest 

motor units (19, 97, 103, 109, 130). This results in an inability to recruit all of the 

motor units in a muscle, even at high mNMES intensities (2, 103, 109). In fact, 

one estimate suggests that only ~54% of the muscle cross sectional area can be 
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activated during NMES applied over the quadriceps muscles (2). To maximise the 

spatial recruitment of motor units during mNMES, Maffiuletti (2010) has 

suggested increasing the NMES pulse amplitude, to depolarise additional muscle 

fibres located at a greater distance from the electrodes (126), and moving the 

electrodes or varying joint angle after several contractions, both of which will 

change the population of superficial fibres that are recruited. Recent work 

indicates that spatial recruitment of motor units can also be improved upon by 

delivering nNMES, instead of mNMES. Motor units recruited during nNMES are 

distributed evenly throughout a muscle, regardless of NMES intensity (103). 

Figure 1-6 shows M-wave recruitment curves constructed from tibialis anterior 

data collected from a single participant during mNMES (panel A) and nNMES 

(panel B), respectively, while recording from a superficial and deep site within the 

tibialis anterior muscle using fine wires (103). During mNMES, the gain of the 

recruitment curves for the superficial and deep recording sites were markedly 

different. In this participant, deep regions of the muscle could only be activated at 

relatively high amplitudes during mNMES (in 3 of 9 participants, Mmax could not 

be reached on the deep recording site during mNMES). In contrast, during 

nNMES, the recruitment curves were similar between the recording sites and both 

superficial and deep regions of the muscle could be activated at relatively low 

NMES intensities (Mmax was reached on the deep recording site in every 

participant during nNMES). These findings regarding the spatial recruitment of 

motor units through peripheral pathways during NMES are summarised 

schematically in Figure 1-7. At the level of the muscle belly, motor units located 
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superficially within the muscle, those closest to the mNMES electrodes, are 

recruited preferentially during mNMES (97, 130) as depicted in panel A. At the 

level of the nerve trunk, recruitment of motor axons is random in relation to axon 

diameter (40, 94) and is likely superficial within the nerve trunk (panel B). Thus, 

motor unit recruitment should be randomly distributed throughout a muscle, 

regardless of the spatial organisation of motor unit types (filled circles; Figure 1-

7B). Thus, even for contractions produced solely through peripheral pathways 

(central pathway contributions are omitted from Figure 1-7 for clarity), nNMES 

recruits motor units with a wider spatial distribution throughout the muscle. Thus, 

different types of motor units will be recruited by NMES at each site since the 

spatial distribution of different fibre types varies both within and between muscles 

(23, 81, 91). 

1.3.3.1 Approaches to improve the spatial aspects of motor unit recruitment 

during NMES 

In order to increase the spatial distribution of recruited motor units during 

mNMES, researchers have rotated NMES pulses between multiple electrodes over 

the muscle belly (known as Sequential NMES; sNMES; Ref 111). sNMES is 

thought to selectively activate sub-populations of motor units, rather than activate 

only one motor unit population repetitively beneath a single sNMES site, thereby 

mimicking, albeit crudely, the asynchronous motor unit discharge that occurs 

during voluntary contractions. Thus, sNMES improves the spatial recruitment of 

motor units, by increasing the populations of motor units contributing to evoked 

contractions through the use of multiple pairs of electrodes, and reduces the pulse 
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frequency required to generate contractions, since rotating pulses between pairs 

allows for a reduction of pulse frequency at each site, while maintaining the pulse 

frequency delivered to the muscle as a whole. During NMES of the quadriceps, 

with electrodes placed over rectus femoris, vastus lateralis and vastus medialis, 

knee moments declined to 50% of initial eight times faster when NMES was 

delivered simultaneously to each muscle (mNMES) compared to when NMES 

was cycled between all three muscles separately (sNMES; Ref 111). To date, 

sNMES has been shown to improve the fatigue-resistance for evoked contractions 

of the human triceps surae (102) and quadriceps (38, 95, 110, 111).  

 

1.4 Sites of fatigue during NMES 

 During NMES, a decline in torque production can be due to failure in: 1) 

neuromuscular transmission, 2) excitation-contraction coupling and/or 3) 

metabolic processes (not discussed presently). 

1.4.1 Neuromuscular propagation failure  

 Neuromuscular propagation failure involves compromised transmission at 

axonal branch points, neuromuscular junctions and/or at the muscle fibre 

membrane (46). In anesthetised animal preparations, impaired transmission at 

each of these sites has been associated with parallel declines in muscle force and 

M-wave amplitude (45, 51, 72, 83, 84, 90). As such, an approach to studying 

whether neuromuscular propagation failure plays a role during fatigue in humans 

has been to measure changes in M-wave characteristics (i.e. amplitude, duration, 

etc), and then to relate those changes to the decline in torque (12, 100, 120, 121). 
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In general, neuromuscular propagation failure during NMES is thought to 

contribute primarily to high-frequency fatigue, whereby torque declines rapidly at 

high frequencies (>50 Hz), due at least in part to an accumulation of extracellular 

potassium (69), but recovers rapidly within seconds when the frequency is 

reduced (13, 70). Interestingly, fast motor units are more susceptible to 

neuromuscular propagation failure (47, 52). Accordingly, neuromuscular 

propagation failure plays a more prominent role during NMES-evoked 

contractions in people with chronic SCI, in whom chronic disuse has led to 

transformation of motor units from slow to fast, compared to people with acute 

SCI, in whom motor unit transformations have not progressed (121). However, 

the contribution of neuromuscular propagation failure to NMES of muscle 

chronically paralysed by SCI may be minimal. During recovery from fatigue 

induced by 20 Hz nNMES of the plantar flexors, soleus M-waves had recovered 

completely, whereas plantar flexion torque recovered only minimally and 

remained depressed by 40%. The minimal recovery of torque was attributed to 

improved neuromuscular propagation, whereas the sustained 40% loss of torque 

was attributed to low-frequency fatigue (excitation-contraction coupling).   

1.4.2 Excitation-contraction coupling failure  

Generally, when there are minimal to no changes in M-wave 

characteristics, fatigue is attributed to failure of mechanisms downstream from the 

muscle fibre membrane, such as excitation-contraction coupling or metabolic 

processes (not discussed; Ref 46). Excitation-contraction coupling failure can 

occur at any one of the seven steps between 1) activation of the muscle fibre 
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membrane and 7) myosin binding to actin and force generation (50) and is 

thought to underlie a long lasting (hours to days) type of fatigue, termed low-

frequency fatigue, characterised by a relatively greater loss of torque in response 

to low- compared to high- pulse frequencies (44, 69, 75). Specifically, 

intracellular measurements have shown that a reduction in calcium release from 

the sarcoplasmic reticulum may be particularly important in the development of 

low-frequency fatigue (133). The ratio between torque generated by 20 Hz and 50 

or 80 Hz has been used as a measure of low frequency fatigue (44, 69, 96), with a 

decrease in the ratio indicating its presence (75).  

 

1.5 Thesis Objectives 

The present thesis examined two general questions regarding NMES: 1) 

How can the delivery of NMES be optimised to enhance synaptic motor unit 

recruitment via central pathways and 2) Can motor unit recruitment through 

central pathways improve the fatigue-resistance of NMES-evoked contractions?  

To address the first general question, two sets of experiments (Chapter 2 

and 3) were conducted with people who were neurologically-intact. The 

objectives of Chapter 2 and 3 were to compare activity through peripheral (M-

waves) and central (H-reflexes and asynchronous activity) pathways during 

plantar flexor (Chapter 2) and knee extensor (Chapter 3) contractions evoked by 

NMES delivered over the muscle belly (mNMES) versus over the nerve trunk 

(nNMES). In both sets of experiments, we hypothesised that nNMES would 
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generate contractions with greater activity through central pathways, compared 

with mNMES. 

To address the second general question, two sets of experiments (Chapters 

4 and 5) were conducted in people with chronic motor-complete SCI. The 

objective of Chapter 4 was to compare the fatigue-resistance of paralysed plantar 

flexor contractions evoked by mNMES versus nNMES. We hypothesised that 

nNMES would generate contractions that were more fatigue-resistant than 

mNMES. The objective of Chapter 5 was to compare the fatigue-resistance of 

paralysed plantar flexors contractions evoked by nNMES using a short (50 µs) 

versus a long (1000 µs) pulse duration. We hypothesised that nNMES using a 

long pulse duration would generate contractions that were more fatigue-resistant 

than nNMES using a short pulse duration. 

Together, the experiments in this thesis provide evidence that activity 

through central pathways: 1) is dependent upon NMES site (mNMES versus 

nNMES) and 2) holds promise for generating fatigue-resistant contractions in 

people with chronic SCI. 
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1.6 Figures 

 

 

Figure 1-1 Schematic of peripheral and central pathways. Motor units are 

recruited by the NMES-evoked motor and sensory volleys initiated by 

depolarisation of axons beneath the NMES electrodes. The contribution from the 

evoked sensory volley is limited by antidromic transmission in motor axons at 

high NMES intensities. (Adapted from Ref 30) 
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Figure 1-2 Relationship between stimulus charge and stimulus pulse duration for 

sensory and motor axons in a single human participant.  The differences between 

the strength duration time-constants are represented by the x-axis intercept, as 

highlighted by the arrows. Rheobase is represented by the slope of the regression 

line shown in the top right of the panel. (Adapted from Ref 101) 
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Figure 1-3 The effect of pulse duration and pulse frequency on the central 

contribution to mNMES-evoked contractions of the plantar flexors. a Mean (n = 

5) torque responses evoked by mNMES (100 Hz) using pulse durations of 50, 250 

and 1000 µs in a single participant. b Mean (n = 5) torque responses evoked by 

mNMES (1000 µs) using pulse frequencies of 25, 100 and 200 Hz. Error bars 

represent one standard error. (Adapted from Ref 31)  
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Figure 1-4 Plantar flexion torque and soleus EMG evoked by nNMES delivered 

at motor threshold in a pattern (20-100-20 Hz for 2-2-3 s, respectively). Vertical 

rectangles indicate 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 1000, but not a 50, µs pulse duration. (Adapted from Ref 88) 
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Figure 1-5 The effect of pulse frequency on the central contribution to nNMES-

evoked contractions of the plantar flexors. Group data (n = 11) depicting recovery 

of H-reflexes during nNMES to evoke an M-wave of ~5% Mmax) delivered over 

the tibial nerve trunk at 5, 10 and 20 Hz while seated participants held plantar 

flexion contractions of 12 ± 4% MVIC. 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 Ref 28) 
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Figure 1-6 M-wave recruitment curves recorded from a superficial and deep 

region within tibialis anterior using fine wires when mNMES (panel A) or 

nNMES (panel B) was applied. (Adapted from Ref 103) 
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Figure 1-7 Proposed spatial motor unit recruitment through peripheral pathways 

during mNMES (A) and nNMES (B) of a hypothetical hetergeneous muscle. 

Contributions through central pathways have been omitted for clarity.  

 

 

 

 

 

 

 

 

 

 

 

 



30 

 

1.7 References 

1. Accornero N, Bini G, Lenzi GL and Manfredi M. Selective activation of 

peripheral-nerve fiber groups of different diameter by triangular shaped stimulus 

pulses. J.Physiol.-London 273: 3: 539-560, 1977.  

2. Adams GR, Harris RT, Woodard D and Dudley GA. Mapping of electrical 

muscle stimulation using MRI. J.Appl.Physiol. 74: 2: 532-537, 1993.  

3. Baker LL, Wederich CL, McNeal DR, Newsam CJ and Waters RL. 

NeuroMuscular Electrical Stimulation: A Pratical Guide. 2000, p. 1-56.  

4. Baldwin ER, Klakowicz PM and Collins DF. Wide-pulse-width, high-

frequency neuromuscular stimulation: implications for functional electrical 

stimulation. J.Appl.Physiol. 101: 1: 228-240, 2006.  

5. Baratta R, Ichie M, Hwang SK and Solomonow M. Orderly stimulation of 

skeletal-muscle motor units with tripolar nerve cuff electrode. IEEE 

Trans.Biomed.Eng. 36: 8: 836-843, 1989.  

6. Bawa P, Binder MD, Ruenzel P and Henneman E. Recruitment order of 

motoneurons in stretch reflexes is highly correlated with their axonal conduction 

velocity. J.Neurophysiol. 52: 3: 410-420, 1984.  

7. Bawa P and Calancie B. Repetitive doublets in human flexor carpi radialis 

muscle. J.Physiol 339: 123-132, 1983.  

8. Bellemare F, Woods JJ, Johansson R and Bigland-Ritchie B. Motor-unit 

discharge rates in maximal voluntary contractions of three human muscles. 

J.Neurophysiol. 50: 6: 1380-1392, 1983.  

9. Bergquist AJ, Clair JM and Collins DF. Motor unit recruitment when 

neuromuscular electrical stimulation is applied over a nerve trunk compared with 

a muscle belly: triceps surae. J.Appl.Physiol. 110: 3: 627-637, 2011.  

10. Bergquist AJ, Wiest MJ and Collins DF. Motor unit recruitment when 

neuromuscular electrical stimulation is applied over a nerve trunk compared with 

a muscle belly: quadriceps femoris. J.Appl.Physiol. 113: 1: 78-89, 2012.  



31 

 

11. Bickel CS, Gregory CM and Dean JC. Motor unit recruitment during 

neuromuscular electrical stimulation: a critical appraisal. Eur.J.Appl.Physiol. 111: 

10: 2399-2407, 2011.  

12. Bigland-Ritchie B. EMG and fatigue of human voluntary and stimulated 

contractions. Ciba Found.Symp. 82: 130-156, 1981.  

13. Bigland-Ritchie B, Jones DA and Woods JJ. Excitation-frequency and 

muscle fatigue - electrical responses during human voluntary and stimulated 

contractions. Exp.Neurol. 64: 2: 414-427, 1979.  

14. Bigland-Ritchie B, Zijdewind I and Thomas CK. Muscle fatigue induced 

by stimulation with and without doublets. Muscle Nerve 23: 0148-639; 9: 1348-

1355, 2000.  

15. Binder-Macleod SA and Barker CB,III. Use of a catchlike property of 

human skeletal muscle to reduce fatigue. Muscle Nerve 14: 0148-639; 9: 850-857, 

1991.  

16. Binder-Macleod SA and Russ DW. Effects of activation frequency and force 

on low-frequency fatigue in human skeletal muscle. J.Appl.Physiol. 86: 4: 1337-

1346, 1999.  

17. Blair EA and Erlanger J. A comparison of the characteristics of axons 

through their individual electrical responses. Am.J.Physiol. 106: 3: 524-564, 1933.  

18. Blouin J, Walsh LD, Nickolls P and Gandevia SC. High-frequency 

submaximal stimulation over muscle evokes centrally generated forces in human 

upper limb skeletal muscles. J.Appl.Physiol. 106: 2: 370-377, 2009.  

19. Boerio D, Jubeau M, Zory R and Maffiuletti NA. Central and peripheral 

fatigue after electrostimulation-induced resistance exercise. Med.Sci.Sports Exerc. 

37: 6: 973-978, 2005.  

20. Buchthal F and Schmalbruch H. Contraction times of twitches evoked by 

H-reflexes. Acta Physiol.Scand. 80: 3: 378-382, 1970.  

21. Burke D, Gandevia SC and McKeon B. The afferent volleys responsible for 

spinal proprioceptive reflexes in man. J.Physiol. 339: 535-552, 1983.  



32 

 

22. Burke D and Schiller HH. Discharge pattern of single motor units in the 

tonic vibration reflex of human triceps surae. J Neurol Neurosurg Psychiatry 39: 

8: 729-741, 1976.  

23. Burke RE, Levine DN, Tsairis P and Zajac FE,III. Physiological types and 

histochemical profiles in motor units of the cat gastrocnemius. J Physiol 234: 3: 

723-748, 1973.  

24. Burke RE, Rudomin P and Zajac FE. Catch property in single mammalian 

motor units. Science 168: 3927: 122-&, 1970.  

25. Burke RE, Rudomin P and Zajac FE,III. The effect of activation history on 

tension production by individual muscle units. Brain Res. 109: 3: 515-529, 1976.  

26. Burnham R, Martin T, Stein R, Bell G, MacLean I and Steadward R. 

Skeletal muscle fibre type transformation following spinal cord injury. Spinal 

Cord 35: 2: 86-91, 1997.  

27. Chang YJ and Shields RK. Doublet electrical stimulation enhances torque 

production in people with spinal cord injury. Neurorehabil.Neural Repair 25: 5: 

423-432, 2011.  

28. Clair JM, Anderson-Reid JM, Graham CM and Collins DF. Postactivation 

depression and recovery of reflex transmission during repetitive electrical 

stimulation of the human tibial nerve. J.Neurophysiol. 106: 1: 184-192, 2011.  

29. Clair-Auger JM, Lagerquist O and Collins DF. Depression and recovery of 

reflex amplitude during electrical stimulation after spinal cord injury. 

Clin.Neurophysiol. 124: 4: 723-731, 2013.  

30. Collins DF. Central contributions to contractions evoked by tetanic 

neuromuscular electrical stimulation. Exerc.Sport Sci.Rev. 35: 3: 102-109, 2007.  

31. Collins DF, Burke D and Gandevia SC. Sustained contractions produced by 

plateau-like behaviour in human motoneurones. J.Physiol 538: 289-301, 2002.  

32. Collins DF, Burke D and Gandevia SC. Large involuntary forces consistent 

with plateau-like behavior of human motoneurons. J.Neurosci. 21: 11: 4059-4065, 

2001.  



33 

 

33. Collins DF, Gorassini M, Bennett D, Burke D and Gandevia SC. Recent 

evidence for plateau potentials in human motoneurones. Adv.Exp.Med.Biol. 508: 

227-235, 2002.  

34. Crone C and Nielsen J. Methodological implications of the post activation 

depression of the soleus H-reflex in man. Exp.Brain Res. 78: 28-32, 1989.  

35. Dalton BH, Harwood B, Davidson AW and Rice CL. Triceps surae 

contractile properties and firing rates in the soleus of young and old men. 

J.Appl.Physiol. 107: 6: 1781-1788, 2009.  

36. Davis GM, Hamzaid NA and Fornusek C. Cardiorespiratory, metabolic, 

and biomechanical responses during functional electrical stimulation leg exercise: 

health and fitness benefits. Artif.Organs 32: 8: 625-629, 2008.  

37. Dean JC, Yates LM and Collins DF. Turning on the central contribution to 

contractions evoked by neuromuscular electrical stimulation. J.Appl.Physiol. 103: 

170-176, 2007.  

38. Decker MJ, Griffin L, Abraham LD and Brandt L. Alternating stimulation 

of synergistic muscles during functional electrical stimulation cycling improves 

endurance in persons with spinal cord injury. J.Electromyogr.Kinesiol. 20: 6: 

1163-1169, 2010.  

39. Desmedt JE and Godaux E. Ballistic contractions in man: characteristic 

recruitment pattern of single motor units of the tibialis anterior muscle. 

J.Physiol.(Lond.) 264: 3: 673-693, 1977.  

40. Doherty TJ and Brown WF. The estimated numbers and relative sizes of 

thenar motor units as selected by multiple point stimulation in young and older 

adults. Muscle Nerve 16: 4: 355-366, 1993.  

41. Doucet BM and Griffin L. Maximal versus submaximal intensity stimulation 

with variable patterns. Muscle Nerve 37: 6: 770-777, 2008.  

42. Duchateau J and Hainaut K. Nonlinear summation of contractions in 

striated muscle. II. Potentiation of intracellular Ca2+ movements in single 

barnacle muscle fibres. J.Muscle Res.Cell.Motil. 7: 1: 18-24, 1986.  



34 

 

43. Dudley-Javoroski S and Shields RK. Muscle and bone plasticity after spinal 

cord injury: review of adaptations to disuse and to electrical muscle stimulation. 

J.Rehabil.Res.Dev. 45: 2: 283-296, 2008.  

44. Edwards RH, Hill DK, Jones DA and Merton PA. Fatigue of long duration 

in human skeletal muscle after exercise. J Physiol 272: 3: 769-778, 1977.  

45. Enoka RM, Rankin LL, Stuart DG and Volz KA. Fatigability of rat 

hindlimb muscle: associations between electromyogram and force during a 

fatigue test. J.Physiol 408: 251-270, 1989.  

46. Enoka RM and Stuart DG. Neurobiology of muscle fatigue. J.Appl.Physiol. 

72: 5: 1631-1648, 1992.  

47. Enoka RM, Trayanova N, Laouris Y, Bevan L, Reinking RM and Stuart 

DG. Fatigue-related changes in motor unit action potentials of adult cats. Muscle 

Nerve 15: 0148-639; 2: 138-150, 1992.  

48. Fang ZP and Mortimer JT. Selective activation of small motor axons by 

quasitrapezoidal current pulses. IEEE Trans.Biomed.Eng. 38: 2: 168-174, 1991.  

49. Feiereisen P, Duchateau J and Hainaut K. Motor unit recruitment order 

during voluntary and electrically induced contractions in the tibialis anterior. 

Exp.Brain Res. 114: 1: 117-123, 1997.  

50. Fitts RH. Cellular mechanisms of muscle fatigue. Physiol.Rev. 74: 1: 49-94, 

1994.  

51. Fuglevand A. The role of the sarcolemma action potential in fatigue. 

Adv.Exp.Med.Biol. 384: 101-108, 1995.  

52. Gardiner PF and Olha AE. Contractile and electromyographic 

characteristics of rat plantaris motor unit types during fatigue in situ. J.Physiol.-

London 385: 13-34, 1987.  

53. Garland SJ, Garner SH and McComas AJ. Relationship between numbers 

and frequencies of stimuli in human-muscle fatigue. J.Appl.Physiol. 65: 1: 89-93, 

1988.  



35 

 

54. Gorgey AS, Black CD, Elder CP and Dudley GA. Effects of electrical 

stimulation parameters on fatigue in skeletal muscle. J.Orthop.Sports Phys.Ther. 

39: 9: 684-692, 2009.  

55. Gorman PH and Mortimer JT. The effect of stimulus parameters on the 

recruitment characteristics of direct nerve-stimulation. IEEE Trans.Biomed.Eng. 

30: 7: 407-414, 1983.  

56. Gottlieb GL and Agarwal GC. Extinction of hoffmann reflex by antidromic 

conduction. Electroencephalogr.Clin.Neurophysiol. 41: 1: 19-24, 1976.  

57. Gregory CM and Bickel CS. Recruitment patterns in human skeletal muscle 

during electrical stimulation. Phys.Ther. 85: 4: 358-364, 2005.  

58. Gregory CM, Dixon W and Bickel CS. Impact of varying pulse frequency 

and duration on muscle torque production and fatigue. Muscle Nerve 35: 0148-

639; 4: 504-509, 2007.  

59. Griffin L, Garland S and Ivanova T. Discharge patterns in human motor 

units during fatiguing arm movements. J.Appl.Physiol. 85: 5: 1684-1692, 1998.  

60. Grill WM and Mortimer JT. The effect of stimulus pulse duration on 

selectivity of neural stimulation. IEEE Trans.Biomed.Eng. 43: 2: 161-166, 1996.  

61. Grimby G, Broberg C, Krotkiewska I and Krotkiewski M. Muscle fiber 

composition in patients with traumatic cord lesion. Scand.J.Rehabil.Med. 8: 1: 37-

42, 1976.  

62. Hagbarth KE and Eklund G. Motor Effects of Vibratory Muscle Stimuli in 

Man. 177-186, 1966.  

63. Henneman E. The size-principle: a deterministic output emerges from a set of 

probabilistic connections. J.Exp.Biol. 115: 105-112, 1985.  

64. Henneman E. Relation between size of neurons and their susceptibility to 

discharge. Science 126: 1345-1347, 1957.  

65. Henneman E, Somjen G and Carpenter DO. Functional significance of cell 

size in spinal motoneurons. J.Neurophysiol. 28: 560-580, 1965.  



36 

 

66. Hennings K, Arendt-Nielsen L, Christensen S and Andersen O. Selective 

activation of small-diameter motor fibres using exponentially rising waveforms: a 

theoretical study. Med.Biol.Eng.Comput. 43: 4: 493-500, 2005.  

67. Hettinga DM and Andrews BJ. Oxygen consumption during functional 

electrical stimulation-assisted exercise in persons with spinal cord injury: 

implications for fitness and health. Sports Med. 38: 10: 825-838, 2008.  

68. Hugon M. Methodology of the Hoffmann Reflex in Man. 3: 277-293, 1973.  

69. Jones DA. High-and low-frequency fatigue revisited. Acta Physiol.Scand. 

156: 3: 265-270, 1996.  

70. Jones DA, Bigland-Ritchie B and Edwards RH. Excitation frequency and 

muscle fatigue: mechanical responses during voluntary and stimulated 

contractions. Exp.Neurol. 64: 2: 401-413, 1979.  

71. Jubeau M, Gondin J, Martin A, Sartorio A and Maffiuletti NA. Random 

motor unit activation by electrostimulation. Int.J.Sports Med. 28: 11: 901-904, 

2007.  

72. Juel C. Muscle action-potential propagation velocity changes during activity. 

Muscle Nerve 11: 7: 714-719, 1988.  

73. Jusic A, Baraba R and Bogunovic A. H-reflex and F-wave potentials in leg 

and arm muscles. Electromyogr.Clin.Neurophysiol. 35: 8: 471-478, 1995.  

74. Kebaetse MB, Lee SC, Johnston TE and Binder-Macleod SA. Strategies 

that improve paralyzed human quadriceps femoris muscle performance during 

repetitive, nonisometric contractions. Arch.Phys.Med.Rehabil. 86: 11: 2157-2164, 

2005.  

75. Keeton RB and Binder-Macleod SA. Low-frequency fatigue. Phys.Ther. 86: 

8: 1146-1150, 2006.  

76. Kesar T, Chou LW and Binder-Macleod SA. Effects of stimulation 

frequency versus pulse duration modulation on muscle fatigue. 

J.Electromyogr.Kinesiol. 18: 4: 662-671, 2008.  



37 

 

77. Kiernan MC, Mogyoros I and Burke D. Differences in the recovery of 

excitability in sensory and motor axons of human median nerve. Brain 119: 1099-

1105, 1996.  

78. Kim CK, Bangsbo J, Strange S, Karpakka J and Saltin B. Metabolic 

response and muscle glycogen depletion pattern during prolonged electrically 

induced dynamic exercise in man. Scand.J.Rehabil.Med. 27: 1: 51-58, 1995.  

79. Klakowicz PM, Baldwin ER and Collins DF. Contribution of m-waves and 

h-reflexes to contractions evoked by tetanic nerve stimulation in humans. 

J.Neurophysiol. 96: 3: 1293-1302, 2006.  

80. Knaflitz M, Merletti R and de Luca CJ. Inference of motor unit recruitment 

order in voluntary and electrically elicited contractions. J.Appl.Physiol. 68: 4: 

1657-1667, 1990.  

81. Knight C and Kamen G. Superficial motor units are larger than deeper 

motor units in human vastus lateralis muscle. Muscle Nerve 31: 4: 475-480, 2005.  

82. Kralj A and Bajd T, eds. Functional electrical stimulation: standing and 

walking after spinal cord injury, Boca Raton: CRC Press Inc, 2000.  

83. Krnjevic K and Miledi R. Failure of neuromuscular propagation in rats. 

J.Physiol. 140: 3: 440-461, 1958.  

84. Krnjevik K and Miledi R. Presynaptic failure of neuromuscular propagation 

in rats. J.Physiol.-London 149: 1: 1-22, 1959.  

85. Kudina LP and Alexeeva NL. After-potentials and control of repetitive 

firing in human motoneurones. Electroencephalogr.Clin.Neurophysiol. 85: 5: 

345-353, 1992.  

86. Lagerquist O and Collins DF. Stimulus pulse-width influences H-reflex 

recruitment but not H(max)/M(max) ratio. Muscle Nerve 37: 4: 483-489, 2008.  

87. Lagerquist O, Walsh LD, Blouin JS, Collins DF and Gandevia SC. Effect 

of a peripheral nerve block on torque produced by repetitive electrical stimulation. 

J.Appl.Physiol. 107: 1: 161-167, 2009.  



38 

 

88. Lagerquist O and Collins DF. Influence of stimulus pulse width on M-

waves, H-reflexes, and torque during tetanic low-intensity neuromuscular 

stimulation. Muscle Nerve 42: 6: 886-893, 2010.  

89. Lang AH and Vallbo AB. Motoneuron activation by low intensity tetanic 

stimulation of muscle afferents in man. Exp.Neurol. 18: 383-391, 1967.  

90. Lannergren J and Westerblad H. Force and membrane potential during and 

after fatiguing, continuous high-frequency stimulation of single Xenopus muscle 

fibres. Acta Physiol.Scand. 128: 3: 359-368, 1986.  

91. Lexell J, Henriksson-Larsen K and Sjostrom M. Distribution of different 

fiber types in human skeletal-muscles .2. a study of cross-sections of whole m-

vastus lateralis. Acta Physiol.Scand. 117: 1: 115-122, 1983.  

92. Maffiuletti NA. Physiological and methodological considerations for the use 

of neuromuscular electrical stimulation. Eur.J.Appl.Physiol. 110: 2: 223-234, 

2010.  

93. Magalhaes FH and Kohn AF. Vibration-induced extra torque during 

electrically-evoked contractions of the human calf muscles. J.Neuroeng.Rehabil 

7: 26, 2010.  

94. Major LA and Jones KE. Simulations of motor unit number estimation 

techniques. J.Neural Eng. 2: 2: 17-34, 2005.  

95. Malesevic NM, Popovic LZ, Schwirtlich L and Popovic DB. Distributed 

Low-Frequency Functional Electrical Stimulation Delays Muscle Fatigue 

Compared to Conventional Stimulation. Muscle Nerve 42: 4: 556-562, 2010.  

96. Martin V, Millet G, Martin A, Deley G and Lattier G. Assessment of low-

frequency fatigue with two methods of electrical stimulation. J.Appl.Physiol. 97: 

5: 1923-1929, 2004.  

97. Mesin L, Merlo E, Merletti R and Orizio C. Investigation of motor unit 

recruitment during stimulated contractions of tibialis anterior muscle. 

J.Electromyogr.Kinesiol. 20: 4: 580-589, 2010.  

98. Milner-Brown HS, Stein RB and Yemm R. The orderly recruitment of 

human motor units during voluntary isometric contractions. J.Physiol 230: 2: 359-

370, 1973.  



39 

 

99. Mizrahi J. Fatigue in functional electrical stimulation in spinal cord injury. 

J.Electromyogr.Kinesiol. 7: 1: 1-2, 1997.  

100. Mizrahi J, Levin O, Aviram A, Isakov E and Susak Z. Muscle fatigue in 

interrupted stimulation: Effect of partial recovery on force and EMG dynamics. 

J.Electromyogr.Kinesiol. 7: 1: 51-65, 1997.  

101. Mogyoros I, Kiernan MC and Burke D. Strength-duration properties of 

human peripheral nerve. Brain 119: 439-447, 1996.  

102. Nguyen R, Masani K, Micera S, Morari M and Popovic MR. Spatially 

distributed sequential stimulation reduces fatigue in paralyzed triceps surae 

muscles: a case study. Artif.Organs 35: 12: 1174-1180, 2011.  

103. Okuma Y, Bergquist AJ, Hong M, Chan KM and Collins DF. Electrical 

stimulation site influences the spatial distribution of motor units recruited in 

tibialis anterior. Clin.Neurophysiol. in press, 2013.  

104. Panizza M, Nilsson J and Hallett M. Optimal stimulus duration for the H 

reflex. Muscle Nerve 12: 0148-639; 7: 576-579, 1989.  

105. Panizza M, Nilsson J, Roth BJ, Basser PJ and Hallett M. Relevance of 

stimulus duration for activation of motor and sensory fibers: implications for the 

study of H-reflexes and magnetic stimulation. 

Electroencephalogr.Clin.Neurophysiol. 85: 1: 22-29, 1992.  

106. Panizza M, Nilsson J, Roth BJ, Grill SE, Demirci M and Hallett M. 

Differences between the time constant of sensory and motor peripheral nerve 

fibers: further studies and considerations. Muscle Nerve 21: 1: 48-54, 1998.  

107. Parmiggiani F and Stein RB. Nonlinear summation of contractions in cat 

muscles. II. Later facilitation and stiffness changes. J.Gen.Physiol. 78: 3: 295-

311, 1981.  

108. Pierrot-Deseilligny E and Mazevet D. The monosynaptic reflex: a tool to 

investigate motor control in humans. Interest and limits. Neurophysiol.Clin.-

Clin.Neurophysiol. 30: 2: 67-80, 2000.  

109. Place N, Casartelli N, Glatthorn JF and Maffiuletti NA. Comparison of 

Quadriceps Inactivation between Nerve and Muscle Stimulation. Muscle Nerve 

42: 6: 894-900, 2010.  



40 

 

110. Popovic LZ and Malesevic NM. Muscle fatigue of quadriceps in 

paraplegics: comparison between single vs. multi-pad electrode surface 

stimulation. Conf.Proc.IEEE Eng.Med.Biol.Soc. 2009: 6785-6788, 2009.  

111. Pournezam M, Andrews BJ, Baxendale RH, Phillips GF and Paul JP. 

Reduction of muscle fatigue in man by cyclical stimulation. J.Biomed.Eng. 10: 2: 

196-200, 1988.  

112. Ratkevicius A and Quistorff B. Metabolic costs of force generation for 

constant-frequency and catch like-inducing electrical stimulation in human tibialis 

anterior muscle. Muscle Nerve 25: 3: 419-426, 2002.  

113. Round JM, Barr FM, Moffat B and Jones DA. Fibre areas and 

histochemical fibre types in the quadriceps muscle of paraplegic subjects. 

J.Neurol.Sci. 116: 0022-510; 2: 207-211, 1993.  

114. Sassen M and Zimmerman M. Differential blocking of myelinated nerve 

fibers by transient depolarization. Pflugers Arch. 341: 3: 179-195, 1973.  

115. Schindler-Ivens S and Shields RK. Low frequency depression of H-

reflexes in humans with acute and chronic spinal-cord injury. Exp.Brain Res. 133: 

2: 233-241, 2000.  

116. Scott WB, Lee SC, Johnston TE and Binder-Macleod SA. Switching 

stimulation patterns improves performance of paralyzed human quadriceps 

muscle. Muscle Nerve 31: 0148-639; 5: 581-588, 2005.  

117. Selkowitz DM. Improvement in isometric strength of the quadriceps femoris 

muscle after training with electrical-stimulation. Phys.Ther. 65: 2: 186-196, 1985.  

118. Sheffler LR and Chae J. Neuromuscular electrical stimulation in 

neurorehabilitation. Muscle Nerve 35: 0148-639; 5: 562-590, 2007.  

119. Shields RK. Muscular, skeletal, and neural adaptations following spinal cord 

injury. J.Orthop.Sports Phys.Ther. 32: 2: 65-74, 2002.  

120. Shields RK. Fatigability, relaxation properties, and electromyographic 

responses of the human paralyzed soleus muscle. J.Neurophysiol. 73: 6: 2195-

2206, 1995.  



41 

 

121. Shields RK, Chang YJ and Ross M. Neuromuscular propagation after 

fatiguing contractions of the paralyzed soleus muscle in humans. Muscle Nerve 

21: 6: 776-787, 1998.  

122. Shields RK, Dudley-Javoroski S and Cole KR. Feedback-controlled 

stimulation enhances human paralyzed muscle performance. J.Appl.Physiol. 101: 

5: 1312-1319, 2006.  

123. Solomonow M. External control of the neuromuscular system. IEEE 

Trans.Biomed.Eng. 31: 12: 752-763, 1984.  

124. Stevens J, Mizner R and Snyder-Mackler L. Neuromuscular electrical 

stimulation for quadriceps muscle strengthening after bilateral total knee 

arthroplasty: A case series. J.Orthop.Sports Phys.Ther. 34: 1: 21-29, 2004.  

125. Stotz PJ and Bawa P. Motor unit recruitment during lengthening 

contractions of human wrist flexors. Muscle Nerve 24: 0148-639; 11: 1535-1541, 

2001.  

126. Theurel J, Lepers R, Pardon L and Maffiuletti NA. Differences in 

cardiorespiratory and neuromuscular responses between voluntary and stimulated 

contractions of the quadriceps femoris muscle. Respir.Physiol.Neurobiol. 157: 2-

3: 341-347, 2007.  

127. Thomas CK, Nelson G, Than L and Zijdewind I. Motor unit activation 

order during electrically evoked contractions of paralyzed or partially paralyzed 

muscles. Muscle Nerve 25: 0148-639; 6: 797-804, 2002.  

128. Trimble MH and Enoka RM. Mechanisms underlying the training effects 

associated with neuromuscular electrical stimulation. Phys.Ther. 71: 4: 273-280, 

1991.  

129. van Boxtel A. Differential effects of low-frequency depression, vibration-

induced inhibition, and posttetanic potentiation on H-reflexes and tendon jerks in 

the human soleus muscle. J.Neurophysiol. 55: 3: 551-568, 1986.  

130. Vanderthommen M, Depresseux JC, Dauchat L, Degueldre C, Croisier 

JL and Crielaard JM. Spatial distribution of blood flow in electrically 

stimulated human muscle: a positron emission tomography study. Muscle Nerve 

23: 4: 482-489, 2000.  



42 

 

131. Vanderthommen M, Duteil S, Wary C, Raynaud JS, Leroy-Willig A, 

Crielaard JM and Carlier PG. A comparison of voluntary and electrically 

induced contractions by interleaved 1H- and 31P-NMRS in humans. 

J.Appl.Physiol. 94: 3: 1012-1024, 2003.  

132. Veale JL, Mark RF and Rees S. Differential sensitivity of motor and 

sensory fibres in human ulnar nerve. J.Neurol.Neurosurg.Psychiatry 36: 75-86, 

1973.  

133. Westerblad H, Duty S and Allen DG. Intracellular calcium concentration 

during low-frequency fatigue in isolated single fibers of mouse skeletal muscle. 

J.Appl.Physiol. 75: 1: 382-388, 1993.  

 

 

 

 

 

 

 

 

 

 

 

 



43 

 

CHAPTER 2: MOTOR UNIT RECRUITMENT WHEN NEUROMUSCULAR 

ELECTRICAL STIMULATION IS APPLIED OVER A NERVE TRUNK 

COMPARED WITH A MUSCLE BELLY: TRICEPS SURAE
2
 

 

2.1 Introduction 

Neuromuscular electrical stimulation (NMES) is commonly used to 

alleviate muscle atrophy and restore movement following spinal cord injury (SCI) 

(46). NMES is often applied through electrodes placed on the skin over a 

peripheral nerve trunk or over a muscle belly. For example, NMES over the 

common peroneal nerve has been used for years to restore dorsiflexion during the 

swing phase of gait (48) and NMES over the quadriceps muscles is used to 

produce walking, rowing and cycling movements (6, 29, 38, 49). In the present 

experiments, we utilised surface electromyographic (EMG) recordings to establish 

whether different neural pathways contribute to contractions generated when 

NMES is applied over a peripheral nerve trunk (nNMES) compared with NMES 

applied over a muscle belly (mNMES). 

NMES initiates contractions by the excitation of axons under the NMES 

electrodes (4) and can recruit motor units in 3 distinct ways (16). The most direct 

form of motor unit recruitment utilises a peripheral pathway via the activation of 

motor axons and does not involve the central nervous system. Depolarising motor 

axons generates an M-wave in the EMG and recruits motor units synchronously at 

                                                

 

2 A version of this chapter has been published. 

Bergquist AJ, Clair JM & Collins DF (2011) Journal of Applied Physiology, 110:627-637. 
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a predictable, time-locked, latency following each NMES pulse. Generating 

contractions through this peripheral pathway tends to recruit motor units 

randomly in relation to motor unit type (13, 24, 50) which may limit the efficacy 

of NMES for maintaining muscle quality, as fatigue-resistant motor units will be 

activated less compared with when recruitment is orderly. This relative inactivity 

leaves fatigue-resistant motor units vulnerable to disuse atrophy. Additionally, the 

non-physiological recruitment order and synchronous discharge of motor units 

contributes to the rapid fatigue that is problematic when NMES is used to restore 

movement (46).  

In addition to activating motor axons, NMES also activates sensory axons 

and this can contribute to the evoked contraction by recruiting motor units in two 

distinct ways (16). One form of this central recruitment is through the H-reflex 

pathway. Similar to recruitment during the M-wave, motor unit recruitment during 

the H-reflex is time-locked to each NMES pulse, but occurs at a longer latency 

due to the longer pathway through the spinal cord (43). The other form of central 

motor unit recruitment results in asynchronous motor unit discharge that is not 

time-locked to each NMES pulse (17, 41). It has been suggested that this 

asynchronous activity is brought about by the activation of persistent inward 

currents in spinal neurons (17). Both forms of central recruitment produce 

contractions synaptically and therefore likely follow the size principle (28), 

whereby the lowest threshold and most fatigue-resistant motor units are activated 

first. Increasing the recruitment of low threshold motor units may help reduce the 

atrophy and fibre type transitions associated with SCI and subsequent inactivity 
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(8, 25). Additionally, increasing central motor unit recruitment during NMES may 

improve the fatigue resistance of NMES-evoked contractions (40). 

The relative contributions made by central and peripheral pathways to 

NMES-evoked contractions may differ for nNMES compared with mNMES (5). 

During nNMES of the plantar flexors, H-reflexes were prominent in the soleus 

EMG when contractions were 3-10% of maximum voluntary isometric contraction 

(MVIC) torque. Conversely, during contractions of similar amplitude evoked by 

mNMES of the plantar flexors, M-waves dominated the EMG and there was little 

H-reflex activity. From these data it would seem that nNMES generates 

contractions with a greater central contribution than mNMES. However, these 

data were recorded in only 4 participants, and no statistical analyses were 

performed. Despite the apparent lack of an H-reflex during mNMES, a 

contribution from the central nervous system to contractions evoked by mNMES 

has been established (12, 17, 18, 40). Torque was significantly reduced when 

mNMES was applied during an anaesthetic nerve block proximal to the mNMES 

site, when only activation of motor axons could contribute to the evoked 

contractions. To reconcile the lack of an H-reflex during mNMES with the clearly 

demonstrated central contribution, we have suggested that asynchronous motor 

unit activity may provide the majority of the central contribution during mNMES 

(5). To date, a contribution from asynchronous motor unit activity to contractions 

evoked by NMES has not been quantified. 

The present experiments were designed to compare the contributions made 

by central and peripheral pathways to motor unit recruitment for plantar flexor 
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contractions of similar amplitude generated by nNMES compared with mNMES. 

We studied the triceps surae muscle group because we have data suggesting that 

motor units are recruited differently between nNMES and mNMES of this muscle 

group (5). Additionally, there is growing interest in stimulating these muscles for 

rehabilitation of gait for people who have had a stroke or incomplete SCI (3, 34, 

44). Accordingly, we were also interested in characterising motor unit recruitment 

during larger, more functionally relevant, contractions than have been studied 

previously (5, 37). Contractions of ~10-40% MVIC torque were examined as this 

encompasses the range of plantar flexion torque (20-30% MVIC) estimated for 

walking (2). We anticipated that NMES at both sites would generate contractions 

through peripheral and central pathways, but that the relative contributions would 

differ. Specifically, we hypothesised that contractions evoked by nNMES would 

have smaller M-waves and larger H-reflexes compared with mNMES. We also 

hypothesised that mNMES would produce more asynchronous activity than 

nNMES, given that we have shown mNMES can produce contractions through 

central pathways (11, 17, 18, 40) without the presence of H-reflexes (5). The 

results of the present experiments contribute to our understanding of how NMES 

generates contractions and confirms that nNMES and mNMES of the plantar 

flexors generate contractions with markedly different contributions through 

central and peripheral pathways. 
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2.2 Methods 

2.2.1 Participants 

Fourteen human participants with no known neurological or 

musculoskeletal impairments (20 to 48 yrs of age; 10 males and 4 females) 

volunteered after providing informed, written consent. Four of these participants 

(2 males and 2 females) did not complete the experiments and their data were not 

included in the analysis. One of these participants withdrew because they found 

the NMES uncomfortable before an adequate contraction could be evoked. Two 

participants were excluded because we could not activate the triceps surae without 

strong co-activation of the tibialis anterior muscle during nNMES in the popliteal 

fossa. Another participant was excluded because the latency of their H-reflex was 

such that accurate peak-to-peak measurements were not possible due to 

contamination by the subsequent NMES artefacts during 20 Hz NMES. Two of 

the 10 participants whose data were grouped for the statistical analyses were 

completely naïve to NMES. These experiments were conducted in accordance 

with the Declaration of Helsinki and were approved by the Health Research Ethics 

Board at the University of Alberta. 

2.2.2 Protocol 

All participants took part in one experimental session which lasted 

between 1.5 and 2.5 hours. All procedures were performed on the right leg. 

Participants were seated in the chair of a Biodex Dynamometer (System 3, Biodex 

Medical Systems, Shirley, New York) with the hip at 110°, the knee at 120° and 

the ankle at 90° with the lateral malleolus aligned with the axis of the 
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dynamometer. The foot was secured to the Biodex footplate to measure isometric 

plantar flexion torque.  

2.2.2.1 Electromyography 

Surface EMG was recorded from the right soleus and tibialis anterior 

muscles using adhesive gel electrodes (2.25 cm
2
; Vermed Medical, Bellows Falls, 

VT) in a bipolar configuration. The electrodes were placed parallel to the 

predicted path of the muscle fibres with approximately 1 cm inter-electrode 

distance (Figure 2-1). A common reference electrode (not shown) was placed over 

the tibia or patella of the right leg. EMG signals were amplified 1000 times and 

band-pass filtered at 30 to 3,000 Hz (NeuroLog System; Digitimer, Welwyn 

Garden City, UK).  

2.2.2.2 Maximum voluntary isometric contractions (MVICs) 

Prior to the trials involving NMES, participants performed MVICs of the 

triceps surae by plantar-flexing the ankle against the footplate to increase torque 

to a maximum, and held this contraction for 3 to 5 s. Participants were provided 

with visual feedback of their torque production on a computer monitor and 

received verbal encouragement to promote maximal performance during each 

MVIC. Each participant completed 2 to 3 MVICs until peak plantar flexion torque 

differed by less than 10% between trials. Each MVIC was separated by at least 3 

min of rest to minimize fatigue. After collecting MVICs, participants were no 

longer provided any feedback of their torque production for the remainder of the 

experiment. 
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2.2.2.3 Neuromuscular electrical stimulation (NMES) 

Plantar flexion contractions were generated by either nNMES or mNMES 

(Figure 2-1) using a constant-current stimulator and 1 ms rectangular pulses 

(DS7A Digitimer, Welwyn Garden City, UK). A 1 ms pulse duration was used as 

long pulse durations generate contractions with a larger central contribution than 

short pulse durations (17, 18, 39). NMES current was measured using a current 

probe (mA 2000 Non-contact Milliammeter; Bell Technologies, Orlando, 

Florida). nNMES was delivered through two adhesive gel electrodes (2 x 3 cm; 

Vermed Medical, Bellows Falls, VT) placed on the skin of the popliteal fossa with 

an inter-electrode distance of 1 cm. Electrodes were placed on the site at which a 

single pulse evoked a soleus EMG response (M-wave or H-reflex) at the lowest 

intensity. mNMES was delivered through 2 flexible adhesive electrodes (4 x 16 

cm; Electrosurgical Patient Plate 1180: Split, 3M Health Care, St. Paul, 

Minnesota) trimmed to fit over the triceps surae muscles of each participant. The 

anode was placed over the lateral and medial gastrocnemii at the point of 

approximately the largest circumference. The cathode was placed over the soleus, 

just distal to the gastrocnemii. If contractions of the peroneus muscles were 

observed through visual inspection and palpation during NMES at either site, the 

electrodes were re-positioned medially and/or were cut smaller to more selectively 

activate the triceps surae muscles.  

2.2.2.4 M-wave-H-reflex (M-H) recruitment curve 

Separate M-H recruitment curves were constructed for nNMES and 

mNMES from soleus EMG responses to 50 NMES pulses. Stimuli were delivered 
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randomly every 3 to 5 s at current levels ranging from below M-wave and H-

reflex threshold to 1.5 times the minimum current required to evoke the largest M-

wave (Mmax). To maintain similar levels of motor neuron excitability during 

collection of the recruitment curve data (14), participants held a background 

contraction of ~10% of the maximal rectified soleus EMG using visual feedback 

displayed on a computer monitor. However, the 3 to 5 s inter-stimulus interval 

may be too short to completely avoid the effects of post-activation depression on 

H-reflex amplitude, even while holding a background contraction (47) and thus, 

Hmax-to-Mmax ratios in the present study may be slightly underestimated. 

2.2.2.5 NMES patterns 

NMES was delivered in two patterns as illustrated by the dotted lines in 

Figure 2-2: 1) a constant frequency pattern of 20 Hz for 8 s and 2) a step 

frequency pattern of 20-100-20 Hz for 3-2-3 s for each phase, respectively 

(adapted from Ref 17). The 20 Hz frequency was chosen because it was the 

highest frequency that allowed for H-reflex analysis between NMES artefacts (50 

ms inter-stimulus interval). This frequency is also within a recommended 

frequency range (18 to 25 Hz) for NMES of the lower limb (46). The step 

frequency pattern was chosen because it allowed us to examine contractions 

evoked by NMES at 20 Hz before and after a period of 100 Hz NMES, which has 

been shown to enhance the central contribution to the evoked contractions (18, 

37). The constant frequency pattern then also acted as a control, allowing us to 

determine the effects of the 100 Hz step on torque and motor unit recruitment. 
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2.2.2.6 NMES intensity 

NMES was delivered at two intensities. Low intensity NMES was 

delivered to evoke a peak torque of ~10% MVIC during the interval 2 to 3 s into 

the NMES in 10 participants (Time1; see Figure 2-2). The mean current for this 

low NMES intensity was 7.8 ± 0.9 mA for nNMES and 28.3 ± 1.9 mA for 

mNMES. Higher intensity NMES was delivered to generate between 20% and 

40% MVIC torque at Time1. The mean current for this higher intensity NMES 

was 8.4 ± 0.8 mA for nNMES and 34.2 ± 2.7 mA for mNMES. For all trials, if the 

NMES was uncomfortable, the experimental session was concluded. Four 

participants found the NMES uncomfortable before a contraction of 20% MVIC 

torque could be achieved. Data from 1 participant who received NMES to evoke a 

contraction of ~40% MVIC were excluded from the group statistical analyses as 

there was strong co-activation of the tibialis anterior muscle during nNMES 

(Figure 2-5). Therefore, data that were grouped for analyses were obtained from 5 

participants with higher intensity NMES. Of these 5 participants, 4 received 

NMES to evoke ~20% MVIC torque and 1 received NMES to evoke ~30% MVIC 

torque. 

2.2.3 Data acquisition & analysis 

A single trial of NMES consisted of 5 repetitions of a NMES pattern with 

45 s between each repetition. For each NMES site, trials were collected using both 

patterns at both intensities. The order of trials was randomised for each 

participant. Throughout the NMES trials, participants were asked to remain 

relaxed and refrain from contributing voluntarily to the evoked contractions.  
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Data were sampled at 5 kHz using custom written Labview software 

(National Instruments, Austin, TX) and stored on a computer for subsequent 

analyses that were conducted using custom written Matlab software (The 

Mathworks, Natick, MA). MVIC torque was calculated by averaging data over a 

500 ms window centred on the peak plantar flexion torque recorded during the 

largest MVIC. Recruitment curves were generated by plotting peak-to-peak M-

wave and H-reflex amplitudes as a function of NMES intensity. The single largest 

H-reflex (Hmax) and M-wave (Mmax) from each recruitment curve were used to 

calculate the Hmax-to-Mmax ratio. To determine whether the gastrocnemii were 

equally well activated during nNMES and mNMES, peak twitch torques from the 

recruitment curve data evoked by similar sized M-waves were compared. Data 

were compared between sites for NMES intensities from 60-100% Mmax when no 

H-reflex was present during nNMES. Torque during M-H recruitment curves and 

NMES was normalized to that recorded during each participant’s MVIC. The 

amplitude of each M-wave and H-reflex during 20 Hz NMES was measured peak-

to-peak and normalized to each participant’s Mmax. EMG during 100 Hz NMES 

was not quantified due to contamination by NMES artefacts. 

To quantify asynchronous motor unit activity, we calculated the root mean 

square (RMS) of the EMG immediately before each H-reflex during 20 Hz NMES 

(see Figure 2-2A, lower left trace). From this value, we subtracted the baseline 

RMS of the EMG with each participant at rest prior to each NMES trial. The 

intervals over which asynchronous activity was quantified were determined on an 

individual basis by the onset latency of the largest H-reflex (Hmax) recorded during 
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the recruitment curve for nNMES. An interval duration of 10 to 12 ms was chosen 

because it was the only period of time when asynchronous activity was not 

contaminated by the NMES artefact, M-wave or H-reflex. In some instances 

during mNMES, large M-wave amplitudes prevented the EMG from returning to 

baseline by the H-reflex onset. To address this and prevent over-estimation of the 

RMS calculation, all data in the intervals over which asynchronous activity was 

quantified were fit to a 2
nd

 order polynomial using the least squares procedure to 

remove any trend in the baseline associated with the preceding M-wave. The 2
nd

 

order polynomial was subtracted from the raw data, leaving the de-trended data 

with a mean of zero. RMS values were normalised to the maximum RMS 

(RMSmax) calculated over a 500 ms period centred on the peak soleus EMG during 

each participant’s MVIC. Pilot work indicated that RMS calculations increased 

during increasing levels of voluntary plantar flexion contraction, were stable 

across NMES intensities, were not different between NMES sites and could be 

measured in every participant across NMES pattern and intensity. However, the 

asynchronous activity measure did not accurately reflect the voluntary contraction 

amplitude as a percentage of RMSmax. For example, a voluntary contraction of 5, 

10 and 15% MVIC torque during the pilot work was measured as 4, 6 and 9% 

RMSmax, respectively, not 5, 10 and 15% RMSmax as one might expect. As such, 

RMS is reported here to provide a relative measure of the asynchronous activity 

during nNMES and mNMES and between Time1 and Time2. 

Twenty M-wave, H-reflex, and asynchronous activity measurements were 

averaged at each Time1 and Time2 (6 to 7 s into the NMES) during a single 
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NMES pattern. For each participant, plantar flexion torque, M-waves, H-reflexes 

and asynchronous activity measured at Time1 and Time2 were averaged separately 

over the 5 repetitions of a NMES pattern in a single trial. Group means were 

calculated by pooling these mean data from each participant.  

Statistical analyses were performed on group data using Statistica software 

(StatSoft, Tulsa, OK). Paired t-tests were used to test for differences in Mmax, 

Hmax-to-Mmax ratios and peak twitch torques obtained from the M-H recruitment 

curves, produced at each NMES site. For data from trials with NMES, separate 3-

factor repeated measures analyses of variance (ANOVA) tests were run on each 

dependent variable (torque, H-reflex, M-wave, and asynchronous activity) at both 

intensities (low and higher) to determine the influence of NMES site (nNMES 

versus mNMES), NMES Pattern (20 Hz constant frequency versus 20-100-20 Hz 

step frequency) and Time (Time1 versus Time2) on the evoked response. 

Significant main effects and interactions were tested post-hoc using Tukey’s 

honestly significant difference tests when appropriate. An alpha level of p < 0.05 

was used to evaluate statistical significance. All data are reported as mean ± 

standard error. 

 

2.3 Results 

2.3.1 M-H recruitment curve 

There were no significant differences between Mmax evoked by NMES at 

both sites (t (9) = 1.2, p = 0.3). Mmax was 6.9 ± 0.5 mV for nNMES and 6.4 ± 0.5 

mV for mNMES. Hmax-to-Mmax ratios were significantly larger (t (9) = 6.7, p < 
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0.001) for nNMES (0.6 ± 0.1) compared with mNMES (0.1 ± 0.01). There were 

no significant differences between peak twitch torques evoked by NMES at both 

sites (t (9) = 0.3, p = 0.79) when M-wave amplitudes were not different (t (9) = 0.5, 

p = 0.61). Twitch torques were 12.3 ± 1.6% MVIC for nNMES and 12.2 ± 1.8% 

MVIC for mNMES when M-waves were 80.1 ± 15.2% Mmax and 79.7 ± 15.3% 

Mmax, respectively. 

2.3.2 Low intensity NMES 

Figure 2-2 shows data recorded from one participant during nNMES (A, 

B) and mNMES (C, D). In this participant, during nNMES and mNMES, torque 

was stable during constant frequency NMES, but was augmented after the 100 Hz 

NMES during the step frequency pattern. During nNMES using the constant 

frequency pattern, H-reflexes were attenuated after the first response (see arrow; 

Figure 2-2A) and remained small, but relatively stable, throughout the NMES. 

When the step frequency pattern was delivered during nNMES (Figure 2-2B), a 

similar reflex depression was observed initially; however, H-reflexes and 

asynchronous activity were augmented following the 100 Hz NMES. M-waves 

were also depressed after the first response, but then remained small and stable for 

both patterns. During mNMES (Figure 2-2C and 2-2D), M-waves dominated the 

EMG for both patterns of NMES; however, during the step frequency pattern, M-

waves, H-reflexes and asynchronous activity were larger after the 100 Hz NMES.  

Figure 2-3 shows group data (n = 10) for all dependent variables (torque, 

M-waves, H-reflexes and asynchronous activity) during nNMES and mNMES 

using constant and step frequency patterns. For torque (Figure 2-3A), there was a 
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significant interaction between NMES Pattern and Time [F(1, 9) = 10.2, p = 0.01]. 

There was no main effect of NMES site [F(1, 9) = 0.009, p = 0.9], hence there was 

no difference in the torque generated by nNMES versus mNMES at either Time1 

or Time2. As shown in the inset in Figure 2-3A, torque recorded at Time2 was 

larger than torque at Time1, only during the step pattern. For M-wave amplitude 

(Figure 2-3B), there was a significant interaction between NMES site and Time 

[F(1, 9) = 5.5, p = 0.04] and there was no significant main effect of NMES Pattern 

[F(1, 9) = 1.1, p = 0.3]. Thus, although M-wave amplitude was independent of 

NMES Pattern, M-waves were significantly larger (5 to 6 times) during mNMES 

at both Time1 and Time2 compared with nNMES and were larger at Time2 

compared with Time1 during mNMES. H-reflex amplitude (Figure 2-3C) also 

showed a significant interaction between NMES site and Time [F(1, 9) = 6.88, p = 

0.02] and no main effect of NMES Pattern [F(1, 9) = 3.4, p = 0.1]. H-reflex 

amplitude was also independent of NMES Pattern, however H-reflexes were 

larger (2 to 3 times) during nNMES at Time1 and Time2 compared with mNMES. 

For asynchronous activity (Figure 2-3D), there was a significant interaction 

between NMES site and Time [F(1, 9) = 5.1, p = 0.04] and there was no significant 

main effect of NMES Pattern [F(1, 9) = 4.6, p = 0.09]. Asynchronous activity during 

mNMES at Time2 was significantly greater than it was during mNMES at Time1, 

as well as at both time points during nNMES. 

2.3.3 Higher intensity NMES 

Figure 2-4 shows data recorded from the same participant as in Figure 2-2 

during nNMES (A, B) and mNMES (C, D) at a NMES intensity to evoke ~20% 
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MVIC torque at Time1. During NMES at both sites, torque remained relatively 

stable during constant frequency NMES, but was augmented after a period of 100 

Hz NMES during the step frequency pattern. During nNMES using the constant 

frequency pattern, H-reflexes were attenuated compared with the first response 

and remained depressed throughout the NMES while M-waves were small and 

stable throughout. During the step frequency pattern, a similar reflex depression 

was observed during the initial 20 Hz NMES; however, H-reflexes and 

asynchronous activity were augmented after 100 Hz NMES, whereas M-waves 

were depressed. During mNMES, M-waves dominated the EMG for both patterns 

of NMES; however, during the step frequency pattern, M-waves, H-reflexes and 

asynchronous activity were larger after 100 Hz NMES. 

Figure 2-5 shows data recorded from a single participant during nNMES 

(A, B) and mNMES (C, D) at a NMES intensity that evoked ~40% MVIC torque 

at Time1. During NMES at both sites, torque remained stable during constant 

frequency NMES. Torque was also not augmented following 100 Hz NMES at 

either site. Interestingly, during the 100 Hz period of nNMES, torque decreased 

due to the activation of the common peroneal nerve in this participant, as 

indicated by tibialis anterior EMG activity (not shown). As such, these data were 

not included in the statistical analysis of group data. During nNMES using the 

constant frequency pattern, H-reflexes were attenuated after the first response, but 

recovered to an amplitude equal to the first response by the end of the NMES. 

During the step frequency pattern, similar reflex depression and recovery were 

observed during the initial 20 Hz NMES, and H-reflexes were large, but variable, 
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following 100 Hz NMES. Regardless of the NMES Pattern, M-waves were 

initially large, but decreased in size over the first 1 s of NMES and remained 

small and stable throughout the remaining NMES. Asynchronous activity was 

small and stable throughout and was unaffected by the 100 Hz NMES. During 

mNMES, only M-waves were evident in the EMG for both patterns of NMES. 

Figure 2-6 shows group (n = 5) torque and EMG data for the higher 

intensity NMES trials. For torque amplitude (Figure 2-6A), there was a significant 

main effect of Time [F(1, 4) = 18.5, p = 0.01] and no significant main effect of 

NMES site [F(1, 4) = 0.3, p = 0.63] or NMES Pattern [F(1, 4) = 3.4, p = 0.14]. Torque 

was significantly larger at Time2 compared with Time1, regardless of the NMES 

site or pattern. For M-wave amplitude (Figure 2-6B), there was a significant 

interaction between NMES site and Time [F(1, 4) = 26.3, p < 0.01] and no 

significant main effect of NMES Pattern [F(1, 4) = 0.04, p = 0.8]. M-waves were 

larger (5 to 6 times) for mNMES at both time points compared with nNMES and 

were larger at Time2 compared with Time1 during mNMES. For H-reflex 

amplitude (Figure 2-6C), there was a significant 2-way interaction between NMES 

site and Time [F(1, 4) = 10.9, p = 0.03] and no significant main effect of NMES 

Pattern [F(1, 4) = 4.7, p = 0.1]. H-reflexes were larger (2 to 3 times) during nNMES 

at Time1 and Time2 compared with mNMES at Time1 and Time2, respectively. 

Furthermore, following a period of 100 Hz NMES, H-reflexes were larger at 

Time2 compared with Time1 only during nNMES. For asynchronous activity 

(Figure 2-6D), there was a significant main effect of NMES site [F(1, 4) = 12.9, p = 

0.02] and Time [F(1, 4) = 12.6, p = 0.02] and no significant main effect of NMES 
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Pattern [F(1, 4) = 5.0, p = 0.09]. Asynchronous activity during NMES at both sites 

increased over time regardless of NMES site or pattern. Furthermore, 

asynchronous activity was larger for mNMES compared with nNMES, regardless 

of the NMES pattern or time. 

 

2.4 Discussion 

In this study we compared the contributions made by central and 

peripheral pathways to motor unit recruitment for contractions of similar 

amplitude generated by NMES applied over the tibial nerve (nNMES) and the 

triceps surae muscles (mNMES). As we anticipated, NMES at both sites recruited 

motor units through peripheral and central pathways, but the contributions made 

by these pathways for the two sites of NMES differed markedly. Specifically, 

during nNMES, contractions were generated primarily through central pathways 

(H-reflexes), while mNMES generated contractions primarily through peripheral 

pathways (M-waves). For NMES at both sites, the central contribution increased 

over time and could be augmented following a brief period of NMES at 100 Hz. 

2.4.1 Torque  

Torque was not significantly different during nNMES compared with 

mNMES for both NMES patterns and intensities. During low intensity constant 

frequency NMES, torque did not change from the beginning (Time1) to the end 

(Time2) of the NMES. The extra torque we did observe after brief periods of 100 

Hz NMES during low intensity NMES, and over time during the high intensity 
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NMES has been attributed to multiple central mechanisms (see Section 2.4.3 

below). 

2.4.2 Pathways during nNMES versus mNMES 

Although torque did not differ between NMES sites, different neural 

pathways contributed to contractions generated by mNMES and nNMES. 

Consistent with our first hypothesis and previous work in our laboratory (5), 

contractions evoked by nNMES of the plantar flexors had significantly smaller M-

waves and significantly larger H-reflexes compared with mNMES. M-waves were 

5 to 6 times larger during mNMES compared with nNMES. H-reflexes were 

evident in the EMG during NMES at both sites, but were 2 to 3 times larger 

during nNMES compared with mNMES. In line with our second hypothesis, 

mNMES produced more asynchronous activity than nNMES, regardless of the 

NMES pattern. Asynchronous activity was low at the beginning and increased 

over several seconds for NMES at both sites. Together, these results support 

previous assertions that mNMES can produce contractions with a significant 

central contribution (5, 17, 18, 40) and shows that this contribution is in the form 

of H-reflexes and asynchronous activity. The contribution of asynchronous 

activity to the evoked torque, however, may be less than that of the H-reflex. The 

extra torque generated by nNMES was accompanied by enhanced H-reflexes 

whereas equal levels of extra torque generated by mNMES were generated by 

enhanced asynchronous activity and enhanced M-waves. Thus, a portion of the 

extra torque during mNMES originated from a peripheral mechanism. In general, 

nNMES generated contractions with a greater contribution through central 
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pathways, while mNMES generated contractions with a greater peripheral 

contribution.  

When NMES intensity was increased to produce contraction amplitudes of 

~20 to 30% MVIC torque, H-reflexes and asynchronous activity were present 

during constant frequency NMES at both sites. During the step frequency pattern, 

H-reflex amplitudes increased after NMES at 100 Hz and reached ~24% Mmax 

during nNMES and 5% Mmax during mNMES. Although H-reflexes are initially 

depressed during repetitive NMES due to post-activation depression of 

neurotransmitter release from Ia afferents (31), we have previously reported large 

H-reflexes during nNMES of the plantar flexors (5, 37). In the present study, even 

at the higher NMES intensity, when anti-dromic transmission in motor axons (23) 

would be more pronounced, H-reflexes were present during NMES at both sites. 

In the participant who received NMES to generate ~40% MVIC torque (see 

Figure 2-5), H-reflexes were present only during nNMES, while only M-waves 

were evident in the EMG during mNMES; although, these data were not included 

in the group due to co-activation of tibialis anterior. Thus, at this highest NMES 

intensity studied, a central contribution was only present during nNMES, but 

further study at these higher intensities is required to substantiate this finding. 

The significantly greater Hmax-to-Mmax ratio and predominance of H-

reflexes during nNMES compared with mNMES is likely explained in part by the 

neuronal architecture beneath the NMES electrodes. nNMES, where sensory and 

motor axons are bundled close together beneath the NMES electrodes, likely 

recruited a relatively greater proportion of sensory axons than mNMES delivered 
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near the triceps surae motor points. At the level of the triceps surae muscles, 

axons of the tibial nerve branch diffusely (36). This branching, in combination 

with the increased inter-electrode distance and use of larger electrodes during 

mNMES, may have activated axons over a broader spatial distribution resulting in 

a less synchronous afferent volley arriving at the motor neuron during mNMES 

compared with nNMES. Thus, during mNMES the sensory volleys may not 

depolarise motor neurons synchronously and generate an H-reflex, rather, they 

may be more temporally dispersed and contribute to enhanced asynchronous 

activity. This effect of NMES site would be less for the M-wave, as the pathway 

to the muscle is shorter and circumvents central synapses compared with the 

pathway for the H-reflex.  

During mNMES, M-waves were significantly enhanced over time during 

low and high intensity NMES. Some change in the amplitude of the M-wave can 

be expected due to changes in muscle architecture beneath the recording 

electrodes (20), but M-wave amplitude did not change overtime during nNMES. 

Since the recording site and contraction amplitudes were not different between 

NMES sites, a change in muscle architecture beneath the recording electrode does 

not explain the larger M-waves evoked during mNMES. However, muscle 

conformational changes beneath the stimulating electrodes may explain larger M-

waves during mNMES. In isometric muscle contractions, the muscle fibres 

shorten and develop tension as the tendon stretches (26). This shortening would 

alter the position of muscle fibres beneath the NMES electrodes in such a way that 

more axons and possibly more motor points converge beneath the NMES 
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electrodes, resulting in greater numbers of activated axons, further enhancing the 

muscle contraction. Support for this rationale lies in the slow rise of M-wave 

amplitude in concert with the slow rise in torque during the first second of NMES 

when the muscle is shortening during mNMES.  

2.4.3 Central mechanisms 

Several central mechanisms may account for the enhanced H-reflexes and 

asynchronous activity that develop over time during NMES. Such mechanisms 

include: inadvertent or voluntary descending drive, post-tetanic potentiation at the 

Ia synapse, and activation of persistent inward currents in spinal neurons. 

Inadvertent voluntary activation of motor neurons could account for the increase 

in H-reflex amplitude (51) and asynchronous activity; however evidence suggests 

this is not what occurred. Similar levels of extra torque generated through central 

pathways, as occurred during the low intensity NMES in this study, can develop 

in people who are sleeping (18) or who have complete SCI (45). Furthermore, 

participants in this study did not find the NMES uncomfortable, and remained 

relaxed throughout the NMES and did not voluntarily contract the muscles of the 

ankle. Post-tetanic potentiation may also add to the enhanced central motor unit 

recruitment observed. Following repetitive NMES of Ia afferents, post-tetanic 

potentiation at the Ia synapse enhances excitatory post-synaptic potentials (27, 

30). The development of persistent inward currents in spinal neurons have also 

been suggested as a mechanism underlying enhanced central motor unit 

recruitment (5, 17, 18, 37). Persistent inward currents have been demonstrated 

directly in spinal neurons in animals initiated by high frequency synaptic drive (7) 
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and indirectly in humans during periods of electrical NMES (17, 18) or vibration 

(21, 35).  

2.4.4 Implications for NMES  

NMES is used to generate contractions for maintaining muscle quality 

(therapeutic electrical stimulation; TES) and producing functional movements 

(functional electrical stimulation; FES) following SCI (22, 32, 33, 46). However, 

the non-physiological recruitment order of motor units during NMES limits the 

activation of low threshold motor units during TES and that, combined with 

synchronous motor unit activation, contributes to accelerated muscle fatigue 

during FES (46). The random recruitment order and synchronous discharge 

associated with recruitment through peripheral pathways (M-waves) is in sharp 

contrast to the asynchronous and orderly motor unit recruitment that occurs during 

a voluntary contraction. The synchronous discharge of motor units during NMES 

means that non-physiologically high firing rates are required to produce smooth 

contractions and these high firing rates increase the energy demand from each 

active motor unit, resulting in premature fatigue (1). Additionally, the random 

recruitment order enhances the susceptibility of low threshold motor units to 

disuse atrophy and fibre type transitions, leaving the muscle with a smaller 

proportion of fatigue-resistant motor units (46). The limited recruitment of low 

threshold motor units could be overcome by increasing the NMES intensity to 

depolarise all of the motor axons, but the disadvantage of synchronous motor unit 

recruitment would remain and such high intensities can be problematic for 

individuals with residual sensation (15) or compromised bone density (19). For 
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this reason, developing methods that recruit low threshold motor units at relatively 

low NMES intensities may have advantages for both TES and FES. Enhancing the 

extent to which NMES activates sensory axons and contributes to the evoked 

contractions through a central pathway in the form of H-reflexes or asynchronous 

activity may be one such method.  

The data from the present experiments confirm previous indications that 

the contribution made by central and peripheral pathways to NMES-evoked 

contractions differ between nNMES compared with mNMES (5). Contractions 

produced by nNMES generated a larger central contribution (H-reflexes). 

mNMES evoked contractions with a greater contribution from direct motor axon 

activation (M-waves). Thus, nNMES may hold greater promise for maintaining 

muscle quality following SCI, as well as in the prevention of muscle fatigue 

during FES. Although, there may be issues around control for FES using nNMES 

as contractions evoked by nNMES of the plantar flexors have been shown to be 

less stable within a single contraction and less consistent between successive 

contractions compared with mNMES (5). The potential to reflexively activate a 

sufficiently large proportion of motor units to be useful for TES and FES may 

require a muscle with particularly strong reflex inputs, such as the triceps surae 

muscles. Whether recruitment during nNMES and mNMES differs for other 

muscle groups has not yet been tested. However, a central contribution to NMES-

evoked contractions has been demonstrated for the triceps surae (5, 18, 37), 

tibialis anterior (37), quadriceps (Bergquist et al. unpublished observation) wrist 

extensors (5), biceps brachii (10, 42) and flexor pollicis longus (9).  
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Additionally, as NMES intensity is increased beyond what was tested in 

this study, for example, in response to fatigue during FES exercise, increased 

levels of antidromic collision will develop (51). This will progressively block H-

reflex and asynchronous contributions to evoked contractions. Although, it has 

been estimated that 20-30% MVIC plantar flexion torque is required for walking 

(2), and the present results indicate that a central contribution to evoked 

contractions occurs over this range during NMES over the tibial nerve and, to a 

lesser extent, the triceps surae muscles. However, considerably greater levels of 

plantar flexion torque, as a percent of MVIC, may be required for walking in 

individuals with severely atrophied muscle and whether this can be achieved 

through central recruitment remains to be determined.  

2.4.5 Summary 

The contributions made by central and peripheral pathways to motor unit 

recruitment during NMES differed markedly for plantar flexion contractions of 

equal amplitude generated by nNMES compared mNMES of the plantar flexors. 

During nNMES, contractions were generated primarily through a central pathway 

while mNMES generated contractions predominately through a peripheral 

pathway. Thus, nNMES may be more advantageous for maintaining muscle 

quality and reducing muscle fatigue for rehabilitation compared with mNMES of 

the plantar flexors. 
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2.5 Figures 

 

Figure 2-1 Schematic of the NMES and EMG sites. 
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Figure 2-2 Torque and EMG responses evoked by nNMES (A and B) and 

mNMES (C and D) to evoke ~10% MVIC torque at Time1 in a single participant. 

Responses to the 20 Hz constant frequency pattern are displayed in panels A and 

C while responses to the 20-100-20 Hz pattern are displayed in panels B and D. In 

the upper half of each panel, torque profiles represented by the bold black lines 

are averages of 5 grey lines in response to 5 trains of NMES and the symbols 

represent the average EMG data over 5 repetitions during a single trial. Vertical 

calibration represents 10% Mmax for EMG and 10% MVIC for torque. The lower 

half of each panel shows EMG recorded at Time1 (left trace) and Time2 (right 

trace) during a single train of NMES. Bold black lines represent the average of 20 

single responses (grey lines) to NMES. NMES artefacts for data recorded during 

mNMES have been truncated (C and D). All data are shown on the same scale, as 

indicated by the calibration bars in panel A. EMG during 100 Hz NMES was not 

quantified due to contamination by NMES artefacts. 
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Figure 2-3 Normalised group data (n = 10) averaged at two time points (Time1 

and Time2) during nNMES and mNMES at an intensity to evoke ~10% MVIC 

torque at Time1. Significant 2-way interactions identified by statistical analyses 

are displayed within the insets. Asterisks indicate a significant difference at a 

level p < 0.05.  
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Figure 2-4 Torque and EMG responses evoked by nNMES (A and B) and 

mNMES (C and D) to evoke ~20% MVIC torque at Time1 in a single participant. 

Organisation is equivalent to Figure 2-2. All data are shown on the same scale, as 

indicated by the calibration bars in panel A. 
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Figure 2-5 Torque and EMG responses evoked by nNMES (A and B) and 

mNMES (C and D) to evoke ~40% MVIC torque at Time1 in a single participant. 

Organisation is equivalent to Figure 2-2 and 2-4. Panels A and B are shown on the 

same scale, as indicated by the calibration bars in panel A. Panels C and D are 

shown on the same scale, as indicated by the calibration bars in panel C. 
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Figure 2-6 Normalised group data (n = 5) averaged at two time points (Time1 and 

Time2) during nNMES and mNMES at an intensity to evoke between 20% and 

30% MVIC torque at Time1. Significant main effects and 2-way interactions 

identified by statistical analyses are displayed within the insets. Asterisks indicate 

a significant difference at a level p < 0.05. 
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CHAPTER 3: MOTOR UNIT RECRUITMENT WHEN NEUROMUSCULAR 

ELECTRICAL NMES IS APPLIED OVER A NERVE TRUNK COMPARED 

WITH A MUSCLE BELLY: QUADRICEPS FEMORIS
3
 

 

3.1 Introduction 

Neuromuscular electrical NMES (NMES) can be delivered using 

electrodes placed on the skin over either a nerve trunk (nNMES) or a muscle belly 

(mNMES). We have recently shown that when NMES is used to generate 

isometric plantar flexion contractions of the ankle, nNMES generated contractions 

through markedly different pathways than mNMES (4). During nNMES, 

contractions were generated primarily by the synaptic recruitment of motor 

neurons in the spinal cord (central pathways), while mNMES generated 

contractions predominantly through the activation of motor axons beneath the 

NMES electrodes (peripheral pathways). However, the ankle plantar flexors are 

not the most commonly stimulated muscles during NMES rehabilitation 

programs, and whether or not this effect of NMES site can be generalised to 

muscles more commonly used for NMES has not been tested. Thus, in the present 

experiments, we extend this line of investigation to the quadriceps femoris. The 

quadriceps muscle is the most often stimulated muscle for NMES rehabilitation 

(3) to reduce atrophy (3, 21, 23, 25), improve cardiovascular function (19, 30), 

mobility (46, 52) and glucose utilisation (32, 42) following damage to the central 

                                                

 

3 A version of this chapter has been published. 

Bergquist AJ, Wiest MJ & Collins DF. Journal of Applied Physiology, 113(1):78-89, 2012. 



78 

 

nervous system. Whether transmission along central pathways contributes to 

NMES-evoked contractions of the quadriceps muscle is not known; in the present 

study we compare the extent to which transmission along central and peripheral 

pathways contributes to knee extension contractions evoked by nNMES (femoral 

nerve trunk) versus mNMES (quadriceps muscle belly).  

Generating contractions through peripheral pathways by the 

depolarisation of motor axons beneath the NMES electrodes may limit the 

efficacy of NMES for maintaining muscle quality and for producing functional 

movement. The discharge of motor units recruited in this way is synchronous, 

time locked to each NMES pulse as represented by successive M-waves in the 

electromyographic (EMG) signal. The recruitment of motor units through 

peripheral pathways does not follow the size principle (12, 26, 53), and as a 

result, motor unit recruitment through this pathway during NMES leaves fatigue-

resistant muscle fibres less active and consequently more vulnerable to disuse 

atrophy compared to contractions generated through synaptic recruitment (central 

pathways). Additionally, the non-physiological recruitment order and 

synchronous discharge of motor units contributes to the rapid fatigue associated 

with NMES-evoked contractions (50). In contrast, activating muscle through 

central pathways by depolarising sensory axons and recruiting motor units 

synaptically follows the size principle (28, 29), and motor unit discharge is either 

time-locked to each NMES pulse as an H-reflex or is temporally unrelated to the 

NMES and appears as asynchronous activity in the EMG signal (2, 4, 16, 17, 35, 

38). Increasing the recruitment of fatigue-resistant muscle fibres by increasing 
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activity through central pathways during NMES may help reduce the atrophy and 

fibre type transitions associated with prolonged inactivity imposed by damage to 

the central nervous system. 

The present experiments were designed to compare the contributions made 

by peripheral (M-wave) and central (H-reflex and asynchronous activity) 

pathways to motor unit recruitment for isometric knee extension contractions of 

the quadriceps muscle. Based on our experiments conducted on the triceps surae 

muscles (4), we hypothesised that: 1) contractions evoked by nNMES would have 

smaller M-waves, larger H-reflexes and less asynchronous activity compared to 

contractions of equal amplitude evoked by mNMES; 2) both sites of NMES 

would generate equivalent increases in torque following a brief period of high-

frequency NMES (100 Hz), delivered during NMES at a lower frequency (15 or 

25 Hz), which would be accompanied by enhanced H-reflexes during nNMES and 

enhanced asynchronous activity during mNMES. The results of the present study 

contribute to our understanding of how NMES generates contractions in the 

muscle most commonly used for NMES rehabilitation programs. We show for the 

first time that contractions of the quadriceps muscle can be generated through 

central pathways and that the effect of NMES site on the balance between motor 

unit recruitment through peripheral and central pathways is not unique to the 

triceps surae muscle, but that NMES site also affects motor unit recruitment of the 

quadriceps.  
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3.2 Methods 

3.2.1 Participants 

Thirteen human participants with no known neurological or 

musculoskeletal impairments volunteered for this study after providing informed 

written consent. Eleven participants [8 males and 3 females; age between 21 and 

48 yr; 29.3 ± 8.33 (SD) yr] volunteered for the initial experiments (see Section 

3.2.2 below). Each initial experiment lasted ~2.5 h. Seven participants [4 males 

and 3 females; age range: 25 to 48 yr; 32.0 ± 8.05 (SD) yr] volunteered for the 

additional experiments (see Section 3.2.3 below), 5 of whom had participated in 

the initial experiments. Each additional experiment lasted ~1 h. All experiments 

were conducted in accordance with the Declaration of Helsinki and were 

approved by the Health Research Ethics Board at the University of Alberta. 

3.2.2 Initial experiments 

All procedures were performed on the right thigh. To measure isometric 

knee extension torque, participants were seated in the chair of a Biodex 

dynamometer (System 3, Biodex Medical Systems, Shirley, New York) with the 

hip at 120° and the knee at 90°. The axis of the dynamometer was aligned with 

the axis of rotation of the participant’s knee joint. The arm of the dynamometer 

was parallel to the anterior aspect of the tibia, with the lower edge of the pad 

positioned ~3 cm proximal to the lateral malleolus. The trunk, waist and thigh 

were stabilised using straps on the Biodex dynamometer chair.  
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3.2.2.1 Electromyography 

Surface electromyography (EMG) was recorded from the vastus lateralis 

and vastus medialis using adhesive gel electrodes (2.25 cm
2
; Vermed Medical, 

Bellows Falls, VT) in a bipolar configuration (Figure 3-1A). The electrodes were 

placed parallel to the predicted path of the muscle fibres with ~1 cm inter-

electrode distance. For vastus lateralis, the distal electrode was positioned 8 to 12 

cm from the patella while for vastus medialis the distal electrode was placed 

between 2 and 3 cm from the lateral boarder of the patella. A common reference 

electrode was placed over the patella. EMG signals were amplified 500 times and 

band-pass filtered at 10 to 1,000 Hz (NeuroLog System; Digitimer, Welwyn 

Garden City, UK).  

3.2.2.2 Maximum voluntary isometric contractions  

Prior to trials involving NMES, participants performed maximum 

voluntary isometric contractions (MVICs) of the quadriceps, extending against the 

arm of the dynamometer for 3 to 5 s as forcefully as possible. Participants were 

provided with visual feedback of their torque production on a computer monitor 

and received verbal encouragement to promote maximal performance during each 

MVIC. Each participant completed 2 to 3 MVICs until peak isometric knee 

extension torque differed by less than 10% between trials. Each MVIC was 

separated by at least 3 min of rest to minimise fatigue. 

3.2.2.3 Neuromuscular electrical stimulation (NMES) 

NMES was delivered either over the femoral nerve trunk (nNMES) or 

over the quadriceps muscle belly (mNMES; Figure 3-1A) using 1 ms square-wave 
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pulses from a single channel constant-current stimulator (DS7A Digitimer, 

Welwyn Garden City, UK). NMES current was measured using a current probe 

(mA 2000 Noncontact Milliammeter; Bell Technologies, Orlando, Florida). 

nNMES was delivered through 2 adhesive gel electrodes in a monopolar 

arrangement. The anode (7.5 x 13 cm; model CF7515, Axelgaard Manufacturing, 

Lystrup, Denmark) was positioned on the skin at the gluteal fold. The cathode 

(3.2 cm round; model CF3200, Axelgaard Manufacturing, Lystrup, Denmark) was 

placed on the skin of the femoral triangle at a position where a single pulse 

evoked a response (M-wave or H-reflex) in vastus lateralis at the lowest NMES 

intensity. mNMES was delivered in a bipolar configuration. The output of the 

single channel stimulator was divided between 2 pairs of flexible adhesive 

electrodes (7.5 x 13 cm; model CF7515, Axelgaard Manufacturing, Lystrup, 

Denmark). This configuration was found to maximise the activation of the 

quadriceps and reduce NMES discomfort in pilot experiments. The anodes were 

placed proximally over the muscle belly, while the cathodes were placed over the 

motor point of vastus lateralis and vastus medialis. Motor points were identified 

by the site on the surface of the skin in which an electrical pulse evoked a visible 

muscle twitch with the least current. If contractions of the adductors were 

observed, through visual inspection and palpation during NMES, the electrodes 

were re-positioned laterally and/or were cut smaller to more selectively activate 

the quadriceps muscle.  
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3.2.2.4 M-wave-H-reflex (M-H) recruitment curve 

Separate M-H recruitment curves were constructed for nNMES and 

mNMES from responses to 50 NMES pulses delivered randomly every 8 to 10 s. 

For nNMES, current was delivered from below M-wave and H-reflex threshold to 

1.2 times the minimum current required to evoke a maximal M-wave (Mmax) in 

vastus lateralis. This intensity was also sufficient to evoke Mmax in vastus medialis 

for all participants. To maintain similar levels of motor pool excitability during 

collection of the recruitment curve data (12), participants held a background 

contraction to produce ~5% MVIC torque using visual feedback displayed on a 

computer monitor. After collecting the data for the M-H recruitment curves, 

participants did not receive feedback of their torque production for the remainder 

of the experiment. 

3.2.2.5 NMES patterns 

In initial experiments, NMES was delivered in 2 patterns: 1) a constant 

frequency pattern of 15 Hz for 8 s and 2) a step frequency pattern of 15-100-15 

Hz for 3-2-3 s for each phase, respectively (adapted from Refs 16 and 17). The 15 

Hz frequency was chosen because in pilot experiments it was determined that 15 

Hz was the highest frequency that allowed for quantifying asynchronous activity 

(see Section 3.2.4 below) and is just below a recommended frequency range (18 

to 25 Hz) for NMES of the lower limb (50). The step frequency pattern was 

chosen because it allowed us to examine contractions evoked by NMES at 15 Hz 

before and after a period of 100 Hz NMES, which has been shown to enhance the 

central motor unit recruitment during NMES-evoked contractions (4, 35). The 
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constant frequency pattern then also acted as a control, allowing us to determine 

the effects of the 100 Hz step on motor unit recruitment.  

A single trial of NMES consisted of 3 repetitions of a NMES pattern, with 

60 s separating each pattern. For each NMES site, trials were collected using both 

NMES patterns and intensities. The order of trials was randomised for each 

participant. Throughout the NMES trials, participants were asked to remain 

relaxed and refrain from contributing voluntarily to the NMES-evoked 

contractions.  

3.2.2.6 NMES intensity 

To set the NMES intensity, 2 s of NMES was delivered every 5 to 10 s 

while the intensity was increased by ~2 mA increments during nNMES and ~5 

mA increments during mNMES until the desired torque was achieved. If more 

than ~10 contractions were required to achieve the desired torque, participants 

were provided ~3 min of rest before continuing. NMES was delivered to evoke 

contractions of 10, 20 or 30% MVIC torque during the interval 2 to 3 s into the 

NMES (Time1; see Figure 3-3A). For all trials, if the NMES was uncomfortable, 

the experimental session was concluded or trials at lower NMES intensities were 

collected. As a result, data were obtained for both nNMES and mNMES from 11 

participants at 10% MVIC torque, 8 participants at 20% MVIC torque and 1 

participant at 30% MVIC torque. For all participants, increases in NMES intensity 

were limited by discomfort during mNMES.  
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3.2.3 Additional experiments 

During the initial experiments, the lower frequency of NMES was 

delivered at 15 Hz to enable the recording of asynchronous activity. However, this 

frequency is lower than the 20-25 Hz frequencies that we have used to stimulate 

the ankle musculature in previous experiments that have shown that torque, H-

reflexes and asynchronous activity are augmented after a period of 100 Hz NMES 

(2, 4, 16, 17, 35). Thus, we conducted additional experiments in which the lower 

frequency in the NMES pattern was 25 Hz to provide a more valid comparison 

with the results of our previous studies.  

These additional experiments followed the same protocol as the initial 

experiments except that the NMES was delivered at 25 Hz for 8 s (constant 

frequency pattern) or 25-100-25 Hz for 3-2-3 s for each phase, respectively (step 

frequency pattern) and was only delivered at 1 intensity, that which evoked 10% 

MVIC torque at Time1. This contraction amplitude was chosen to maximise the 

chances of generating augmented torque and H-reflexes, as lower contraction 

amplitudes have produced the greatest levels of additional torque following 100 

Hz NMES (2, 4). In these additional experiments, we collected Mmax for each 

participant, but data for M-H recruitment curves were not collected and EMG data 

were not analysed during NMES patterns because H-reflex peak-to-peak 

measurements were contaminated by NMES artefacts during 25 Hz NMES. 

3.2.4 Data acquisition and analysis 

Data were sampled at 5 kHz using custom written Labview software 

(National Instruments, Austin, TX) and stored on a computer for subsequent 
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analysis that was conducted using custom written Matlab software (The 

Mathworks, Natick, MA). MVIC torque was calculated by averaging data over a 

500 ms window centred on the peak isometric knee extensor torque during the 

MVIC. Torque generated during NMES was normalized to each participant’s 

MVIC. The amplitudes of each M-wave and H-reflex recorded for the M-H 

recruitment curves and during 15 Hz NMES were measured peak-to-peak. 

Recruitment curves were generated by plotting M-wave and H-reflex amplitudes 

as a function of NMES intensity. For mNMES, we sometimes failed to observe a 

clear plateau in M-wave amplitude in the recruitment curves, even at maximal 

stimulator output (100 mA). Thus, for each participant, all M-waves and H-

reflexes were normalized to the single largest M-wave (Mmax) from the 

recruitment curve for nNMES. The single largest H-reflex (Hmax) from the 

recruitment curves and Mmax from the recruitment curve for nNMES were used to 

calculate Hmax-to-Mmax ratios. EMG during 25 Hz and 100 Hz NMES was not 

quantified due to contamination by NMES artefacts.  

During mNMES, M-wave amplitude can be contaminated by the 

preceding NMES artefact due to the close proximity of the NMES and recording 

electrodes. Thus, to prevent over-estimation of the M-wave amplitude, we 

analysed the data post-hoc using a 2-step software based signal processing 

procedure (48). The algorithm removes the complete NMES artefact including 

both positive and negative spikes as well as any exponentially decaying tail. 

Likewise, during nNMES, H-reflex amplitude can be contaminated by the 

preceding M-wave due to the proximity of the NMES site to the spinal cord. In 
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other words, the H-reflex may begin on the tail of the M-wave. To calculate the 

H-reflex amplitude, we adopted a 4-step software based signal processing 

procedure (39). This process isolated the tail of the Mmax signal from the M-H 

recruitment curve, when no reflex was present, and scaled the tail using a 

template according to the amplitude of the M-wave to be removed. The scaled M-

wave tail was then subtracted, leaving the uncontaminated H-reflex for peak-to-

peak analysis. All data were analysed using both signal processing algorithms, 

regardless of NMES site. 

To quantify asynchronous activity during 15 Hz NMES, we calculated the 

root mean square (RMS) of the EMG activity over a 10 ms interval between 55 

and 65 ms after each NMES artefact (see Figure 3-1B). As in a previous study (4), 

a duration of 10 ms was chosen as this time window was not contaminated by the 

NMES artefact, M-wave or H-reflex and for the present study it minimised the 

effect of the H-reflex silent period on the asynchronous measurement. To prevent 

over-estimation of the RMS calculation, all data in the intervals over which 

asynchronous activity was quantified were fit to a 2
nd

 order polynomial using the 

least squares procedure to remove any trend in the baseline associated with the 

preceding M-wave or H-reflex. The 2
nd

 order polynomial was subtracted from the 

raw data before the RMS was calculated, leaving the de-trended data with a mean 

of zero. RMS values were normalised to the maximum RMS (RMSmax) calculated 

separately over a 500 ms period centred on the peak vastus lateralis and vastus 

medialis EMG during each participant’s MVIC. Pilot experiments, in which we 

delivered 8 s of 15 Hz NMES to evoke 10% MVIC torque of the quadriceps while 
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participants were at rest or held voluntary isometric contractions to generate 5 to 

20% MVIC, additional to the NMES-evoked contraction, confirmed that we could 

measure asynchronous activity in the quadriceps and that our measure of RMS 

activity increased during increasing levels of voluntary contraction. Further, at a 

given background contraction amplitude, asynchronous activity was not different 

between NMES sites and could be measured in every participant. However, the 

pilot experiments showed that the asynchronous activity measure did not 

accurately reflect the voluntary contraction amplitude as a percentage of RMSmax. 

For example, a voluntary contraction of 5, 10 and 20% MVIC torque was 

measured as 2, 4 and 7% RMSmax, respectively. As such, RMS is reported here to 

provide a relative measure of the involuntary asynchronous activity generated by 

the sensory volley during nNMES and muscle belly and between Time1 and 

Time2. 

Fifteen M-wave, H-reflex and asynchronous activity measurements were 

averaged over each of 2 time periods (Time1: 2 to 3 s into the NMES; Time2: 6 to 

7 s into the NMES; see also Figure 3-2A) during a single NMES pattern. For each 

participant, isometric knee extension torque, M-waves, H-reflexes and 

asynchronous activity measured at Time1 and Time2 were averaged separately 

over the 3 repetitions of a NMES pattern in a single trial. Group means were 

calculated by pooling these mean data from each participant. The consistency of 

isometric knee extension torque, M-waves and H-reflexes between successive 

contractions was measured by calculating the coefficient of variation (CV = 
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[SD/mean] x100) between the mean values calculated for the 3 consecutive 

contractions at Time2.  

Statistical analyses were performed using Statistica software (StatSoft, 

Tulsa, OK). Kolmogorov-Smirnov and Lillefors tests for normality showed that 

group data were normally distributed. For the initial experiments, analyses were 

performed on group torque, vastus lateralis and vastus medialis data from trials in 

which NMES was delivered to evoke 10% and 20% MVIC torque. Paired t-tests 

were used to test for differences in Mmax and Hmax-to-Mmax ratios, obtained from 

the M-H recruitment curves produced at each NMES site. Paired t-tests were also 

used to compare NMES current between the 2 sites separately for each intensity.  

For data from trials with repetative NMES, separate 3-factor repeated 

measures analyses of variance (rmANOVA) tests were run on each dependent 

variable (Torque, H-reflex, M-wave, and asynchronous activity) at both NMES 

intensities (10% and 20% MVIC) to determine the influence of NMES Site, NMES 

Pattern (constant frequency versus step frequency) and Time (Time1 versus 

Time2) on the evoked response. To determine whether asynchronous activity was 

present during NMES, we calculated the RMS of the baseline EMG prior to 

delivery of NMES, when participants were relaxed and we knew no asynchronous 

activity would be present, and included these data as a third level of Time in the 

rmANOVA analyses for asynchronous activity (Timepre versus Time1 versus 

Time2). Two-factor rmANOVA tests were run on Torque, M-wave, and H-reflex 

CV data to determine the influence of NMES Site and NMES Pattern on the 

consistency of the evoked response. Due to the similarity of data recorded from 
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vastus lateralis and vastus medialis, and to avoid excessive repetition, we describe 

in detail only data collected from vastus lateralis in RESULTS, as the results of the 

rmANOVA tests for vastus lateralis and vastus medialis data did not differ.  

For the additional experiments, a 3-factor rmANOVA was run on Torque 

data to determine the influence of NMES Site, NMES Pattern (constant frequency 

versus step frequency) and Time (Time1 versus Time2) on the amplitude of the 

evoked response. A 2-factor rmANOVA test was run on torque CV data to 

determine the influence of NMES Site and NMES Pattern on the consistency of 

the evoked torque at Time2.  

An alpha level of 0.05 was used to evaluate statistical significance. All 

data are reported as mean ± standard deviation. 

 

3.3 Results 

3.3.1 Recruitment curve 

M-H recruitment curve data recorded from vastus lateralis for 1 participant 

during nNMES (A) and mNMES (B) are shown in Figure 3-2. The right side of 

each panel shows single EMG traces from the corresponding numerical site in the 

recruitment curve. In this participant, the Hmax-to-Mmax ratio was 0.22 for nNMES 

and 0.04 for mNMES. For the group (n = 11), there was no significant difference 

between Mmax evoked by NMES at both sites (t(10) = 1.05, p = 0.32). Mmax was 

10.4 ± 3.8 mV for nNMES and 9.7 ± 2.7 mV for mNMES. Hmax-to-Mmax ratios 

were significantly larger (t(10) = 3.8, p < 0.001) for nNMES (0.21 ± 0.10; range: 

0.09 to 0.37) compared to mNMES (0.02 ± 0.01; range: 0.01 to 0.03). Robust H-
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reflexes could be evoked in all 11 participants during nNMES. Conversely, H-

reflexes were rare and very small when present during mNMES.  

3.3.2 NMES – single participant data  

Data recorded from 1 participant during nNMES (A, C and E) and 

mNMES (B, D and F) during the constant frequency and step frequency pattern 

are shown in Figures 3-3 and 3-4, respectively. In the top half of each panel, the 

solid lines show torque and the symbols represent the amplitude of the EMG 

measures from vastus lateralis during NMES at 15 Hz. There was no 

asynchronous activity present during NMES at either site or amplitude and thus, 

these data are not shown in Figures 3-3 or 3-4. During constant frequency NMES 

at both sites (Figure 3-3), mean torque remained stable throughout the NMES (i.e. 

was similar at Time1 and Time2). However, there were periods of time when 

torque oscillated rapidly (~7 to 8 Hz) during nNMES, as can be seen in the 

individual traces (grey lines) in panels A, C and E. During these periods, and 

throughout the NMES, H-reflexes alternated between large and small (see the 

open squares, which are an average of 3 H-reflex measurements across 3 

consecutive contractions, and the grey lines in the EMG traces in panels A, C, and 

E) while M-waves were relatively consistent. During nNMES, H-reflexes 

dominated the EMG at all 3 contraction amplitudes (10, 20 and 30% MVIC 

torque) while M-waves were small and relatively stable. In contrast, during 

mNMES, M-waves dominated the EMG. When the step frequency pattern was 

delivered in this participant (Figure 3-4), torque, M-waves and H-reflexes were 

not augmented after 100 Hz NMES.  
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3.3.3 NMES – group data 

3.3.3.1 Initial experiments  

Statistical analyses were performed on data recorded when 15 Hz NMES 

was delivered to evoke 10% and 20% MVIC torque at Time1 for the group. There 

was no asynchronous activity, significantly greater than measured at baseline, 

during NMES at either site or intensity and thus, these data are not shown in 

Figures 3-5 or 3-6. For both contraction amplitudes, significantly less current was 

required for nNMES than mNMES. The mean current required to produce 10% 

MVIC torque at Time1 was 12.6 ± 4.7 mA for nNMES and 46.0 ± 13.1 mA for 

mNMES (t(10) = 8.1, p < 0.001). The mean current to produce 20% MVIC torque 

was 14.4 ± 6.5 mA for nNMES and 65.3 ± 22.8 mA for mNMES (t(7) = 7.1, p < 

0.001). The current required for 1 participant who received NMES to produce 

30% MVIC torque was 12 mA for nNMES and 54 mA for mNMES.  

Figure 3-5 shows group (n = 11) torque and vastus lateralis EMG data for 

trials in which the NMES intensity was adjusted to evoke 10% MVIC torque at 

Time1. There were no significant differences in torque across all factors (Figure 3-

5A). However, the CV for torque (Figure 3-5B), showed a significant main effect 

of NMES Site [F(1,10) = 9.79, p = 0.01]. Torque was more consistent between 

contractions during mNMES compared to nNMES, regardless of NMES pattern. 

For M-wave amplitude (Figure 3-5C), there was a significant main effect of 

NMES Site [F(1,10) = 17.19, p = 0.001]. M-waves were ~10 times larger during 

mNMES compared to nNMES, regardless of NMES pattern or time. Additionally, 

the CV for M-waves (Figure 3-5D) showed a significant main effect of NMES 
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Site [F(1,10) = 7.29, p = 0.02]. M-waves were more consistent between contractions 

during mNMES compared to nNMES, regardless of NMES pattern. For H-reflex 

amplitude (Figure 3-5E), there was a significant main effect of NMES Site [F(1,10) 

= 19.55, p < 0.01]. H-reflexes were ~9 times larger during nNMES compared to 

mNMES, regardless of NMES pattern or time. Additionally, the CV for H-

reflexes (Figure 3-5F) showed a significant main effect of NMES Site [F(1,10) = 

19.55, p < 0.01]. H-reflexes were more consistent between contractions during 

mNMES compared to nNMES, regardless of NMES pattern. However, we 

acknowledge that since H-reflexes were very small, when present, during 

mNMES, this may not be a relevant comparison.  

Group data (n = 8) for torque and vastus lateralis EMG are shown in 

Figure 3-6 for trials in which the NMES intensity was adjusted to evoke 20% 

MVIC torque. There were no significant differences in the amplitude of torque 

across all factors (Figure 3-6A). Additionally, there were no significant 

differences in the CV for torque (Figure 3-6B). Thus, at this higher level of 

NMES, there were no differences in the consistency of torque between 

contractions across both factors. For M-wave amplitude (Figure 3-6C), there was 

a significant main effect of NMES Site [F(1,7) = 22.94, p = 0.003]. M-waves were 

~7 times larger for mNMES compared to nNMES, regardless of the NMES 

pattern or time. The CV for M-waves (Figure 3-6D) showed a significant main 

effect of NMES Site [F(1,7)=6.17, p=0.04]. M-waves were more consistent between 

contractions during mNMES compared to nNMES, regardless of NMES pattern. 

For H-reflex amplitude (Figure 3-6E), there was a significant main effect of 
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NMES Site [F(1,7) = 13.79, p = 0.009]. H-reflexes were ~8 times larger for nNMES 

compared to mNMES, regardless of NMES pattern or time. However, there were 

no significant differences in the CV for H-reflexes (Figure 3-6F). Thus, at this 

higher level of NMES, there were no differences in the consistency of H-reflexes 

between contractions across both factors.  

3.3.3.2 Additional experiments 

Statistical analyses were performed on group torque data (n = 7) recorded 

when 25 Hz NMES was delivered to evoke 10% MVIC torque at Time1. There 

were no significant differences in torque across all factors (Figure 3-7A). 

However, the CV for torque (Figure 3-7B) showed a significant main effect of 

NMES Site [F(1,10) = 12.13, p = 0.01]. Torque was more consistent between 

contractions during mNMES compared to nNMES, regardless of NMES pattern.  

 

3.4 Discussion 

In this study, we compared the contributions made by peripheral (M-

wave) and central (H-reflex, asynchronous activity) pathways to motor unit 

recruitment during isometric contractions of similar amplitude generated by 

NMES applied over the femoral nerve trunk (nNMES) and the quadriceps muscle 

(mNMES). We found that, similar to the results obtained from experiments on the 

triceps surae (4), NMES site (nNMES versus mNMES) largely determined the 

pathways by which motor units were recruited when NMES was delivered to 

activate the quadriceps muscle and generate knee extension torque. However, 

unlike the triceps surae and other muscles studied previously, neither torque nor 
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activity through central pathways were augmented following 100 Hz NMES, nor 

was any asynchronous activity evoked during NMES at either site.  

3.4.1 Torque  

3.4.1.1 Contraction amplitude 

NMES intensity was adjusted to generate similar torque at Time1 for both 

sites. Accordingly, torque was not significantly different during nNMES 

compared to mNMES for any of the relevant comparisons in the present study. 

Additionally, torque at Time2 was not different from that at Time1 for all relevant 

comparisons. Thus, torque did not increase over time during constant frequency 

NMES or, contrary to our hypothesis, following the brief periods of 100 Hz 

NMES during the step frequency pattern. In a recent study, Thompson et al. 

(2011) delivered mNMES using a step frequency pattern, similar to that used 

presently, in 9 neurologically-intact participants and reported an increase in 

torque of 21% from before to after a period of 100 Hz NMES; whether this 

increase was statistically significant was not tested (51). This apparent increase in 

torque is in marked contrast to the present results in which there were no 

differences in torque for the same comparison. Regardless, the results of 

Thompson et al. (2011) and those reported presently indicate that the effect of a 

brief period of high frequency NMES on increasing torque is less for the 

quadriceps than has been reported previously for other muscles (triceps surae: 

~50-412%, Refs 2, 4, 16, 17 and 35; tibialis anterior: ~140%, Refs 17 and 35; 

wrist extensors: 46-62%, Ref 2; biceps brachii: 42-116%, Refs 9 and 41; flexor 

pollicus longus: 47-54%, Ref 9). The reasons for the discrepancy between the 
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results of Thompson et al. (2011) and those reported presently are unclear; 

however, we do not believe that the lack of an increase in torque in the present 

study was the result of a sampling bias related to the recruitment of non-

responders. Of the 13 participants in the present study, 6 participated in our 

previous study investigating similar effects in the triceps surae (4). In the previous 

study, these 6 participants generated on average a ~48% increase in plantar 

flexion torque and presently, these same participants generated on average only a 

~9% increase in knee extension torque. The present study was not designed to 

distinguish between responders and non-responders, although such a study may 

shed light on neural mechanisms that distinguish these two groups, some of which 

are discussed below (see Section 3.4.2 below). 

3.4.1.2 Contraction consistency 

Although torque did not differ between NMES sites, the amplitude of 

consecutive contractions was more consistent during mNMES (CV: ~10%) 

compared to nNMES (CV: ~20%), regardless of NMES pattern or frequency (15 

Hz vs 25 Hz) when NMES was delivered to evoke 10% MVIC torque at Time1. 

When 15 Hz NMES was delivered to evoke 20% MVIC torque, no significant 

difference in contraction consistency was found. These differences in contraction 

consistency at lower contraction amplitudes are consistent with data from the 

ankle plantar flexors (2). When NMES was delivered to evoke ~5% MVIC torque 

in the plantar flexors, Baldwin et al. (2006), found that mNMES of the plantar 

flexors was more consistent between consecutive contractions (CV: ~10%) 

compared to nNMES (CV: ~20%)(2). The variability in torque in the present 
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study during nNMES at Time2 may be due to the variability in H-reflex amplitude 

observed during this same period of time, as described in the following section.   

3.4.2 Pathways during nNMES versus mNMES 

The relative contributions made by peripheral and central pathways to 

motor unit recruitment were markedly different between NMES sites. As 

hypothesised, nNMES generated contractions with smaller M-waves (7 to 10 

times) and larger H-reflexes (8 to 9 times) compared to contractions of equal 

amplitude generated by mNMES, regardless of NMES pattern or intensity. Thus, 

nNMES generated contractions predominantly through central pathways, while 

mNMES generated contractions predominantly through peripheral pathways. 

This effect of NMES site is consistent with the larger Hmax-to-Mmax ratios 

obtained with nNMES compared to mNMES. Similar to nNMES of the triceps 

surae (4), much of the motor unit recruitment during nNMES of the quadriceps 

was via central pathways in the form of H-reflexes; for both muscle groups, 

contractions of up to 30% MVIC torque could be produced almost exclusively 

though this pathway in some participants. For both the triceps surae (4) and 

quadriceps muscle (present study), nNMES, where all the sensory and motor 

axons are located in close proximity to the NMES electrodes, likely recruited a 

relatively greater proportion of sensory axons compared to NMES delivered 

mNMES near the motor points, where sensory axons are more widely dispersed 

throughout the muscle. 

Our hypothesis that there would be more asynchronous activity during 

mNMES compared to nNMES was not supported. Unlike the triceps surae (4), we 
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recorded no asynchronous activity during NMES at either site. This is despite the 

fact that in pilot experiments, we were able to measure asynchronous activity 

during NMES that was generated voluntarily (see Section 3.2.4 above) and 

measured increases in this activity when voluntary contraction amplitude 

increased. Thus, we do not believe that the lack of asynchronous activity recorded 

in the present study was due to an inability to measure it. Rather, we believe that 

there was no asynchronous activity generated during NMES of the quadriceps 

muscle. We have previously proposed that asynchronous activity is due, at least in 

part, to the activation of persistent inward currents in spinal neurons (16, 17). The 

lack of asynchronous activity in the quadriceps EMG may indicate that neurons in 

circuits controlling the quadriceps are less likely to exhibit this behaviour. 

Our second hypothesis was not supported by the present data, as neither 

torque, H-reflex nor asynchronous activity increased following 100 Hz NMES 

during the step frequency pattern. Increases in torque, H-reflexes and 

asynchronous activity following 100 Hz NMES have been attributed to 

mechanisms in central circuits (4, 35), such as increased probability of 

neurotransmitter release from pre-synaptic terminals, associated with post-tetanic 

potentiation, and/or increased motor neuron excitability, due to the activation of 

persistent inward currents in spinal neurons. Thus, the lack of such increases in 

the present study indicates that there may be differences in the frequency 

dependant changes in sensorimotor integration in central circuits controlling the 

quadriceps muscle, compared to muscles studied previously. However, small 

increases in torque, which are not accompanied by increases in EMG activity, 
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may also be due to an intrinsic muscle property (8) that is dependent upon muscle 

length (22). 

3.4.3 Implications for NMES 

An interesting feature of NMES is the unique pattern of motor unit 

recruitment underlying the evoked contractions (5, 6, 41). Unlike voluntary 

contractions, when motor unit recruitment is temporally asynchronous, spatially 

diffuse (1) and orderly from slow-fatigue-resistant to fast-fatigable with 

increasing contraction amplitude (28, 29, 33), it is generally accepted that motor 

unit recruitment during NMES, at least during mNMES, is temporally 

synchronous (1, 41), mainly, but not exclusively (1), superficial (41, 45, 49, 54), 

and occurs randomly without obvious sequencing related to motor unit type (1, 

26, 33, 41). As a consequence, the capacity to produce repeated contractions that 

do not fatigue rapidly with mNMES is compromised compared to voluntary 

exercise (6, 24, 34, 41). This may be particularly relevant for the quadriceps 

where fatigue-resistant motor units are mainly in deeper compartments of the 

muscle (36, 40) and thus are more difficult to activate during mNMES compared 

to voluntary contractions, even at rather high NMES intensities (41, 49). Despite 

this, hypertrophy of fatigue-resistant muscle fibres in the quadriceps has been 

reported, but such adaptation requires a high volume (4 h per day, 7 days per 

week; Ref 47) or intensity of training (~60% MVIC; Ref 24), the former of which 

may not be practical to achieve as part of a long term exercise program and the 

latter of which can be problematic for individuals with residual sensation (50) or 

compromised bone density (21).  
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Generating contractions by nNMES may alleviate some of these issues. 

Firstly, nNMES required significantly less current than mNMES. Secondly, 

increases in NMES intensity in the present study were limited, in every case, by 

discomfort during mNMES. Thus, nNMES produces contractions that require less 

battery power and generate less discomfort for the participant; however, there is 

evidence that nNMES generates more discomfort for the participant (44, 49), and 

thus this line of inquiry requires further investigation. Thirdly, both human in vivo 

(20) and computational modelling (43) data support the idea that NMES recruits 

motor units randomly in relation to axon diameter, in which case motor units 

recruited as M-waves during nNMES would be expected to be randomly 

distributed throughout the muscle. Finally, motor unit recruitment through central 

pathways follows Henneman’s size principle (28, 29) and thus recruits fatigue-

resistant motor units first. These fatigue-resistant muscle fibres are located deep in 

the quadriceps muscle (36, 40) and may therefore be less accessible during 

mNMES (45, 49, 51). Thus, contractions mediated through central pathways 

should minimise the non-physiological recruitment order commonly reported for 

mNMES (26, 41) and, for the quadriceps, recruit a relatively greater proportion of 

fatigue-resistant motor units with a relatively lower NMES intensity. This may 

help protect these vulnerable units from atrophy and transformation to fast-

fatigable units; a common occurrence after periods of inactivity as the result of 

spinal cord injury (7, 14, 21, 27). Consequently, the greater recruitment through 

central pathways evoked by nNMES, and general lack of activity through central 

pathways contributing to the evoked contractions during mNMES, in the present 
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study, suggests that nNMES holds promise for maintaining muscle quality 

(therapeutic electrical stimulation; TES) and possibly for producing functional 

movements (functional electrical stimulation; FES) following damage to the 

central nervous system compared with mNMES.  

Despite these promising theoretical advantages of delivering nNMES, 

there are potential practical limitations to stimulating the quadriceps for FES. 

Firstly, the position of the cathode in the femoral triangle is highly susceptible to 

movement as a result of the contraction itself, due to the nearby tendon, and as a 

result of limb movements, making it difficult to deliver consistent current. 

Secondly, even if movement of the nNMES electrode can be minimised, 

contractions generated through central pathways are less consistent between 

successive contractions compared to contractions generated through peripheral 

pathways (2), however this may only be the case at lower NMES intensities. 

Although contraction stability within a contraction was not quantified in the 

present study, we did observe instances in which torque oscillated during 

nNMES. These oscillations in torque occurred simultaneously with oscillations in 

H-reflex amplitude, similar to that which we have observed for soleus H-reflexes 

(15). Thirdly, it is unclear whether contractions with a significant contribution 

through central pathways will be of sufficient amplitude for FES applications, 

although presently we show such contractions up to 30% MVIC torque. Fourthly, 

during FES-assisted movements, it may be that motor unit recruitment through 

central pathways would diminish, as it is well known that H-reflexes reduce in 

size during passive and voluntary movement (10, 11, 18, 31); however, such H-
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reflex modulation is reduced or absent in people with spinal cord injury (37). 

Finally, as NMES intensity is increased beyond what was tested in the present 

study, for example, in response to fatigue during FES-assisted exercise, increased 

levels of antidromic transmission in motor axons will develop (55), which will 

progressively block motor unit recruitment through central pathways. Thus, 

overall, it may be that nNMES would be most immediately beneficial for 

therapeutic purposes (TES), such as muscle conditioning which would require 

less precise control of evoked contraction amplitudes, until some of the 

anticipated limitations associated with nNMES for functional movement 

applications (FES) can be addressed. 

3.4.4 Conclusion 

This study is the first to demonstrate motor unit recruitment through 

central pathways during NMES-evoked contractions of the quadriceps femoris, 

one of the most utilised muscle groups for NMES rehabilitation. During mNMES, 

contractions were generated predominately through peripheral pathways (M-

waves), while nNMES generated contractions with a greater contribution through 

central pathways (H-reflexes). However, unlike other muscles studied previously, 

neither torque nor activity through central pathways were augmented following 

100 Hz NMES, nor was any asynchronous activity evoked during NMES at either 

site. Bearing in mind the aforementioned limitations of nNMES with regards to 

the consistency of evoked contractions, nNMES may be considered a good 

compliment to, as opposed to a replacement for, mNMES for maintaining muscle 

quality and reducing muscle fatigue for NMES rehabilitation programs.  
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3.5 Figures  

 

 

Figure 3-1 A) Schematic of the NMES, recording and reference electrode sites on 

the right leg. The NMES electrode placed over the gluteal fold is not shown. B) 

An EMG waveform recorded from vastus lateralis, elicited by nNMES, showing 

peak-to-peak M-wave and H-reflex sites as well as the interval over which RMS 

was calculated for the measurement of asynchronous activity. 
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Figure 3-2 M-H recruitment curves for vastus lateralis produced by nNMES (A) 

and mNMES (B) in a single participant. The right side of each panel shows single 

raw EMG traces recorded at the corresponding numerical site in the recruitment 

curve. These raw EMG traces shown have not been processed post-hoc.  
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Figure 3-3 Torque and vastus lateralis EMG responses evoked by constant 

frequency (15 Hz for 8 s) nNMES (A, C and E) and mNMES (B, D and F) to 

evoke ~10% (A and B), 20% (C and D) and 30% (E and F) MVIC torque at Time1 

in the same participant as shown in Figure 3-2. The shaded areas highlight the 

time periods (Time1 and Time2) over which data were quantified for statistical 

analyses. In the upper half of each panel, torque represented by the black lines are 

average responses to 3 trains of NMES (grey lines) and the symbols represent the 

average EMG data over 3 repetitions during a single trial. Vertical calibration 

represents 10% Mmax for EMG and 10% MVIC for torque. The lower half of each 

panel shows raw EMG recorded at Time1 (left trace) and Time2 (right trace) 

during a single train of NMES. These raw EMG traces shown have not been 

processed post-hoc. Bold black lines represent the average of 15 single responses 

(grey lines) during the NMES. All data are shown on the same scale, as indicated 

by the calibration bars in panel A. 
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Figure 3-4 Torque and vastus lateralis EMG responses evoked by step frequency 

(15-100-15 Hz for 3-2-3 s, respectively) nNMES (A, C and E) and mNMES (B, D 

and F) to evoke ~10% (A and B), 20% (C and D) and 30% (E and F) MVIC 

torque at Time1 in the same participant as Figures 3-2 and 3-3. Data are presented 

in the same way as in Figure 3-3. EMG during 100 Hz NMES was not quantified 

due to contamination by NMES artefacts. 
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Figure 3-5 Group torque and EMG data (n = 11) during NMES (15 Hz for 8 s and 

15-100-15 Hz for 3-2-3 s, respectively) over the femoral nerve trunk (nNMES) 

and quadriceps muscle belly (mNMES) at an intensity to evoke 10% MVIC 

torque at Time1. Normalised data averaged at Time1 and Time2 are shown in 

panels A, C, and E. Coefficient of variation data averaged at Time2 are shown in 

panels B, D and F. Significant main effects identified by the rmANOVA analyses 

are displayed within the insets. 
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Figure 3-6 Group torque and EMG data (n = 8) during NMES (15 Hz for 8 s and 

15-100-15 Hz for 3-2-3 s, respectively) over the femoral nerve trunk (nNMES) 

and quadriceps muscle belly (mNMES) at an intensity to evoke 20% MVIC 

torque at Time1. Normalised data averaged at Time1 and Time2 are shown in 

panels A, C, and E. Coefficient of variation data averaged only at Time2 are 

shown in panels B, D and F. Significant main effects identified by the rmANOVA 

analyses are displayed within the insets. 

 

 



109 

 

 

 
Figure 3-7 Group torque data (n = 7) during NMES (25 Hz for 8 s and 25-100-25 

Hz for 3-2-3 s, respectively) over the femoral nerve trunk (nNMES) and 

quadriceps muscle belly (mNMES) at an intensity to evoke 10% MVIC torque at 

Time1. Normalised data averaged at Time1 and Time2 are displayed in panel A. 

Coefficient of variation data averaged at Time2 are displayed in panel B. A 

significant main effect identified by the rmANOVA analysis is displayed within 

the inset. 
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CHAPTER 4: H-REFLEXES IMPROVE FATIGUE-RESISTANCE OF 

ELECTRICALLY-EVOKED CONTRACTIONS IN PEOPLE WITH CHRONIC 

MOTOR-COMPLETE SPINAL CORD INJURY: EFFECT OF STIMULATION 

SITE
4
 

 

4.1 Introduction 

Neuromuscular electrical stimulation (NMES) can generate contractions 

for people who have had a spinal cord injury (SCI; Ref 34). Such contractions can 

reduce muscle and bone atrophy (21), assist activities of daily living and provide 

opportunities for exercise (18). Unfortunately, premature contraction fatigue 

limits the effectiveness of NMES for these applications (43). Much of this fatigue 

is thought to be due to the non-physiological way in which motor units are 

recruited during NMES (8, 40). 

During voluntary contractions, motor units are recruited synaptically 

according to Henneman's size principle, with fatigue-resistant motor units 

recruited first (42). In contrast, during NMES-evoked contractions, it is generally 

accepted that motor units are recruited in random order (1, 20, 31, 41) by the 

activation of motor axons beneath the NMES electrodes (8, 40). Accordingly, 

during NMES, signals travel along a peripheral pathway from the NMES site to 

the muscle, which generates a motor- or M-wave in the electromyographic (EMG) 

signal recorded from innervated muscles (6). This difference in recruitment order 

                                                

 

4 The individuals contributing to the work presented in this chapter were:  

Bergquist AJ, Okuma Y, Wiest MJ and Collins DF. 
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between voluntary and NMES-evoked contractions indicates that NMES-evoked 

contractions recruit relatively fewer fatigue-resistant motor units than voluntary 

contractions of similar amplitude. This is thought to be one of the main reasons 

that NMES-evoked contractions fatigue rapidly (8, 40). 

We have suggested that one way to improve the fatigue-resistance of 

NMES-evoked contractions is to maximise the depolarisation of sensory axons 

beneath the stimulating electrodes, thereby enhancing the synaptic recruitment of 

motor units (3, 5, 37). Depolarising sensory axons recruits motor units by signals 

travelling along reflex pathways through the spinal cord and recruitment order 

follows the size principle (10, 56, 57). The discharge of motor units recruited 

through these central pathways can be synchronous with each stimulus pulse, in 

which case it is measured as a Hoffmann- or H-reflex in the EMG signal (6). The 

central contribution to NMES-evoked contractions can also be measured as motor 

unit discharge that is not synchronised to each NMES pulse (asynchronous 

activity; Refs 5, 6, 13 and 38). In people without SCI, the extent to which 

contractions are generated through peripheral (M-waves) and central (H-reflexes, 

asynchronous activity) pathways depends on where NMES is delivered. For both 

the ankle plantar flexors (soleus; Ref 5) and knee extensors (vastus lateralis and 

medialis; Ref 7), NMES over the muscle belly (mNMES) generated contractions 

predominantly through peripheral pathways (M-waves), while NMES over the 

nerve trunk (nNMES) generated contractions with robust contributions through 

central, predominantly H-reflex, pathways.  
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The present experiments build on this previous work (5, 7) and were 

designed to determine whether fatigue is reduced during nNMES, which can 

recruit motor units according to the size principle, compared with a more 

traditional approach using mNMES, which tends to recruit motor units randomly 

with respect to type. We hypothesised that fatigue, defined as a significant 

reduction in torque over repeated contractions (27), would occur sooner (after 

fewer contractions into a fatigue protocol) and would be greater (generate less 

torque by the end of a fatigue protocol) during mNMES than nNMES. The ankle 

plantar flexors were studied because these muscles are important for standing and 

walking, and there is interest in stimulating them for restoring gait in people with 

SCI (2, 25, 34, 44). Further, we have established that mNMES and nNMES can 

generate contractions of the ankle plantar flexors through markedly different 

pathways in people without SCI (5).  

 

4.2 Methods 

4.2.1 Participants  

Eleven participants with chronic (> 2 y) motor-complete SCI volunteered 

for this study after providing informed written consent (Table 4-1). It was not 

possible to elicit a muscle contraction within the range of our stimulator output 

during either mNMES or nNMES in 3 of 11 participants (participants 9 to 11 in 

Table 4-1). Thus, herein we report data collected from the 8 participants in whom 

we were able to generate contractions. All participants took part in 2 experimental 

sessions, each lasting ~2 h and separated by at least 5 d. A fatigue protocol (see 
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Section 4.2.6 below) delivered using mNMES or nNMES was tested in different 

sessions. The order of testing the NMES sites was randomised for each 

participant. All procedures were performed on the right leg. Participants were 

seated in the chair of a Biodex dynamometer (System 3, Biodex Medical Systems, 

Shirley, New York) to measure isometric plantar flexion torque. The right foot 

was secured to the Biodex footplate with the hip at ~110°, the knee at ~90° and 

the ankle at ~90° with the lateral malleolus aligned with the axis of the 

dynamometer. With the knee at ~90°, the soleus muscle, the muscle from which 

we recorded, generates the majority of plantar flexion torque (14, 47). This study 

was approved by the Health Research Ethics Board at the University of Alberta. 

4.2.2 Electromyography (EMG) 

Surface EMG was recorded from soleus using adhesive gel electrodes 

(2.25 cm
2
; Vermed Medical, Bellows Falls, VT) arranged in a bipolar 

configuration. The electrodes were placed parallel to the predicted path of the 

muscle fibres with ~1 cm inter-electrode distance (Figure 4-1). A reference 

electrode was placed over the tibia of the right leg. EMG signals were amplified 

between 500 and 1000 times and band-pass filtered at 10 to 1000 Hz (NeuroLog 

System; Digitimer, Welwyn Garden City, UK).  

4.2.3 Neuromuscular electrical stimulation (NMES) 

NMES was delivered using a constant-current stimulator (200 µs pulse 

duration; DS7AH Digitimer, Welwyn Garden City, UK) and current was 

measured using a current probe (mA 2000 Noncontact Milliammeter; Bell 

Technologies, Orlando, Florida). mNMES was delivered over the triceps surae 
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muscles through 2 flexible adhesive gel electrodes (7.5 x 13 cm; model CF7515, 

Axelgaard Manufacturing, Lystrup, Denmark) trimmed to fit (Figure 4-1). The 

anode was placed over the lateral and medial gastrocnemii at the point of the 

largest circumference. The cathode was placed over the soleus, just distal to the 

gastrocnemii. nNMES was delivered over the tibial nerve trunk through 2 flexible 

adhesive gel electrodes (3.2 cm round; model CF3200, Axelgaard Manufacturing, 

Lystrup, Denmark) placed on the skin of the popliteal fossa with an inter-

electrode distance of ~1 cm (Figure 4-1). If contractions of the tibialis anterior or 

peroneus muscles were observed through visual inspection and palpation during 

NMES, the electrodes were re-positioned medially and, in the case of mNMES, 

were sometimes cut smaller to more selectively activate triceps surae.  

4.2.4 Peak twitch torque (PTT) and the maximal evocable M-wave (Mmax) 

At the beginning of each session, PTT and Mmax were determined using 

single pulses delivered over the tibial nerve trunk (nNMES). Current amplitude 

was increased incrementally every 8 to 10 s to ~1.5 times the current required to 

evoke Mmax. This NMES intensity was sufficient to generate maximal PTT and M-

waves in all participants. The number of pulses used for this assessment was 

consistent between sessions and was always less than 10.  

4.2.5 Setting NMES intensity 

To set the NMES intensity for the fatigue protocol, 2 s trains of 20 Hz 

NMES were delivered 20 s apart while the NMES intensity was adjusted until the 

peak torque generated was equivalent to the PTT for that participant. 

Approximately 5 NMES trains were required to set the NMES intensity for each 
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session. Once the NMES intensity was set, it was not altered for the remainder of 

the session. In people with chronic SCI, PTT of the plantar flexors is equivalent to 

~27% of the torque generated during maximal tetanic (40 Hz) NMES (52). Thus, 

PTT provides a convenient sub-maximal normalisation value. We chose to set the 

NMES for the fatigue protocol at this sub-maximal intensity for a few reasons: 1) 

NMES is often delivered at sub-maximal intensities in rehabilitation settings, 2) 

sub-maximal intensities minimise the risk of fracturing osteoporotic bones in 

people with chronic SCI (21) and 3) sub-maximal intensities minimise antidromic 

collisions in motor axons (30), allowing for a contribution through central 

pathways.  

4.2.6 Fatigue protocol 

Five min after setting the NMES intensity, a fatigue protocol consisting of 

intermittent 20 Hz trains, 2-s-on-2-s-off for 5 min (75 contractions) was delivered. 

The 20 Hz frequency was chosen because: 1) it is the highest frequency that 

allows for accurate soleus H-reflex analysis uncontaminated by the NMES 

artefacts (50 ms inter-pulse interval), 2) it minimises the incidence of muscle 

spasms compared with higher frequencies (51), 3) it is within a recommended 

frequency range (18 to 25 Hz) for NMES of the lower limbs (50). 

4.2.7 Data collection and analysis  

Data were sampled at 10 kHz using custom-written Labview software 

(National Instruments, Austin, TX) and stored on a computer for subsequent 

analysis that was conducted using custom written Matlab software (The 

Mathworks, Natick, MA). PTT was measured as the mean peak torque generated 
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by 3 supra-maximal nNMES pulses delivered at the beginning of each session. 

Torque generated during the fatigue protocol was normalised to each participant’s 

PTT recorded during each respective session. The amplitude of each M-wave and 

H-reflex recorded during the fatigue protocol was measured peak-to-peak and 

normalized to each participant’s Mmax recorded at the beginning of each session. 

To prevent over-estimation of M-wave amplitude, due to contamination of the 

EMG signal by the NMES artefact, all data were analysed post-hoc using a 2-step 

software based signal processing procedure that removes the exponentially 

decaying tail of the NMES artefact (45). To quantify asynchronous activity, the 

root mean squared of baseline EMG activity over a 10 ms interval between the M-

wave and H-reflex was calculated. As in a previous study (5), a duration of 10 ms 

was chosen since this time window was not contaminated by the NMES artefact, 

M-wave or H-reflex. To prevent over-estimation of the root mean squared 

calculation, all data in the intervals over which asynchronous activity was 

quantified were fit to a 2
nd

 order polynomial using the least squares procedure to 

remove any trend in the baseline associated with the preceding M-wave. The 2
nd

 

order polynomial was subtracted from the raw data before the root mean squared 

was calculated, leaving the de-trended data with a mean of zero.  

The amplitude of torque, M-waves, H-reflexes and asynchronous activity 

during each fatigue protocol were calculated for each 2 s contraction (40 EMG 

measurements / contraction). For each participant, torque, M-waves, H-reflexes 

and asynchronous activity were averaged over 5 successive contractions (20 s 

intervals) throughout the fatigue protocol to generate 15 data bins (i.e. bin 1 = 
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mean of contractions 1 to 5, bin 2 = mean of contractions 6 to 10, etc.) for each 

NMES site. Group means were calculated by pooling these mean data. A fatigue 

index was calculated for each fatigue protocol by dividing the mean torque for bin 

15 by the mean torque for bin 1 and multiplying by 100 (i.e. mean torquebin15 / 

mean torquebin 1 x 100). 

Statistical analyses were performed on group and individual data using 

Statistica software (StatSoft, Tulsa, OK). Shapiro-Wilk’s tests for normality 

showed that all data were normally distributed. Dependent (paired) t-tests were 

used to test for differences in PTT and fatigue index between NMES sites. 

Separate 2-factor repeated measures analysis of variance (rmANOVA) tests (2 x 

15) were used to determine the influence of NMES site (mNMES x nNMES) and 

Time (bin 1 to 15) on torque, M-waves, H-reflexes and asynchronous activity 

during the 5 min fatigue protocol. For analysis of asynchronous activity, we 

calculated the root mean squared of the baseline EMG prior to delivery of NMES, 

when no NMES-evoked asynchronous activity would be present, and included 

these data as a 16th level of Time in the rmANOVA test (4 x 16), to determine 

whether asynchronous activity developed during NMES. Univariate correlational 

analyses (Pearson product-moment correlations) were used to determine whether 

changes in M-wave amplitude correlated significantly with changes in torque in 

each participant during the fatigue protocol. The mean correlation coefficient was 

qualified as either very weak (r = 0.0 to 0.19), weak (r = 0.2 to 0.39), moderate (r 

= 0.4 to 0.59), strong (r = 0.60 to 0.79) or very strong (r = 0.8 to 1.0)(48). 
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The above analyses permitted comparisons based on where NMES was 

delivered (mNMES versus nNMES), independent of how (M-waves versus H-

reflexes) contractions were generated. However, 4 of 8 participants generated 

contractions without any measureable activity through central pathways, 

regardless of NMES site. Therefore, to permit comparisons of torque based on 

how contractions were generated, we divided our participants into 2 groups based 

on whether H-reflexes contributed to contractions during nNMES (Group 1; n = 

4) or not (Group 2; n = 4) and used a 2-factor mixed between-within participants 

rmANOVA test (also known as a split-pot rmANOVA test) to test for differences 

in fatigue index between NMES sites both between and within groups. H-reflexes 

were considered absent if: 1) no obvious waveform was present at an appropriate 

H-reflex latency, and 2) if the mean peak-to-peak measurement over this period 

was less than 2% Mmax. Significant main effects and interactions identified by the 

ANOVA tests were tested post-hoc using Tukey’s honestly significant difference 

tests when appropriate. An alpha level of 0.05 was used to evaluate statistical 

significance. All data are reported as mean ± standard error. 

 

4.3 Results 

The results of these experiments have been divided into 2 sections. The 

first section provides a comparison of contraction fatigue based on where NMES 

was delivered (mNMES versus nNMES), independent of how (M-waves versus 

H-reflexes) contractions were generated. This analysis was conducted to test the 

hypothesis that fatigue would occur sooner and would be greater during mNMES 
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than nNMES and was undertaken based on the expectation that how the 

contractions were generated would be markedly different between NMES sites in 

all participants (5, 7). Unexpectedly, however, only half of the participants 

generated contractions through central pathways (H-reflexes) during nNMES. As 

such, the second section describes the results of analyses designed to compare 

fatigue between participants who generated contractions with (Group 1; n = 4) 

and without (Group 2; n = 4) H-reflexes during nNMES. 

There was no asynchronous activity greater than measured at baseline 

during NMES at either site and thus these data are not presented in this Results 

section. 

4.3.1 Comparing fatigue based on where NMES was delivered (mNMES 

versus nNMES) 

There were no significant differences in PTT between mNMES (8.2 ± 1.9 

Nm) and nNMES (8.2 ± 2.0 Nm) sessions [t(7) = 0.44, p = 0.67]. The current used 

for the fatigue protocols was 162.6 ± 12.1 mA for mNMES and 46.0 ± 5.8 mA for 

nNMES.  

 Figure 4-2 shows mean torque (A), M-wave (B) and H-reflex (C) 

amplitudes during the mNMES and nNMES fatigue protocols. Each bin 

represents data averaged over 5 successive contractions for each participant and 

then averaged across the group. For torque, there was a significant interaction 

between NMES site and Time [F(14, 98) = 1.80, p = 0.04]. Compared to the first data 

bin (time 0 to 20 s), torque declined significantly (dagger †) starting between 41-

60 s into the fatigue protocol (bin 1 > bins 3-15) for both mNMES and nNMES. 
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However, nNMES generated more torque than mNMES during the last 1/3 of the 

fatigue protocol (bins 11 to 15; asterisk *). By the end of the fatigue protocols 

(bin 15), torque had dropped by ~73% (compared to bin 1) for mNMES and 

~55% for nNMES. Accordingly, Figure 4-3 shows that the fatigue index for the 

group (n = 8) was significantly smaller during mNMES than nNMES (t(7) = 2.39; 

p = 0.04).  

 For M-waves, there was a significant interaction between NMES site and 

Time [F(14, 98) = 5.90, p < 0.01]. Throughout the entire fatigue protocol, M-waves 

were significantly larger during mNMES than nNMES. Compared to the first data 

bin (time 0 to 20 s), M-waves declined significantly (double dagger ‡) starting 

between 61 to 80 s into the fatigue protocol (bin 1 > bins 4 to 15) during 

mNMES. For H-reflexes, there was also a significant interaction between NMES 

site and Time [F(14, 98) = 4.45, p < 0.01]. H-reflexes were significantly larger 

during nNMES than mNMES throughout the entire fatigue protocol. Compared to 

the first bin, H-reflexes increased significantly (number sign #) starting between 

201 to 220 s into the fatigue protocol (bin 1 < bins 11 to 15) during nNMES. 

Across the group of 8 participants, M-waves were 6 to 7 times smaller and H-

reflexes were 10 to 15 times larger during nNMES than mNMES, when averaged 

over the entire fatigue protocol (Figure 4-2B and 4-2C). 

 During the fatigue protocol, torque was strongly and moderately correlated 

with M-waves for mNMES (mean correlation: r = 0.66, participant range: -0.55 to 

0.99, significant correlations: 7 out of 8) and nNMES (mean correlation: r = 0.55, 

participant range: -0.19 to 0.98, significant correlations: 6 out of 8), respectively. 
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However, changes in torque were not tightly coupled to changes in M-waves in 

each participant (Figure 4-4). The length of each line represents the magnitude of 

the decrease in torque, while the slope of each line represents the magnitude of 

the increases or decreases in M-wave amplitude. 

4.3.2 Comparing fatigue based on how contractions were generated (M-

waves versus H-reflexes) 

Unexpectedly, nNMES generated H-reflexes in only 4 of 8 participants. 

When averaged across the entire nNMES fatigue protocol, M-waves were 3.8 ± 

0.1 %Mmax while H-reflexes were 22.1 ± 11.7 %Mmax in the 4 participants who 

generated contractions through H-reflex pathways. For the 4 participants who did 

not have H-reflexes during nNMES, M-waves were 5.3 ± 0.2 %Mmax, averaged 

across the entire fatigue protocol.  

Figure 4-5 shows torque and EMG recorded from a participant in whom 

H-reflexes contributed sporadically to contractions during mNMES (Figure 4-5A) 

and in whom contractions were generated almost exclusively through H-reflexes 

(Figure 4-5B). During the initial 5 contractions, torque was similar (~15 Nm) 

between NMES sites. However, by the end of the fatigue protocol, mNMES 

generated ~6 Nm of torque, while nNMES generated ~10 Nm of torque. During 

mNMES, contractions were evoked by successive M-waves with H-reflexes 

appearing in relatively few contractions. This was the only participant in whom 

H-reflexes were generated during mNMES. Interestingly, H-reflexes were largest 

during the 9 contractions in which torque spiked during mNMES (contractions 28, 

46, 48, 57, 64, 65, 68, 69, 74; Figure 4-5A). The large H-reflex during mNMES 
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that is shown in the EMG in Figure 4-5A corresponds with the last NMES pulse 

from contraction 74. This is the only participant in whom contractions were 

generated almost exclusively through H-reflexes during nNMES (Figure 4-5B).     

In contrast to the data shown in Figure 4-5, Figure 4-6 shows data 

recorded from a participant in whom, regardless of NMES site, contractions were 

evoked by successive M-waves with no measurable H-reflex. In this participant, 

torque was similar during NMES at both sites and decreased from ~8 Nm at the 

beginning to ~1 Nm by the end of each NMES fatigue protocol. 

To determine whether generating contractions through H-reflex pathways 

influenced the fatigue-resistance of evoked contractions, fatigue indices were 

compared between and within groups of participants who generated contractions 

with (Group 1; n = 4) and without (Group 2; n = 4) H-reflexes during nNMES. As 

mentioned previously, H-reflexes were generated, but only sporadically, in 1 of 8 

participants during mNMES (Figure 4-5A). Figure 4-7 shows the fatigue index for 

Groups 1 and 2 during NMES at both sites. There was a significant interaction 

between NMES site and Group (F(1,6) = 26.0; p < 0.01). During mNMES, there 

was no difference in fatigue index between groups, both of which generated 

contractions mainly through successive M-waves (p = 0.98). During nNMES, 

there was less fatigue when H-reflexes contributed to contractions as the fatigue 

index was significantly larger for Group 1, all of whom generated contractions 

through H-reflex pathways, than Group 2, who generated contractions only 

through successive M-waves (p = 0.047). Within Group 1, the fatigue index 

during mNMES (mainly M-waves) was significantly smaller than during nNMES 
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(when H-reflexes contributed; p < 0.01). Within Group 2, there was no difference 

in fatigue index between NMES sites, both of which generated contractions 

through M-waves only (p = 0.96). When taking into consideration how 

contractions were generated, torque decreased the least when nNMES generated 

contractions through H-reflexes (Group 1, n = 4, nNMES, ~39% decrease) and 

torque decreased the most when nNMES and mNMES generated contractions 

only through M-waves (Group 2, n = 4, nNMES, ~71% decrease; Group 1 and 2, 

n = 8, mNMES, ~73% decrease). 

 

4.4 Discussion 

The present experiments were designed to investigate whether fatigue can 

be reduced using nNMES, which can recruit motor units according to the size 

principle, compared with a more traditional approach using mNMES, which tends 

to recruit motor units randomly with respect to type. To test our hypothesis that 

fatigue would occur sooner and would be greater during mNMES than nNMES, 

we compared torque based on where NMES was delivered (mNMES versus 

nNMES), independent of how contractions were generated (M-waves versus H-

reflexes). Our hypothesis was based on the expectation that mNMES and nNMES 

would generate contractions through markedly different pathways in each 

participant (5, 7). However, unexpectedly, this was not the case, as nNMES 

generated contractions through H-reflex pathways in only 4 of 8 participants. As 

such, we divided our participants into 2 groups based on whether H-reflexes 

contributed to contractions during nNMES (Group 1; n = 4) or not (Group 2; n = 
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4). This second way of analysing the data compared fatigue based on how 

contractions were generated and tested more specifically whether contractions 

generated through H-reflex pathways were more fatigue-resistant than 

contractions generated only by successive M-waves.   

4.4.1 Comparing fatigue based on where NMES was delivered (mNMES 

versus nNMES) 

Contrary to our hypothesis, mNMES did not fatigue sooner than nNMES. 

Consistent with our hypothesis, however, mNMES generated significantly less 

torque than nNMES over the last 1/3 of the 5 min fatigue protocol and the fatigue 

index was significantly smaller for mNMES than nNMES. Thus, for isometric 

contractions of the chronically paralysed plantar flexors, mNMES generated 

contractions that fatigued more than nNMES. This is the first demonstration that 

where NMES is delivered can influence the fatigue-resistance of the evoked 

contractions. 

As expected, based on experiments on people without SCI (5, 7), the 

extent to which transmission along central and peripheral pathways contributed 

to evoked contractions differed between NMES sites in the present study. Across 

the group of 8 participants, M-waves were 6 to 7 times smaller and H-reflexes 

were 10 to 15 times larger during nNMES than mNMES, when averaged over the 

entire fatigue protocol (Figure 4-2B and 4-2C). This is the first demonstration that 

where NMES is delivered affects how contractions are generated in people who 

have had a SCI. We believe that this effect of NMES site reflects differences in 
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how motor and sensory axons are recruited beneath the electrodes between sites 

(see Ref 6 for discussion).  

The progressive decline in M-wave amplitude that often occurs when 

fatigue develops during NMES-evoked contractions (53) is thought to reflect 

failure of neuromuscular propagation between the stimulation and recording sites 

(22). Propagation failure can occur beneath the stimulating electrodes (33), at 

axonal branch points (12, 35), at the neuromuscular junction (35), or at the 

sarcolemma (39). Presently, M-wave amplitude decreased significantly during 

mNMES, but not during nNMES. The reason that M-waves did not change during 

nNMES is not clear, however, M-waves were much smaller during nNMES than 

mNMES. It may be that, if the nNMES intensity was increased to generate larger 

M-waves, a decline in M-wave amplitude would have been observed. 

Although torque was strongly and moderately correlated with M-wave 

amplitude during the fatigue protocol for mNMES and nNMES, respectively, the 

changes in torque were not tightly coupled to the changes in M-wave in each 

participant. For example, people whose contractions fatigued the most did not 

necessarily have M-waves that decreased the most and, in others, torque declined 

substantially while M-waves were relatively unaffected or even increased. This 

dissociation between torque and M-wave amplitude indicates that the fatigue 

observed presently is not only due to neuromuscular propagation failure. This is 

consistent with the finding that in the chronically paralysed plantar flexors, M-

wave amplitude fully recovered 5 min after a fatigue protocol, while torque 

remained depressed by 50% (53). Thus, the primary contributor to the fatigue 
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presently observed is likely distal to the sarcolemma and related to impaired 

excitation-contraction coupling. Accordingly, NMES approaches that recruit 

motor units that are relatively resistant to developing fatigue due to failure of 

excitation-contraction coupling, such as nNMES in the present study, hold 

promise for reducing fatigue during NMES (see Section 4.4.3 below).  

In contrast to the progressive decline in M-waves during mNMES, H-

reflexes increased during nNMES. At the same time, M-waves did not change, 

suggesting that the changes in H-reflexes were not due to changes at the NMES 

site. Instead, the enhanced H-reflexes may be due to post-activation potentiation 

of synaptic transmission (29) or to the activation of persistent inward currents in 

spinal neurons (26, 32).  

Unlike previous work conducted on the plantar flexors in people without 

SCI (5), we recorded no asynchronous activity in any of our participants with 

SCI. In this previous work (5), NMES was delivered using relatively long pulse 

durations (1000 µs) with brief periods of high frequencies (100 Hz) and/or with 

long on-times (7 to 8 s-on). Thus, the lack of asynchronous activity presently may 

be due to our NMES parameters that generated a relatively small afferent volley, 

which may have been insufficient for generating asynchronous activity (19). 

Alternatively, asynchronous activity and the mechanisms that generate it may be 

less prevalent in people with SCI than in people without. In line with this latter 

idea, it may be that previous recordings of asynchronous activity in participants 

without SCI (5) were the result of involuntary descending drive (5, 24) which 

would not be present in our participants with chronic motor-complete SCI.  
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4.4.2 Comparing fatigue based on how contractions were generated (M-

waves versus H-reflexes) 

Although nNMES generated contractions that fatigued the least, 

unexpectedly, H-reflexes contributed to evoked contractions in only 4 of 8 

participants. This, however, provided a unique opportunity to test more 

specifically the effect of H-reflexes on the fatigue-resistance of NMES-evoked 

contractions. During nNMES, there was a significantly larger fatigue index 

(~61%) for the 4 participants in Group 1 in whom H-reflexes contributed to 

contractions, compared with the 4 participants in Group 2 in whom H-reflexes did 

not contribute (~29%), supporting the idea that generating contractions through 

H-reflex pathways improves the fatigue-resistance of NMES-evoked contractions 

of the paralysed plantar flexors in people with chronic motor-complete SCI. 

Importantly, this difference in fatigue index was not because participants in Group 

1 had plantar flexors that were more fatigue-resistant than those in Group 2, since 

there was no difference in fatigue index between groups during mNMES when 

contractions were generated predominantly by M-waves in both groups. Further, 

within the participants in Group 1, the fatigue index for nNMES (when H-reflexes 

contributed to contractions) was significantly larger than the fatigue index for 

mNMES (when H-reflexes were mainly absent), providing clear evidence that the 

differences in fatigue are not due to differences in muscle quality, but rather 

reflect the fact that H-reflexes reduced fatigue. Although this is not the first 

demonstration that H-reflexes can contribute to NMES-evoked contractions of 

muscle paralysed by SCI (11), this is the first demonstration that generating 
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contractions through this pathway improves the fatigue-resistance of NMES-

evoked contractions of the paralysed plantar flexors in people with chronic motor-

complete SCI.  

The prevalence of soleus H-reflexes in people with SCI is often under-

reported, however our finding that H-reflexes contributed to evoked contractions 

in only 4 of 8 participants is inconsistent with 2 previous studies in which H-

reflexes were evoked in 10 of 12 (11) and 7 of 9 (16) participants with motor-

complete SCI. The discrepancy in H-reflex prevalence between these studies and 

the present study may be explained by differences in NMES pulse duration. These 

previous studies utilised a 1000 µs pulse duration that is optimal for generating 

soleus H-reflexes (36, 46), whereas presently, a 200 µs pulse duration was utilised 

due to limitations of our stimulator (DS7AH). Regardless of pulse duration, in 

people with chronic SCI who are free from lower motor neuron damage, complete 

absence of soleus H-reflexes during nNMES is surprising since inhibition of the 

H-reflex pathway is reduced after SCI. People with chronic SCI show reduced 

post-activation depression (49), reduced Ia presynaptic (23) and reciprocal (9, 15) 

inhibition of neural circuits that control the soleus muscle. Of note, 4 of 8 

participants tested presently were taking baclophen (GABAB receptor agonist) to 

minimise muscle spasms (17), however, this did not seem to influence the 

prevalence of H-reflexes since 2 participants who were taking baclophen (80 mg / 

day) generated contractions through H-reflexes, while 2 other participants who 

were not taking baclophen did not (Table 4-1). 
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4.4.3 Clinical Significance 

Contraction fatigue during NMES limits its effectiveness for clinical 

applications (43). Although it has not been tested directly, such fatigue is thought 

to be due, in part, to the random order in which motor units are recruited during 

NMES (1, 20, 31, 41). We propose that the presently observed improvements in 

fatigue-resistance, when contractions were generated through H-reflexes, were the 

result of recruiting motor units in their physiological recruitment order, since slow 

fatigue-resistant motor units (type I) dominate the soleus H-reflex (10, 57). 

However, in people with chronic SCI, soleus is made up of predominantly type 

IIB fibres (28) and fatigue is consistent with a complete transition from slow 

fatigue-resistant to fast fatigable motor units (51). The finding that H-reflexes 

improve fatigue-resistance in people who have chronic motor-complete SCI might 

indicate that a more natural recruitment order reduces fatigue even in a muscle 

that is reportedly made up of predominantly type II muscle fibres. Regardless, we 

would expect the fatigue-resistance of contractions driven through H-reflexes to 

be even better in people with SCI who have regular experience with NMES, as 

they typically have better muscle quality than their sedentary counterparts (54, 

55). Alternatively, H-reflexes may recruit different motor unit populations, of 

similar threshold, pulse by pulse, or may recruit motor units with rotation (4, 58), 

whereby motor units that have been discharging for long periods of time, stop 

firing and are replaced by previously inactive motor units of similar threshold. 

Such alternation of motor unit activity may improve the fatigue-resistance of 

NMES-evoked contractions, regardless of recruitment order, by providing time 
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for contractile elements in previously active motor units to recover, while still 

maintaining torque output. 

  Despite the observed improvements in fatigue-resistance during nNMES, 

there are a number of practical issues to consider before taking this work from the 

laboratory to applications for rehabilitation. Firstly, the torque generated by 

contractions generated by H-reflexes is less consistent both within (3) and 

between (3, 7) successive contractions. Thus, it may prove difficult to adequately 

control contractions for fine motor tasks. Secondly, it is unclear whether 

contractions driven by H-reflexes will be of sufficient amplitude to restore 

function for applications such as standing and walking, although presently 

contractions of 100% PTT, which is equivalent to ~27% of torque generated 

during maximal tetanic (40 Hz) NMES (52), were evoked, at least in part, through 

H-reflexes in 4 participants. Whether contractions of sufficient amplitude can be 

generated through H-reflex pathways with increasing NMES intensities, in which 

case motor unit recruitment through H-reflex pathways will progressively decline 

through increases in antidromic collision in motor axons (59), has yet to be 

determined. Lastly, only half of the present participants had H-reflexes during 

nNMES. Thus, nNMES may not reduce fatigue in everyone. However, the NMES 

parameters were not optimal for generating H-reflexes in the present study (see 

Section 4.4.2 above) and it may be possible to generate robust contractions 

through H-reflexes in more participants when NMES parameters are optimised.  
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4.4.4 Summary  

Presently we report 4 novel findings: 1) We show for the first time that 

where NMES is delivered (mNMES versus nNMES) can affect how contractions 

are generated in people with chronic motor-complete SCI. 2) We demonstrate 

marked differences in the fatigue-resistance of contractions evoked by mNMES 

and nNMES in these people. 3) We go on to show that this fatigue-resistance is 

dependent upon how contractions are generated; contractions generated by H-

reflexes fatigued less than those generated only by M-waves. 4) Asynchronous 

motor unit activity did not contribute to NMES-evoked contractions of muscle 

paralysed by SCI. In conclusion, nNMES generates contractions that are more 

fatigue-resistant than mNMES, but only when H-reflexes contribute to the evoked 

contractions. Generating contractions through H-reflex pathways may be 

advantageous when fatigue limits the benefits of NMES-based rehabilitation 

programs. Whether contractions generated by transmission along H-reflex 

pathways will be effective for restoring functional movement remains to be 

determined.  
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4.5 Tables 

Table 4-1 Participant demographics 

Code/Sex Age 
Years after 

SCI 

Level of 

SCI 
AIS 

Baclophen 

(mg/day) 
H-reflex 

1F 33 10 C 4-5 B 0 Yes 

2M 58 5 C 6-7 B 0 Yes 

3M 42 24 C 5-6 B 0 No 

4M 29 11 C 5-7 B 80 Yes 

5M 35 7 C 5 A 80 No 

6M 45 4 T 4 A 40 No 

7M 62 18 C 4-5 B 0 No 

8M 25 3 C 5-6 B 80 Yes 

9F 48 16 T 1-2 A 80 N/a 

10M 57 22 C 5-6 B 0 N/a 

11M 34 6 T 6-7 B 60 N/a 

AIS, American spinal injury association impairment scale 
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4.6 Figures 

 

Figure 4-1 Schematic of the NMES and EMG sites on the right leg.  
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Figure 4-2 Torque (A), M-waves (B) and H-reflexes (C) during the mNMES and 

nNMES fatigue protocols (n = 8). Each symbol represents data averaged over 20 s 

(5 consecutive contractions; 1 bin). The dagger (†) indicates a significant decrease 

in torque from the initial 20 s bin for both mNMES and nNMES. The asterisk (*) 

indicates a significant difference between mNMES and nNMES. The double 

dagger (‡) indicates a significant decrease in M-waves from the initial 20 s bin for 

mNMES. The number sign (#) indicates a significant increase in H-reflexes from 

the initial 20 s bin for nNMES. Error bars represent 1 standard error.  
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Figure 4-3 Fatigue indices (mean torquebin15 / mean torquebin 1 x 100) for the 

mNMES and nNMES fatigue protocols for the group (n = 8). Error bars represent 

1 standard error. 
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Figure 4-4 Normalised torque plotted against normalised M-waves for each 

participant (separate lines) at the beginning (bin 1; ● and ○) and end (bin 15; ■ 

and □) of the fatigue protocol during mNMES (A) and nNMES (B). 
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Figure 4-5 Torque and EMG evoked by mNMES (A) and nNMES (B) in a single 

participant who generated contractions with H-reflexes during nNMES (Group 1). 

In the top of each panel, the solid line represents torque in response to the 5 min, 

2-s-on-2-s-off, fatigue protocol (75 contractions). The bottom of panels A and B 

show EMG in response to the last NMES pulse for each of the last 5 contractions. 

The arrows point to where the tails of the preceding NMES artefact (A) or H-

reflex (B) were removed. All torque data are shown on the same scale, as 

indicated in panel A. EMG data are shown on different scales. 
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Figure 4-6 Torque and soleus EMG evoked by mNMES (A) and nNMES (B) in a 

single participant who generated contractions only through successive M-waves 

(Group 2). The organisation is equivalent to Figure 4-5. Torque data are shown on 

the same scale, as indicated in panel A. EMG data are shown on different scales. 
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Figure 4-7 Fatigue indices (mean torquebin15 / mean torquebin1 x 100) for the 

mNMES and nNMES fatigue protocols for participants who generated 

contractions with (Group 1; n = 4) and without (Group 2; n = 4) H-reflexes during 

nNMES. H-reflexes were generated in only 1 of 8 participants during mNMES 

(see Figure 4-5A). Error bars represent 1 standard error. 
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CHAPTER 5: H-REFLEXES IMPROVE FATIGUE-RESISTANCE OF 

ELECTRICALLY-EVOKED CONTRACTIONS IN PEOPLE WITH CHRONIC 

MOTOR-COMPLETE SPINAL CORD INJURY: EFFECT OF STIMULATION 

PULSE DURATION
5
 

 

5.1 Introduction 

Contractions generated by neuromuscular electrical stimulation (NMES) 

fatigue rapidly (3, 4, 23), limiting the effectiveness of NMES for restoring 

movement for people with spinal cord injury (SCI; Refs 4, 26 and 33). Much of 

this fatigue is thought to be due to the non-physiological way in which motor 

units are recruited during NMES (3, 4, 23). NMES typically recruits motor units 

by the activation of motor axons beneath the NMES electrodes, which generates a 

motor- or M-wave in the electromyographic (EMG) signal recorded from an 

innervated muscle (3). Motor unit recruitment in this way, through M-waves 

(peripheral pathway), occurs randomly with respect to motor unit type (1, 9, 17, 

24). This random motor unit recruitment order is in stark contrast to recruitment 

during voluntary contractions, whereby fatigue-resistant motor units are recruited 

first according to Henneman’s size principle (25). Therefore, contractions evoked 

by NMES are generated by relatively fewer fatigue-resistant motor units than 

voluntary contractions of similar amplitude. This kind of motor unit recruitment 

                                                

 

5 The individuals contributing to the work presented in this chapter were:  

Bergquist AJ, Okuma Y, Wiest MJ and Collins DF. 
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may be particularly problematic for people with chronic SCI, whose motor units 

below the level of the lesion may be compromised to begin with (7, 15, 31, 34).  

During NMES, motor units can also be recruited through the activation of 

sensory axons, which generates a Hoffmann- or H-reflex in the EMG signal (3). 

Motor unit recruitment in this way, through H-reflexes, follows the size principle 

(5, 36, 38). Recently, we have demonstrated that, in people with chronic motor-

complete SCI, NMES-evoked contractions are more fatigue-resistant when motor 

units are recruited through H-reflexes (central pathways) compared with M-

waves (peripheral pathway; Chapter 4 of the present thesis). Therefore, 

maximising motor unit recruitment through central pathways may be beneficial 

for further improving the fatigue-resistance of NMES contractions. 

In people who are neurologically-intact, the extent to which contractions 

are generated through central pathways depends on the duration of the NMES 

pulses (21). Specifically, longer pulse durations (500 to 1000 µs) generate a larger 

H-reflex relative to the M-wave (20, 29, 30) because longer pulse durations 

preferentially activate sensory over motor axons (22, 39). Such differential 

recruitment is thought to be due to the fact that sensory axons have a longer 

strength duration time constant and lower rheobase than motor axons (22, 39). 

Since H-reflexes improve fatigue-resistance of NMES-evoked contractions in 

people with SCI (Chapter 4), and long pulse durations more effectively elicit H-

reflexes when NMES is delivered in single pulses (20, 29, 30), and repetitively 

(21), then long pulse durations may be most effective for generating fatigue-

resistant contractions. The effect of pulse duration on the recruitment of H-
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reflexes and the fatigue-resistance of NMES-evoked contractions has not been 

tested in people with SCI.  

The present experiments were designed to compare: 1) the recruitment of 

motor units through H-reflexes using a short (50 μs; NMES50) and long (1000 μs; 

NMES1000) pulse duration over a full range of NMES intensities to generate M-

wave and H-reflex recruitment curves in people with SCI and 2) the fatigue-

resistance of contractions evoked by NMES50 (20 Hz, 2 s-on 2 s-off, 75 

contractions), in which H-reflexes were predicted to be smallest, and NMES1000, 

in which H-reflexes were predicted to be largest, in people with SCI. Based on a 

previous study in people who were neurologically-intact (20), we hypothesised 

that H-reflex versus M-wave (H vs M) recruitment curves would be shifted to the 

left when using NMES1000 compared with NMES50. We also hypothesised that 

fatigue, defined as a significant reduction in torque over repeated contractions 

(13), would occur sooner (after fewer contractions into a fatigue protocol) and 

would be greater (generate less torque by the end of a fatigue protocol) during 

NMES50 compared with NMES1000. The ankle plantar flexors were studied 

because these muscles are important for standing and walking and there is interest 

in stimulating them for people with SCI (2, 12, 19, 27). Additionally, we have 

demonstrated that the contributions of peripheral and central pathways to plantar 

flexor contractions generated by NMES50 and NMES1000 can be markedly 

different in people without SCI (21).  

Herein we report findings from initial experiments with 4 participants. 

Sample size calculations (see Section 5.2.6.3 below) indicate that 12 additional 
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participants (24 additional experimental sessions) are required to detect 

significant differences for each dependent variable, assuming that effect sizes are 

unchanged upon further data collection. We plan to renew our ethics and continue 

data collection until we have satisfied our sample size requirements. We expect 

we will be collecting data for this project until September 2014.  

 

5.2 Methods 

5.2.1 Participants  

Five participants with chronic (> 2 y) motor-complete SCI volunteered for 

this study after providing informed written consent (Table 5-1). Each of these 

participants had volunteered for a previous study involving NMES of the plantar 

flexors (Chapter 4). NMES generated considerable muscle spasms in one 

participant (participant 5M in Table 5-1). Thus, herein we report data collected 

from the 4 participants in whom we were able to generate contractions without 

spasms. All participants took part in 2 experimental sessions, each lasting ~2 h 

and separated by at least 5 d. In each session, NMES was delivered using either a 

50 µs (NMES50) or 1000 µs (NMES1000) pulse duration. All procedures were 

performed on the left leg. Participants were comfortably secured in the chair of a 

Biodex dynamometer (System 3, Biodex Medical Systems, Shirley, New York) to 

measure isometric plantar flexion torque. The left foot was strapped to the Biodex 

footplate with the hip at ~110°, the knee at ~90° and the ankle at ~90° with the 

lateral malleolus aligned with the axis of the dynamometer. With the knee at 

~90°, the soleus muscle, the muscle from which we recorded, generates the 
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majority of plantar flexion torque (8, 32). This study was approved by the Health 

Research Ethics Board at the University of Alberta. 

5.2.2 Electromyography (EMG) 

Surface EMG was recorded from soleus using adhesive gel electrodes 

(2.25 cm
2
; Vermed Medical, Bellows Falls, VT) arranged in a bipolar 

configuration. The electrodes were placed parallel to the predicted path of the 

muscle fibres with ~1 cm inter-electrode distance. A reference electrode was 

placed over the tibia of the left leg. EMG signals were amplified between 500 and 

1000 times and band-pass filtered at 10 to 1000 Hz (NeuroLog System; Digitimer, 

Welwyn Garden City, UK).  

5.2.3 Neuromuscular electrical stimulation (NMES) 

NMES was delivered using a constant-current stimulator (DS7A 

Digitimer, Welwyn Garden City, UK). NMES was delivered over the tibial nerve 

trunk in separate sessions using 2 flexible adhesive gel electrodes (3.2 cm round; 

model CF3200, Axelgaard Manufacturing, Lystrup, Denmark) placed on the skin 

of the popliteal fossa, with an inter-electrode distance of ~1 cm. If contractions of 

the tibialis anterior or peroneus muscles were observed through visual inspection 

and palpation during NMES, the electrodes were re-positioned medially to more 

selectively activate triceps surae.  

5.2.4 H-reflex versus M-wave (H vs M) recruitment curves 

At the beginning of each session, data were collected to construct an H vs 

M recruitment curve from responses to 50 single pulses delivered randomly every 

8 to 10 s using either NMES50 or NMES1000. Current was delivered from below 
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M-wave and H-reflex threshold to ~1.5 times the minimum current required to 

evoke a maximal M-wave (Mmax) or to maximal stimulator output, whichever was 

reached first.  

5.2.5 Fatigue protocol 

5.2.5.1 Peak twitch torque (PTT) 

The NMES intensity for the fatigue protocol was adjusted relative to each 

participants peak twitch torque (PTT). Thus, after collecting data for the H vs M 

recruitment curve, PTT was determined using NMES1000 pulses. Current 

amplitude was increased incrementally every 8 to 10 s up to ~1.5 times the 

current required to evoke Mmax. This NMES intensity was sufficient to generate 

maximal PTT in all participants. The number of pulses used for this assessment 

was consistent between sessions and was always less than 10.  

5.2.5.2 Setting NMES intensity 

To set the NMES intensity for the fatigue protocol, 2 s trains of 20 Hz 

NMES were delivered 20 s apart while the current was adjusted until the peak 

torque generated during the 2 s train was equivalent to 100% of each participants 

PTT. Approximately 5 NMES trains were required to set the NMES intensity for 

each session. Once this intensity was set, the current was not altered for the 

remainder of the session. In people with chronic SCI, PTT of the plantar flexors is 

equivalent to ~27% of the torque generated during maximal tetanic (40 Hz) 

NMES (35). Thus, PTT provides a convenient sub-maximal normalisation value. 

We chose to set the NMES for the fatigue protocol at this sub-maximal amplitude 

for three reasons: 1) NMES is typically delivered at sub-maximal amplitudes in 
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rehabilitation settings, 2) sub-maximal amplitudes minimise the risk of fracturing 

osteoporotic bones in people with chronic SCI (10) and 3) sub-maximal 

amplitudes minimise antidromic collisions in motor axons (16), allowing for a 

contribution through H-reflexes.  

5.2.5.3 Fatiguing NMES  

After 5 min of rest following setting of the NMES intensity, intermittent 

20 Hz NMES trains, 2-s-on-2-s-off for 5 min (75 contractions), were delivered. 

The 20 Hz frequency was chosen because: 1) it is the highest frequency that 

allows for accurate soleus H-reflex analysis uncontaminated by the NMES 

artefacts (50 ms inter-pulse interval), 2) it minimises the incidence of muscle 

spasms compared with higher frequencies (34), 3) it is within a recommended 

frequency range (18 to 25 Hz) for NMES of the lower limbs (33). 

5.2.6 Data collection and analysis  

Data were sampled at 10 kHz using custom-written Labview software 

(National Instruments, Austin, TX) and stored on a computer for subsequent 

analysis that was conducted using custom written Matlab software (The 

Mathworks, Natick, MA). The amplitude of each M-wave and H-reflex was 

measured peak-to-peak. To prevent over-estimation of M-wave amplitude, due to 

contamination of the EMG signal by the NMES artefact, all EMG data were 

analysed post-hoc using a 2-step software based signal processing procedure that 

removes the exponentially decaying tail of the NMES artefact (28) as done 

previously (Chapter 4).  
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5.2.6.1 H vs M recruitment curves 

In some participants, there was no plateau in M-wave amplitude during the 

recruitment curves using NMES50, even at maximal stimulator output (100 mA). 

Thus, for each participant, all M-waves and H-reflexes were normalised to the 

single largest M-wave (Mmax) from the trials used to identify each participants 

PTT in which NMES was delivered using NMES1000 (1000 μs pulse duration). 

Three characteristics of each H vs M recruitment curve were quantified: 1) Hmax-

to-Mmax ratio (Hmax/Mmax), 2) H-reflex amplitude when the M-wave was 5% Mmax 

(H5%Mmax) and 3) M-wave amplitude at Hmax (MHmax). Hmax was calculated as the 

average of the 3 largest H-reflexes from the H vs M recruitment curves. H5%Mmax 

was calculated as the mean amplitude of the H-reflexes that were accompanied by 

M-waves that fell between 2% and 8% of Mmax. Between 6 and 13 H-reflexes fell 

within this range for a given participant and were included in the average. MHmax 

was calculated as the average amplitude of the 3 M-waves that accompanied the 3 

largest H-reflexes used for the Hmax calculation.  

5.2.6.2 Fatigue protocol 

PTT was measured as the mean peak torque generated by 3 supra-maximal 

NMES1000 pulses, delivered after identifying the NMES intensity required to 

achieve PTT. Torque generated during the fatigue protocol was normalized to 

each participant’s PTT. The amplitude of torque, M-waves and H-reflexes during 

the fatigue protocols were calculated for each 2 s contraction (40 EMG 

measurements / contraction). For each participant, torque, M-waves and H-

reflexes were averaged separately over 5 successive contractions (20 s intervals) 
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throughout the fatigue protocol to generate 15 data bins (i.e. bin 1 = mean of 

contractions 1 to 5, bin 2 = mean of contractions 6 to 10, etc.) for each protocol. 

Group means were calculated by pooling these mean data. A fatigue index was 

calculated for each fatigue protocol by dividing the mean torque for bin 15 by the 

mean torque for bin 1 and multiplying by 100 (mean torquebin15 / mean torquebin 1 

x 100). 

5.2.6.3 Statistical analyses 

Given the small sample size of the present data set (n = 4), no statistical 

analyses were conducted to test our hypotheses. Rather, herein we report the 

results of sample size calculations and descriptive statistics for the data collected 

thus far. Sample size calculations were performed using G*Power 3.1 software 

(11) and were based on achieving a power of 0.80 and the assumption that effect 

sizes will remain the same upon further data collection. Upon further data 

collection, statistical analyses will be performed using Statistica software 

(StatSoft, Tulsa, OK).  

Dependent (paired) t-tests will be conducted on group data to test for 

differences in Hmax/Mmax, H5%Mmax, MHmax, PTTs and fatigue indices between 

NMES pulse durations. Sample size calculations for dependent t-test analyses 

indicate that statistically significant differences between NMES pulse durations 

will be identified for Hmax/Mmax, H5%Mmax and MHmax with 13 (d = 0.85), 4 (d = 

2.26) and 3 (d = 4.19) participants who generate H-reflexes, respectively. A 

sample size calculation was not done on PTT because it is not expected that PTT 

will differ between sessions since PTT is generated with NMES1000 during both 
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sessions. Sample size calculations for the dependent t-test analysis of fatigue 

indices indicate that statistically significant differences between NMES pulse 

durations will be identified with 16 (d = 0.76) participants.  

Separate 2-factor repeated measures analysis of variance (rmANOVA) 

tests (2 x 15) will be conducted on group data to determine the influence of NMES 

Pulse Duration (NMES50 x NMES1000) and Time (bin 1 to 15) on torque, M-

waves and H-reflexes during the 5 min fatigue protocol. Sample size calculations 

for the rmANOVA interaction for torque, M-waves and H-reflexes indicate that 

statistically significant differences between NMES pulse durations will be 

identified with 8 (η
2
 = 0.037), 7 (η

2
 = 0.046) and 5 (η

2
 = 0.057) participants, 

respectively. Significant main effects and interactions identified by the 

rmANOVA tests will be tested post-hoc using Tukey’s honestly significant 

difference tests when appropriate. An alpha level of 0.05 will be used to evaluate 

statistical significance. All data are reported as mean ± standard error. 

 

5.3 Results 

5.3.1 H vs M recruitment curves 

Figure 5-1A displays H vs M recruitment curves collected using NMES50 

(50 μs) and NMES1000 (1000 μs) from a single participant. In this participant, M-

waves during NMES50 did not plateau with increases in current and reached only 

83% of the Mmax recorded during the PTT trial using NMES1000. In this 

participant, Hmax/Mmax was largest during NMES50 and MHmax was largest during 

NMES50. Figure 5-1B displays data from Figure 5-1A when M-waves were less 
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than 10% Mmax. From this figure, it is evident that H5%Mmax (average size of the H-

reflex when the M-wave was between 2% and 8% Mmax) was larger using 

NMES1000 (~39% Mmax) compared with NMES50 (~14% Mmax).  

In 2 of the 4 participants tested presently, it was not possible to evoke 

measureable H-reflexes during either NMES50 or NMES1000. Figure 5-2 shows the 

mean values for the 3 measures from the recruitment curves for the 2 participants 

in whom H-reflexes were generated. For these 2 participants, Hmax/Mmax was 

similar between pulse durations, however, H5%Mmax was ~3.5 times smaller and 

MHmax was ~3.2 times larger during NMES50 compared with NMES1000.  

5.3.2 Fatigue protocol 

PTT, which was determined at the beginning of both sessions using 

NMES1000, was similar between the NMES50 (9.4 ± 2.3 Nm) and NMES1000 (9.7 ± 

3.1 Nm) sessions for the group (n = 4). Figure 5-3 shows torque and EMG 

recorded from 1 participant during the fatigue protocol using NMES50 (Figure 5-

3A) and NMES1000 (Figure 5-3B). During the initial 5 contractions, torque was 

similar (~9 Nm) between NMES pulse durations. However, by the last five 

contractions of the fatigue protocol, NMES50 generated ~2 Nm of torque, while 

NMES1000 generated ~4 Nm of torque. During NMES50, contractions were 

generated mainly through successive M-waves (Figure 5-3A inset), while during 

NMES1000, contractions were generated mainly through successive H-reflexes 

(Figure 5-3B inset).  

Figure 5-4 shows mean torque (A), M-wave (B) and H-reflex (C) 

amplitudes during the 5 min fatigue protocol using NMES50 (50 µs) and 
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NMES1000 (1000 µs). Each bin represents data averaged over 5 successive 

contractions for each participant and then averaged across the group of 4. 

Compared with the first data bin (time 0 to 20 s), torque declined similarly over 

the first half of the fatigue protocol for both NMES50 and NMES1000. However, 

NMES1000 generated ~2 times more torque than NMES50 over the last half of the 

fatigue protocol. By the end of the fatigue protocol (bin 15), torque had dropped 

by 79% (compared with bin 1) for NMES50 and by 64% for NMES1000. Figure 5-5 

shows that the fatigue index for the group (n = 4) was ~1.8 times larger during 

NMES1000 than NMES50.  

When averaged across the entire fatigue protocol, M-waves (Figure 5-4B) 

were 2 times larger and H-reflexes (Figure 5-4C) were 3 times smaller during 

NMES50 compared with NMES1000.  

 

5.4 Discussion 

The present experiments were designed to compare M-wave and H-reflex 

recruitment curves for data collected using NMES50 and NMES1000, as well as to 

test the fatigue-resistance between contractions evoked using NMES50, in which 

H-reflexes were predicted to be smallest, and NMES1000, in which H-reflexes 

were predicted to be largest, in people with chronic SCI. The following discussion 

is based on qualitative interpretation of the data, as statistical analyses have not 

been conducted. 
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5.4.1 Effect of pulse duration on H vs M recruitment curves after SCI 

Consistent with our first hypothesis and a previous study conducted in 

people who are neurologically-intact (20), the H vs M recruitment curve was 

shifted to the left when using a long (1000 µs; NMES1000), as opposed to a short 

(50 µs; NMES50), pulse duration. When the NMES intensity was adjusted to 

evoke an M-wave that was 5% Mmax, H-reflexes were smaller using NMES50 (8% 

Mmax) compared with using NMES1000 (28% Mmax). When the NMES intensity 

was adjusted to evoke Hmax, M-waves were larger using NMES50 (28% Mmax) 

compared with NMES1000 (9% Mmax). Lastly, NMES pulse duration did not 

markedly affect the Hmax-to-Mmax ratio. Together, these results support the idea 

that a long pulse duration (NMES1000) recruits more sensory axons relative to 

motor axons at lower NMES intensities compared with a short pulse duration 

(NMES50). The fact that Hmax-to-Mmax ratio was not different between pulse 

durations even though the size of the M-wave, and therefore the size of the 

antidromic volley (14), at Hmax was larger with NMES50 compared with 

NMES1000 indicates that factors other than antidromic collision limit the size of 

the H-reflex in people with SCI, as has been suggested previously in people who 

are neurologically-intact (20). Other factors that may influence the size of the 

Hmax include presynaptic inhibition of Ia afferent terminals (40) and oligosynaptic 

inhibitory post-synaptic potentials in motor neurons (6).  

5.4.2 Effect of pulse duration on fatigue-resistance after SCI 

Consistent with our second hypothesis, NMES1000 generated contractions 

that were more fatigue-resistant than NMES50. NMES1000 generated more torque 
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over the last 80% of the 5 min fatigue protocol and had a larger fatigue index 

(generated more torque by the end of the fatigue protocol) compared with 

NMES50.  

Based on experiments with people who were neurologically-intact (21), 

we expected that contributions of peripheral and central pathways to NMES-

evoked contractions would differ between pulse durations. When averaged over 

the entire fatigue protocol, M-waves were 2 times larger and H-reflexes were 3 

times smaller during NMES50 compared with NMES1000. Thus, consistent with the 

H vs M recruitment curve data, NMES1000 generated contractions with 

qualitatively greater activity through central pathways (H-reflexes) compared 

with NMES50. This dependence upon pulse duration likely reflects the fact that 

longer pulse durations preferentially activate sensory over motor axons due to 

sensory axons having a longer strength duration time constant and lower rheobase 

than motor axons (22, 39).  

To date, this is only the second demonstration that activity through central 

pathways (H-reflexes) can improve the fatigue-resistance of NMES-evoked 

contractions in people with SCI. In a previous study (Chapter 4), we compared the 

effect of NMES site (using a 200 µs pulse duration) on the fatigue-resistance of 

plantar flexor contractions in people with chronic motor-complete SCI. During 

NMES over the muscle belly, contractions were generated mainly by successive 

M-waves with little activity through H-reflexes. During NMES over the tibial 

nerve trunk, however, robust H-reflexes were evoked in half of the participants. 

For the group of participants in whom H-reflexes contributed to the evoked 
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contractions, the fatigue index was significantly larger during NMES over the 

tibial nerve trunk (~61%), when H-reflexes were prominent, compared with 

NMES over the muscle belly (~26%), when contractions were generated mainly 

be successive M-waves. Upon further data collection, we may divide our 

participants into 2 groups based on the presence of H-reflexes, as in this previous 

study. Together, these two studies provide evidence that maximising motor unit 

recruitment through central pathways can improve the fatigue-resistance of 

NMES-evoked contractions. 

When the effect of NMES pulse duration on fatigue-resistance has been 

tested previously, it has had little to no effect on the fatigue-resistance of NMES-

evoked contractions (13, 18, 37). Some researchers have even considered 

modulating the pulse duration within an NMES session to potentially activate 

different populations of motor axons, according to differences in their size and 

depth, however this had no effect on fatigue-resistance (18, 37). In general, 

contributions through central pathways have not been considered when testing the 

effect of pulse duration on fatigue-resistance. This may be because, in most cases, 

pulse duration has been tested during NMES over a muscle belly or at relatively 

high NMES intensities (>50% maximum), both conditions in which contributions 

through central pathways would be minimised.  

5.4.3 Clinical implications 

Contraction fatigue during NMES is thought to be due in part to the 

random order in which motor units are recruited during NMES (1, 9, 17, 24). 

Since slow fatigue-resistant motor units dominate the soleus H-reflex (5, 38), it is 
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likely that the presently observed improvements in fatigue-resistance for 

contractions generated by larger H-reflexes were the result of recruiting a greater 

proportion of fatigue-resistant motor units, according to the size principle. Thus, 

as in a previous study (Chapter 4), a more natural recruitment order can improve 

fatigue-resistance of NMES-evoked contractions in people with chronic SCI, 

whose muscle is reportedly made up of predominantly fast fatigable fibre types 

(15). Figure 5-3 of the present study provides a clear example of how differences 

in the contributions of peripheral and central pathways can influence the fatigue-

resistance of evoked contractions within the same participant. This is an important 

finding, since it cannot be argued that differences in fatigue-resistance are due to 

differences in muscle quality (distribution of motor unit types within the muscle), 

because the same muscle is being stimulated in both cases. Rather, we would 

argue that differences in fatigue-resistance between mNMES and nNMES are due 

to differences in the order in which individual motor units are recruited within the 

muscle. 

The most notable limitation of the present study is the low sample size. 

Thus, our interpretation of the results should be considered with caution, at least 

until an appropriate sample size is obtained. As in a previous study (Chapter 4), 

recruitment of participants with chronic motor-complete SCI has been our main 

challenge. It took nearly 2 years to recruit 11 participants for the experiments 

described in Chapters 4 and 5 (3 participants of whom were not appropriate 

candidates for NMES; see Section 4.2.1 of Chapter 4). Despite the low sample 

size, we believe these findings are important, given the relatively large effect 



166 

 

sizes. Thus, we are likely to find significant differences with relatively low 

sample sizes (between 5 and 16 participants), depending on the effect and on 

whether we continue to recruit participants in whom H-reflexes do not contribute 

to evoked contractions. We plan to have data collection complete for this project 

by September 2014.  

Interpretations of the present results are also limited to the NMES 

intensity chosen. Although NMES1000 shifted the H vs M recruitment curve to the 

left, Hmax-to-Mmax ratio was unaffected by pulse duration. In other words, the 

present data indicate that short pulse durations can generate equally robust H-

reflexes, albeit at a higher NMES intensity and accompanied by larger M-waves, 

compared with longer pulse durations. As such, the present effect of pulse 

duration on the size of the H-reflex would be minimal if NMES were delivered at 

or above Hmax for the short pulse duration. Whether a difference in fatigue-

resistance would exist between pulse durations without a difference in central 

contribution is not known. Presently, NMES1000 generated contractions of ~100% 

PTT, equivalent to ~27% of the torque that can be generated during maximal 

tetanic NMES (35), that were more fatigue-resistant and were associated with 

greater activity through central pathways (H-reflexes) compared with similarly 

sized contractions evoked by NMES50. Before incorporating long pulses into 

clinical practice, it will be important to quantify fatigue-resistance across a range 

of NMES intensities.  
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5.4.4 Summary 

Presently we report 2 novel findings: 1) We show that NMES pulse 

duration (NMES50 versus NMES1000) affects the relative recruitment of motor and 

sensory axons during NMES over the tibial nerve trunk in people with chronic 

motor-complete SCI. 2) We demonstrate marked differences in the fatigue-

resistance of contractions evoked by NMES50 and NMES1000 in these people, 

which we suggest are due to differences in the contributions of peripheral and 

central pathways to evoked contractions between pulse durations; contractions 

generated with large H-reflexes fatigued less than similarly sized contractions 

generated predominantly by M-waves. In conclusion, NMES1000 generates 

contractions that are more fatigue-resistant and are associated with greater activity 

through central pathways (H-reflexes) compared with NMES50.  
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5.5 Tables 

Table 5-1 Participant demographics 

Code/Sex Age 
Years after 

SCI 

Level of 

SCI 
AIS 

Baclophen 

(mg/day) 
H-reflex 

1F 33 10 C 4-5 B 0 Yes 

2M 58 5 C 6-7 B 0 Yes 

3M 42 24 C 5-6 B 0 No 

4M 62 18 C 4-5 B 0 No 

5M 29 11 C 5-7 B 80 n/a 

AIS, American spinal injury association impairment scale 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



169 

 

5.6 Figures 

 

Figure 5-1 H vs M recruitment curves collected from a single participant using 

NMES50 (50 μs pulse duration) and NMES1000 (1000 μs pulse duration). (A) Data 

collected over a full range of NMES intensities. (B) Data from panel A on an 

expanded scale showing data when M-waves were less than 10% Mmax.  
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Figure 5-2 Group data (n = 2) showing differences in the recruitment of H-

reflexes between NMES50 (50 μs pulse duration) and NMES1000 (1000 μs pulse 

duration). (A) Hmax-to-Mmax ratios. (B) H-reflex when the M-wave was ~5% Mmax 

(H5%Mmax). (C) The size of the M-wave at Hmax (MHmax). Error bars represent 1 

standard error. 
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Figure 5-3 Torque and EMG evoked by NMES50 (50 μs pulse duration; panel A) 

and NMES1000 (1000 μs pulse duration; panel B) in a single participant. The solid 

line represents torque during the 5 min, 2-s-on-2-s-off, fatigue protocol. The inset 

in the top right corner of each panel shows EMG in response to the last 20 NMES 

pulses of the last contraction in the fatigue protocol. These raw EMG traces 

shown have not been processed post hoc. Bold black lines represent the average 

of the 20 single responses (grey lines). All data are shown on the same scale, as 

indicated by the calibration bars in panel A.  



172 

 

 

Figure 5-4 Group data (n = 4) showing torque (A), M-wave (B) and H-reflex (C) 

amplitudes during the fatigue protocol using NMES50 (50 μs pulse duration) and 

NMES1000 (1000 μs pulse duration). Error bars represent 1 standard error. 
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Figure 5-5 Group data (n = 4) showing fatigue indices for the fatigue protocols 

that used NMES50 (50 μs pulse duration) and NMES1000 (1000 μs pulse duration). 

Error bars represent 1 standard error. 
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CHAPTER 6: GENERAL DISCUSSION 

The experiments described in this thesis were designed to determine how 

the delivery of NMES can be optimised to enhance motor unit recruitment via 

reflex pathways through the spinal cord (central pathways) and to test whether 

activity through central pathways improves the fatigue-resistance of NMES-

evoked contractions in people with chronic motor-complete spinal cord injury 

(SCI). Summarised below are the major findings from each thesis chapter, 

followed by a discussion of the scientific and/or clinical implications. Limitations 

of generating contractions through central pathways are discussed. To conclude 

the thesis, we discuss a limitation of our technique, with regards to estimating 

peripheral contributions to evoked contractions, and a promising future direction 

from this work. 

 

6.1 Effect of NMES site on motor unit recruitment through 

peripheral and central pathways 

In the first and second research chapters of this thesis, we investigated the 

effect of NMES site, either over the muscle belly (mNMES) or over the nerve 

trunk (nNMES), on the contributions of peripheral and central pathways to 

evoked contractions of the plantar flexors (Chapter 2; Ref 5) and knee extensors 

(Chapter 3; Ref 6), in people who were neurologically-intact. In Chapter 2, we 

generated plantar flexor contractions of 10-30% MVIC, which is sufficient for 

stepping (20-30% MVIC; Ref 2), while in Chapter 3, we generated knee extension 

contractions of 6-20 Nm, which is sufficient for NMES-assisted leg cycling (2 to 
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10 Nm; Ref 15). For the plantar flexors, both NMES sites recruited motor units 

through peripheral and central pathways, but the contributions made by these 

pathways differed markedly. As hypothesised, plantar flexor contractions evoked 

by nNMES (over the tibial nerve trunk) were generated primarily through central 

pathways (H-reflexes), while mNMES (over the triceps surae muscle belly) 

generated contractions primarily through peripheral pathways (M-waves). 

Following a brief period of high frequency NMES, both NMES sites generated 

equivalent increases in torque (extra torque; Ref 11). Extra torque has been 

attributed to central mechanisms (5, 22), such as an increased probability of 

neurotransmitter release from pre-synaptic terminals associated with post-

activation (-tetanic) potentiation (19), and/or increased motor neuron excitability, 

due to the activation of persistent inward currents in spinal neurons (4, 10, 11). 

However, the term extra torque has also been used to describe small 

nonlinearity’s in torque production due to an intrinsic muscle property (Ref 16; 

please see our response to this article, in Appendix A, regarding what the authors 

of Ref 16 describe as extra torque compared to what we have used the term to 

describe). In Chapter 2, the extra torque generated in the plantar flexors by 

nNMES was accompanied by enhanced H-reflexes, whereas equal levels of extra 

torque generated by mNMES were generated by enhanced M-waves and 

asynchronous activity. Thus, a portion of the extra torque during mNMES of the 

plantar flexors originated from a peripheral mechanism.  

For the knee extensors, as for the plantar flexors, nNMES generated 

contractions with a greater contribution through central pathways compared with 
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mNMES.However, unlike the plantar flexors, asynchronous activity was 

completely absent in the knee extensors during NMES at either site. Further, 

neither torque nor H-reflexes were augmented following 100 Hz NMES. The lack 

of such increases indicates that there may be differences in frequency dependant 

central mechanisms (post-activation potentiation or motor neuron excitability) 

that control the knee extensors, compared to the plantar flexors.  

Together, these two studies provide novel insight into how contractions 

are generated through peripheral and central pathways based on the site that 

NMES is delivered on the surface of the skin in leg muscles of people who are 

neurologically-intact. The importance of making a distinction between 

contractions that are generated through peripheral versus central pathways lies in 

the fact that motor unit recruitment through each pathway differs; recruitment 

through peripheral pathways is random with respect to motor unit type (14, 27) 

while recruitment through central pathways is orderly according to Henneman’s 

size principle (9, 36). Thus, contractions generated through peripheral pathways 

should recruit relatively fewer fatigue-resistant motor units compared with 

equally sized contractions evoked through central pathways. In Chapters 2 and 3, 

we speculated that nNMES, with its greater central contribution, should produce 

more fatigue-resistant contractions compared with mNMES. In Chapters 4 and 5, 

we go on to test this idea that contractions with the largest central contribution 

should be the most fatigue-resistant in people with chronic motor-complete SCI.  
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6.2 Effect of motor unit recruitment through central pathways (H-

reflexes) on the fatigue-resistance of NMES-evoked contractions 

In Chapters 4 and 5, we investigated the potential of recruiting motor units 

through central pathways for generating fatigue-resistant contractions of the 

plantar flexors in people with chronic motor-complete SCI. In Chapter 4 we took 

what we learned from Chapters 2 and 3 and tested whether contractions generated 

by nNMES, which can generate contractions according to Henneman’s size 

principle, are more fatigue-resistant than those evoked by mNMES, in which 

motor unit recruitment is mainly random with respect to motor unit type. As 

predicted, we found that nNMES generated contractions that were more fatigue-

resistant than mNMES. mNMES generated contractions primarily through 

peripheral pathways (M-waves) while during nNMES contractions were 

generated through both peripheral and central (H-reflexes) pathways. Thus, the 

NMES site with the greatest central contribution produced contractions that 

fatigued the least. Surprisingly, H-reflexes were evoked in only half of the 

participants tested. However, this provided an opportunity to test more 

specifically the effect of H-reflexes on the fatigue-resistance of evoked 

contractions. During nNMES, there was a significantly larger fatigue index 

(~61%) for the participants in whom H-reflexes contributed to contractions, 

compared with the participants in whom H-reflexes did not contribute (~29%). 

Importantly, there was no difference in fatigue index between groups during 

mNMES when contractions were generated primarily by M-waves in both groups. 

Thus, since nNMES generated contractions that were more fatigue-resistant than 
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mNMES, but only when H-reflexes contributed to the evoked contractions, we 

concluded that recruiting motor units in a more natural order (through central 

pathways) improves the fatigue-resistance of NMES-evoked contractions in 

people with chronic SCI.   

In Chapter 5, we tested further the idea that augmenting activity through 

central pathways (H-reflexes) can improve fatigue-resistance of NMES-evoked 

contractions. In people who are neurologically-intact, the extent to which 

contractions are generated through peripheral and central pathways depends on 

the duration of the NMES pulses (25). Specifically, recruitment curve data 

showed that longer pulse durations (500 to 1000 µs) generated a larger H-reflex 

relative to the M-wave than the shorter pulse duration (50 µs; Refs (24, 32, 33). 

Thus, since H-reflexes improve the fatigue-resistance of NMES-evoked 

contractions in people with chronic SCI (Chapter 4), then long pulse durations 

may be more effective than short pulse durations for generating fatigue-resistant 

contractions. We compared the fatigue-resistance of plantar flexor contractions 

evoked using a short pulse duration (50 µs; NMES50), in which H-reflexes were 

predicted to be smallest, and a long pulse duration (1000 µs; NMES1000), in which 

H-reflexes were predicted to be largest, in people with chronic SCI. Data 

collection for this project continues. To date, we have collected complete data sets 

from 4 participants; statistical analyses of these data have not been conducted as 

we are presently underpowered. However, qualitative interpretation of the data 

indicates that NMES1000 generated contractions that had a greater contribution 
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through central pathways (H-reflexes) and which were more fatigue-resistant, 

compared with NMES50. 

 Despite many researchers acknowledging that an altered motor unit 

recruitment order limits the fatigue-resistance of NMES-evoked contractions (1, 

18, 21, 26), Chapters 4 and 5 are the first studies to test the effect of a more 

natural motor unit recruitment order, albeit indirectly (i.e. motor unit recruitment 

through central pathways is assumed to be orderly (9, 36), on the fatigue-

resistance of NMES-evoked contractions in people with chronic SCI. Together, 

Chapters 4 and 5 provide evidence that maximising motor unit recruitment 

through central pathways can improve the fatigue-resistance of NMES-evoked 

contractions in people with chronic SCI. Thus, motor unit recruitment order is 

indeed important in the maintenance of torque during NMES. 

6.3 Limitations of generating contractions through central 

pathways 

 Despite the observed improvements in fatigue-resistance with contractions 

generated through central pathways, there are a number of practical limitations to 

consider. Firstly, the position of the electrodes during nNMES tends to be 

susceptible to movement, making it difficult to deliver consistent current; 

although this is mainly an issue when nNMES is delivered over the femoral nerve 

trunk compared to the tibial nerve trunk. Secondly, contractions generated 

through central pathways are less consistent both within (3) and between (3, 6) 

successive contractions compared with contractions generated only through 

peripheral pathways; however this may only be the case at lower NMES 
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intensities (3, 6). Thus, it may prove to be difficult to adequately control fine 

motor tasks through central pathways.  Thirdly, when NMES is used to restore 

movement, contributions through central pathways should diminish, as it is well 

known that H-reflexes reduce in size during passive and voluntary movement (7, 

8, 12, 20); however, such H-reflex modulation is reduced or absent in people with 

SCI (23). Fourthly, it is unclear whether contractions with a significant 

contribution through central pathways will be of sufficient amplitude for restoring 

movement. This is especially true for contractions that require high NMES 

intensities, such as when NMES intensity is increased in response to fatigue. In 

this case, the increased NMES intensity will increase levels of antidromic 

transmission in motor axons (39), thereby reducing any contribution through 

central pathways. However, in some participants, we have shown that 

contractions with a demonstrated central contribution (H-reflexes) can reach up to 

~30% of a maximum voluntary isometric contraction in people who are 

neurologically-intact (Chapters 2 and 3), and up to ~27% of the torque that can be 

generated during maximal tetanic (40 Hz) NMES in people with chronic SCI 

(Chapters 4 and 5). Lastly, despite optimising NMES to generate contractions 

through central pathways, we found contributions through central pathways could 

not be evoked in every participant. Thus, not everyone will benefit from 

delivering NMES over the nerve trunk (nNMES) or using long pulse durations 

(NMES1000).  
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6.4 Limitation of estimating peripheral contributions using surface 

EMG and a promising future direction 

During my PhD, I was involved in 3 projects that resulted in publications 

that are not part of my thesis (28, 31, 37). One project of particular relevance to 

my thesis tested the effect of NMES site on the spatial distribution of motor units 

recruited by mNMES (over the tibialis anterior muscle belly) and nNMES (over 

the common peroneal nerve trunk) of the tibialis anterior (31). We used fine wire 

recording electrodes inserted into tibialis anterior at separate depths (superficial 

versus deep recording sites) to compare the spatial distribution of motor units 

recruited when single pulses were delivered using mNMES versus nNMES. We 

found that mNMES recruited motor units from superficial to deep with increasing 

NMES intensity whereas nNMES recruited superficial and deep motor units 

equally, regardless of NMES intensity. During this study, we also recorded from 

the surface and confirmed that the surface recording reflects mainly activity in 

superficial regions of the muscle (17, 29). Figure 1-6 of Chapter 1 provides a 

schematic of the proposed spatial motor unit recruitment through peripheral 

pathways during mNMES and nNMES. Together, these findings provide two 

particularly important pieces of information.  

First, these findings uncovered a limitation of estimating peripheral 

contributions to evoked contractions using M-waves recorded from the surface. In 

each research chapter of the present thesis, we used M-wave amplitude as an 

estimate of the peripheral contribution to NMES-evoked contractions, as M-wave 

amplitude is thought to represent a relative measure of motor axon activation (39). 
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Since the spatial distribution of recruited motor units through peripheral pathways 

differs between mNMES and nNMES (31), such that motor units in superficial 

regions of the muscle are recruited preferentially with mNMES, while motor units 

in both superficial and deep regions of the muscle are recruited with nNMES, and 

the contribution of superficial and deep motor units to the surface signal are not 

equal (17, 29, 31), it is inappropriate to compare the amplitude of M-waves 

evoked between mNMES and nNMES, as done in Chapters 2, 3 and 4. Thus, the 

M-wave data in these Chapters should be interpreted with caution. However, we 

have no reason to believe that it is inappropriate to compare the amplitude of H-

reflexes evoked between mNMES and nNMES, as done in Chapters 2, 3 and 4, 

since synaptic recruitment likely recruits a similar population of motor units 

according to the size principle regardless of NMES site and, thus, is likely to 

generate a similar signal at the surface regardless of NMES site.  

Secondly, based on differences in the spatial distribution of recruited 

motor units between NMES sites (31), combined with work from the present 

thesis (mainly Chapters 2, 3 and 4), we have developed the theoretical 

foundations for an important future study. As discussed in Chapter 1 of the 

present thesis (Section 1.3.3.1), one way to increase the spatial distribution of 

recruited motor units, while reducing individual motor unit firing frequencies,  

during NMES is to rotate the NMES pulses between multiple mNMES sites 

(Sequential NMES; sNMES; Refs (13, 30, 34, 35). sNMES reduces fatigue of the 

human triceps surae (30) and quadriceps (13, 34, 35). However, similar to 

mNMES alone, sNMES has limitations. Firstly, contractions are generated 
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predominantly by successive M-waves (peripheral pathway), in which motor 

units are recruited in random order with respect to motor unit type (14, 27). 

Secondly, the depolarisation of motor axons during sNMES recruits superficial 

motor units preferentially (38), with deep motor units recruited mainly only at 

relatively high NMES intensities (1), if at all (31). In contrast, during nNMES, the 

depolarisation of motor axons recruits motor units that are evenly distributed 

throughout a muscle, regardless of contraction amplitude (31). With this in mind, 

we developed a form of sNMES whereby the pulses are alternated or interleaved 

between the mNMES and nNMES sites (interleaved NMES; iNMES). Like the 

rationale underlying sNMES (over the muscle belly), the idea is that iNMES will 

activate largely distinct populations of motor units with every other pulse, 

allowing for a reduction in the NMES frequency at each site. However, iNMES 

has the added benefit of recruiting not only superficial, but also deep motor units, 

regardless of the NMES intensity (31), thereby increasing the number of motor 

units that can be recruited from the surface and allowing for a greater distribution 

of the metabolic load. Further, iNMES will also recruit a greater proportion of 

motor units through central pathways compared with mNMES alone since half of 

the pulses would be generated by nNMES which can generate contractions with 

large central contributions (5, 6). To date, we have conducted experiments using 

iNMES with the same 8 participants as described in Chapter 4 (see Appendix B). 

Our original thought was to include these data in Chapter 4 (i.e. compare the 

fatigue-resistance of contractions evoked by mNMES, nNMES and iNMES), 

however we felt that including iNMES in that Chapter made it difficult to clearly, 
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and concisely, compare the nNMES and mNMES protocols. We decided, 

however, that instead of including the iNMES data in Chapter 4, we will collect 

additional data using traditional sNMES (stimulating through multiple mNMES 

electrodes) to compare those data with the iNMES data collected so far. 

 

6.5 Summary  

 The work in this thesis contributes to the growing body of knowledge 

related to the application of NMES for rehabilitation by providing insight into 

how contractions are generated depending on the NMES site (Chapters 2, 3 and 

4). Further, this work also provides the first evidence supporting the conclusion 

that the fatigue-resistance of NMES-evoked contractions can be improved upon 

by augmenting activity through central pathways (H-reflexes) in people with 

chronic SCI (Chapters 4 and 5), ideas which have been developing in our lab over 

the past decade. Future work aimed at determining ways of improving the fatigue-

resistance of NMES-evoked contractions should focus not only minimising the 

firing frequency of individual motor units, but also on the order in which motor 

units are recruited.    
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APPENDIX A: RESPONSE TO FRIGON ET AL.
6
 

Frigon A, Thompson CK, Johnson MD, Manuel M, Hornby TG and 

Heckman CJ. Extra forces evoked during electrical stimulation of the muscle or 

its nerve are generated and modulated by a length-dependent intrinsic property of 

muscle in humans and cats. The Journal of Neuroscience 31(15):5579-5588, 

2011.   

 

A.1 Article 

Frigon et al. (2011) applied electrical stimulation over peripheral nerves in 

decerebrate cats and over the muscles that plantarflex and dorsiflex the ankle in 

humans in part to determine whether extra forces/torques are generated by an 

intrinsic neuronal or muscle property. They used frequency modulated triangular 

and top-hat stimulation patterns, which we have used previously, to generate 

contractions in humans via two pathways: 1) peripheral pathways, from the 

activation of motor axons beneath the stimulating electrodes, and 2) central 

pathways, whereby spinal motor neurons are recruited by the electrically evoked 

sensory volley and generate what we have termed extra torque (1, 4-6, 8-10). 

Frigon et al. conclude that extra forces/torques evoked during electrical 

stimulation of the muscle or nerve are muscle length-dependent and primarily 

mediated by an intrinsic muscle property. We are writing this letter to clarify that 

what Frigon et al. describe as extra torque is different from what we have used the 

                                                

 

6 A version of this appendix has been published.  

Collins DF and Bergquist AJ. Extra torque during electrically evoked contractions in humans, 

Journal of Neuroscience. Re: Extra forces evoked during electrical stimulation of the muscle or its 

nerve are generated and modulated by a length-dependent intrinsic property of muscle in humans 

and cats. Frigon, et al., 31(15):5579-5588 

 

http://www.jneurosci.org/content/31/15/5579
http://www.jneurosci.org/content/31/15/5579
http://www.jneurosci.org/content/31/15/5579
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term to describe. We also address the issue of why we routinely find that 

transmission along central nervous system pathways contributes to electrically 

evoked contractions, whereas Frigon et al. found no evidence for it. 

In the work of Frigon et al., as in several of our previous studies, peripheral 

nerve block was used to establish the extent to which the central nervous system 

contributes to electrically evoked contractions in humans. Under nerve block 

conditions, Frigon et al. showed in one participant that more torque was generated 

by the dorsiflexors at the end of a top-hat stimulation pattern than at the beginning 

(Figure A-1A), and aptly concluded that this extra torque resulted from muscle 

properties, although a shifting of the motor points beneath the stimulating 

electrodes may have contributed. In our experiments under similar conditions, less 

dorsiflexion torque was generated at the end of the top-hat stimulation (Figure A-

1B). 

However, perhaps the most significant differences between the results of 

Frigon et al. and our own are those data obtained in intact participants, when 

signals traversing the central nervous system could contribute to the evoked 

contractions. Frigon et al. saw no differences in the torque generated between the 

nerve block and intact conditions in two participants. In contrast, we often 

measure much more torque in the intact condition than during nerve block (Figure 

A-1B) and, as we noted previously (6), the presence of these additional forces 

dramatically shifts the force-frequency relation of the stimulated muscle and 

introduces nonlinearities far greater than known for isolated muscle (2, 12). We 

have shown extra torque of up to 40% of that generated during a maximum 
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voluntary contraction and have demonstrated that it originates from transmission 

through the central nervous system as it does not develop under nerve block 

conditions (3, 5, 6, 9) and it is accompanied by H-reflexes (1, 8, 10) and 

electromyographic (EMG) activity that is not time-locked to each stimulus pulse 

(i.e. asynchronous activity; Refs 1 and 6). 

Frigon et al. proposed that the extra torque that we have reported previously 

may be attributed to a lack of control in our studies over joint angle, thus 

suggesting it results from a muscle property effect that they have shown is largest 

at short muscle lengths. But all of our previous studies have been conducted with 

the ankle at 90°, an angle which shows no extra torque due to muscle properties 

in our previous nerve block data and in the group data of Frigon et al. (Figure 2 in 

Ref 7). 

Frigon et al. also proposed that what we have described as extra torque may 

be due to a tensing-up phenomenon whereby a central contribution is provided by 

involuntary descending drive associated with discomfort. However, we have 

recorded contractions consistent with a central contribution in participants who 

were asleep (5), those with complete spinal cord injury (6, 11), and at stimulation 

amplitudes below motor threshold in able-bodied participants (5). Thus, we do not 

believe that extra torque is the result of tensing up due to discomfort, although 

involuntary long-loop reflex pathways through the cortex may contribute (4). 

On the other hand, we do see a wide range in the extent to which 

transmission along central pathways contributes to electrically-evoked 

contractions, with perhaps 20% of our participants showing little to no evidence 
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of extra torque. It is possible that all the participants in the study of Frigon et al., 

certainly the two selected for the nerve blocks, fell into this group. 

As it stands, we are unsure why Frigon et al. did not generate contractions 

that had a demonstrable central contribution in the form of extra torque. What 

they did show is that the previously described non-linearity in torque generating 

capacity of muscle (2) depends on muscle length and the nervous system must 

account for this when controlling human movement. Their data also highlight the 

importance of recording EMG in conjunction with torque measurements when 

assessing the central contribution to electrically-evoked contractions in humans. 

Ultimately, it is our hope that experiments designed to identify the reasons 

for the discrepancies between our work and that of Frigon et al. will provide 

insight into the mechanisms responsible for the centrally-driven contractions that 

we regularly observe during electrical stimulation of a muscle or its nerve. 

Presently, it is our thinking that the central contribution to electrically-evoked 

contractions, what we have described as extra torque, arises from mechanisms 

that transform sensory input into motor output during human movement and may 

include a combination of enhanced pre-synaptic release of neurotransmitter (e.g. 

post-tetanic potentiation), increased motor neuron excitability (e.g. persistent 

inward currents), and/or transmission along long-loop reflex pathways through the 

cortex. 
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A.2 Figure 

 

 

 

Figure A-1 Dorsiflexion (DF) torque recorded during stimulation over the tibialis 

anterior muscle before and during a nerve block (NB). Panel B is adapted from 

Figure 7C in Ref 5. 
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APPENDIX B: INTERLEAVED NEUROMUSCULAR ELECTRICAL 

STIMULATION TO IMPROVE THE FATIGUE-RESISTANCE OF EVOKED 

CONTRACTIONS IN PEOPLE WITH SPINAL CORD INJURY
7
 

 

B.1 Background 

Neuromuscular electrical stimulation (NMES) is typically delivered 

through a single pair of electrodes placed over the muscle belly (mNMES) or over 

the nerve trunk (nNMES). Unfortunately, rapid contraction fatigue develops when 

using both of these approaches. Interestingly, rotating the NMES pulses between 

multiple pairs of electrodes over the muscle belly (sequential NMES; sNMES) 

can improve the fatigue-resistance of evoked triceps surae (7) and quadriceps (6, 

9, 10) contractions. We have developed a form of sNMES, whereby we alternate 

or interleave pulses between the mNMES and nNMES sites (interleaved NMES; 

iNMES). The theoretical advantages of iNMES over traditional sNMES are 

twofold: 1) iNMES will recruit largely different populations of motor units with 

every other stimulus pulse (i.e. from the nNMES and mNMES sites; Ref 8), thus 

reducing motor unit firing frequencies and allowing for a greater distribution of 

the metabolic load and 2) iNMES will recruit a greater proportion of motor units 

through central pathways since half of the pulses are generated by nNMES, which 

can generate contractions with large central contributions (3, 4).  

                                                

 

7 The authors contributing to the work presented in this chapter were:  

Bergquist AJ, Okuma Y, Wiest MJ and Collins DF. 
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Herein we report findings from experiments that demonstrate the proof of 

principle of delivering iNMES to generate contraction of the plantar flexors in 

people who have had a spinal cord injury (SCI). Thus far, we have conducted 

experiments using iNMES with the same 8 participants as described in Chapter 4. 

Our original thought was to include these data in Chapter 4 (i.e. compare the 

fatigue-resistance of contractions evoked by mNMES, nNMES and iNMES), 

however we felt that including iNMES in that Chapter made it difficult to clearly, 

and concisely, compare the nNMES and mNMES protocols. Specifically, by 

excluding the iNMES data, the focus of Chapter 4 remained solely on differences 

in fatigue-resistance based on motor unit recruitment order (i.e. differences in 

central contributions). In addition to the effect of motor unit recruitment order, 

including iNMES in Chapter 4 would have introduced the effect of reducing 

motor unit firing frequency on contraction fatigue. We acknowledge that by not 

including the iNMES data in Chapter 4 we lose information about comparisons 

between all 3 NMES sites (mNMES, nNMES and iNMES). We decided, 

however, that instead of including the iNMES data in Chapter 4, we will collect 

additional data using traditional sNMES (stimulating through multiple mNMES 

electrodes) to compare those data with the iNMES data collected so far. Thus, 

each participant tested will be asked to return for 1 additional experimental 

session using traditional sNMES.  
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B.2 Methods 

Methods for these experiments were equivalent to those reported in 

Chapter 4. Deviations from those methods are reported below.  

B.2.1 Neuromuscular electrical stimulation (NMES) 

NMES was delivered using 2 constant-current stimulators (200 µs pulse 

duration; DS7A and DS7AH Digitimer, Welwyn Garden City, UK). iNMES 

consisted of alternating every other NMES pulse between 2 pairs of electrodes; 1 

pair was placed over the triceps surae muscles, as done previously (mNMES; 

Chapters 2, 3 and 4), and the other was placed over the tibial nerve trunk, also 

done previously (nNMES; Chapters 2, 3, 4 and 5). Each electrode pair was 

stimulated at 10 Hz with a phase shift of 180° with respect to the other, giving a 

net NMES frequency of 20 Hz.  

B.2.2 Setting NMES intensity 

To set the NMES intensity for the fatigue protocol, 2 s trains of 10 Hz 

NMES were delivered 20 s apart while the NMES intensity was adjusted until 

peak torque was equivalent to 50% of a participants PTT. This was done 

independently for both the mNMES and nNMES sites. Approximately 10 NMES 

trains (~5 at each site) were required to set the NMES intensity for the iNMES 

session. Interleaving NMES between the mNMES and nNMES sites at these 

intensities generated ~100% of PTT in each participant. 
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B.3 Results 

The present results are divided into two sections. The first section 

describes results for group (n = 8) data based on where NMES was delivered, 

independent of how (M-waves and H-reflexes) contractions were generated. In 

other words, the first section describes fatigue during iNMES had we not recorded 

EMG. However, as in a previous study (Chapter 4), only half of the participants 

generated activity through central pathways during iNMES. As such, the second 

section describes data after participants were divided into groups based on 

whether contractions were generated with (Group 1; n = 4) or without (Group 2; n 

= 4) H-reflexes during iNMES. 

B.3.1 Fatigue based on where NMES was delivered (iNMES)  

The peak twitch torque (PTT) generated at the beginning of the iNMES 

session was 8.17 ± 1.95 Nm. Figure B-1 shows group (n = 8) torque, M-wave and 

H-reflex data during the iNMES fatigue protocol. Each bin represents data 

averaged over 5 successive contractions. Torque at the onset of the fatigue 

protocol (bin 1) was near 100% PTT, but by the end of the fatigue protocol (bin 

15), torque had dropped by ~55% (fatigue index [final torquebin15 / initial torquebin 

1 x 100] during iNMES was ~45%).  

B.3.2 Fatigue based on how contractions were generated (M-waves and H-

reflexes)  

Averaged across the entire fatigue protocol M-waves were 27.7 ± 0.4% 

Mmax when NMES was delivered at the mNMES site (iNMES(muscle)) and 4.4 ± 

2.2% Mmax when NMES was delivered at the nNMES site (iNMES(nerve)). 
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Averaged across the entire fatigue protocol, H-reflexes were absent when iNMES 

was delivered at the mNMES site and 11.0 ± 1.1% Mmax when iNMES was 

delivered at the nNMES site.  

As in a previous study (Chapter 4), H-reflexes contributed to evoked 

contractions in only half of our participants. Thus, we divided our participants 

into groups; Group 1 was made up of participants in whom H-reflexes contributed 

to evoked contractions (n = 4), while Group 2 was made up of participants in 

whom H-reflexes did not contribute to evoked contractions (n = 4). For the 

participants in Group 1, M-waves were 23.7 ± 14.3% Mmax and H-reflexes were 

absent at the mNMES site while M-waves were 2.16 ± 1.1% Mmax and H-reflexes 

were 21.2 ± 13.9 % Mmax at the nNMES site, when averaged across the entire 

iNMES fatigue protocol. For the participants in Group 2, M-waves were 31.7 ± 

17.8% Mmax and 6.3 ± 2.1% Mmax at the mNMES and nNMES sites, respectively, 

when averaged across the entire iNMES fatigue protocol.  

Figure B-2 shows torque and EMG data recorded from 2 participants, 1 in 

whom H-reflexes contributed to evoked contractions (panel A; participant in 

Group 1) and 1 in whom contractions were evoked by successive M-waves with 

no measurable H-reflex or asynchronous activity (panel B; participant in Group 

2). In panel A, torque during the initial 5 contractions (bin 1) was ~18 Nm, 

however torque dropped abruptly after the 9
th

 contraction, possibly due to 

movement of the nNMES electrodes since EMG elicited by this site 

(iNMES(nerve)) changed from predominately M-waves to predominately H-reflexes 

after the 9
th
 contraction. This was the only participant to show such an abrupt 
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change in torque and EMG during the fatigue protocol. The decline in torque from 

the 10
th
 contraction onward was negligible, as after the decline between the 9

th
 

and 10
th

 contraction, torque declined by only ~2 Nm by the end of the fatigue 

protocol, generating ~10 Nm of torque at bin 15. In panel B, torque at bin 1 was 

~8 Nm. In this participant, torque declined rapidly during the first 2 min and by 

the end of the fatigue protocol this participant was generating less than 1 Nm of 

torque. The fatigue indices (final torquebin15 / initial torquebin 1 x 100) between 

Groups 1 and 2 are shown in Figure B-3.  

 

B.4 Discussion 

These findings provide proof of principle regarding the technical 

feasibility of delivering iNMES in the paralysed plantar flexors. Although a more 

technically challenging control strategy is required for iNMES than mNMES or 

nNMES alone, we were able to interleave pulses between each NMES site and 

generate contractions with relative ease. Conveniently, when the NMES intensity 

was adjusted at each site to produce ~50% PTT independently using 10 Hz 

NMES, it produced our desired torque of ~100% PTT in each participant when 

combined. Whether this relationship exists at other NMES intensities is not 

known.  

When compared with the fatigue indices produced in the same participants 

during mNMES (~29%) and nNMES (~45%) from a previous study (Chapter 4), 

iNMES (~45%) was comparable to nNMES. When we compare between studies 

after participants have been divided into groups based on whether contractions 
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were generated with (Group 1) and without (Group 2) H-reflexes, we can 

differentiate between an effect of motor unit recruitment frequency and order on 

the fatigue-resistance of the evoked contractions.  

In Chapter 4, the fatigue index during mNMES for participants in Group 2 

was ~29% and the fatigue index in the same participants during iNMES 

(presently) was ~37%. This improvement in the fatigue index with iNMES is 

likely the result of a reduced firing frequency of recruited motor units, since 

contractions were generated mainly by M-waves during both mNMES and 

iNMES. We would suggest that alternating the NMES between sites likely 

recruited, at least in part, distinct subpopulations of motor units with ever other 

pulse allowing for more time between subsequent activation of each motor units 

(7). Thus, many of the motor units recruited during iNMES were likely firing at 

half the frequency of those motor units recruited during mNMES or nNMES 

alone, closer to physiologically appropriate firing rates (~10 Hz; Refs 1, 2 and 5) 

thus allowing for greater recovery between successive pulses and lowering 

metabolic demand.  

Data from the present study indicate that there is also a motor unit 

recruitment order effect on the fatigue-resistance of evoked contractions, since 

the fatigue index was largest for participants who generated contractions with H-

reflexes (Group1; ~49%) compared with participants in whom contractions were 

generated mainly be successive M-waves (Group 2; ~37%). During iNMES in 

these participants, half of each contraction is generated with activity through 

central pathways (every second pulse), and thus we would suggest that a good 
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portion of the motor units are recruited according to Henneman’s size principle, 

thereby contributing to improved fatigue- resistance observed in Group 1.  

From the present data, we suggest that future work related to improving 

the fatigue-resistance of NMES-evoked contractions should focus not only on 

reducing the firing frequency of individual motor units, but also on the order in 

which motor units are recruited. When compared with a data from Chapter 4, the 

present data show both a motor unit recruitment frequency and order effect. In the 

future, it may be advantageous to combine traditional sNMES and iNMES (i.e. 

rotating pulses between multiple pairs of electrodes over the muscle belly and 1 

pair over the nerve trunk), thus maximising the frequency effect of rotating pulses 

between electrodes, while still providing a central contribution (order effect) by 

incorporating nNMES. 

There are a number of practical limitations to consider before using 

iNMES in the clinic. First, iNMES is technically more complicated and would 

require a much more sophisticated stimulator, which is presently not available, 

compared with mNMES or nNES alone. Second, setting the NMES intensity is 

more challenging during iNMES, compared with mNMES or nNMES alone, as 

iNMES requires that the user attend to more than 1 stimulator. Third, iNMES, like 

nNMES, is suitable only for muscles in which the innervating nerve trunk is 

accessible from the surface. Fourth, as the NMES intensity is increased, the 

frequency reducing effect of iNMES will be reduced due to greater overlap 

between motor units recruited by the mNMES and nNMES sites.  
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Although much remains to be learned about optimal delivery of iNMES 

(e.g. Is it best to rotate between NMES sites pulse-by-pulse or train-by-train?) 

these initial experiments provide evidence for the potential of iNMES strategies. 
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B.5 Figures  

 

Figure B-1 Torque (A), M-waves (B) and H-reflexes (C) during the iNMES 

fatigue protocol (n = 8). Each symbol represents data averaged over 20 s (5 

consecutive contractions; 1 bin). Error bars represent 1 standard error. 

iNMES(muscle): recordings from mNMES pulses; iNMES(nerve): recordings from 

nNMES pulses. 
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Figure B-2 Torque and EMG evoked by iNMES in a participant who generated 

contractions with H-reflexes (Group 1; panel A) and a participant who generated 

contractions without H-reflexes (Group 2; panel B). In the top of each panel, the 

solid line represents torque in response to the 5 min, 2-s-on-2-s-off, fatigue 

protocol (75 contractions). The bottom of each panel shows EMG in response to 

the last 2 NMES pulses (left: NMES(muscle); right: iNMES(nerve)) for each of the last 

5 contractions. The arrow points to where the tails of the preceding H-reflexes 

were removed. 
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Figure B-3 Fatigue indices (mean torquebin15 / mean torquebin 1 x 100) for the 

iNMES fatigue protocol for participants who generated contractions with (Group 

1; n = 4) and without (Group 2; n = 4) H-reflexes. Error bars represent 1 standard 

error. 
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