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Abstract 

The intrinsic foot muscles stabilise and stiffen the foot during posture and locomotion. 

Since they are placed under continued load, these muscles merit training to meet the 

weight-bearing demands of everyday activities. Their strengthening is however a largely 

neglected area and furthermore, the occurrence of common foot-related pathologies is 

associated with their dysfunction. Indeed, atrophy and dysfunction of the strongest 

intrinsic foot muscle, abductor hallucis (AbH), is symptomatic to pes planus and Hallux 

Valgus. AbH’s oblique mechanical action along with an inability for its voluntary activation 

in many individuals limits the strengthening capacity of existing training modalities. Due 

to the superficial location of AbH, neuromuscular electrical stimulation (NMES) offers a 

solution to this problem; however, its efficacy for muscle strength gains relies on high 

stimulation-intensity protocols, which are uncomfortable and limit participant adherence. 

Therefore, the purpose of this thesis was to develop an optimised NMES paradigm that 

is tolerable and efficacious for a targeted strengthening intervention of AbH. 

The studies reported in this thesis were undertaken with the overarching aim to 

systematically establish a tolerable and low stimulation-intensity NMES paradigm to train 

AbH. With this motivation in mind, four sequential experimental studies were designed 

to identify the optimal mode of NMES application (muscle vs nerve) and stimulation pulse 

duration (Chapter 3), pulse frequency and train duration (Chapter 4), training stimulus 

intensity (Chapter 5), and duty-cycle (Chapter 6), respectively. A major finding from the 

work undertaken in this thesis was the prevalent inability to voluntary activate AbH that 

exists in healthy participants. Since this inability also limits the measurement of voluntary 

force generation following an intervention, this thesis also developed a methodological 

approach that overcomes this limitation. Collectively, the studies in this thesis 

demonstrated that NMES successfully evokes contractions from AbH irrespective of 

ability for its voluntary activation and can therefore be used as a training modality.  
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The optimised NMES paradigm presented in this thesis targets the motor point of AbH 

using 22s-trains of 1ms pulses at 20-100-20Hz with an intensity of 200% motor threshold 

and a 1:4 duty-cycle. This wide-pulse, high-frequency, low-intensity paradigm promotes 

adherence and has the potential to depolarise sensory axons due to their lower 

rheobase, and evoke contractions with a contribution of the central nervous system. 

When delivered using long trains and an alternating frequency pattern, it can take 

advantage of post-tetanic potentiation to produce force, which is then preserved across 

trains using a duty-cycle with long rest periods.  

This thesis intended to bind the aforementioned experimental chapters together with a 

final chapter investigating the effectiveness of the developed NMES paradigm in 

strengthening AbH following long-term exposure. However, the implementation of this 

study was not possible in light of the COVID-19 pandemic and is therefore not reported 

in this thesis. Nevertheless, future work in this area can benefit from the extensive 

methodological work undertaken in this thesis and implement a longitudinal study to 

better understand the clinical implications for targeted AbH strengthening via NMES.   
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Thesis overview  

The intrinsic foot muscles originate and insert below the ankle joint and work collectively 

to provide stability to the foot during static posture, and stiffness to the forefoot for forward 

progression during locomotion. Akin to other muscles in the body that are placed under 

continued load, the intrinsic muscles merit training to meet the weight-bearing demands 

that are placed on them during everyday static and dynamic activities. The strengthening 

of these muscles is however a largely neglected area and furthermore, the occurrence 

of common lower-limb pathologies is associated with their dysfunction. More specifically, 

an atrophied and dysfunctional abductor hallucis (AbH) is symptomatic to pes planus 

and Hallux Valgus foot pathologies, which are in turn associated with overuse injury 

occurrence in the young and an increased likelihood of falling in the elderly populations, 

respectively. AbH is the strongest intrinsic foot muscle and abducts and flexes the Hallux 

in an oblique line of action. It stabilises the medial longitudinal arch in posture and stiffens 

the first metatarsophalangeal joint (1MPJ) for forward progression. Atrophy and 

dysfunction in AbH may be prevented and/or attenuated through training. Having said 

that, AbH’s complex mechanical action along with an inability for its voluntary activation 

that is present in both pathological and healthy populations limit the benefits for this 

muscle from existing training modalities. Given the superficial location of AbH, 

neuromuscular electrical stimulation (NMES) offers a solution to this problem; however, 

in contrast to voluntary training, motor unit recruitment and discharge patterns for force 

production via NMES are non-selective and spatially fixed. Consequently, its efficacy for 

muscle strength gains relies on high stimulation-intensity protocols, which are 

uncomfortable and limit participant/patient adherence. Therefore, the purpose of this 

thesis was to develop an optimised NMES paradigm that is tolerable and efficacious for 

a targeted strengthening intervention of AbH.  

The underpinning motivation for the work conducted herein was to promote the 

tolerability to, and clinical utility of, NMES delivery to AbH, by implementing a low 
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stimulation-intensity approach. With this motivation in mind, four sequential experimental 

studies were designed to identify the optimal mode of NMES application (muscle vs 

nerve) and stimulation pulse duration, pulse frequency and train duration, training 

stimulus intensity, and duty-cycle, respectively. The respective outcomes from each 

study were evaluated using methods including peripheral nerve stimulation, 

electromyography and force dynamometry. NMES current intensity was set as a 

percentage of AbH’s motor threshold (MT) and delivered via surface electrodes 

positioned at the pre-identified motor point (motor endplates area) of AbH (cathode) and 

the 1MPJ (anode). The stimulation protocol for each investigation was delivered while 

participants were seated with their foot fixed in plantarflexion (35°) and Hallux suspended 

in dorsal flexion (10°) from a force transducer integrated within a custom-made seating 

apparatus.  

The first experimental study, reported in Chapter 3 (n=13), was designed to identify the 

optimal mode of delivery (muscle vs nerve) and stimulation parameters to elicit AbH MT 

(frequency and pulse duration). The current intensity-duration relationship was used to 

optimise the MT determination procedure. The individual rheobase, which represents the 

minimal current intensity for depolarisation of a given tissue, and the chronaxie, which 

represents the pulse duration for depolarisation using an intensity value of twice the 

rheobase, were determined. AbH MTs for muscle and nerve stimulation were identified 

with 5-pulse trains delivered at frequencies of 10, 20 and 100Hz. Individual intensity-

duration curves (mode x frequency) were constructed for pulse durations of 0.05, 0.1, 

0.2, 0.5, 1 and 2ms and linearly transformed into charge-duration plots (Weiss linear 

transformation) to calculate the rheobase (mA) and chronaxie (ms) values. A two-way 

repeated measures ANOVA (mode x frequency) was performed to analyse the main 

effects on rheobase and significant differences were followed up with post-hoc pairwise 

comparisons to identify the stimulation frequency that evoked the lowest rheobase. 

Chronaxie at this rheobase was then computed by rearranging the Weiss linear 
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regression function (𝑦 = 𝑏 + 𝑚𝑥), where 𝑦 = 0, 𝑏 = charge, 𝑚 = rheobase and 𝑥 = 

chronaxie. The results revealed that, in comparison to nerve, muscle stimulation required 

significantly lower intensity to reach rheobase (p<0.01; η2=0.45). A significant main effect 

of frequency was found (p<0.001; η2=0.63) and post-hoc pairwise comparisons of the 

frequencies tested on muscle revealed that 100Hz required the lowest intensity to obtain 

rheobase (1.39mA) compared to 10Hz (vs 1.58mA; p<0.01) and 20Hz (vs 1.52mA; 

p<0.05). The average chronaxie (pulse duration) resulting from 5-pulse trains at 100Hz 

on muscle was 1.15ms. Individual chronaxies were then compared to simulated 

participant responses corresponding to a 1ms pulse-width (frequently used in the 

literature) and there was no significant difference (p>0.05). Thus, the findings from this 

study have revealed that direct-muscle electrical stimulation requires a lower stimulus 

intensity than nerve stimulation; and in this first step of designing an NMES paradigm for 

AbH training, its MT should be determined (for subsequent NMES intensity selection) 

using a train of 5 x 1ms wide pulses delivered at high frequency (100Hz). 

The second study (Chapter 4; n=15) was designed to identify the most effective NMES 

pulse frequency and train duration to maximise the evoked AbH force and minimise 

muscle fatigue. Peripheral fatigue in AbH was assessed by time-amplitude parameters 

of the compound muscle action potential (Mwave) and corresponding twitch force evoked 

in response to three single supramaximal (130% of maximal Mwave) pulses delivered to 

the medial plantar nerve. Three paired supramaximal pulses at 10Hz and 100Hz were 

also delivered to compute a fatigue index (Fpaired10/100Hz) to assess for low frequency 

fatigue. Force production was assessed from the second pulse of the paired stimuli at 

100Hz (T2100Hz). These assessments were made before (PRE) and immediately after 

(POST) stimulating AbH with a set of 5 NMES trains delivered in three frequency patterns 

(20Hz, 100Hz and alternating (20-100-20Hz)) with each train lasting 6s, 10s or 22s within 

each frequency pattern. A three-factor (frequency x train duration x time) repeated 

measures ANOVA was performed to analyse for main effects of time (PRE and POST) 
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on all parameters measured. Then, a two-way repeated measures ANOVA for main and 

interaction effects of train duration (6s, 10s, and 22s) and time (PRE vs POST) was 

performed for each pulse frequency and significant effects were followed up with post-

hoc pairwise comparisons. No peripheral or low-frequency fatigue was found in any of 

the frequency and train duration combinations tested. However, T2100Hz was significantly 

increased in the alternating frequency pattern delivered in trains lasting 22s (6.9±2.0N 

vs 7.8±2.4N; p=0.01). This increased force production is indicative of post-tetanic 

potentiation occurrence achieved following the alternation of frequencies coupled with 

the higher number of pulses delivered within the train. This frequency pattern and train 

duration combination is incorporated into the NMES paradigm, which thus far constitutes 

22s-trains of 1ms pulses delivered at alternating frequencies (20-100-20Hz) to AbH’s 

motor point. 

The purpose of the third study (Chapter 5; n=13) was to ascertain a minimum NMES 

training stimulus intensity for expected strength gains whilst maintaining its tolerability. 

Previous research has shown that an NMES intensity corresponding to at least 20% 

MVC is the minimum required threshold to be confident of muscle strengthening. Due to 

the complex mechanical action of AbH, an MVC is not always achievable in people and 

therefore standardising stimulus intensity relative to AbH MT is an acceptable alternative. 

However, the equivalence of this approach to the relative magnitude of MVC has yet to 

be investigated. In this study, the individual voluntary activation ratio (VAR) in AbH was 

first assessed via the twitch interpolation technique and used to group participants as 

able (VAR≥0.9; n=3) or unable (VAR<0.9; n=10) to fully activate this muscle. Then, the 

maximal force produced during contractions evoked by direct-muscle NMES (7s trains 

of 1ms pulses at 20Hz with progressively increased intensity from 150% to 300% MT) 

from the able participants (VAR=0.93; range: 0.91-0.95) was expressed relative to their 

MVC force. It was shown that an intensity of at least 200% MT was required to evoke an 

average force of 11.2 (7.0-18.5)N, which exceeds 20 (21-45)% MVC. Stimulation at this 
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intensity was perceived as tolerable (mean 3.3; range 2-5) when evaluated on a 10-point 

visual analogue scale. Despite not being able to activate AbH to its full capacity, the 

maximum absolute forces produced during the graded NMES protocol were comparable 

between the groups implying that the peripheral contractility of AbH is intact irrespective 

of the ability of individuals to voluntary activate AbH to its full capacity. These findings 

inform a recommendation for a minimum NMES training stimulus intensity and 

demonstrate that direct-muscle NMES overcomes the prevailing inability for voluntary 

AbH activation. Thus far, NMES applied to the motor point of AbH, using 22s-trains of 

1ms pulses delivered in an alternating frequency pattern (20-100-20Hz) and at an 

intensity of 200% MT represent the optimised paradigm.  

The final experimental chapter (Chapter 6; n=8) investigated the effect of NMES duty-

cycle on evoked force and muscle fatigue. The time-amplitude parameters describing 

the excitability (Mmax130) and contractility (twitch force) of AbH were assessed as 

indicators for peripheral fatigue; and similar to Chapter 4, the Fpaired10/100Hz was calculated 

to assess the low frequency fatigue component. These measures were acquired before 

(PRE) and following (POST) the application of 5 x 22s trains delivered to AbH using duty-

cycles of 1:1 (22s rest), 1:2 (44s) and 1:4 (88s). In addition, the force time integral (FTI; 

N•s) of the 1st and 5th stimulation trains were calculated to evaluate the decay in the 

evoked force. A two-factor (duty-cycle x time) repeated measures ANOVA was 

performed to analyse main and interaction effects and significant findings were followed 

up with post-hoc pairwise comparisons. Non-parametric Wilcoxon sign-rank tests were 

performed to compare time effects in Mmax130 terminal phase area, peak twitch force and 

Fpaired10/100Hz. A significant time effect was found in the evoked force (p<0.001; η2=0.92), 

where FTI was significantly reduced in the 5th stimulation train when compared to the 1st 

train, independently of the duty-cycle used. Post-hoc comparisons revealed that the 

reduction was significantly greater using a 1:1 duty cycle (-66.8±10.9%) when compared 

to a 1:4 (vs -35.0±17.3%; p≤0.001), but not a 1:2 (vs -39.8±13.6%; p>0.05) duty-cycle. 
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No peripheral or low-frequency fatigue was found following any of the duty-cycles tested. 

Thus, the 1:4 duty-cycle, in comparison to using 1:1, enhanced the excitation-contraction 

coupling dynamics in AbH possibly because it incorporates sufficient time for recovery 

of the metabolic changes that occur during repetitive contractions, and therefore should 

be recommended. The findings from this study complete a strengthening paradigm in 

which NMES is delivered to the motor point of AbH; the paradigm consists of 22s-trains 

of 1ms pulses delivered at 20-100-20Hz with an intensity equivalent of 200% MT and a 

1:4 duty cycle.  

This thesis identified a high prevalence of an inability in healthy people to voluntary 

activate AbH fully. It was further demonstrated that NMES can overcome this inability by 

evoking force from AbH comparable to individuals who are able to fully activate the 

muscle. NMES therefore should be used as a strengthening modality not only for the 

pathological but also asymptomatic feet. The overarching feature of the optimised NMES 

paradigm developed in this thesis is that it has been built on the use of wide duration 

pulses (1ms), which keeps the intensity low; yet to a sufficient level where muscle 

strengthening can be anticipated (200% MT). In doing so, it overcomes the discomfort 

associated with high-intensity protocols, thus promoting its tolerability and adherence. 

Combined with an alternating frequency pattern and long train durations, this paradigm 

promotes higher and longer-lasting force production because the force evoked by 

stimulation at 100Hz is sustained for longer when interspersed with pulses delivered at 

20Hz as opposed to shorter constant frequency trains. The increased capacity of this 

stimulation pattern to evoke force, as assessed by T2100Hz, is likely underpinned by post-

tetanic potentiation. The force produced during these NMES trains can be further 

preserved by implementing a 1:4 duty-cycle with long rest intervals that permit the 

replenishment of metabolites required for contraction. Cumulatively, the findings from 

this series of studies present an optimised and tolerable NMES paradigm for a targeted 

strengthening intervention of AbH.  
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1.0 Literature review 

This chapter reviews current knowledge on the use of neuromuscular electrical 

stimulation (NMES) as a potential modality to train an intrinsic foot muscle. I first provide 

a general overview of how the neuromuscular system works to produce and regulate 

force, as well as its capacity to adapt in response to training stimulus. Next, I introduce 

the relevance of abductor hallucis (AbH) muscle for the function of the foot, human 

posture and locomotion. I highlight the need to strengthen this muscle and how NMES 

overcomes the difficulties to achieve this. Finally, I provide an overview of the different 

parameters that are integrated within an NMES paradigm and how these require 

consideration in order to target AbH. 

 

1.1 Muscle adaptations to training 

1.1.1 Muscle Activation 

Spinal motoneurons (MNs) that innervate a given muscle emanate from clusters or pools 

located in the ventral horn of the spine to control the descending inputs from the central 

nervous system that are later transduced into force. MNs, their axons, as well as the 

muscle fibres they innervate, are excitable tissues and their behaviour is thus governed 

by the electrical properties for excitation of their respective membranes. For example, in 

a simple cable model and following Ohm’s law, the voltage threshold for the MN’s 

membrane depolarisation is directly proportional to the synaptic current and inversely 

proportional to the total input resistivity (sum of the resistivity of dendrites and soma 

membrane). The lipidic bilayer of the membrane sets its resting potential based on the 

gradient between the intracellular and extracellular ionic concentrations of sodium 

([Na+]), potassium ([K+]) and chloride ([Cl-]), where [Na+] and [Cl-] is greater outside the 

membrane, and [K+] is greater in the intracellular space. Correspondingly, the membrane 

resting potential conventionally equates to -70mV (i.e., more negative on the inside than 



8 

 

the outside) for ionic equilibrium, and its voltage threshold is determined mainly by the 

sensitivity of its Na+ channels. The total resistivity largely depends on the size of the MN 

(number and extent of dendritic branches) and density of ionic channels (K+, Na+, Cl-), 

where smaller MNs will be recruited prior to larger MNs because the former require the 

least synaptic current to bring about a change in the membrane potential to reach voltage 

threshold (Heckman & Enoka, 2012).  

MN excitability depends on the rheobase of its membrane, which represents the 

minimum synaptic current required to reach the threshold for depolarisation. When the 

synaptic current exceeds the threshold, the MN transduces the input into a repetitive 

discharge of action potentials in a linear frequency-current intensity relationship (Fig. 

1.1A), which varies depending on the synaptic (metabotropic) input. The slope of the 

function it describes represents the input-output gain of the MN (Fig. 1.1B), where the 

steeper the slope due to subthreshold depolarisation (lowered voltage threshold), action 

potential threshold hyperpolarisation, afterhyperpolarisation reduction (due to decreased 

input resistivity) and persistent inward currents amplification, the greater the gain. Both 

(Fig. 1.1), the voltage threshold and input-output gain collectively define the MN 

excitability (Heckman & Enoka, 2012). Furthermore, the bistability behaviour of 

persistent inward currents allows for the firing of action potentials during long periods of 

time in the presence of lower synaptic input or amplifies the net current for repetitive 

discharge of action potentials. The activation of these currents will eventually contribute 

to the output of MNs, and the eventual force generated by motor units (MUs) (Heckman 

& Enoka, 2012).  
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Figure 1.1. A: Firing frequency-current intensity relationship for a type S (i.e. slow; 

black), FR (i.e. fast fatigue resistant; dark grey) and FF (i.e. fast fatigable; light grey) 

motor units (MUs) from a motoneuron (MN) model. The first symbol for each MN type 

represents the frequency and current at threshold, whereas the second represents the 

frequency and current at the transition from the primary to the secondary range of 

increasing discharging rate, which is represented by the two linear regions between 

symbols, respectively. B: Representation of the input (current)-output (force) gain of a 

pool of MUs at three distinct levels of neuromodulation: high (black), medium (grey) and 

low (dashed). A shift from left to right would be indicative of increased persistent inward 

currents, depolarised rest potentials and decreased potentials thresholds. These 

theoretical approximations were reconstructed based on data taken from Heckman & 

Binder, (1991) for A and presented in Heckman & Enoka, (2012) for B. 

 

The motor output and consequent force production are regulated by the combination of 

MU recruitment and discharging rate for a given synaptic input current. During 

submaximal force production, the primary source is MU recruitment until it reaches its 

upper limit, where firing rate becomes the prominent generator of higher levels of force 

(Cutsem et al., 1997). The recruitment threshold of MUs is muscle specific, for example, 

for the muscle adductor pollicis is ~30% of maximal voluntary contraction (MVC) 
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(Duchateau & Enoka, 2011), whilst for the flexor hallucis brevis can be up to 98% MVC 

force (Aeles, et al, 2020). The firing frequency during sustained voluntary contractions 

ranges between 5-40Hz (Cutsem et al., 1997; Conwit et al., 1999), though they have 

been shown to reach above 200Hz during rapid ballistic contractions (Del Vecchio et al., 

2019). Muscles that require sustained contractions at relatively low force will produce 

lower firing frequencies (e.g. 3-11Hz) early in the contraction (e.g. AbH), as opposed to 

those that require contracting rapidly for shorter periods of time, which will in contrast 

rely on higher frequencies (e.g. 5-23Hz) to modulate early production of force (e.g. flexor 

hallucis brevis) (Aeles et al., 2020). The action potential fired by the excited MNs 

depolarises the sarcolemma of all its muscle fibres that are innervated by it in an all-or-

none fashion, which results in the release of calcium ions (Ca2+) from the sarcoplasmic 

reticulum and a concomitant increase in transient myoplasmic calcium concentration 

([Ca2+]) to bind to troponin C for cross-bridge interaction, which brings about a muscle 

contraction (excitation-contraction coupling). The contraction that results from a single 

action potential produces a twitch force response, which is then repeated in line with the 

firing rate of MUs (Heckman & Enoka, 2012).  

The increase in muscle force occurs as a result of the synchronous and repetitive 

excitation of the sarcolemma that increases the release of Ca2+ from the sarcoplasmic 

reticulum, which is then available for cross-bridge interaction. Release of Ca2+ increases 

force production until a saturation level is reached, at which no further increase in force 

occurs (Place et al., 2010). The force relationship to the firing frequency is approximately 

sigmoidal due to an upper limit in the capacity of the contractile machinery to cycle 

repeatedly to produce force. This relationship plateaus at high frequencies (e.g. ≥50Hz) 

(Edwards et al., 1977; Macefield et al., 1996; Binder-Macleod et al., 1998), which is 

underpinned by a saturated Ca2+-uptake from the myoplasm that results in maximal rate 

of cross-bridge interaction during muscle contraction (Gregory et al., 2007; Mettler & 

Griffin, 2010). For summation of twitch forces into a tetanic contraction, a range of ~20-
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50Hz is considered within the physiological range for muscle contractions. If the interval 

between action potentials is lower than this range, full relaxation (i.e. re-uptake of Ca2+ 

by the sarcoplasmic reticulum) of the muscle from the first potential(s) ensues and no 

summation in force occurs following subsequent potentials (Binder-Macleod & 

McDermond, 1992; MacIntosh & Willis, 2000). This will result in an unfused tetanic state 

of contraction.  

 

1.1.2 Muscle mechanics 

The mechanical interaction of the contractile machinery and passive-elastic framework 

of the muscle-tendon unit, to generate active and passive force respectively, permit the 

transduction of force into movement. At the sarcomere level, the cross-bridge interaction, 

where the thick (myosin) and thin (actin) protein complexes slide cyclically for muscle 

contraction, is considered responsible to produce active force (Huxley, 1957). To achieve 

this contraction or at passive states, the filamentous protein titin spans from the M-band 

to Z-band to provide structural stability and provision of passive-elastic force to the 

sarcomere (Herzog, 2018). At the muscle-tendon unit’s level, the interaction between 

contractile and passive elements has been schematised in the Hill’s three-component 

behavioural model. In this model, the contractile component represents the muscle’s 

capacity to contract and produce force, whilst the series and parallel elastic components 

represent the elasticity and stiffness, respectively, of all elastic elements of the muscle-

tendon unit that transfer the force generated (Hill, 1938). The structures associated with 

the latter components are the tendon, aponeurosis and extracellular matrix of connective 

tissue that surrounds the contractile machinery within muscle fibres (Gillies & Lieber, 

2011). Thus, tendons ultimately transduce the force generated by the muscle to the 

bones to produce a moment about a joint.  
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In addition to the level of activation during the excitation process and the muscle 

architecture, the active force produced is also related to the muscle’s length and velocity 

of contraction. Specifically, the force-length and force-velocity relationships are the 

mechanical properties that influence the muscle’s capacity to generate force.  

 

1.1.2.1 Force-length relationship 

Theoretically, at the sarcomere level, maximum force is achieved when the maximum 

number of myosin and actin filaments are overlapped to form cross-bridges, and this 

overlap varies as a function of changes in the sarcomere’s length (Gans, 1982; Rassier 

et al., 1999). The force-length relationship, which is based on in vitro single muscle fibre 

experiments, describes a parabolic curve with the resting length of the sarcomere being 

considered the original length. As the length of the sarcomere increases, so does the 

force production to mark the ascending limb of the curve where cross-bridge formation 

is progressively maximised. At the optimal length, and plateau of the curve, the force 

produced is constant and the changes in length are minimal providing maximum capacity 

for cross-bridge formation. If the sarcomere is lengthened further from this point, the 

force produced decreases as the filaments are placed further apart (Gans, 1982; Rassier 

et al., 1999; Maganaris, 2001). Nevertheless, when the sarcomere is lengthened further 

its optimal range for force production, the passive force increases exponentially due to 

the contribution of titin and other passive-elastic elements (Herzog, 2018). When 

considering the entire muscle, its operating range along this theoretical curve is based 

on its function to meet the demands placed on them.  

In vivo empiric identification of the optimal muscle-tendon length and operating range of 

a muscle or group of muscles on the theoretical sarcomeric force-length relationship is 

inferred by the curve describing the joint moment–angle relationship (Maganaris, 2001; 

Karamanidis & Arampatzis, 2005; De Monte & Arampatzis, 2009). As tendons insert into 
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the bone at a distance to the joint, the moment generated during muscle contraction 

causes the rotation of the bone about the joint to bring about movement. The 

perpendicular distance between the axis of rotation at the joint and the muscle-tendon 

unit’s insertion represents the internal moment arm. Given the difficulty to measure this 

internal moment arm, the joint moment–angle relationship considers instead the external 

moment arm, which is defined as the perpendicular distance between a joint and the line 

of force production. The torque produced (T=I•α, where I represents rotational inertia and 

α represents angular acceleration) reflects the sum of all the muscle moments acting 

about a joint and therefore the term ‘joint moment’ is commonly adopted. The magnitude 

of a joint moment is equal to the product of the force produced by the muscle-tendon unit 

and the external moment arm. Since the length of the muscle changes when the joint is 

positioned at different angles, the joint moment–angle relationship can be constructed 

as forces of different magnitudes will be produced at different joint angles. The joint 

moment–angle relationship has therefore served to identify the optimal operating range 

of muscle groups such as the plantarflexors (Maganaris, 2001; De Monte & Arampatzis, 

2009), dorsiflexors (Maganaris, 2001) and knee extensors (Karamanidis & Arampatzis, 

2005). For example, the tibialis anterior and soleus muscles operate on the ascending 

and plateau region of this curve (Maganaris, 2001), whereas the knee extensors operate 

around the curve‘s plateau region (Karamanidis & Arampatzis, 2005). 

 

1.1.2.2 Force-velocity relationship 

The force-velocity relationship describes the muscle-tendon unit’s capacity to produce 

force as a function of its velocity. Specifically, higher forces are produced at lower 

velocities and vice versa (Hill, 1938). In a similar fashion to the force-length relationship, 

the force-velocity has also been postulated to follow a theoretical basis of sarcomeric 

sliding filaments and kinetics of cross-bridge formation (Huxley, 1957). This would 

suggest that force production is reduced as fewer cross-bridges are formed at a high 
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velocity, or lower velocities allow the forming of a greater number of cross-bridges for 

force production. When considering the muscle’s behaviours during dynamic contraction, 

the force (or torque)-(angular) velocity follows a double-hyperbolic curve (sigmoidal 

pattern) that accounts for the concentric (shortening) and eccentric (lengthening) 

components of the performed movement (Reeves & Narici, 2003; Alcazar et al., 2019). 

This shape of the force-velocity curve may provide mechanical stability to the sarcomeric 

filament at high forces, in turn, it allows the muscle to remain nearly isometric within a 

larger range for force production. This means that muscles are able to withstand being 

overloaded whilst having a relative change in their length and thus be protected from 

injury (Alcazar et al., 2019). Given this capacity of muscles to tolerate high loads during 

eccentric contractions, eccentric resistance training is often considered a superior 

training mode to concentric loading for achieving hypertrophy. However, this is equivocal 

as both types of training have led to similar hypertrophic results (Franchi et al., 2017). 

The difference between the training modes appears to reside in the distinct mechanisms 

and adaptations that underlie the strengthening achieved, which appear to be contraction 

type-specific (Franchi et al., 2017). 

 

1.1.3 Adaptations to training and their assessment   

Training of muscle refers to the production of force via muscle contraction at regular time 

intervals and with the intention to evoke gains in strength, power, motor performance, 

and/or muscle hypertrophy. The neuromuscular system adapts in response to long-term 

exposure to training in order to meet the force production demands efficiently. 

Neurological adaptations of the neural input that drives muscle activation and the 

morphological adaptations of the target muscle can both contribute to the resultant 

increase in force-generation capacity. Nevertheless, the strength gains achieved due to 
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neurological adaptations precede those due to muscle hypertrophy, and will therefore be 

the focus of this thesis.  

Training first induces adaptive changes at the brain (Tadeu Serra et al., 2019) and spinal 

level (Gazula et al., 2004) that lead to a greater neural drive to the muscle and the ability 

to maximise its activation and produce force. Muscle activation is enhanced by training-

induced plasticity in the neuronal network presented as enhanced facilitation of synaptic 

processes and reduced inhibition at the primary motor cortex level and/or the spinal 

synaptic and descending pathways from the MN pool (Weier et al., 2012; Mason et al., 

2020; Siddique et al., 2020).  

Animal studies have noted that activity-dependent brain-derived neurotrophic factor is 

expressed in select areas of the brain (hippocampus and motor cortex; Tadeu Serra et 

al., 2019) and spinal cord (Gomez-Pinilla, 2002; Joseph et al., 2012) after training. This 

neurotrophic factor is considered an important precursor of neuroplasticity due to its role 

in neuroprotection (e.g. preservation of dendrites integrity after an insult to the system) 

and as an activator of protein synthesis signalling pathways for neuronal growth (Park & 

Poo, 2013; Tadeu Serra et al., 2019). At the spinal level, expression of brain-derived 

neurotrophic factor in MNs after training has been found (Gomez-Pinilla, 2002; Joseph 

et al., 2012) to potentially participate in inducing growth of the dendritic arbour (Gazula 

et al., 2004; Gardiner et al., 2006), or changes in other areas of the MN (e.g. soma, the 

initial segment of axon, axon; Gardiner et al., 2006). An increase in MN dendritic 

branches in response to training therefore affects MN excitability (Gazula et al., 2004; 

Gardiner, 2006), given the correlation between membrane resistivity and the size of the 

MN (Gardiner et al., 2006; Krutki et al., 2017). For example, increased firing rate, a 

steeper slope of the frequency-current relationship, increased input resistance and 

reduced rheobase were found in the MNs of rats following 5 weeks of resistance training 

(Krutki et al., 2017). However, training-induced changes in the MN morphology may be 

minimal (Gardiner et al., 2006), or have a more prominent role in neuroprotection (Gazula 
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et al., 2004). In humans, direct assessment of MN morphology or excitability is 

methodologically impossible, but electromyography (EMG) allows an indirect and 

minimally invasive assessment via MU behaviour. 

EMG is a widely used tool to record the summation of all the MU action potentials 

generated during a contraction. In combination with electrical stimulation, surface EMG 

can be used to discern adaptations occurring at the muscle or spinal level. Stimulating 

the peripheral nerve supplying a given muscle (or muscle group) results in the 

synchronised and time-locked depolarisation of MN axons, which evokes a compound 

muscle action potential (or Mwave) from all the innervated muscle fibres. Increasing the 

stimulation intensity to a supramaximal level ensures the activation of all MUs from the 

MN pool (Maffiuletti & Martin, 2001; Palmieri et al., 2004). The latency of the evoked 

Mwave depends on the distance from the stimulation site to the muscle (medial plantar 

nerve to AbH is ~7ms; James et al., 2018), and reflects the propagation integrity along 

the MN and/or muscle sarcolemma (Kouzaki et al., 2016; James et al., 2018). The 

amplitude and area of the Mwave are indicators of the electrogenic Na+-K+ transport across 

the sarcolemma and T tubules and indirectly reflect the number of MUs recruited and 

their level of synchronisation (Clausen, 2003). The Mwave area is the product of the 

amplitude and duration of the potential, and the latter changes as a function of the muscle 

fibres’ conduction velocity, where a slower conduction results in the broadening of the 

duration of the potential (Bigland-Ritchie et al., 1979; Merletti et al., 1990; Galea, 2001). 

Together, these parameters can be used to assess training adaptations in the peripheral 

excitability of a muscle.  

Indeed, changes in peripheral excitability have been previously found after training. 

Specifically, 7 weeks of elbow flexion MVCs resulted in an ~85% increase of the 

supramaximal Mwave amplitude evoked from the biceps brachii (Colson et al., 2009). A 

comparable increment of ~49% was also found following 7 weeks of NMES training of 

the same target muscle at a high intensity (60-70% MVC) (Colson et al., 2000). These 
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findings indicate that training, via voluntary or NMES-evoked contractions, results in 

more efficient membrane ionic and electrogenic processes, and thus increased 

peripheral excitability of the target muscle that ultimately contributes to the strength gains 

observed. 

Low-intensity NMES training has also elicited peripheral excitability adaptations. Indeed, 

a 20% increase of the supramaximal Mwave amplitude was observed in the soleus after a 

2-week NMES intervention delivered at low intensity (20% MVC) (Bouguetoch et al., 

2021). Again, this would indicate that the peripheral excitability of this muscle was 

increased and already evident following the short-term exposure to NMES.  An increase 

in the latency and area of the supramaximal Mwave has been found in AbH following a 

training session with NMES, indicative of reduced conductivity and excitability due to 

peripheral fatigue (James et al., 2018). These findings provide evidence that adaptations 

occurring at the peripheral level in response to training can be assessed in the intrinsic 

foot musculature via the evoked Mwave and its shape.  

As for adaptations in the spinal excitability, the amplitude of the Hoffmann or H-reflex is 

traditionally evaluated to provide an indication of the MN pool responsiveness at the 

spinal level following training (Knikou, 2008; McNeil et al., 2013; Siddique et al., 2020). 

For example, the H -reflex amplitude recorded at the soleus was found to increase by 

17% and 15%, measured respectively during 20% and 60% MVC, following three weeks 

of maximal plantarflexion resistance training (Holtermann et al., 2007). The H-reflex is 

often evoked at submaximal stimulation intensities and has a longer latency than the 

Mwave (Palmieri et al., 2004; Knikou, 2008; McNeil et al., 2013). Though the H-reflex can 

be obtained from the soleus at rest given its strong central modulation, a submaximal 

(often weak) voluntary contraction facilitates the discharge of the reflex and is 

recommended (Knikou, 2008; Burke, 2016). In the AbH muscle, the H-reflex is 

technically difficult to obtain even during voluntary contractions (Burke, 2016) and has 

been found absent in up to 25% of healthy older individuals (Versino et al., 2007). In 
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those from whom H-reflex can be obtained, it showed amplitudes of ~6mV and a latency 

of ~38ms when the stimulation is applied to the tibial nerve at the popliteal fossa (Ellrich 

et al., 1998; Versino et al., 2007), as recording it when stimulating at the medial plantar 

nerve is difficult (Versino et al., 2007). The number of studies recording the H-reflex from 

the intrinsic foot muscles is scarce and following training interventions have not been 

reported. Therefore, in contrast to evoking the Mwave, using the H-reflex for this muscle 

and quantifying spinal excitability adaptations is constrained.  

Peripheral muscle contractility and its adaptations in response to training interventions 

can be assessed from the twitch contraction subsequent to the evoked Mwave. This force 

response is recorded via dynamometry and provides an indication of the integrity of the 

excitation-contraction coupling, cross-bridge formation and relaxation processes (Fitts, 

1994; Rampichini et al., 2014). Specifically, its peak force reflects the number of strongly 

bound cross-bridges formed to produce the contraction (Fitts, 1994), and its half 

relaxation time represents the processes of Ca2+ re-uptake from the myoplasm and 

cross-bridge detachment (Hill et al., 2001). An increased peak twitch force has been 

reported for knee extensors (17%) after an 8-week maximal resistance training 

intervention (Rich & Cafarelli, 2000) and in the soleus (21%) after 2 weeks of low intensity 

(20% MVC) NMES training (Bouguetoch et al., 2021). Furthermore, acute adaptations in 

the half-relaxation time of AbH twitch force have been reported following ~30min of low 

intensity NMES (James et al., 2018), which shows a reduced excitation-contraction 

coupling and contractility of the muscle due to an impaired capacity for Ca2+ re-uptake 

(Hill et al., 2001). Therefore, assessing the evoked Mwave and the corresponding twitch 

force provides an indication of at least peripheral excitability and contractility training-

induced adaptations. 

The performance of an MVC is a standardised method for measuring strength 

adaptations after training. The maximum force (or its rotational equivalent: torque) 

measured during its performance represents the muscle’s capacity for force generation, 
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and changes in this capacity are attributable to morphological as well as neurological 

training-induced adaptations (Duchateau et al., 2006). In other words, increased 

excitability of the entire central nervous system to initiate the neural drive for activation 

of all MUs, as well as enhanced contractility of the muscle fibres, contribute to an 

augmented production of force in response to training (Scaglioni et al., 2002; Duchateau 

et al., 2006; Duchateau et al., 2021). However, performing the MVC of individual muscles 

can be difficult (Arinci Incel et al., 2003). This is particularly true for the intrinsic foot 

muscles, which most often have been assessed as a group and in combination with the 

extrinsic foot musculature (Soysa et al., 2012; Goldmann & Brüggemann, 2012; 

Yamauchi & Koyama, 2019ab). Attempts to isolate the force generated by a single 

muscle, e.g. AbH (Kelly et al., 2013) and flexor hallucis brevis (Aeles et al., 2020), have 

required extensive familiarisation and constant inspection of synergists activation via 

surface EMG to minimise their contribution (Aeles et al., 2020).  

The neurological adaptations contributing to the increased muscle ability for force 

production following training can be quantified by the interpolated twitch technique for 

assessing the voluntary activation during an MVC (Merton, 1954). During an MVC, a 

small percentage of the target muscle’s MN pool may not be sufficiently excited by the 

volitional command (Merton, 1954; Allen et al., 1995; Herbert & Gandevia, 1999). In 

order to ensure that all MUs are activated, a pair of electrical pulses (100Hz) can be 

delivered to the peripheral nerve or the corresponding end-plate nerve terminals of the 

muscle (motor point area) during the MVC (Belanger & McComas, 1981; Herbert & 

Gandevia, 1999; Oskouei et al., 2003; Shield & Zhou, 2004). As a result, an evoked 

twitch force is superimposed over the MVC force. A second set of paired stimuli delivered 

during rest represents the evoked twitch force when all MUs are activated by the 

stimulation alone (Shield & Zhou, 2004). Based on the amplitude of the interpolated 

twitch force, represented as a fraction of the resting twitch force, voluntary activation can 
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be quantified (Merton, 1954; Allen et al., 1995; Herbert & Gandevia, 1999; Shield & Zhou, 

2004).  

In summary, neurological adaptations are underpinned by changes occurring in the 

excitability of the central nervous system and MUs. The impact of an enhanced central 

drive and peripheral excitability to generate a muscle contraction and produce force can 

be indirectly assessed with the use of EMG. The combination of this technique with 

peripheral nerve stimulation provides a standardised method to assess the peripheral 

and spinal excitability through the electrically evoked action potentials, the Mwave and H-

reflex, respectively. When the Mwave is evoked at supramaximal intensity, the propagation 

efficiency along all MUs within a muscle, and the integrity of the ionic transport along the 

sarcolemma, can be assessed following a training intervention by measuring its latency, 

amplitude and area. For its part, the subsequent twitch force can be used to assess the 

peripheral contractility as it provides an indication of the excitation-contraction coupling. 

The MVC is regarded as a gold standard assessment of global training-induced 

adaptations, which includes both neurological and morphological adaptations. The MVC 

in combination with the interpolated twitch technique has been implemented to assess 

the voluntary activation, and discern the neurological capacity to drive muscle for 

contraction. However, the production of MVC force is not straightforward for all muscles 

specifically those with small size such as the intrinsic foot muscles.   

 

1.2 The intrinsic foot muscles 

The foot is a complex and versatile structure comprised of 28 bones, which along with 

its 107 ligaments, provide the framework to form 35 joints. The bones can be grouped 

into the tarsals, metatarsals, and phalanges (Fig. 1.2A). The joints formed can be 

considered in combination and grouped into the subtalar, transverse tarsal 

(calcaneocuboid and talonavicular joints), tarsometatarsal (cuneo- and cuboid-
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metatarsal joints), metatarsophalangeal, and interphalangeal joints (Fig. 1.2B) (Joseph, 

1954; Leardini et al., 2001; Lakin et al., 2001; Nester et al., 2002 Frimenko et al., 2012), 

which allow triaxial motion (Nester et al., 2014) with the exception of the interphalangeal 

joint, which allows only sagittal plane motion (Joseph, 1954). This multijointed and 

multiplanar structure, and the arches it forms with the plantar fascia, are controlled by 

the collective work of the foot muscles (McKeon et al., 2015). 

 

 

Figure 1.2. Representation of the bones of the foot (A; transverse plane, plantar view) 

and its joints (B; sagittal plane, medial view). Note that the calcaneocuboid and cuboid-

metatarsal joints are not shown in B. The illustrations presented in this figure were 

redrawn based on the work of Muscolino (2016).  

 

The muscles that control the foot complex can be grouped into intrinsic and extrinsic 

muscles. The intrinsic foot muscles originate and insert within the foot to actively stabilise 

and stiffen its multiple joints during static posture and locomotion demands (Kelly et al., 

2012; 2014, 2015; Farris et al., 2019). They are grouped into four layers based on their 
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superficiality (Fig. 1.3): the AbH, flexor digitorum brevis and abductor digiti minimi are 

within the first and most superficial layer; the second layer is made of the quadratus 

plantae and lumbricals; the third layer is composed of the flexor digiti minimi, adductor 

hallucis and flexor hallucis brevis; and the fourth and deepest layer is made of the plantar 

interossei, dorsal interossei and extensor digitorum brevis. The first and second layers 

run along the medial and lateral longitudinal arches, whilst the third and fourth do so in 

alignment with the anterior and posterior transverse arches of the foot (McKeon et al., 

2015). For their part, the extrinsic foot muscles originate above the ankle joint and act as 

global movers that work together with the intrinsic musculature to generate foot motion 

(McKeon et al., 2015). The specific contribution of the intrinsic foot muscles allows to 

control the deformation of the arches when the external load on the foot is increased 

(Kelly et al., 2012), thus providing stability during posture, and stiff metatarsophalangeal 

joints to push forward during locomotion (Kelly et al., 2015; Farris et al., 2019). When the 

intrinsic foot muscles are unable to provide stability because they are fatigued (Headlee 

et al., 2008) or their nerve supply has been interrupted (Fiolkowski et al., 2003), the 

functional integrity of the foot is impaired due to a consequent collapsed foot arch. In 

contrast, increased activation of these muscles prevents the deformation of the arch 

when the foot is under load (Kelly et al., 2012; 2014). However, interventions targeting 

these muscles to preserve their function are largely ignored (McKeon et al., 2015), which 

perhaps explains why their dysfunction is symptomatic to common foot pathologies 

(Stewart et al., 2013; Angin et al., 2014) and associated with lower limb over-use injuries 

(Zhang et al., 2019).  
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Figure 1.3. Representation of the intrinsic foot muscles redrawn based on the work from 

McKeon et al., (2015). Based on their superficiality, the intrinsic foot muscles are grouped 

into four layers: the first and most superficial layer includes the AbH (1), flexor digitorum 

brevis (2) and abductor digiti minimi (3); the second layer is made of the quadratus 

plantae (4; with insertion into the flexor digitorum tendon) and lumbricals (5); the third 

layer is composed of the flexor digiti minimi (6), adductor hallucis oblique (7a) and 

transverse (7b) heads, and flexor hallucis brevis (8); and the fourth and deepest layer is 

made of the plantar interossei (9), dorsal interossei (10) and extensor digitorum brevis 

(11). 

Given its size, function and location, the AbH is perhaps the most relevant intrinsic foot 

muscle. AbH has a larger size compared to other intrinsic foot muscles (Kura et al., 1997) 

and importantly, the muscle-tendon unit courses the medial aspect of the foot from the 

calcaneus to Hallux and therefore dynamically supports the medial longitudinal arch for 

posture (Kelly et al., 2012; 2014), and stiffens the forefoot (Farris et al., 2019) during 

locomotion.  
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1.2.1 Abductor Hallucis (AbH) 

1.2.1.1 AbH morphology 

AbH originates from three locations: the medial tubercle of the calcaneus, the flexor 

retinaculum and a few fibres from the plantar aponeurosis (Wong, 2007; Agawany & 

Meguid, 2010). Its tendon runs across and inferiorly to the first metatarsophalangeal joint 

(1MPJ) inserting at the proximal phalanx of the Hallux, though in some individuals the 

tendon splits to also insert at the joint and the medial sesamoid bone (Brenner, 1999). 

The origin and insertion location of the AbH tendon enables the simultaneous abduction 

and flexion of the Hallux in an oblique line of action. This is important to stabilise the 

metatarsophalangeal joint as it has the greatest range of motion of the foot joints 

permitting up to 60° dorsiflexion during the push-off phase of gait (Bojsen-Møller & 

Lamoreux, 1979), where it undergoes an estimated 86% body weight load (Jacob, 2001).  

Located within the superficial layer of the intrinsic foot muscles (Fig. 1.3), AbH is supplied 

by the medial plantar artery and innervated by a branch of the medial plantar nerve (Fig. 

1.4B). The corresponding motor-nerve ending zones are concentrated within an area 

(motor point area) that is located posterior and inferior to the navicular tuberosity (Choi 

et al., 2017). Correspondingly, the navicular tuberosity represents a reliable reference 

for the identification of the most excitable area for stimulation of this muscle (James et 

al., 2013; 2018). 
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Figure 1.4. A: Schematic representation of the connection of AbH to the central nervous 

system via efferent and afferent pathways. B: Representation of the AbH morphology 

with its complex fibre segmentation into AbH1 (unipennate and/or bipennate and/or 

multipennate), AbH2 (parallel and/or unipennate and/or bipennate) and AbH3 

(multipennate) based on the work from Kura et al., (1997) and Tosovic et al., (2012). A 

representation of the potential location of the motor-nerve ending zones (motor point 

area) of the medial plantar nerve is also shown (white circles) based on the work of Choi 

et al., (2017).  

AbH has the greatest volume (~15cm3) and the largest physiological cross-sectional area 

(6.7cm2) of all the intrinsic foot muscles (Kura et al., 1997), making it perhaps the 

strongest muscle within the foot. On average, it has a fibre length of ~2.3cm, and a 

muscle length ranging between 11.6cm and 14.3cm (Kura et al., 1997; Tosovic et al., 

2012). This equates to a low fibre-to-muscle length ratio (i.e. 0.2) (Kura et al., 1997; 

Tosovic et al., 2012), implying that AbH is a pennate muscle with its short muscle fibres 

at one or more angles to the line of force production. As a result, AbH has a 

morphological preference for maximising force production at the expense of contractile 

velocity (Kura et al., 1997). Indeed, having shorter fibres alongside each other results in 
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a greater pennation angle (~19° in AbH; Tosovic et al., 2012) and physiological cross-

sectional area, which increases its force generating capacity (Lieber and Bodine-Fowler, 

1993; Narici et al., 2016). This is further supported by its low number (~48) of MUs 

(Minetto et al., 2009; Johns & Fuglevand, 2011; Kelly et al., 2013), which are primarily of 

slow twitch type and have a relatively low firing frequency (i.e. 14Hz) (Širca et al., 1990; 

Kelly et al., 2013). Together, these muscle characteristics and morphological 

arrangement render AbH capable to produce relatively high forces for sustained periods 

of time when recruited to control the posture of the foot. 

AbH has a complex morphology (Fig.1.4B). Specifically, four distinct segments have 

been reported in this muscle, with each presenting a different architectural configuration: 

parallel, unipennate, bipennate and/or multipennate, rendering the muscle with an 

average of ~19° of pennation angle (Tosovic et al., 2012). This multi-segmented 

morphology is represented by the often-observed trapezoidal shape of AbH (Kura et al., 

1997; Agawany & Meguid, 2010; Tosovic et al., 2012). The multipennate segment is the 

most proximal and strongest (5.2cm2 of physiological cross-sectional area and lowest 

fibre-to-muscle length ratio), and largely represents the muscle’s overall force generating 

capacity (Tosovic et al., 2012). It may be mainly responsible for Hallux abduction while 

the other sections are perhaps more involved in producing stabilising forces for the foot 

arches (Tosovic et al., 2012).  

Having morphologically different sections within the same muscle may also lead to a 

non-uniform activation of its MUs for flexion and/or abduction of the Hallux (Tosovic et 

al., 2012) in order to directionally tune the force produced by its fibres. For example, 

Paton & Brown (1994) and Falla & Farina (2008) noted that different segments of the 

pectoralis major and trapezius muscle, respectively, were selectively activated to match 

the force production required for a given task. This may be explained by the different MU 

behaviour (recruitment and firing rate) available to control force, which has also been 

found to be muscle segment-dependent  (Falla & Farina, 2008). Accordingly, the different 
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segments of AbH may perhaps be activated selectively or in synchronisation in order to 

efficiently meet the force generation demands in the line of action required for a given 

motor task (abduction, flexion, or a combination of both) (Fig.1.4), however, this has not 

been investigated. 

 

1.2.1.2 AbH function 

AbH has been shown to have an important role in human posture and locomotion. During 

posture, this muscle provides support to the medial longitudinal arch of the foot (Wong, 

2007; Kelly et al., 2012; 2014, 2015; Kirby, 2017). For example, Kelly et al. (2012) 

demonstrated that the EMG activity of AbH increased in order to meet the change in 

postural demand from double to single limb support. In doing so, AbH is capable of 

controlling the deformation of the medial longitudinal arch as the load placed on the foot 

increases (Kelly et al., 2012, 2014). Indeed, in a subsequent study, Kelly et al. (2014) 

showed that the activation of AbH increased as the external load was progressively 

applied to the foot while participants were seated in order to deform the arch. They then 

went on to show that if sustained electrical stimulation was applied to the muscle whilst 

under load, the deformation of the arch, both in length and height, was significantly 

reduced due to the foot posture changes achieved by the evoked contraction. To further 

support the crucial role of AbH during static weight bearing stance, a collapsed medial 

longitudinal arch is found when this muscle has been fatigued (Headlee et al., 2008) or 

its supplying nerve blocked (Fiolkowski et al., 2003).  

During locomotion, AbH has an active role in exerting counteracting forces in order to 

stiffen the 1MPJ (Farris et al., 2019) as it provides a rigid forefoot to control the forward 

motion of the body (Miyazaki & Yamamoto, 1993; Rolian et al., 2009). Indeed, an 

increasing EMG activity of AbH was found from foot contact to toe-off during walking and 

running at different velocities (Kelly et al., 2015). Similarly, reduced moments about the 
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metatarsophalangeal joint during walking and running were found when the supplying 

nerve was blocked (Farris et al., 2019). This implies that the impaired function of the AbH 

resulted in a reduced stiffness of the joint and prevented the generation of moments for 

normal push-off. As a consequence, proximal joints such as the hip were required to 

increase the work produced in order to compensate for the reduced capacity of this 

muscle (Farris et al., 2019).  

Dysfunction in AbH is symptomatic in a number of lower-limb related pathologies. 

Particularly, a smaller morphology of this muscle has been found in individuals with pes 

planus (Angin et al., 2014; Zhang et al., 2019), lesser toe deformities (e.g. claw/hammer 

toes; Mickle et al., 2018), chronic plantar heel pain (Franettovich-Smith et al., 2019) and 

Hallux Valgus (Stewart et al., 2013; Aiyer et al., 2015). Hallux Valgus is a progressive 

forefoot deformity that results in the lateral deviation of the Hallux and a prominence that 

develops on the dorsomedial aspect of the first metatarsophalangeal joint; this is a highly 

prevalent condition which affects 23% of adult (18-65 years old) and 36% of elderly (>65 

years old) populations (Stewart et al., 2013). In people with Hallux Valgus, the AbH is 

atrophied and the reduction in its size increases by as much as ~20% with the severity 

of the deformation (Stewart et al., 2013) and ageing (Aiyer et al., 2015). The resulting 

deformed bony prominence at the medial aspect of the joint leads to the displacement of 

the insertion of the muscle leading to its inability to abduct the Hallux (Arinci İncel et al., 

2003; Stewart et al., 2013). Attempts to mitigate the effects of Hallux Valgus on the 

integrity of AbH have been made with, for example, the implementation of gross foot 

manoeuvres in combination with orthoses wearing (Kim et al., 2015). Nevertheless, 

these attempts are still limited in being able to target AbH in isolation and the muscle’s 

complex morphology. 
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1.2.1.3 Approaches for strengthening AbH 

A number of foot exercises exist to strengthen AbH. Specifically, the short foot exercise 

has been put forward to train AbH (Newsham, 2010; Lynn et al., 2012; Mulligan & Cook, 

2013; McKeon et al., 2015). It is performed by maintaining the forefoot and heel on the 

floor while simultaneously attempting to shorten the distance between the head of the 

1MPJ and heel, without flexing the toes. Similarly, the toes-spread-out has been 

advocated as a way to target the intrinsic musculature and the AbH in particular (Heo et 

al., 2011; Kim et al., 2013; Kim et al., 2015; Goo et al., 2016; Mortka et al., 2020). It is 

performed while the foot is on the floor and by first extending the toes, and subsequently 

abducting the fifth digit followed by the abduction of the Hallux (Kim et al., 2013). Other 

strengthening exercises for AbH are the toe-flexion manoeuvres against a resistance 

(Headlee et al., 2008; Goldmann & Brüggemann, 2012; Ridge et al., 2017; Yamauchi & 

Koyama, 2019ab), or the toe curls (Jung et al., 2011; Lynn et al., 2012; Chung et al., 

2016), which are performed by scrunching with the toes a towel placed underneath the 

foot. 

In healthy populations, the toes-spread out and the short foot exercises elicit greater AbH 

activation compared to the toe-curls and toe-flexion exercises. Using EMG, Jung et al. 

(2011) showed that the short foot exercise activated AbH to ~45% and ~73% MVC during 

sitting and single-leg standing, respectively, whereas the toe curls exercise activated the 

muscle only by ~10% and ~18% in each position. Also, increased EMG activity was 

found in AbH during gait following four weeks of either toes-spread-out exercises alone 

or in combination with gluteus maximums training. Specifically, a higher activation by 

~41% and ~46% MVC were measured at toe-off, respectively (Goo et al., 2016). In 

people with mild Hallux Valgus, the AbH EMG activity during toes-spread-out exercise 

was almost twice as higher than during short foot exercise (~90% vs ~44% MVC, 

respectively) (Kim et al., 2013). In a subsequent study, Kim et al. (2015)  compared, also 

in people with Hallux Valgus, the impact of wearing orthoses alone against wearing them 
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in combination with the toes-spread-out exercise following an 8-week intervention. They 

went on to show that the anatomical cross-sectional area of AbH was increased 

significantly by 24% (a 0.48cm2 increase) for the group that wore orthoses while 

completing an 8-week toes-spread-out exercise training, whereas no change in the 

morphology of this muscle was found in the group that only wore orthoses (Kim et al., 

2015). In addition, radiography showed a reduction of the Hallux Valgus angle by 19% 

(or ~3°), and by ~40% (6°) during active abduction (Kim et al., 2015).  

Despite the beneficial effect of these exercises, the inability of some individuals to 

activate AbH may hamper their strengthening capacity. The voluntary activation of this 

muscle is particularly difficult to ascertain in people with Hallux Valgus (Arinci İncel et al., 

2003) and often in healthy individuals (Boon & Harper, 2003; Knellwolf et al., 2019). The 

latter may be partly explained by the complex individual-specific morphology of this 

muscle, as discussed previously (see 1.2.1.1). Indeed, Tosovic et al. (2012) reported in 

their cadaveric study of 9 individuals that the multipennate segment of AbH was only 

present in 8 out of 12 studied specimens implying a potentially reduced ability for hallux 

abduction. In addition, the performance of these exercises often relies on contribution 

from the extrinsic musculature (Newsham, 2010; Lynn et al., 2012; McKeon et al., 2015; 

Yamauchi & Koyama, 2019b), which may mask the isolated contribution of AbH. For 

example, Yamauchi & Koyama, (2019b) measured the EMG of AbH during toe-flexion at 

different joint ankle angles (from 70° to 120° of plantarflexion) and found that its highest 

activation (at 120° plantarflexion) corresponded to only 41.1% of its maximal activation 

capacity. In contrast, the activation of the peroneus longus, gastrocnemius medialis, and 

soleus were ~84%, ~57% and 63% of their maximal capacities, respectively (Yamauchi 

& Koyama, 2019b). This suggests that the performance of the toe-flexion manoeuvre 

was mainly achieved by the activation of the larger and extrinsic muscles over the AbH. 

Being a superficial muscle, AbH is the ideal candidate for the application of NMES as a 

training modality that could overcome these difficulties. NMES has been successfully 
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used to evoke sustained contractions in AbH (Gaillet et al., 2004; Kelly et al., 2014; 

James et al., 2013; 2018; Shimoura et al., 2020) with James et al. (2018) demonstrating 

its potential effectiveness for muscle strengthening.  

 

1.3 Neuromuscular electrical stimulation 

The delivery of electrical stimulation to the skin surface overlying a supplying nerve or 

the motor point of muscle as the means to elicit muscle contraction is underpinned by 

the biophysical properties of the neuromuscular system. The resting membrane potential 

of motor axons is determined by the gradient between the intracellular and extracellular 

ionic concentrations of Na+, K+ and Cl-, where the resting potential conventionally 

equates to -70mV (Mortimer & Bhadra, 2015). Changes in this potential are regulated by 

the membrane’s permeability to the flux of Na+ and K+ ions through their respective 

transmembrane voltage-gated channels, and it is restored by the action of the Na+-K+ 

pump (Clausen, 2003). When electrical stimulation is applied, an electrical potential field 

is created that induces the influx of Na+. As a result, the outer space of the membrane 

underneath the cathode becomes more negatively charged as anions flow from cathode 

to anode, which repel the negatively charged ions against the outside of the membrane. 

This raises the resting potential; the intracellular space becomes more positively charged 

and an action potential is evoked when the membrane exceeds the depolarisation 

threshold  (see section 1.1.1). 

Three main approaches are used to evoke muscular contraction with electrical 

stimulation - transcutaneous electrical nerve stimulation, functional electrical stimulation 

and NMES (Doucet et al., 2012; Maffiuletti et al., 2011; 2018). Transcutaneous electrical 

nerve stimulation is mainly used to target low-threshold afferent nerve fibres in order to 

inhibit nociceptive transmission and thus manage pain perception with no evoked muscle 

contractions (Johnson et al., 2015). Functional electrical stimulation is applied to evoke 
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contractions from one or more muscles in a synergistic manner in order to perform a 

specific functional task (Howlett et al., 2015). NMES also evokes muscle contractions, 

but it does so with the aim of strengthening or preserving muscle mass and function 

(Jones et al., 2016).  

Similar to voluntary training, NMES can prevent muscle atrophy (Dirks et al., 2014) and 

promote morphological and neurological strength adaptations (Gondin et al., 2011; 

Gondin et al., 2005; Minetto et al., 2013). For this reason, it has been used by healthy 

and athletic populations (Filipovic et al., 2011) as a mode of training as well as a 

rehabilitative modality (Quittan et al., 2001; Talbot et al., 2003; Stevens et al., 2004; 

Stevens-Lapsley et al., 2012a; Maddocks et al., 2016) for a wide range of clinical 

populations, whose capacity to perform voluntary activity or generate repetitive volitional 

contractions is reduced. For example, NMES has been used in bedridden patients due 

to critical illness (Maffiuletti et al., 2013), in people with impaired pulmonary (Maddocks 

et al., 2016) or cardiac (Quittan et al., 2001) function and following surgery (Stevens et 

al., 2004; Stevens-Lapsley et al., 2012a). Correspondingly, the current consensus for the 

clinical populations, and within the context of impaired capacity to generate voluntary 

contractions, is that extended exposure to NMES is an effective rehabilitative modality 

that can prevent muscle atrophy (Maddocks et al., 2013; Jones et al., 2016). Importantly, 

the magnitude of the force produced during the evoked contractions represents the major 

determinant of NMES effectiveness (Maffiuletti et al., 2018).  

Muscle activation during NMES is fundamentally different to voluntary activation (see 

1.1.1). NMES recruits MUs in a spatially fixed manner and in a non-selective order, 

where the most superficially located MUs are recruited first rather than following the 

Henneman’ size principle (i.e. recruitment of MUs in a descending order of fatigue 

resistance) of voluntary actions (Bickel et al., 2011). As such, MU firing frequency is also 

different since the evoked action potentials are synchronised to each NMES pulse (Bickel 

et al., 2011). These differences impact the evoked force during muscle contraction, and 



33 

 

ultimately the effectiveness of this modality to induce strength gains (Maffiuletti, 2010; 

Barss et al., 2018; Maffiuletti et al., 2018).  

The ability to elicit NMES-induced strength adaptations depends largely on the electrical 

charge used. Indeed, there is a linear relationship between the magnitude of the evoked 

force and current intensity, where the higher the current applied, the greater the number 

of MUs recruited, and correspondingly the larger the area of muscle activated (Adams et 

al., 1993; Gorgey et al., 2009; Mesin et al., 2010; Bickel et al., 2011; Stevens-Lapsley, 

2012b). As a result, NMES has conventionally been applied in healthy individuals using 

the maximal tolerated current intensity (>50mA, 5-200mA range) or at an intensity 

capable to evoke contraction forces equivalent to ≥50% MVC (Filipovic et al., 2011; 

2012). In addition to high stimulus intensity, varying other stimulation parameters, such 

as relatively short pulse durations (≤0.4ms) and low frequencies (≤50Hz), have been 

traditionally implemented (Collins, 2007; Vanderthommen & Duchateau, 2007). Although 

concentrated attention has been given to these external stimulation parameters, the main 

driver of muscle strengthening is the level of evoked force with respect to the force-

generating capacity, which is in turn dependent on the tolerance of each individual (Alon 

& Smith, 2005; Vanderthommen & Duchateau, 2007; Maffiuletti et al., 2018). Tolerance 

depends on the perceived discomfort during the application of high intensity stimulation 

resulting from activation of nociceptor afferents in skin and/or muscle (Delitto et al., 

1992), of which there is a high concentration within the foot (Schmidt et al., 1997; 2002). 

Since the sense of discomfort can reduce considerably adherence and limit NMES 

effectiveness as a strength training for AbH, this thesis pays particular attention to 

ensuring tolerability in its application. 

An intuitive approach to reduce discomfort during electrical stimulation is to evoke 

muscle contractions by “mimicking” the voluntary activation of MUs (Bergquist et al., 

2011b; Barss et al., 2018), which involves the central nervous system in the production 

of force (Collins et al., 2001, 2002; Collins, 2007; Mang et al., 2010). The concentrated 
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effort in the last decade using a low intensity, wide-pulse and high-frequency 

neuromuscular electrical stimulation paradigm showed the production of greater forces 

accompanied by greater H-reflex amplitudes (Collins et al., 2001; Klakowicz et al. 2006; 

Lagerquist et al., 2009; Lagerquist & Collins, 2010; Bergquist et al. 2011a; Wegrzyk et 

al., 2015b; Vitry et al. 2019). The occurrence of this phenomenon has been ascribed to 

the contribution of the sensory volley that is modulated via enhanced depolarisation of 

sensory axons (Colllins, 2007). Such centrally-mediated contribution takes advantage of 

the lower rheobase (intensity) and wider chronaxie (pulse duration) of sensory with 

respect to motor axons (Mogyoros et al., 1996; Burke et al., 2001; Collins, 2007), which 

would lower the intensity used and thus improve tolerability (Bergquist et al., 2011b). 

This means that by reducing the intensity at which NMES is delivered, it has the potential 

to preferentially recruit sensory fibres as they have a lower excitation threshold. It has 

also been suggested that the combination of these parameters (i.e. wide pulse duration, 

low intensity) with high frequency may further benefit from the bistability of MNs allowing 

the occurrence of persistent inward currents (see 1.1.1) and evokes excitation in a 

greater number of MUs that can contribute to force production (Collins et al., 2001; Dean 

et al., 2007). Therefore, optimising the stimulation parameters to maximise force 

production while maintaining tolerability may be an efficacious way to strengthen muscle, 

and in this context AbH. 

 

1.3.1 Optimised NMES parameters and mode of delivery 

Biphasic and monophasic square-shaped (or rectangular) NMES waveforms are most 

often used (Merrill et al., 2005). During monophasic pulsing, a negative charge is applied 

to the stimulated tissue by each pulse whereas during biphasic pulsing, a negative 

followed by a positive charge is delivered, which respectively generates an action 

potential and reverses the electrochemical processes induced (Merrill et al., 2005). The 
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reversal of the induced processes reduces the risk of tissue damage by electrochemical 

by-products and hyperpolarisation that may occur after long-term delivery of monophasic 

pulses (Merrill et al., 2005). Due to these benefits and given the extended exposure to 

NMES during training, biphasic pulses have been preferentially used (~67% of studies 

since 1994; Fillipovic et al., 2011) to achieve muscle strength gains (Gondin et al., 2005; 

2006; 2011; Herrero et al., 2006; Colson et al., 2009; Mignardot et al., 2015; Kadri et al., 

2017; Di Filippo et al., 2017; Natsume et al., 2018; Mancinelli et al., 2019; Moran et al., 

2019; Langeard et al., 2021) compared to monophasic pulses (Jang & Seo, 2018; Vitry 

et al., 2019; Bouguetoch et al., 2021). However, the monophasic approach is considered 

more efficacious in evoking action potentials due to its unidirectional supply of negative 

charge and in preventing corrosion in the electrodes compared to biphasic pulses (Merrill 

et al., 2005). Hence, the studies carried out in the present thesis have implemented 

constant current NMES delivered using monophasic square-wave pulses.  

 

1.3.1.1 Mode of delivery 

NMES can be applied over the skin overlying the muscle belly or the peripheral nerve 

that supplies the target muscle. The selection between muscle and nerve mode of 

delivery largely depends on the superficiality of the target tissue since this influences the 

consistency in evoking a muscle contraction to produce force (Bergquist et al., 2011a). 

Superficial muscles such as the AbH are often more accessible than their supplying 

nerve. During muscle stimulation, the MUs closest to the skin surface are consistently 

recruited in a spatially-fixed manner and deeper MUs are progressively recruited when 

the intensity is increased (Adams et al., 1993; Farina et al., 2004; Mesin et al., 2010; 

Maffiuleti, 2010; Okuma et al., 2013). The recruitment of the same MUs at a given 

intensity puts this mode of stimulation at an advantage for evoking a more consistent 

and stable force during its application (Baldwin et al., 2006; Bergquist et al., 2012). In 
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contrast, nerve stimulation recruits MUs in a more evenly diffused pattern irrespective of 

the intensity (Okuma et al., 2013), which can lead to co-activation of muscles that share 

the same nerve supply (Place et al., 2010).  This may influence the consistency of force 

production (Baldwin et al., 2006; Bergquist et al., 2012) and also the effectiveness of the 

NMES application due to the activation of MUs of different activation thresholds.  

NMES is more commonly applied to the skin surface overlying the target muscle(s). The 

advantages of this approach are its accessibility to training (Baldwin et al., 2006; Gondin 

et al., 2005; 2011; Jones et al., 2016) and the ability to target the muscle’s motor point 

area, which can be identified to reduce the intensity required for contraction and optimise 

force production (Gobbo et al., 2014; James et al., 2018). Nevertheless, direct-muscle 

stimulation may cause premature fatigue of the target muscle due to repetitive activation 

of the same population of MUs superficial to the stimulated area (Gregory & Bickel, 2005; 

Bickel et al., 2011). Application of nerve stimulation for strengthening purposes is scarce, 

possibly because nerve stimulation can be more uncomfortable (Klakowicz et al., 2006; 

Place et al., 2010; Bergquist et al., 2012; Neyroud et al., 2018). A recent study by Vitry 

et al., (2019) showed that 5-week stimulation of the tibial nerve using low intensities 

increases force-generating capacity in the triceps surae, whilst minimising discomfort; 

whereas discomfort from nerve stimulation has been reported even during low intensity 

(Klakowicz et al., 2006; Bergquist et al., 2012; Neyroud et al., 2018). Nevertheless, the 

prevailing evidence points out that careful selection of the stimulation parameters can 

promote the contribution of central pathways to force production, prevent premature 

fatigability and lower the discomfort with either approach (Bergquist et al., 2011b).  

 

1.3.1.2 Current intensity and pulse duration 

The stimulation current intensity (mA) and pulse duration (ms) are inversely proportional 

to the strength (current intensity)-duration properties of the muscle or nerve subjected to 
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stimulation (Geddes, 2004). As the current intensity increases to achieve a threshold for 

membrane depolarisation, the required pulse duration decreases, and vice versa 

(Bostock et al., 1998). From this relationship, the excitability properties of different 

tissues, which are the rheobase and chronaxie, can be identified. Theoretically, the 

rheobase represents the minimal current intensity to depolarise a given tissue using a 

pulse of infinitely long duration (Burke et al., 2001). The chronaxie is defined as the pulse 

duration required to achieve depolarisation using a current intensity equivalent to twice 

the rheobase value (Burke et al., 2001). Experimentally, the intensity-duration curve is 

transformed to a charge (duration x intensity)-duration linear relationship, by means of 

the Weiss’s linear regression transformation,  to accurately identify these properties (Fig. 

1.5 A&B) (Mogyoros et al., 1996; Bostock et al., 1998).  
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Figure 1.5. Intensity–duration relationship (A) for motor (filled circles) and sensory 

(unfilled circles) axons in the median nerve of a single subject, plotted as stimulus charge 

(intensity × duration)-duration (B), as per Weiss’s linear regression transformation to 

determine chronaxie (from intercept on duration axis) and rheobase (from the slope of 

regression line). Reconstructed using data taken from Mogyoros et al., (1996). The 

force–frequency relationship in human skeletal muscle (filled circles for quadriceps; 

unfilled circles adductor pollicis) is presented in (C). Reconstructed using data taken from 

Edwards et al. (1977). The charge – duration plot in B shows the respective linear 

function y = b + mx for the motor and sensory axons, where the x-intercept corresponds 

to chronaxie, the slope (m) corresponds to rheobase and (b) represents the y-intercept. 

The chronaxie is determined by calculating the x-intercept from the linear regression 

equation, given y = 0. This is, the linear equation for motor and sensory axons are y=0.91 

+ 2.18x and y = 0.76 + 1.41x, respectively. So, if y = 0, then |x|=0.91/2.18=|x|=0.42 for 

motor, and |x|=0.76/1.41=|x|=0.54 for sensory axons. Therefore, the rheobase and 

chronaxie are equal to 2.18mA and 0.42ms, respectively, for motor axons, and to 1.41mA 

and 0.54ms for sensory axons. 

 

The current intensity used for NMES is often expressed as a percentage of the force 

produced by the target muscle or muscle group during an MVC (Maffiuletti et al., 2018). 

This approach relies on the premise that 100% of voluntary contraction is possible and 

therefore can be impractical in participants with an impaired capacity to voluntary activate 

their muscles. Other approaches such as the determination of the individual motor 

threshold (MT) (James et al., 2018; Maffiuletti et al., 2018) or the maximally tolerated 

intensity (Filipovic et al., 2011) have been also used. However, the latter approach can 

result in great variability of current intensities used for inducing strength gains ranging 

from 10 to 200mA (Filipovic et al., 2011). This can also depend on the population; for 

instance, an average of ~70mA (range 32-120mA) was reported as the maximum 
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tolerated intensity for the triceps surae of healthy individuals (Gondin et al., 2006), 

whereas only ~20mA was considered maximally tolerable in the elderly (Langeard et al., 

2021). In a similar way, healthy but sedentary individuals reported a maximally tolerated 

intensity at ~60mA compared to the ~80mA reported by active individuals when their 

quadriceps muscle group was being stimulated (Gondin et al., 2011). 

The use of low current intensities minimises antidromic block in motor axons, and in 

combination with wide pulse durations (≥0.5ms) allows the preferential activation of 

sensory axons, due to their lower rheobase, compared to motor axons (Fig. 1.5B) 

(Kiernan et al. 2004; Veale et al. al. 1973). Combined, these parameters (i.e. wide pulse 

and low intensity) allow the evoked action potentials to reach the spinal cord (Bergquist 

et al. 2011b; Dean et al. 2007). Indeed, when delivered at a high frequency, these 

parameters cause the extra-force phenomenon and achieved forces as high as ~40% 

MVC compared to a target force of around only 5% (Collins et al. 2001, 2002). 

Nevertheless, NMES for strengthening has been typically delivered at a high intensity 

(e.g. ~60% MVC force along with a narrow pulse duration of ~0.3ms; Filipovic et al., 

2011) or with a progressive increase of intensity, which results in the recruitment of more 

and deeper MUs, and therefore a higher force (Adams et al. 1993; Gorgey et al. 2006; 

Mesin et al., 2010; Bickel et al., 2011; Stevens-Lapsley, 2012b). Comparatively, low 

stimulation intensities (i.e. ≤40% MVC) have been implemented more rarely in healthy 

and athletic populations (Kadri et al., 2017; Natsume et al., 2018; (Jang & Seo, 2018; 

Bouguetoch et al., 2021) than high intensity protocols (i.e. >40% MVC) (Gondin et al., 

2005; 2006; 2011; Herrero et al., 2006; Colson et al., 2009; Mignardot et al., 2015; Di 

Filippo et al., 2017; Natsume et al., 2018; Mancinelli et al., 2019; Moran et al., 2019; 

Langeard et al., 2021). These currents have been primarily delivered using commercially 

available stimulators (Filipovic et al., 2011), which often means that the parameter 

selection is fixed or has limited space for modulation (Lake, 1992).  
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Pulse duration (or width) represents the time over which a single pulse is delivered. 

Traditionally, NMES interventions have often used short pulses (≤0.5ms) in both the 

healthy (~0.3ms, range: 0.2-0.4ms; Filipovic et al., 2011) and clinical (~0.4ms, range: 

0.2-0.7ms; Jones et al., 2016) populations. Following the intensity-duration relationship, 

increasing the pulse duration, which reduces the intensity required for activation, recruits 

a higher number of motor axons (Gorgey et al., 2006; Gorgey et al., 2008). For example, 

Gorgey et al. (2006) demonstrated that the evoked force via NMES increased 

significantly when a wide pulse (i.e. ~0.5ms) was used in comparison to pulses with a 

shorter duration (i.e. ~0.2ms). Furthermore, the evoked force was found to increase 

exponentially as the pulse duration was increased from 0.1ms to 0.6ms, potentially due 

to more efficient depolarisation of a higher number of MUs (Gregory et al., 2007). As 

previously mentioned, wider pulse durations would also increase the recruitment of 

sensory axons and force production with origin in the central nervous system.  

 

1.3.1.3 Pulse frequency 

According to the force-frequency relationship, the level of force production during NMES 

increases as the frequency at which the pulses are delivered increases (Edwards et al., 

1977; Binder-Macleod & McDermond, 1992; Gregory et al., 2007) by partly increasing 

the firing rate of MUs until it reaches saturation at ~50Hz (Fig. 1.5 C) (Edwards et al., 

1977). NMES has been conventionally delivered at a range of frequencies below 

saturation (i.e. 20-40Hz) in order to achieve a fused contraction that can be sustained 

for a long period of time and thus reduce fatigability (Fuglevand & Keen, 2003; Gorgey 

et al., 2009; Bergquist et al., 2011b; Doucet et al., 2012). This is because this range is 

within the physiological firing frequency of MUs during sustained contractions (i.e. 

<50Hz) (Del Vecchio et al., 2019). Force-generating capacity increments following 

interventions using low frequency stimulation can range from as low as ~9% (Talbot et 
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al., 2003) to as high as 47% (Moran et al., 2019). In order to reach maximal evoked 

forces, high frequencies (i.e. >50Hz) have also been used (Hainaut & Duchateau, 1992; 

Gregory et al., 2007; Dreibati et al., 2010). Interventions that have implemented high 

frequencies achieved an average of 20% increments in force-generating capacity 

(Gondin et al., 2005; 2006; 2011; Herrero et al., 2006; Colson et al., 2009; Mignardot et 

al., 2015; Kadri et al., 2017; Natsume et al., 2018; Mancinelli et al., 2019; Moran et al., 

2019; Langeard et al., 2021; Bouguetoch et al., 2021). 

The use of high frequencies is however associated with a rapid loss of force during 

stimulation (Gorgey et al., 2009; Grosprêtre et al., 2017; Wegrzyk et al., 2015a). This 

force loss has been observed to occur further in subsequent delivery of a number of 

trains of high frequency over a course of a session (Grosprêtre et al., 2017; Neyroud et 

al., 2014; Wegrzyk et al., 2015a). The associated mechanism with this force loss is an 

imbalanced ionic concentration within the muscle, where extracellular [Na+] is decreased 

or [K+] increased that ultimately impairs the initiation and transmission of the evoked 

action potentials (Jones et al., 1979; Jones, 1996). Other related mechanisms are an 

increased metabolic demand (Gorgey et al., 2009) and changes in excitability threshold 

that occurs in the motor efferents (Burke et al., 2001; Kiernan et al., 2004). The delivery 

of high-frequency trains may induce an imbalanced ionic distribution of Na+ and K+ 

across the motor efferents membrane, which in turn will activate the Na+/K+ pump and 

lead to axonal membrane hyperpolarisation (Burke et al., 2001). This hyperpolarisation 

results in a higher threshold for the excitation of the efferent membrane to secure 

transmission of the evoked action potentials. Consequently, a higher excitation threshold 

of the motor efferents would progressively reduce the number of the activated MUs to 

sustain the force production at this frequency (Papaiordanidou et al., 2014a; 

Papaiordanidou et al., 2014b; Matkowski et al., 2015; Martin et al., 2016).  

The use of alternating frequency may preserve high force production during the tetanic 

evoked contraction. Indeed, the studies of Binder-Macleod & Guerin (1990) and Jones 
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et al., (1979) showed, respectively, that reducing or alternating the frequency within the 

train produces lower force losses due to fatigue than using only high frequency. 

Specifically, interruption of a train of 80Hz targeting the adductor pollicis with brief low 

frequency trains rapidly offset the force loss trend observed (Jones et al., 1979). Recent 

studies have also used protocols interspersing high and low frequency NMES bursts 

within the train (e.g. 20-100-20Hz) and showed better retention of the force increase from 

the high frequency stimulus (Collins et al., 2001; 2002; Dean et al., 2007 Lagerquist et 

al., 2009; James et al., 2018). In addition, recent evidence by Espeit et al., (2021) showed 

that the extra-force phenomenon can also be observed during trains of 1ms pulses 

delivered at 20Hz, to a similar extent to that achieved by 100Hz trains, in the 

plantarflexors. This represents further support for the potential benefit of using an 

alternating frequency paradigm targeting AbH via muscle stimulation. 

Irrespective of the frequency used during prolonged/repetitive NMES however, force loss 

can occur as a result of the low-frequency fatigue phenomenon that is persistent for a 

prolonged period of time (e.g. hours) (Keeton & Binder-Macleod, 2006; Allen et al., 

2008). The characteristics of this phenomenon include an impaired muscle excitability 

that results in the transmission failure of the action potentials at the neuromuscular 

junction or across membrane T-tubules, a reduced release of Ca2+ from the sarcoplasmic 

reticulum by the action potential and/or decreased Ca2+ sensitivity of the myofibrils 

(Keeton & Binder-Macleod, 2006; Allen et al., 2008). This phenomenon is prevalent 

during low frequency stimulation in line with the sigmoidal shape of the force-frequency 

and force-myoplasmic [Ca2+] relationships, which indicate that a small change of [Ca2+] 

at the slope of the sigmoidal curve results in a large effect on force production (Allen et 

al., 2008; Place et al., 2010). In order to quantify low-frequency fatigue, the force evoked 

using low (e.g. 10 Hz) and high (e.g. 100Hz) have been compared in a low-to-high 

frequency ratio as a fatigue index (Keeton & Binder-Macleod, 2006; Verges et al., 2009).  
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1.3.1.4 Duty-cycle 

NMES is commonly delivered intermittently with stimulation trains separated with rest 

periods between them, where the duration of a train and the subsequent resting period 

represent an “on” and “off” cycle. In doing so, the evoked force can be preserved as the 

resting periods between trains allows the recovery of the MU’s resting state following 

each stimulating train (Boom et al., 1993; Dideriksen et al., 2015; Taylor et al., 2018), 

which in turn reduces the metabolic stress applied on the target muscle (Matheson et al., 

1997; Taylor et al., 2018). The duty-cycle used in an NMES intervention is expressed as 

a ratio or percentage of the “on” time relative to total time (on and off times) (Packman-

Braun, 1988; Herzig et al., 2015), where lower duty-cycles (e.g. 1:3 or 25%) preserve 

force to a greater extent than higher duty-cycles (e.g. 1:1 or 50%) (Holcomb, 2006; 

Packman-Braun, 1988; Rankin & Stokes, 1992; Matheson et al., 1997). Strengthening 

interventions for healthy individuals have often implemented a ~1:3 duty cycle using 

trains typically lasting 6s and separated by a 20s rest period (Maffiuletti et al., 2002; 

Gondin et al., 2005; Gondin et al., 2006; Jubeau et al., 2006; Gondin et al., 2011; Minetto 

et al., 2013; Grosset et al., 2014; Natsume et al., 2018; Letocart & Grosset, 2020). For 

use in clinical settings lower duty-cycles (i.e. 1:3 or 1:5) are considered more tolerable 

and are recommended (Talbot et al., 2003; Doucet et al., 2012; Herzig et al., 2015; 

Glaviano & Saliba, 2016).   

 

1.3.2 Evidence of muscle strengthening via low-intensity NMES 

Successful muscle strengthening has been achieved with low-intensity interventions with 

a median of ~20% (range 10-30%) MVC force increase (Table 1.1). Generally speaking, 

training regimes have lasted a median of 8 weeks (2-12 weeks), with 3 (3-7) weekly 

sessions, typically delivering paradigms of 25 trains (range: 15-40) with a duty cycle of 

~1:3 (1:1-1:7.5) equivalent to 7s ‘on’ (2-20s) and 15s ‘off’ (6-50s) and consisting of pulses 
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delivered at 50Hz (20-100Hz) with 0.4ms (0.3-1ms) duration (Quittan et al., 2001; Talbot 

et al., 2003; Maddocks et al., 2016; Kadri et al., 2017; Natsume et al., 2018; Vitry et al., 

2019; Bouguetoch et al., 2021).  

Specifically, the low-intensity protocols have evoked an increased capacity to generate 

force by an average of 13% in the knee extensors (Quittan et al., 2001; Talbot et al., 

2003; Maddocks et al., 2016; Kadri et al., 2017; Natsume et al., 2018), and by ~20% on 

the plantarflexors muscles (Vitry et al., 2019; Bouguetoch et al., 2021). Moreover, 

strength gains as high as 35.4% have been obtained in the knee flexors (Quittan et al., 

2001), and 26.7% in the plantarflexors (Vitry et al., 2019). Neurological adaptations 

induced by these protocols showed ~5% increments in voluntary activation of the 

plantarflexors (Vitry et al., 2019). These adaptations precede morphological adaptations, 

such as an increase of ~15% of the cross-sectional area of the thigh muscles (Quittan et 

al., 2001), and rectus femoris (Maddocks et al., 2016). The muscle thickness of the 

quadriceps was also found to increase by 5%, and the cross-sectional area of the vastus 

lateralis muscle fibres was reported to increase by 7% and 11%, for the fibre type I and 

II, respectively (Natsume et al., 2018). 
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Table 1.1. Strength gains (% MVC) achieved following low-intensity NMES protocols with their respective electrical parameters. 

KE: knee extensors; KF: knee flexors; TS: triceps surae. 

Authors 
Muscle 
(group) 

Participants 
Intensity 
(%MVC) 

Intensity 
(mA) 

Pulse 
duration 

(ms) 

Frequency 
(Hz) 

Trains 
On:Off 

(s) 
Duty-
cycle 

Strength 
(%MVC) 

Quittan et al., 
2001 

KE/KF Patients 25-30  0.7 50 225>450 2:6 1:3 23/35 

Talbot et al., 
2003 

KE Patients 22  0.3 50 15 10:50 1:5 9 

Maddocks et 
al., 2016 

KE Patients 15-25  0.35 50 50 
2:15; 
5:20; 
10:15 

1:7.5; 1:4; 
1:1.5 

14 

Kadri et al., 
2017 

KE Healthy 20  0.38 50 23 7:7 1:1 12 

Natsume et 
al., 2018 

KE Healthy 30  0.4 75 40 6.25:20 1:3.2 11 

Vitry et al., 
2019 

TS (nerve) Healthy 10 12 1.0 20/100 25 20:20 1:1 27/21 

Bouguetoch 
et al., 2021 

TS Healthy 20 10-45 0.5 80 40 6:6 1:1 11 
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1.3.3 Wide-pulse, high-frequency neuromuscular electrical stimulation (WPHF) 

In order to overcome the discomfort associated with the high intensities and the rapid 

fatigability associated with a spatially fixed recruitment of MUs during NMES, a wide 

pulse, high-frequency, low intensity paradigm has been proposed to maximise force 

production via centrally modulated pathways (Collins, 2007; Bergquist et al., 2011a), and 

has been shown to evoke acute peripheral adaptations in the AbH (James et al., 2018).  

In a series of acute exposure to this paradigm, Collins et al., (2001; 2002) showed that 

force produced during the course of the train increased by up to 40% of MVC, but this 

increase in force production was removed when the nerve supplying the target muscle 

(i.e. tibialis anterior; triceps surae) was blocked (Lagerquist et al., 2009); thus suggesting 

a central origin for force enhancement. Higher forces using this paradigm in comparison 

to more conventional ones (e.g. narrow pulses and lower frequencies) have also been 

later reported (Collins, 2007; Bergquist et al., 2011a; Wegrzyk et al., 2015b; Neyroud et 

al., 2018); presenting this paradigm as more advantageous for engaging the central 

nervous system.  

The evidence for the activation of afferent pathways through the application of this 

paradigm and the corresponding activation of MUs in a more physiological and 

asynchronous manner to produce force (Collins, 2007; Dideriksen et al., 2015) is drawn 

from EMG studies. For example, the asynchronous MU activity with respect to the pulses 

delivered has been used as a proxy for centrally mediated force production (Dean et al., 

2014) following WPHF stimulation (Bergquist et al., 2011b). Indeed, a ~50% increase in 

asynchronous EMG activity was measured between pulses from a 20Hz burst that came 

immediately after a high frequency burst delivered to the triceps surae via muscle and 

nerve (Bergquist et al, 2011b). Furthermore, Donnelly et al., (2020) demonstrated that 

this EMG activity was inhibited when the stimulation was preceded by high-frequency 

transcutaneous nerve stimulation, as the latter potentially increased spinal inhibition, 
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which would thus support the central origin of force during WPHF. In addition, an 

increase in H-reflex amplitude was recorded after the delivery of a WPHF train or burst 

within a train (Baldwin et al., 2006; Collins, 2007; Bergquist et al., 2011b; Bergquist et 

al., 2012; Grosprêtre et al., 2017), as well as a post-activation depression following a 

session of a number of trains has been observed (Grosprêtre et al., 2017; Grosprêtre et 

al., 2018; Gueugneau et al., 2017; Wegrzyk et al., 2015a). Together, these results 

support the notion of the spinal contribution to the evoked force, which is enhanced by 

the use of this paradigm.  

The force augmentation during WPHF NMES is likely due to post-tetanic potentiation 

(PTP) via central and peripheral mechanisms (Baldwin et al., 2006). Peripherally, WPHF 

NMES can cause force to summate and increase in a non-linear manner as a result of 

increased myoplasmic [Ca2+] availability and increased myofibrillar sensitivity to Ca2+ 

(Allen et al., 2008; Frigon et al., 2011; Cheng et al., 2017). Centrally, the augmented 

extra-force phenomenon may be underpinned by mechanisms including evoked 

persistent inward currents (Collins et al., 2001, 2002; Baldwin et al., 2006; Dean et al., 

2007), excitatory post-synaptic potentials (Dean et al., 2007) and temporal summation 

of subthreshold excitatory postsynaptic potentials of afferents (Dideriksen et al., 2015). 

A combination of these proposed mechanisms may contribute to the potentiation in force 

observed during NMES delivered at a high frequency.  

Only two studies have implemented this paradigm for training in a longitudinal manner 

however, and their results are inconclusive. Specifically, Neyroud et al., (2019) targeted 

the plantarflexor muscles with 10x20s-trains (40s off; 1:2 duty cycle) of 1ms-pulses 

delivered at a constant frequency of 100Hz, and an intensity equivalent to ~5% MVC for 

3 weeks (3 weekly sessions). However, only an increase in the evoked force during 

stimulation was found and no other neurological or morphological changes were induced. 

In contrast, Vitry et al., (2019) stimulated the tibial nerve to target the plantarflexors using 

25x20s (20s off; 1:1 duty cycle) trains of 1ms pulses delivered at either 20Hz or 100Hz, 
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and an intensity of 10% MVC for a 5-week period (3 weekly sessions). The authors 

registered a significant increase of ~23% (26.7% for 100Hz; and 20.7% for 20Hz trains) 

in MVC force and ~5% (5.7% and 4.9% for 100Hz and 20Hz, respectively) in voluntary 

activation. In addition, they showed that the H-reflex and motor evoked potential 

amplitudes only increased after 100Hz trains.  

Although both studies have implemented a WPHF paradigm, they have used different 

approaches. The latter study stimulated the nerve rather than muscle, and importantly, 

they did so at almost double the intensity. The intervention also included a higher number 

of trains and was implemented for a longer period of time (5 vs 3 weeks). In addition, the 

neurological adaptations after using 100Hz trains reported by Vitry et al., (2019) are 

expected based on what has been previously reported in acute nerve stimulation studies 

(see 1.3.1.3) but the scarcity of other longitudinal studies limits this agreement. What 

both of these studies demonstrate is that the selection of stimulation mode and 

parameters for an optimised paradigm for force production using low intensity requires 

further consideration. 

As demonstrated by Vitry et al., (2019) there is virtue in using low frequencies for 

strengthening purposes. However, nerve stimulation has been shown to be almost twice 

as much uncomfortable as muscle stimulation (Neyroud et al., 2018), and therefore may 

reduce its utility. Recent evidence by Espeit et al., (2021) showed that the extra-force 

phenomenon can also be observed during trains of 1ms pulses delivered at 20Hz when 

delivered to the plantarflexors via muscle stimulation, which as discussed previously 

would indicate the benefit of using an alternating frequency pattern. Furthermore, the 

application of NMES independently of the intensity used, whether it is low (~20% MVC) 

or high (~60% MVC) can provide the sufficient stimulus to the central nervous system 

and muscle structure to induce adaptations that collectively contribute to the strength 

gains achieved for force production. Therefore, this training modality represents a 

potential solution for training AbH and overcoming its associated complexities with the 
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inability for voluntary activation. However, more clarity is required for the optimal 

paradigm to be used when targeting this muscle and therefore, this thesis will optimise 

the NMES paradigm (intensity, frequency, and duty-cycle) to strengthen AbH whilst 

maintaining the tolerability and effectiveness of its application. 
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2.0 General methods 

This section presents the methods that are common to the subsequent chapters. First, 

the calibration and validation of the system to accurately capture the forces relevant to 

AbH are presented (section 2.1). Next, the optimisation of the procedures for targeted 

direct-muscle NMES of AbH is described (section 2.2). This is followed by a description 

of the experimental set-up and then an investigation into the optimal Hallux positioning 

for force production. Then, optimisation procedures for peripheral nerve stimulation 

(PNS) of the medial plantar nerve are described. This includes the description of the 

performance measures derived from the PNS-evoked responses, which will be used to 

assess the excitability and contractility of AbH. Finally, the results from the evaluation of 

the repeatability of these performance measures are reported. 

The implementation of bespoke techniques, specific information concerning participants, 

ethical approval, study design, and statistical analyses will be presented in the respective 

experimental chapters. All procedures were conducted at London South Bank University.  

  

2.1 Assessment of force production: validation and calibration of an uni-axial 

strain gauge transducer 

The following describes a sequence of pilot procedures undertaken to establish a 

calibrated and validated system that enables the accurate measurement of the forces 

evoked from AbH.  

2.1.1 Is a tri-axial force transducer necessary for recording the force produced by AbH? 

Aim 

To establish the contribution of the vertical component (|FZ|) to the resultant twitch force 

(|FR|) evoked by supramaximal PNS of the medial plantar nerve.  
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Methods  

Four healthy participants (1F, 3M; mean±SD: 25.3±3.2 years, 76.0±10.9kg, 1.8±0.1m) 

were invited for this single-session study, following familiarisation. The AbH twitch force 

from the left foot was measured via a tri-axial force transducer (range: 0-50N, Applied 

Measurements Ltd, UK; sampling frequency: 1000Hz in each direction) in response to 

five 500µs single square-wave pulses, separated by 10s and delivered to the medial 

plantar nerve at supramaximal intensity (see section 2.4). The pulses were delivered by 

a constant-current stimulator (DS7A, Digitimer, UK), which was synchronised with the 

force data through an analogue to digital convertor (range: ±10V, Power1401-3, 

Cambridge Electronic Design Ltd., UK) and imported into Spike2 software (v7.12, CED 

Ltd., UK) for analysis. Participants remained seated throughout the procedures in the 

experimental apparatus (see section 2.3) with their Hallux suspended from the force 

transducer in slight dorsiflexion.  

The peak of the resultant force |FR| along with each of the three orthogonal forces 

(vertical |FZ|, medio-lateral |FY| and anteroposterior |FX|) evoked by each pulse were 

averaged across the five pulses. The orthogonal forces were then expressed as a 

relative (%) contribution to |FR|. Only descriptive statistics are presented here.  

Results 

The population mean (±SD) |FR| evoked from supramaximal PNS was 3.2±1.5N of which 

92.5% (range: 85.6-98.8%) - equivalent to 3.1±1.5N, was captured in |FZ| (Table 2.1). 

Only 5.0% (0.5±0.3N) and 2.5% (0.40±0.32N) were captured along the |FY| and |FX| axes, 

respectively. 

Table 2.1. Individual and population (n=4) mean (±SD) of the resultant and orthogonal 

twitch forces (N) evoked by supramaximal PNS. The orthogonal forces are reported 

relative (%) to |FR|. 
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Interpretation  

This study revealed an average contribution to |FR| of 92.5% (3.1N), 5.0% (0.5N) and 

2.5% (0.4N) along the |FZ|, |FY| and |FX| axes, respectively. These findings were 

surprising as they indicate that the peak twitch force evoked from AbH via PNS occurs 

mainly along the |FZ| component with only 5% of total force representing Hallux abduction 

(|FY|). A radiating effect of the stimulus on m. flexor digitorum brevis and m. flexor hallucis 

brevis during PNS may perhaps be responsible for this greater flexion movement, as 

previously suggested by James et al., (2018). However, the population average of the 

peak twitch force found here is comparatively lower than reported by James et al., (2018) 

(4.3±1.6N) using an uni-axial force transducer. Specifically, the mean peak twitch force 

(n=4) investigated here is 3.2N but it is variable between participants, with the lowest 

force recorded being 1N (Table 2.1). As a result, the use of the tri-axial transducer over 

a uni-axial remains unjustified, and thus, an investigation is warranted to ensure that the 

discrepancy between studies and the low and variable forces reported here are not of 

mechanical origin. In addition, the low magnitude of forces recorded in response to PNS 

in this study and James et al., (2018) highlight the force range that is relevant for AbH 

and therefore if an uni-axial force transducer is to be used in future experimental studies, 

it should be calibrated in accordance to this range. Addressing these concerns will be 

the focus of the following pilot work. 
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2.1.2 Does a uni-axial and tri-axial force transducer record the same force output for a 

given input? 

Aim  

To simultaneously compare the force recordings of a uni-axial and tri-axial force 

transducer in response to a given input.  

Methods  

No human participation was necessary for this study. A uni-axial (F250) force transducer 

(range: 0-250N; RDP Electronics Ltd., UK; sampling frequency: 1000Hz) was firmly 

attached to the tri-axial (F50) force transducer for simultaneous capture of the output (V) 

to a given input (N) with the signals from both transducers synchronously digitised into 

Spike2 software via the analogue to digital converter (see 2.1.1). For F250, the voltage 

into force conversion was done using a standard (to laboratory) scale/offset configuration 

of y=24.826x -3.998, where 1V elicits 20.83N (Force (N)=(24.826 * Input (V)) -3.998). In 

the case of F50, the scale/offset (factory) configuration for the X, Y and Z axes were: 

y=5.0002x -0.0038, y=5.001x -0.0038 and y=4.9985x +0.0047, respectively, where 1V 

in one direction elicits 5N. The input used for this study was a “1kg” free-weight 

(measured as 9.6N, therefore an actual mass of 0.98kg; used as a representative force 

value evoked from AbH during NMES) which was suspended from both force 

transducers (Fig. 2.1) for 50s. After removing the weight, a period with no weight was 

recorded for baseline evaluation and subsequent correction of the force recorded. Only 

one attempt was captured from which the corrected mean force (N) was measured from 

a 5s window at the mid-portion of the 50s of weight suspension for each transducer. The 

corrected forces were then used to calculate the percentage difference (∆%) between 

the measurements produced by the two transducers with the following equation: ∆% =

(
𝐹50−𝐹250

𝐹250
) ∗ 100. 
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Figure 2.1. Experimental set-up for simultaneous measurement of the voltage output 

from the loaded (9.6N) tri-axial (F50) and uni-axial (F250) force transducers. 

 

Results  

The F250 recorded a mean force of 10.1N, whereas F50 recorded 9.9N. This represents 

a 1.7% variance between the transducers.  

 

Interpretation 

This finding suggests that the difference of 25.6% between the measured forces in 

section 2.1.1 (3.2 ± 1.5N) and those found by James et al, (2018) (4.3 ± 1.6N) cannot be 

attributed to a mechanical difference. The variance of 1.7% in the force recordings 
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between both transducers may instead be due to their respective ranges and prior 

calibration. For example, a force of 10.1N represents ~4% of the uni-axial transducer’s 

full range capacity (250N), and it is possible that the calibration is not concentrated 

around the region corresponding to stimulation-evoked AbH force production (~0-10N). 

Therefore, the next stage of pilot work aimed to re-calibrate the uni-axial force transducer 

to capture forces that are relevant to AbH.  

 

2.1.3 Calibration of the uni-axial force transducer 

Aim 

To adjust the scale/offset configuration of the uni-axial force transducer and ensure an 

adequate resolution for recording the low-level forces produced by AbH during NMES 

and PNS. 

 

 

Methods 

No human participation was necessary for this study. The standard (laboratory; linear) 

scale/offset configuration for the uni-axial transducer (see 2.1.2) was y= 24.826x -

3.0998. During focused (to the anticipated physiological range of forces) calibration 

testing, the sampling configuration set within Spike2 acquisition software to collect the 

analogue input data via the analogue-to-digital converter (see 2.1.1) was set to a scale= 

1, and offset = 0. The voltage elicited from the loaded uni-axial force transducer was 

sampled at 500 Hz. A series of free-weights in the range of 0.2-44.5% of the transducer’s 

full capacity (0.5, 1.0, 2.0, 3.0, 4.1, 6.1, 11.0, 16.1, 25.0, 37.8, 61.7, 111.2N) were 

suspended from the transducer (in a similar fashion as depicted in Fig. 2.1). A stepwise 
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addition of weight commenced following a 30s baseline period of no weight. Each load 

was suspended for ~30s and the respective mean voltage calculated within a 3s window 

at the mid-portion of the suspension. Once 111.2N had been achieved, the weights were 

successively removed completing an ascending-descending stepwise voltage profile. 

The output voltage was recorded against the input (N) for each stage of the profile and 

linear regression analysis was performed in order to obtain the slope (scale), y-intercept 

(offset) and coefficient of determination (R2) of the regression line.  

To validate the resolution of the obtained scale/offset configuration, a given (simulated) 

force (N) was first converted, based on the ranges of the force transducer (250N) and 

analogue-to-digital converter (10V), into output voltage (𝑂𝑢𝑡𝑝𝑢𝑡 (𝑉) =
𝐺𝑖𝑣𝑒𝑛 𝑓𝑜𝑟𝑐𝑒 (𝑁) 

250 (𝑁)
∗

10 (𝑉)). This voltage value was then inputted into the focused calibration configuration 

equation to calculate the expected force (N) to be elicited by the converted voltage. The 

simulated forces used for this were arbitrarily chosen and ranged between 2.9 to 235N 

(i.e. 2.9, 3.7, 4.3, 10, 30, 60, 100, 150, 200 and 235N), with the value of 4.3N used as a 

relevant force based on the evoked twitch force from AbH reported by James et al. 

(2018). The expected force (N) and the given force (N) were then used to calculate the 

relative (
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑓𝑜𝑟𝑐𝑒 (𝑁)−𝐺𝑖𝑣𝑒𝑛 𝑓𝑜𝑟𝑐𝑒 (𝑁) 

𝐺𝑖𝑣𝑒𝑛 𝑓𝑜𝑟𝑐𝑒 (𝑁)
∗ 100) and absolute (𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑓𝑜𝑟𝑐𝑒 (𝑁) −

𝐺𝑖𝑣𝑒𝑛 𝑓𝑜𝑟𝑐𝑒 (𝑁)) errors of the calibration. Finally, the relative (%) and absolute (N) errors 

between expected and given force using the focused and standard scale/offset 

configurations were plotted for comparison. 

 Results  

The focused scale/offset configuration and coefficient of determination after calibration 

of the uni-axial transducer was y= 24.673x + 0.1121; R2 =1 (Fig. 2.2A). The relative error 

(%) between the simulated and expected forces ranged from 0.2 to 2.6% within the 

simulated range of 2.9 to 235N. The simulated force of 4.3N (James et al., 2018) 

produced a relative error of 1.3% (Fig. 2.2C, circled). For its part, the absolute error 
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ranged between 0.1 and 3.0N across the simulated range, with an absolute error of 0.1N 

at the simulated force of 4.3N (Fig. 2.2B, circled). In contrast, the relative error between 

the simulated and expected force using the standard calibration was large (~10 to110%) 

in the lower regions of simulated force, which progressively increased in accuracy at 50N 

and thereafter to full capacity (Fig. 2.2D). At a simulated force of 4.3N specifically, the 

corresponding errors were 72.8% (Fig 2.2D, circled) and 3.1N, respectively.  

 

 

 

Figure 2.2. A: Slope (scale: 24.673), y-intercept (offset: 0.1121) and coefficient of 

determination (R2=1) for the focused calibration configuration for the uni-axial force 

transducer. B: Absolute (N) and C: relative (%) errors between the given (simulated) 
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forces and the forces recorded using the calibration configuration obtained in A. D: The 

relative error (%) between the given (simulated) forces and the forces derived using the 

standard calibration configuration (James et al., 2018). The corresponding errors to the 

simulated force value representative of AbH (based on James et al., 2018) are circled 

and their comparison illustrates the improved accuracy of the focused (C) compared to 

standard (D) calibration.   

 

Interpretation 

The focused calibration of the uni-axial force transducer demonstrated low error across 

the range of simulated forces, unlike when the standard (laboratory) calibration is used. 

To illustrate this, a value of 4.3N was used as a representative force (James et al., 2018). 

The focused calibration configuration returns a value of 4.4N and a relative error of 1.3% 

(circled point in Fig. 2.2C). In contrast, the standard calibration equation returns a value 

of 1.2N and a relative error of 72.8%. These findings indicate that the standard calibration 

procedure does not produce sufficient accuracy of input-output conversion at low force 

levels (0-50N) and may have influenced the results of section 2.1.2. Therefore, the 

results reported in the previous section are now revisited. The revised F250 mean force 

in response to the given input of 9.6N now equates to 10.0N, which reduces its relative 

error of measurement with F50 (9.9N) to 1%. In other words, the focused scale/offset 

configuration validated in this study increased the similarity between the forces recorded 

by F250 and F50 transducers. 

In summary, a systematic approach was taken to establish a calibrated and validated 

system for measurement of the forces produced by AbH contraction evoked either via 

electrical stimulation (section 2.1) or voluntarily (Chapter 5). First, it was revealed that 

92% of the peak twitch force evoked from AbH by means of PNS occurs along the vertical 

(|FZ|) component (section 2.1.1). Then, the accuracy of force measurement was shown 
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to improve significantly if calibration by a focused range rather than by a standard linearly 

incremental procedure is conducted (sections 2.1.2 and 2.1.3), and thus either force 

transducer can be used to measure the forces evoked from AbH confidently. Therefore, 

the uni-axial force transducer was used subsequently (unless otherwise stated) due to 

its flexibility for Hallux positioning at the optimal 1MPJ angle in the sagittal plane and for 

representing a vertical line of force (see section 2.3.2).  

 

2.2 Method implemented for direct-muscle electrical stimulation (for training) 

Delivering NMES directly to AbH as a percentage of the muscle’s maximum capacity is 

problematic (Chapter 5), as is delivering it at maximally-tolerated intensity (section 1.3.1). 

One alternative is to normalise the stimulation current intensity to the muscle’s MT. To 

do this accurately, the location of the AbH motor point needs to be first identified and the 

MT for the intended frequency of the training NMES determined. This section provides a 

description of the protocols implemented to optimise the delivery of NMES to AbH. 

 

2.2.1 AbH motor point location 

The motor point of a target muscle represents the skin surface area overlying the motor 

end-plates of a muscle, where the branches of the motor axons connect to the 

sarcolemma of the muscle fibres (location of ACh receptors). When stimulated at the 

motor point the muscle is readily depolarised, and the largest mechanical response can 

be evoked compared to other regions (non-motor point) of the skin overlying the muscle 

using the same stimulus intensity (Mandrile et al., 2003; Gobbo et al., 2014). The location 

of motor point prior to the delivery of NMES is therefore essential in order to reduce both 

the associated discomfort, which is often produced due to depolarisation of pain-

conducting afferent axons, and the intensity required to depolarise motor axons to 
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achieve a forceful sustained contraction (Gobbo et al., 2011). The motor point location 

of AbH was therefore optimised at the commencement of every session that required 

NMES. This procedure was preceded by cleansing of the skin surface area overlying the 

AbH muscle belly and the 1MPJ with alcohol wipes (2% chlorhexidine gluconate in 70% 

isopropyl alcohol; Clinell, GAMA Healthcare Ltd, UK) in order to improve surface 

electrode-skin contact.  

The motor point location procedure consisted of firstly drawing a 7x4cm matrix on the 

overlying skin of AbH muscle belly (James et al., 2018), which maps a total of 28 probing 

points 1cm equidistant and where the navicular tuberosity serves as the reference point 

(Fig. 2.3A). Then, participants were seated in the testing apparatus with their Hallux 

suspended in dorsal flexion (see section 2.3) from a uni-axial force transducer sampling 

at 500Hz. Next, a single square-wave (500µs) electrical pulse was systematically 

delivered at each of the probing points at a standard current intensity of 10mA through a 

custom-made pen-type cathode (Fig. 2.3A) using the constant-current stimulator (see 

section 2.1.1) which was digitally synchronised with the force data via the analogue-to-

digital converter (see section 2.1.1) and imported into Spike2 acquisition software. A 

hypoallergenic surface electrode (79mm2 uptake area; Ambu WhiteSensor WS, Ambu 

A/S, Denmark) acting as an anode was positioned over the 1MPJ to close the electrical 

loop (Fig. 2.3A). Consistent pressure, guided by feel and skin deformation, was applied 

to every point of the matrix, and a random ~5s period was kept between stimuli in order 

to avoid habituation. The point of the matrix resulting in the largest evoked twitch force 

was identified as the motor point of AbH (James et al., 2018), and an adhesive surface 

electrode (79mm2 uptake area; Ambu WhiteSensor WS, Ambu A/S, Denmark) was 

subsequently positioned over this point area to act as cathode (Fig. 2.3B). The common 

location of motor point was 1cm posterior and 3cm inferior to NT.  
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Figure 2.3.  A: The 7x4cm matrix is drawn over the medial side of the foot with the 

navicular tuberosity (circled) as a reference point. A total of 28 points, 1cm equidistant, 

are systematically probed for motor point identification with a custom-made pen-type 

cathode electrode while an anode is positioned over the 1MPJ. B: A surface electrode 

is fixed over the matrix point identified as motor point for NMES.  

 

2.2.2 AbH motor threshold (MT) determination 

The MT of AbH was defined as the minimum stimulus current intensity required to evoke 

a twitch force (James et al., 2018). First and unless specified in respective chapters, five 

1ms pulses were delivered to the previously identified motor point at 100Hz. The current 

intensity delivered was increased linearly in a stepwise manner in 0.5mA increments, 

with a starting current intensity of 0.5mA and random ~5s gaps between consecutive 

pulses to reduce electrical habituation and potentiation of the twitch force. This intensity 

was increased until a fused and visible twitch force was recorded that exceeded the 

baseline force by 2SD, which was measured from the signal within a 1s window and 1.5s 

prior to stimulation onset. A study investigating the repeatability of this procedure (MT 

determination) and motor point location is now presented.   
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2.2.3 Between-day repeatability analysis of motor point location and threshold 

Aim  

To establish the repeatability of motor point location and MT determination between 

days.  

Methods  

The motor point and MT of AbH in the left foot of eight healthy participants (7M/1F, 

mean±SD: 21.5±2.4 years, 75.6±13.5kg, 1.7±0.1m) were assessed on five different 

days. They were positioned in the experimental set-up as outlined in section 2.3, but on 

this occasion with the Hallux suspended from the uni-axial force transducer (sampling 

frequency: 500Hz) in slight dorsal flexion, enough to allow the flat surface of a manual 

goniometer to pass between the foot supporting surface and the Hallux. The NMES 

current intensity (mA) attained at MT was assessed to establish the between-day 

repeatability of AbH MT. In four of these participants (4M, 22.8±2.6 years, 78.3±18.2kg, 

1.7±0.0m), a 3-dimensional motion capture system of three optical cameras (Oqus-3+, 

Qualisys AB, Sweden), sampling at 30Hz, was used to assess the repeatability of motor 

point location. Since motor point location depends on the accuracy of navicular tuberosity 

identification, the vector joining 2 x 4mm passive skin-mounted reflective markers 

positioned on the navicular tuberosity and mid-portion of the Hallux toenail was taken as 

an index for motor point repeatability, and calculated using the camera system’s 

proprietary software (QTM, Qualisys AB, Sweden). The between-day repeatability of 

these measures was evaluated by calculating the intraclass correlation coefficient (ICC) 

(SPSS v.21, IBM, USA) with a two-way mixed effects model for single measurement 

ICC[3,1], where an ICC of <0.50, 0.50-0.75, 0.75-0.90 and >0.90 was considered poor, 

moderate, good and excellent repeatability, respectively (Koo & Li, 2016). Variability was 

measured by calculating the Coefficient of Variation (%): (𝐶𝑜𝑉 (%) =

(
𝑆𝐷

𝑀𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒
) × 100). 
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Results 

The between-day repeatability of motor point location (n=4) was excellent (ICC[3,1]=0.98) 

with a variability ranging between CoV=0.4-1.4%. The between-day repeatability of MT 

determination (n=8) was good (ICC[3,1]=0.81) with a variability ranging between 5.2-

22.4%.  

Table 2.2. Mean (± SD) and CoV for motor point (MP) location (n=4) based on the 

distance (mm) between the markers placed on the navicular tuberosity and Hallux, and 

MT determination (mA; n=8). ICCs[3,1] demonstrate the repeatability in the measurements 

between testing sessions.  

                     

 

Interpretation  

The motor point allocation of AbH is important in order to optimise the delivery of NMES. 

This section established a robust protocol for optimisation of NMES delivery to AbH. The 

results from the application of this protocol give confidence that the location of motor 

point can be identified consistently between-days, from which the MT can be identified 

with good repeatability (Table 2.2.).  

 

In addition to identifying the motor point and MT as intrinsic muscle properties of 

importance, the force produced by AbH may also be influenced by muscle-joint 
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interactions about the ankle and forefoot. The next section will focus on the positioning 

of the ankle joint and the Hallux with respect to the testing apparatus in order to optimise 

the force produced by AbH. 

 

2.3 Experimental set-up 

This section introduces the testing apparatus used throughout the experimental chapters 

and documents the steps taken to optimise the Hallux position for force production. 

 

2.3.1 Testing apparatus 

Participants were seated and fastened in a custom-built testing apparatus. This testing 

apparatus, illustrated in Figure 2.4A, incorporates an inbuilt foot-supporting platform from 

which a force transducer can be suspended above the Hallux.  

The foot was secured firmly at the ankle joint and forefoot to minimise movement during 

data collection (Fig. 2.4A). The ankle joint was positioned at 35º of plantar flexion from 

its neutral 0º position. At this specific joint angle, the extrinsic foot muscles are at 

mechanical disadvantage to produce force based on their joint moment–angle 

relationship (Goldmann & Brüggemann, 2012). The joint moment—angle relationship 

serves as a geometric proxy for the force-length relationship curve which is used to 

identify the optimal length for a muscle to produce force (Maganaris, 2001). Positioning 

the ankle joint at 35º of plantar flexion shortens the length of the extrinsic hallux flexor 

muscle - flexor hallucis longus, and its contribution to the force produced at 1MPJ is 

reduced in favour of isolating the force output due to activation of intrinsic hallux flexor 

muscles (eg, AbH). The positioning of the 1MPJ would also change the length of AbH, 

especially when the Hallux is suspended from the uni-axial force transducer (unless 
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specified). Therefore, investigating the optimal 1MPJ angle for AbH force production is 

warranted and will be the focus of the next section.   

 

2.3.2 Identification of the optimum 1MPJ angle for AbH force production 

Aim 

This study was undertaken to identify the optimal 1MPJ angle for AbH force generation. 

The objectives of this study were: i) to investigate whether the force generation of AbH 

can be assessed in vivo using NMES in combination with dynamometry and at different 

muscle-tendon lengths achieved by varying the 1MPJ angle; and ii) to assess how the 

NMES-induced contractions impact on the 1MPJ axis of rotation and corresponding 

moment arm.  

Methods 

Sixteen healthy volunteers (12M/4F, mean ± SD: 25.6±5.8 years, 78.8±13.7 kg, 1.7±0.1 

m) provided written informed consent to participate in the present study which was 

approved by the local ethics committee (SAS1806a). Participants visited the laboratory 

for a familiarisation visit and one main testing session. The familiarisation visit included 

motor point location and MT determination (see sections 2.2.1 and 2.2.2, respectively) 

for optimal delivery of NMES to AbH. The procedures performed for MT determination in 

this study were akin to those described in section 2.2.2 with the only difference of the 

use of the five (1ms) pulses at 20Hz frequency instead of 100Hz. This was done to 

determine the current intensity of the stimulus in accordance with the low-frequency 

trains that would be delivered during the main session. In the main session, motor point 

and MT were first verified, then a 7s train of 1ms pulses was delivered to AbH at low-

frequency (20Hz) and an intensity of 150% MT (James et al., 2018) in the following 1MPJ 

sagittal plane angle configurations: neutral (0°) and 5°, 10°, 15° and 20° dorsal flexion. 
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The force generated in response to stimulation delivered at the neutral position was 

always measured first. Thereafter, the testing order of the remaining 4 joint 

configurations (5°- 20°) was determined by a Latin-square design randomisation.   

Participants were positioned in the testing apparatus. A polymer gel support covered 

their left Hallux, which was suspended from the uni-axial force transducer (sampling 

frequency: 500Hz) through a semi-rigid thermoplastic cable fixed around the proximal 

phalanx, immediately distal to the 1MPJ (Fig. 2.4). Then, a system of five optical-based 

cameras (Oqus-3+, Qualisys AB, Sweden) was used to track the locations of 4mm 

passive skin-mounted reflective markers attached to the navicular tuberosity, the anode 

overlying 1MPJ (see section 2.2), and the interphalangeal joint of the Hallux (Fig. 2.4B). 

Tracking started after the positioning of each 1MPJ configuration and continued 

throughout each 7s train of electrical stimulation.  

Two markers placed in series on the vertical rigid shaft of the force transducer described 

the force line of pull (Fig. 2.4B). The perpendicular distance between the line of pull and 

the 1MPJ axis of rotation represented the external moment arm (r). The force and raw 

marker positions (50Hz) were synchronously recorded through the analogue to digital 

convertor (see section 2.1.1) and imported using Spike2 acquisition software for 

analysis. Waveforms corresponding to 1MPJ angle (°), the external moment arm (m), 

and the recorded force were smoothed using a moving average function with a time 

constant of 0.1s. Then, the external joint moment evoked at each 1MPJ configuration 

was calculated using the equation: 

M = F • r (sin 𝜃) 

where  represents the sagittal plane angle formed by the line projected to the floor from 

markers d and e (Fig. 2.4B) and the horizontal distance from 1MPJ to the line of pull.  
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Figure 2.4. Experimental set-up and foot-hallux arrangement. A: Participant position on 

the custom-built apparatus with the left foot fixed to the foot platform and the ankle 

positioned at 35° plantarflexion. The arrows indicate the parts of the apparatus that are 

adjustable. B: Sagittal plane view of the experimental foot in the neutral configuration 

(0°): the Hallux is suspended from the uniaxial force transducer, and retro-reflective 

markers are placed at the: navicular tuberosity (a); first metatarsophalangeal joint (1MPJ, 

b); interphalangeal joint (c); and the proximal (d) and distal (e) shaft of the uniaxial force 

transducer. r represents the external moment arm length calculated as the perpendicular 

distance from the 1MPJ to the force line of pull (tan-1 (
∆y

∆x
)  from markers d & e) along the 

x-axis. C: The experimental foot positioned in 10° 1MPJ dorsal flexion with respect to 

the neutral configuration (0°). D: Coronal plane view of the foot and Hallux arrangement. 

The anteroposterior axis of 1MPJ coincides with the end of the foot platform to achieve 

Hallux suspension from the uni-axial force transducer.  

 



68 

 

To assess the effect of sustained AbH contraction (evoked via NMES) on 1MPJ axis of 

rotation, the maximal force and average values of the joint angle, and corresponding 

external moment arm were calculated (within a 3s window) prior to (relaxed) and 1s into 

(contracted) each 7s-stimulation train for each 1MPJ configuration. The maximal external 

joint moment (N•m) was calculated twice for each 1MPJ configuration: using the external 

moment arm during the contracted condition (corrected joint moment), and during the 

relaxed condition (uncorrected joint moment).  

Individual values (n=16) for 1MPJ angle and moment arm were normally distributed 

(Shapiro-Wilk, SPSS v.21, IBM, USA); therefore, a two-way repeated measures ANOVA, 

with condition (relaxed vs contracted) and 1MPJ configuration (0°, 5°, 10°, 15°, 20°) as 

the within-subject factors, was performed to assess for main and interaction effects of 

condition with effect size (η2). Multiple comparisons were made using a Bonferroni 

correction factor and statistical significances were accepted when p≤0.05.  

Individual values (n=16) for the external joint moments were not normally distributed, 

even following Log transformation; therefore, non-parametric Wilcoxon sign-rank tests 

were performed to compare the uncorrected vs corrected joint moments at the 

corresponding 1MPJ configuration. Statistical significance was accepted when p≤0.01 to 

account for the multiple comparisons. The corrected external joint moments were 

analysed using a Friedman test, followed again by Wilcoxon Signed-Rank tests to assess 

for an optimal 1MPJ configuration for force production. Statistical significance of 

differences was accepted when p≤0.01. 

Results 

The population average electrical stimulation intensity at 150% MT was 4.8 ± 2.2mA.  

Significant interaction (p<0.001; η2=0.73) and main effects of condition (p<0.001; 

η2=0.86) and joint configuration (p<0.001; η2=0.99) were found for 1MPJ angle (Fig. 

2.5A). Post-hoc tests identified significantly different 1MPJ dorsal flexion between the 
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relaxed and contracted conditions at all investigated 1MPJ configurations except at 20° 

of dorsal flexion.  

 

 

Figure 2.5. Population average (mean±SD, n = 16) responses for A: 1MPJ angle (°) 

during relaxed and contracted conditions; B: the external moment arm (m) during relaxed 

and contracted conditions; C: the corrected external joint flexion moment (N•m) at each 

1MPJ angle configuration (x-error bars reflect the standard deviation values from y-axis 

in panel A; and D: comparison of the uncorrected (filled circles) vs corrected (unfilled 

circles) external joint moments. a indicates significantly different to 0°; b- significantly 

different to 5°; * - significantly different at p≤0.05 level; ** - significantly different at p≤0.01 

level; † - significantly different between conditions at the respective 1MPJ configuration 

at p≤0.001 level. 
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The change in joint angle resulted in a significant difference (p<0.001; η2=0.83, main 

effect of condition) in the external moment arm between relaxed and contracted 

conditions (Fig. 2.5B). Specifically, during contraction, the moment arm increased on 

average by up to 2mm. Therefore, the corrected external joint moment was significantly 

greater than the uncorrected joint moment at all investigated 1MPJ configurations (all 

p≤0.001) (Table 2.3 for population mean moments; Fig. 2.5D for moment–angle 

relationship).  

A significant main effect of 1MPJ configuration was found in the corrected external 1MPJ 

joint moment–angle relationship (p<0.01), which fits a parabolic-like curve (Fig. 2.5C). 

The external joint moments at 10° and 15° 1MPJ dorsal flexion were significantly higher 

compared to 0° (both p<0.01) and 5° (p<0.01, p<0.05, respectively), but not 20° (Table 

2.3, Fig. 2.5C). The external joint moment at 20° 1MPJ dorsal flexion was significantly 

higher than 0° (p<0.05). 

 

Table 2.3. Population average (mean ± SD, n=16) uncorrected vs corrected external 

joint moments (N•m) at each 1MPJ angle configuration. † - significantly different to the 

respective uncorrected joint moment at p≤0.001 level; a - significantly different to the 

corrected joint moment at 0°; b - significantly different to the corrected joint moment at 5°; 

* - significantly different at p≤0.05 level; ** - significantly different at p≤0.01level. 
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Interpretation 

The findings of this study suggest that the relationship between the force produced by 

AbH in response to direct-muscle NMES and the configuration of the 1MPJ follows a 

parabolic curve, and the highest 1MPJ moment is produced when positioned between 

10° and 15° in Hallux dorsal flexion. In addition, a new method using NMES and 

dynamometry has been presented here for the assessment of AbH force generating 

capacity. An inherent cautionary note with this approach is an ensuing underestimation 

of the resulting joint moment due to a change in the 1MPJ moment arm as a result of 

joint rotation caused by sustained AbH contraction. This underestimation should be 

corrected to represent an accurate joint moment produced by AbH about 1MPJ.  

Up to this point, the validity and scalability of the thesis’s main techniques for data 

collection have been verified; the procedure and repeatability of NMES delivery 

documented, and the experimental set up presented. The following section reports how 

the PNS technique was implemented in the study to evaluate the performance/efficacy 

of NMES delivery.  

 

2.4 Method implemented for peripheral nerve stimulation (for assessment) 

PNS of the medial plantar nerve combined with surface EMG allows recording of the 

Mwave of AbH resulting from the depolarisation of its supplying motor axons beneath the 

stimulating electrode. As a result of the evoked excitation of the MUs a muscle 

contraction then ensues, which is recordable through a force transducer. Muscle 

excitability and contractility properties of AbH can therefore be assessed using this 

method. A description of the methodological protocols implemented to optimise PNS of 

the medial plantar nerve is given in this section.   
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2.4.1 Identification of medial plantar nerve location 

Prior to location of the medial plantar nerve, the skin surface overlying AbH and posterior 

to the medial malleolus was prepared to reduce the skin impedance and improve the 

electrode-skin interface contact. For this, the skin surface was shaved (when necessary), 

abraded with clinical sandpaper (3MTM Red DotTM, 3M UK PLC) and abrasive gel 

(NuPrep, Weaver and Co., CA, USA), and finally cleansed with alcohol wipes.  

Then, a bi-polar EMG sensor (1 mm width, 10 mm pole spacing; CMRR> 80 dB; model 

DE2.1, DelSys Inc., USA) was positioned on the skin surface overlying AbH and distal 

to the cathode fixed at the motor point of AbH (Fig. 2.4B). A ground electrode (8cm2 

uptake area; Dermatrode, American Imex, CA, USA) was placed over the medial 

malleolus to reduce the interference of the power line and biological background noise 

in the EMG signal (Fig. 2.6). The quality of the EMG signal was confirmed when its root 

mean square amplitude was less than 10µV (within the range recommended by DelSys 

Inc., USA; De Luca, 1997), measured over a ~5s window, 5s after a voluntary 

contraction. The signal (sampling frequency: 2000Hz) was then amplified to a factor of 

100 and band-pass filtered at the main amplifier unit (20-450Hz bandwidth; Bagnoli-8, 

DelSys Inc., Boston, MA). 

Identification of the optimal location for medial plantar nerve stimulation was performed 

in a similar manner as identification of AbH motor point (see section 2.2.1). A 5x5 matrix 

of 0.5cm equidistant points was drawn posterior to the medial malleolus, the centre of 

the malleolus served as reference to draw the first row which was aligned to the 

transverse section of the lower leg (Fig. 2.6A). Then a single square-wave pulse (1ms) 

at a standard intensity of 10mA was delivered to each point of the matrix using the 

custom-made pen-type cathode (Fig. 2.6A) with an anode electrode (8cm2 uptake area; 

Dermatrode, American Imex, CA, USA) attached over the lateral malleolus. The peak-

to-peak amplitude (mV) of the evoked Mwave corresponding to each matrix point (if any) 
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was monitored and the point revealing the highest amplitude represented the optimal 

location for PNS of the medial plantar nerve. An adhesive cathode electrode (79mm2 

uptake area; Ambu WhiteSensor WS, Ambu A/S, Denmark) was then fixed over this skin 

area (Fig. 2.6B).  

 

 

 

Figure 2.6. Foot-hallux arrangement for peripheral nerve stimulation (PNS). A: A 5x5cm 

matrix was drawn over the skin posterior to the medial malleolus for optimal medial 

plantar nerve location using a pen-type cathode. The first row of the matrix was aligned 

with the transverse section of the lower leg using the centre of the malleolus as a 

reference point. B: Positioning of an adhesive surface electrode on the optimised medial 

plantar nerve location for PNS. The anode electrode is positioned on the lateral malleolus 

and is not visible in this figure.  

 

2.4.2 Maximum compound muscle action potential (Mwave) 

The supramaximal intensity for PNS of the medial plantar nerve was determined through 

the performance of an input-output response (recruitment) curve at the beginning of each 

session (Fig. 2.7A). Single square-wave (1ms) pulses at increasing current intensities in 

increments of 1mA, starting at 1mA, were delivered to the nerve until a well-defined Mwave 
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(clear depolarisation-hyperpolarisation profile) was recorded; upon which, three stimuli - 

5s apart were delivered at each intensity thereafter. Maximum Mwave (Mmax) was defined 

as saturation in its peak-to-peak amplitude despite increasing stimulation current 

intensity. The current intensity was then multiplied by 130% (Mmax130) to compute 

supramaximal PNS intensity (James et al., 2018) to ensure complete activation of the 

MU pool innervating AbH.  

 

 

Figure 2.7. A: A fully constructed recruitment curve (sinusoidal shape) based on the 

amplitude of the Mwave to reveal Mmax130. B: Exemplar of the Mmax130 with its corresponding 

excitability parameters: latency (ms), peak-to-peak amplitude (mV) and terminal phase 

area (TP; mV•ms) shaded in grey. The preceding stimulus artefact is shown as a dotted 
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waveform. C: Exemplar of a twitch force evoked by a single pulse at Mmax130 intensity 

with its respective contractility parameters: peak twitch amplitude (pTw; N) and half 

relaxation time (HRT; ms). D: Twitch forces (mean of three stimuli) evoked by a single 

pulse (light grey), paired stimuli at 10Hz (dark grey) and 100Hz (black) at Mmax130 

intensity. The fourth trace (dashed black line) represents the potentiated T2100Hz force, 

which was obtained by digitally subtracting the force evoked during a single pulse from 

that of a doublet at 100Hz.  

 

2.4.3 Performance measures associated with PNS 

The peripheral excitability of AbH and processes underlying its capacity to contract can 

be assessed by parameters derived from the PNS-evoked Mmax130 and its corresponding 

twitch force, respectively.  

 

2.4.3.1 Mmax130 (muscle excitability) evoked by PNS 

Excitability is the property that reflects the capacity of a muscle to respond to a stimulus. 

When PNS is implemented at supramaximal currents, the stimulus propagates along the 

axon in the orthodromic direction towards the neuromuscular junction. Then, the 

compound muscle action potential propagates in opposite directions from the 

neuromuscular junction along the muscle fibre sarcolemma until it dissipates along the 

fibre-ends. The amplitude of the excitation propagation reflects the electrogenic Na+-K+ 

transport across the sarcolemma and T tubules (Clausen, 2003). If the amplitude of the 

excitation is high, Mmax130 conduction velocity decreases (increased conduction time) 

(Merletti et al., 1990) in turn broadening the duration of the potential (Bigland-Ritchie et 

al., 1979).  
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In this thesis, muscle excitability is assessed through the following parameters of the 

Mmax130 evoked in AbH by single pulse PNS (Fig. 2.7B): i) latency (ms), calculated as the 

time between stimulus onset and the beginning of the first positive phase; ii) amplitude 

(mV), calculated from the peak of the first positive phase to the peak of the negative 

phase, and iii) terminal phase area (TP; mV•ms), corresponding to the area between the 

horizontal threshold line (set at baseline ± 2SD) and the last positive phase of the 

waveform.  

 

2.4.3.2 Twitch Force (muscle contractility) evoked by PNS 

The contractility of AbH can be assessed through the evoked twitch force following 

Mmax130. This is because the parameters derived from this mechanical response 

represent the continuum of events consisting of excitation-contraction coupling, muscle 

contraction and relaxation processes. Specifically, the peak twitch force (pTw) reflects 

the number of strongly bound cross-bridges formed to produce the contraction (Fitts, 

1994), whilst the half relaxation time (HRT) of the twitch force represents the processes 

of Ca2+ re-uptake from the myoplasm and cross-bridge detachment (Hill et al., 2001). In 

this thesis, the pTw (N) was measured with respect to baseline; and the HRT (ms) was 

measured from the descending force profile in relation to the time concurring between 

pTw to the point equivalent to 50% of the ascending force profile (Fig. 2.7C). 

In addition to single pulse evoked twitch force, paired stimuli were also delivered to 

investigate the effect of NMES exposure (specific to each subsequent chapter) on AbH’s 

contractility and the potential induction of potentiation. For this, three stimuli (for paired 

pulses) were delivered pre- and post- NMES. The delivery of paired stimuli, i.e. two 

closely spaced pulses, results in an augmented twitch force response. Each of the pulses 

from paired stimuli is considered to evoke a different response: the first pulse evokes an 

unconditioned twitch force, equivalent to a single pulse response; and the second pulse 
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evokes a potentiated twitch force (T2) (Yan et al., 1993; Verges et al., 2009). The second 

pulse potentiates the force evoked by the first pulse in a non-linear fashion (Duchateau 

& Hainaut, 1986; Karu et al., 1995) and it is not due to the recruitment of additional 

muscle fibres by the second pulse since the evoked Mmax130 response for each pulse are 

equivalent (Duchateau and Hainaut, 1986; Karu et al., 1995). Rather, the mechanisms 

responsible for this twitch force potentiation are likely to be due to additional Ca2+ 

released from the sarcoplasmic reticulum into the myoplasm in response to the second 

pulse, and the concomitant prolongation of myoplasmic [Ca2+] available for binding to 

troponin C (Cheng et al., 2013; Bakker et al., 2017). These mechanisms which describe 

cross-bridge formation for force generation during a paired stimuli are affected by the 

previous activation history of muscle (Binder-Macleod & Kesar, 2005; Allen et al., 2008); 

therefore, T2 from the paired stimuli delivered at 100Hz (T2100Hz) can be used to assess 

the Ca2+-dependent mechanisms responsible for force summation in AbH.  

With paired stimuli delivered at two different frequencies (low and high), muscle 

fatigability was also quantified. Specifically, paired stimuli were delivered at 10Hz and 

100Hz to compute the low-to-high frequency fatigue index (Fpaired10/100). Fpaired10/100 

increases with high-frequency fatigue and decreases with low-frequency fatigue (Yan et 

al., 1993; Verges et al., 2009). The peak twitch force amplitude of the responses to paired 

stimuli (10Hz and 100Hz; N) and T2100Hz (N) was measured with respect to baseline (Fig. 

2.7D). The force amplitude of the responses was then used to calculate the ratio 

Fpaired10/100 by dividing the peak twitch force evoked through the paired stimuli at 10Hz by 

that of the peak twitch force corresponding to paired stimuli at 100Hz. In order to access 

T2100Hz, the twitch force evoked by a single pulse stimulation was digitally subtracted 

from the twitch force evoked by the paired stimuli at 100Hz (Fig. 2.7D) (Yan et al., 1993; 

Verges et al., 2009).  
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2.4.4 Within-day repeatability analysis of PNS-evoked responses 

Aim 

To assess the within-day repeatability of the responses used to assess muscle 

excitability (Mmax130) and contractility (twitch force) derived from PNS.   

Methods 

Four participants were tested to assess the within-day repeatability of the performance 

parameters derived from PNS (4M, 22.8±2.6 years, 78.3±18.2 kg, 1.7±0.0 m).  

Optimisation procedures were undertaken at the commencement of the session for PNS 

of medial plantar nerve, which included: EMG electrode positioning, medial plantar nerve 

site location and construction of the recruitment curve (see section 2.4.2; Fig. 2.7A) to 

reveal the supramaximal intensity (Mmax130). Then, five x Mmax130 were delivered to the 

medial plantar nerve, while participants were seated with their hallux suspended from a 

uni-axial force transducer (see section 2.3).  

Cross-correlation analysis (n=4) was performed in Spike 2 software (v7.12; CED Ltd., 

UK) to assess the similarity of the Mmax130 and twitch force waveforms within-days (Fig. 

2.8). Mmax130 and twitch force waveforms similarity within days serves as an indication of 

the stability of the respective parameters derived from these waveforms (see Fig. 2.7). 

The responses evoked by the first and fifth pulses within the session were compared for 

analysis. For this, the cross-correlation was set to have a maximum shift (absolute width 

of the x-axis) of 10ms and an offset (positive and negative temporal interval from and to 

zero) of 5ms for the Mmax130, and a maximum shift of 100ms and an offset of 50ms for the 

twitch force. The phase-shift (lag) between the compared profiles and the Pearson’s 

correlation coefficient (r) at zero time-shift are indicators of the similarity of the profiles to 

assess the stability of excitability and contractility responses and by proxy the 

repeatability of their parameters within-days.  
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Results  

The within-day cross-correlations for each participant, performed to assess the variability 

in the Mmax130 and twitch force waveforms within a session (Fig. 2.8), indicate that the 

Mmax130 (Table 2.4) and corresponding twitch force (Table 2.5) were stable throughout a 

testing session in all participants. 1 

Interpretation 

The results reported here show that the Mmax130 and twitch force waveforms had excellent 

within-day correlations. These findings suggest that the parameters derived from PNS to 

evaluate muscle excitability and contractility are stable and repeatable when assessed 

within-days. 

 

 

1 The between-day repeatability was analysed and the minimal detectable change (MDC) values 
calculated for each of the excitability and contractility parameters derived from PNS. This was 
done with the intention of providing an assessment criteria for the intervention study that was 
intended prior to the Covid-19 pandemic. The results from the between-day repeatability analysis 
and MDC data can be found in Appendix 1 (2.4.5). 
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Figure 2.8. An exemplar of one participant’s waveform within-day correlation of the first 

(s1) and fifth (s5) Mmax130 and corresponding force twitch from trials 1 and 5 (T1 & T5). 

A: Sample of the s1 and s5 Mmax130 responses for T1 and T5. B: Waveform correlation 

comparing the s1 vs s5. C: The s1 and s5 evoked twitch forces corresponding to Mmax130 

for T1 and 5. D: Correlation between s1 and s5 force twitches in T1 and T5.
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Table 2.4. Within-day correlation coefficients (r), lag and p value for Mmax130 are presented in this table for each trial and each participant. The waveform 

of the Mmax130 responses from all participants (n=4) showed excellent correlation within day.  

 

 

 

 

 
Participant 1 Participant 2 Participant 3 Participant 4 

 r lag(r@lag) p value r lag(r@lag) p value r lag(r@lag) p value r lag(r@lag) p value 

T1  1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 

T2 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 

T3 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 0.99 0.00(0.99) <0.001 

T4 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 

T5 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 1.00 0.00(1.00) <0.001 
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Table 2.5. Within-day correlation coefficients (r), lag and p value for force twitch are presented in this table for each trial and each participant. The 

waveform of the twitch force responses from all participants (n=4) showed excellent correlation within day.  

 

 

 

 
Participant 1 Participant 2 Participant 3 Participant 4 

 r lag(r@lag) p value r lag(r@lag) p value r lag(r@lag) p value r lag(r@lag) p value 

T1  0.99 -0.005(0.99) <0.001 0.98 -0.005(0.99) <0.001 0.96 -0.011(0.99) <0.001 1.00 0.004(1.00) <0.001 

T2 0.94 0.010(0.97) <0.001 0.93 0.012(0.96) <0.001 1.00 -0.001(1.00) <0.001 1.00 -0.001(1.00) <0.001 

T3 1.00 -0.001(1.00) <0.001 1.00 0.003(1.00) <0.001 1.00 -0.001(1.00) <0.001 1.00 0.001(1.00) <0.001 

T4 0.99 -0.002(0.99) <0.001 1.00 0.000(1.00) <0.001 1.00 -0.001(1.00) <0.001 1.00 0.001(1.00) <0.001 

T5 1.00 -0.001(1.00) <0.001 1.00 -0.001(1.00) <0.001 1.00 0.001(1.00) <0.001 1.00 0.000(1.00) <0.001 
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Link to next chapter 

High current intensity augments the recruitment of MUs within the target muscle (Bickle 

et al., 2011; Bergquist et al., 2011b) for muscle contraction. At the same time, high 

currents cause higher discomfort, which limits the utility of the NMES applied (Maffiuletti, 

2010; Bergquist et al., 2011b). Using low current intensity may reduce discomfort and 

increase the applicability of NMES (Bergquist et al., 2011b). In addition to current 

intensity, pulse duration plays a role in MU recruitment for muscle contraction due to the 

current intensity-duration relationship and their product represents the charge being 

delivered (see section 1.3.1.2; Fig. 1.5A&B). The current intensity-duration relationship 

is intrinsic to the excitable tissue, and therefore it will depend on whether NMES is 

applied on the skin overlying a muscle belly or nerve trunk. Identifying which of these 

modes of stimulation and the pulse duration that requires the lowest current intensity to 

achieve a muscle contraction is an important consideration to minimise discomfort. 

Therefore, the next chapter will report the procedure for optimising low current intensity 

selection for a tolerable application of NMES targeting AbH.  

 

3.0 Optimising the current intensity selection procedure and pulse duration for a 

tolerable and effective NMES training paradigm 

3.1 Introduction 

NMES can be delivered via muscle or nerve. In both cases, the evoked contraction is 

the result of the recruitment of MUs through the depolarisation of motor and sensory 

axons situated underneath the stimulating electrodes (Collins, 2007). Sensory axons 

have a lower rheobase compared to motor axons, and therefore require a lower current 

intensity to be depolarised (Bostock et al., 1998; Collins, 2007). In addition, chronaxie is 

inversely related to rheobase (see section 1.3.1.2) (Bostock et al., 1998), and therefore 

sensory axons are preferentially depolarised using wider pulse widths (Collins, 2007). 
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By exciting action potentials in the sensory axons (Ia afferents), NMES engages the 

spinal MNs and may activate centrally mediated mechanisms that contribute to the forces 

generated peripherally by the depolarisation of motor axons (Collins et al., 2001; Collins, 

2007). Maximising the contribution of the central mechanism by using low current 

intensities is therefore beneficial for maintaining the tolerability to NMES and promoting 

force production.  

Discomfort and the contribution of peripheral and central mechanisms differ between the 

modes of NMES application. At low current intensities, nerve compared to muscle 

stimulation has been shown to evoke forces with a greater central contribution 

(measured through H-reflex) (Klakowicz et al., 2006; Baldwin et al., 2006; Bergquist et 

al., 2011a; 2012). In contrast, muscle stimulation can evoke greater forces which are 

more consistent and stable during contractions compared to nerve stimulation (Baldwin 

et al., 2006; Neyroud et al., 2018) with indifferent (Bergquist et al., 2012) or higher 

asynchronous activity (Bergquist et al., 2011a). Interestingly, high discomfort during 

nerve stimulation at low intensities has been reported (Klakowicz et al., 2006; Neyroud 

et al., 2018), by up to twice the level of discomfort induced using muscle stimulation 

(Neyroud et al., 2018). These considerations are important when selecting the mode of 

stimulation used to target AbH.  

In addition to different pulse durations, varying pulse frequencies have been used during 

both modes of stimulation to improve force production (Bergquist et al., 2011b). The 

inclusion of a high pulse frequency of 100Hz has been shown effective in enhancing the 

evoked afferent drive towards the central nervous system (Collins, 2007; Mang et al., 

2010) and increasing the myofibrillar [Ca2+] during contraction (Cheng et al., 2017), which 

are beneficial for facilitating plasticity of the central nervous system and for increasing 

cross-bridge formation during NMES, respectively. Therefore, whether nerve or muscle 

stimulation should be implemented to AbH for tolerable and efficient force production is 
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currently uncertain but may be discerned by optimising the procedure used for low 

current intensity selection. 

In order to standardise current intensity selection to each individual, the current intensity 

has been previously expressed as a percentage of the force produced by the target 

muscle during an MVC (Maffiuletti et al., 2018). However, this approach is impractical for 

AbH due to its complex mechanical action (Tosovic et al., 2012; see section 1.2.1.1) and 

the inability for voluntary activation of this muscle even in healthy participants (Boon and 

Harper, 2003; Arinci Incel et al., 2003; see section 1.2.1.3). Instead, NMES intensity 

selection for AbH has been guided by its MT, which was defined as the minimum current 

intensity required to evoke a clear and recordable twitch contraction (James et al., 2013; 

2018). Due to the use of low stimulation intensity, this approach overcomes both the 

problems associated with the requirement for maximal voluntary activation of AbH and 

minimises discomfort. To be successful, the MT determination protocol requires 

optimisation of the stimulation parameters selection (pulse intensity, duration and 

frequency) to achieve a recordable twitch force whilst maintaining its tolerability. 

Therefore, the purpose of this study was to optimise the procedure of MT determination 

for NMES current intensity selection. To adopt a mechanistic approach for optimising the 

procedure, the threshold current intensity (rheobase) and pulse duration (chronaxie) 

required to excite the axons underneath the stimulating electrodes must be determined. 

For this, the current intensity-duration curves (Bostock et al., 1998) will be constructed 

and used to identify the optimal: i) mode of stimulation (muscle or nerve), ii) pulse 

duration, and iii) pulse frequency for MT determination in order for NMES delivery to be 

tolerable and effective. 
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3.2 Methods 

3.2.1 Participants 

Thirteen healthy volunteers (11M/2F; mean±SD: 23.2±2.6 years; 79.2±14.0kg; 

1.7±0.1m) were recruited and provided written informed consent to participate in this 

study that had received prior local ethical approval (SAS1806) and was compliant with 

the Declaration of Helsinki (2013). All participants completed a health screen 

questionnaire and reported to be in good health, free from lower extremity injuries, 

underlying pathology or neurological problems.  

 

3.2.2 Experimental procedure 

Participants visited the laboratory twice: i) for familiarisation with the testing procedures, 

and ii) for the main testing session. As part of the familiarisation, optimisation procedures 

for direct muscle (motor point) and nerve (medial plantar nerve) stimulation were 

performed. These included identification of AbH motor point and medial plantar nerve 

location (refer to section 2.2.1 and 2.4.1, respectively) while participants were seated 

with their left Hallux suspended from a uni-axial force transducer (refer to section 2.3). 

The second visit started with the same optimisation procedures to verify the motor point 

prior to commencing the main testing procedures. The two modes of stimulation delivery 

were tested in a randomised order. Skin temperature was monitored throughout the 

session using a probe (Moor Instruments Ltd, UK/ RS Components Ltd, UK) fixed 

proximal to the medial plantar nerve stimulating area for each participant. This was done 

during muscle and nerve stimulation since skin temperature can influence the excitability 

properties of sensory (Burke et al., 1999) and motor axons (Kiernan et al., 2001). 

 

 



87 

 

3.2.3 Data collection 

Five-pulse trains were delivered for each mode to identify the lowest current intensity 

(mA) that evokes a twitch of amplitude 2SD above the baseline (MT; see section 3.2.2). 

The current intensity was increased in a stepwise manner, from 0.2mA in 0.2mA 

increments, until MT was reached. This procedure was repeated using 0.05, 0.1, 0.2, 

0.5, 1 and 2ms pulse durations, separated with a 1-minute rest in-between, to construct 

the intensity-duration curves. The 5-pulse trains were delivered at 10, 20 and 100Hz, 

therefore three intensity-duration curves were constructed for each mode (e.g., muscle 

stimulation:10 x 20 x 100Hz). The sequence direction of the pulse duration was 

alternated (i.e. narrow to wide or wide to narrow), and the order of the 5-pulse train 

frequency tested was randomised between modes and participants. 

 

3.2.4 Data analysis 

Each intensity-duration curve was plotted with intensity (mA) on the y-axis and duration 

(ms) on the x-axis (Fig. 3.1A & B). Then, rheobase and chronaxie values were calculated 

through a linear transformation following the charge (intensity x duration) – duration 

relationship and  Weiss’ law (Bostock et al., 1998) (Fig. 3.1C & D, for muscle and nerve 

stimulation respectively). This law dictates that the charge (µC) at activation threshold is 

directly proportional to the duration of the stimulus used (Bostock et al., 1998). Therefore, 

the intensity-duration curve can be transformed into a linear regression function: y = b + 

mx, where the x-intercept corresponds to chronaxie, the slope (m) corresponds to 

rheobase and (b) represents the y-intercept (Bostock et al., 1998). Correspondingly, 

chronaxie is derived by accepting y = 0; hence: |x| =
b

m
.  
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Figure 3.1. Determination of rheobase and chronaxie for muscle and nerve stimulation 

of a representative participant using a 5-pulse train at 100Hz. Intensity – duration curves 

for muscle (A) and nerve (B) stimulation, based on the current intensity required to elicit 

an AbH twitch force (i.e. MT) at each of the pulse durations tested. The corresponding 

charge (intensity x duration) – duration plots are shown in C (muscle) and D (nerve) 

following linear transformation. In each charge – duration plot and their respective linear 

function y = b + mx, the x-intercept corresponds to chronaxie, the slope (m) corresponds 

to rheobase and (b) represents the y-intercept. The chronaxie is determined by 

calculating the x-intercept from the linear regression equation, given y = 0. For this 

participant, the linear equation for muscle and nerve stimulation mode are y=0.99 + 0.92x 

and y = 1.79 + 3.72x, respectively. So, if y = 0, then |𝑥| =
0.99

0.92
= |𝑥| = 1.08 for muscle, 

and |𝑥| =
1.79

3.72
= |𝑥| = 0.48 for nerve stimulation. Therefore, the rheobase and chronaxie 
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are equal to 0.92mA and 1.1ms, respectively, for muscle (motor point of AbH), and to 

3.72mA and 0.48ms for nerve (medial plantar nerve) stimulation. 

The optimised pulse duration corresponds to the chronaxie obtained at the mode and 

frequency stimulation that resulted in the lowest rheobase. This pulse duration was then 

compared to 1ms, as previously used (James et al., 2018), by means of calculating the 

charge as the product of the intensity required to reach rheobase, and the optimised 

pulse duration or 1ms. 

 

3.2.5 Statistics  

Population average values (mean±SD, n=13;) for the rheobase were normally distributed 

(Shapiro-Wilk, SPSS v.21, IBM, USA); therefore, a two-way repeated measures ANOVA 

with mode of delivery (muscle vs nerve) and frequency (10, 20, 100Hz) as the within-

subject factors, was performed to assess for interaction and main effects of mode and 

pulse frequency and their effect size (η2). Pairwise comparisons for mode of stimulation 

were made post-hoc using a Bonferroni correction. If there was a significant interaction 

effect, a one-way repeated measures ANOVA with frequency as the within-subject factor 

was then performed for each mode. Statistically significant differences were accepted 

when p≤0.05. 

In order to compare the charge calculated using the optimised pulse duration against the 

charge calculated using 1ms, a paired sampled t-test was performed to compare 

between charge values after normal distribution was confirmed (Shapiro-Wilk test). 

Statistical significance was accepted when p≤0.05.   

 

 



90 

 

3.3 Results 

Tissue temperature. The recorded average skin temperature during muscle and nerve 

stimulation was 30.1±1.2°C and 30.0±1.2°C, respectively. These skin temperatures were 

stable and comparable throughout the session and between modes of stimulation.  

Current intensity. Significant main effects of mode (p<0.01; η2=0.45) and frequency 

(p<0.001; η2=0.63) were found. Post-hoc tests revealed that nerve stimulation required 

more intensity to reach rheobase compared to direct muscle stimulation (Table 3.1).  

Pulse frequency. Within the direct muscle stimulation mode, 100 Hz stimulation elicited 

a lower rheobase when compared to 10 (p<0.01) and 20Hz (p<0.05) trains. Similarly, 

during nerve stimulation, 100 Hz elicited a lower rheobase than 10 (p<0.01) and 20Hz 

(p<0.05) trains 

Pulse duration. The chronaxie corresponding to muscle stimulation delivered at 100Hz 

was 1.15 ± 0.65ms (Table 3.1). No significant difference (p>0.05) was found between 

the charge calculated using the chronaxie obtained in this study (2.29 ± 0.52µC) and the 

charge calculated using the previously used pulse duration (1 ms) (2.47 ± 0.98µC).  

Table 3.1. Population average (mean ± SD, n = 13) current intensity (rheobase) and 

pulse duration (chronaxie) at each train frequency (10, 20 or 100Hz) used for MT 

determination during muscle and nerve stimulation.* Indicates p<0.05; ** p<0.01; a 

significantly different to 10Hz; b significantly different to 20Hz.  

 

 

 Muscle Nerve 

 10 Hz 20 Hz 100 Hz 10 Hz 20 Hz 100 Hz 

Rheobase 
(mA) 

1.58 
(1.01) 

1.52 
(0.99) 

1.39 
(0.88)a**,b* 

3.64 
(2.12) 

3.39 
(2.13) 

3.00   
(1.87) a**,b* 

Chronaxie 
(ms) 

1.06 
(0.63) 

1.07 
(0.60) 

1.15 (0.65) 
0.57 

(0.35) 
0.63 

(0.39) 
0.75   

(0.62) 
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3.4 Discussion 

In this study, the construction of intensity-duration curves was used as a mechanistic 

approach to identify the mode of stimulation (muscle vs nerve), pulse duration 

(chronaxie, ms) and frequency (Hz) for MT determination that required the lowest 

rheobasic intensity (mA) in order to minimise discomfort and develop a low intensity 

NMES approach. The main findings from the present study are: i) NMES applied over 

the motor point of AbH requires less current intensity to achieve rheobase than when 

applied to the medial plantar nerve; and ii) wide pulses (1ms) delivered at high frequency 

(100Hz) require less current intensity to achieve rheobase than narrower pulses (i.e. 

0.05, 0.1, 0.2, 0.5ms) delivered at low frequencies (10 and 20Hz). These stimulation 

parameters and mode of stimulation comprise an optimised approach of MT 

determination for a low intensity NMES training paradigm targeting AbH that can foster 

tolerability.  

Stimulating at the motor point of AbH (muscle stimulation) or the medial plantar nerve 

(nerve stimulation) will recruit motor axons differently. During muscle stimulation, 

superficial and deeper axons are progressively recruited as intensity increases (Okuma 

et al., 2013; Nagakawa et al., 2020). In contrast, during nerve stimulation, superficial and 

deep motor axons are evenly depolarised irrespective of intensity and in a random 

fashion (Okuma et al., 2013; Nagakawa et al., 2020). This suggests that nerve 

stimulation would provide a more effective mode to activate muscle even at low intensity. 

However, this study found that muscle stimulation required lower rheobasic intensity to 

evoke a contraction in AbH than nerve stimulation. This may be explained by the greater 

proportion of low-threshold compared to high-threshold MUs situated at the superficial 

aspect of the muscle (Širca et al., 1990; Dahmane et al., 2005), which would make their 

recruitment readily achievable at low intensities (Fleshman et al., 1981). In addition, 

stimulating at the motor point of AbH ensures the targeted depolarisation of its main 

motor axonal branch, which optimises its isolated activation further (Del Toro & Park, 
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1996; Choi et al., 2017). Conversely, the medial plantar nerve also innervates the m. 

flexor hallucis brevis and m. flexor digitorum brevis, therefore the stimulation charge 

applied during nerve stimulation may have radiated to these muscles resulting in a 

shared contribution to the twitch contraction recorded. For example, AbH is a fatigue-

resistant muscle with a low recruitment threshold (Kelly et al., 2013); in contrast, the 

flexor hallucis brevis has a relatively high recruitment threshold (Aeles et al., 2020), thus 

a higher overall intensity would be required if both muscles contribute to the contraction 

evoked by stimulating at the medial plantar nerve. This inhomogeneity in motor axons 

with different recruitment thresholds within the medial plantar nerve trunk may have 

affected the effectiveness for evoking a response in AbH during nerve compared to 

muscle stimulation. 

High frequency reduces the intensity required to determine the MT of AbH. In this study, 

a stimulation train of five pulses of 1ms duration delivered at 100Hz required a 

significantly lower current intensity to reach rheobase compared to pulses delivered at 

lower frequencies (i.e. 10 and 20Hz). This finding concurs with the work of Grosprêtre et 

al., (2017) who found that the current intensity required to achieve in the triceps surae 

muscles a contraction level of 20%MIVC in response to a 1ms train (lasting 1s) was 

lowest when delivered at 100Hz compared to 20Hz and 60Hz. The likely mechanisms 

for 100Hz requiring lower current intensity for reaching a low level of force in both studies 

may be due to the force-frequency relationship of skeletal muscle (see section 1.3.1.3; 

Fig. 1.5C). Briefly, this relationship explains force summation as the result of increased  

Ca2+ released from the sarcoplasmic reticulum available for contraction (Binder-Macleod 

& Kesar, 2005) due to the higher rate of synchronous recruitment of MUs (Gorgey et al., 

2006). Therefore, 100Hz promoted force production by summating the twitch force 

evoked by each pulse within the 5-pulse train.  
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In summary, this study found that trains of wide pulses delivered at high (100Hz) 

frequency to AbH via direct muscle stimulation require the lowest current intensity to 

reach the MT and achieve a recordable twitch contraction. The identified optimal 

chronaxie was found to be 1.15ms, which confirms the effectiveness of wide (1ms) 

pulses for promoting force contraction at low intensities shown in previous studies. Taken 

together, this set of stimulation parameters optimises the MT determination protocol to 

maintain the intensity low for comfort and to promote force production in AbH. This 

protocol will be used in the subsequent studies for an individualised and efficient MT 

determination. Furthermore, the findings of the optimal pulse duration, as well as the 

mode of stimulation, constitute part of the NMES protocol for an effective and tolerable 

targeted training of AbH. 

 

Link to next chapter  

This chapter has revealed that targeted NMES should be applied to AbH via muscle and 

using 1ms pulses. The frequency at which these pulses are delivered determines the 

force that is produced according to the force-frequency relationship (Edwards et al., 

1977), where high frequency stimulation can be used to maximise force production and 

develop an effective NMES paradigm (Maffiuletti, 2010; Bergquist et al., 2011b). 

However, the fatigability associated with high frequency NMES is a limitation to its 

application, as the force produced decays rapidly (Jones et al., 1979; see section 

1.3.1.3). In addition, the duration of NMES trains delivered also play a role in force 

maintenance and fatigue (Boom et al., 1993; Taylor et al., 2018). Therefore, the following 

chapter will compare different frequency patterns and train durations in order to optimise 

force production and minimise fatigability.  
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4.0 Optimising the stimulation frequency and train duration to maximise force 

production for an NMES training paradigm 

4.1 Introduction 

The level of force produced by the NMES-evoked contraction is considered the main 

determinant for muscle training effectiveness (Maffiuletti et al., 2018), and therefore force 

production should be maximised when selecting the pulse frequency for a strengthening 

intervention. When sustained high frequency NMES (i.e. 60-100Hz) is delivered in 

combination with pulses of 1 ms duration and low current intensity, facilitated recruitment 

of MUs via central nervous system pathways is observed (Collins, 2007; Bergquist et al., 

2011b). Although the exact mechanisms responsible for this central contribution remain 

unclear (Collins, 2007), MN intrinsic mechanisms have been associated to this 

augmented force, namely the activation of persistent inward currents (Collins et al., 2001; 

2002), synaptic PTP (Dean et al., 2007) and temporal summation of subthreshold 

excitatory postsynaptic potentials of Ia fibres (Dideriksen et al., 2015). The  beneficial 

implication of engaging central mechanisms for force production is the recruitment of 

MUs in a more physiological manner (Bergquist et al., 2011b), however a rapid decay of 

force is a characteristic of using high frequency stimulation (see section 1.3.1.3) when 

applied to muscle (Gorgey et al., 2009; Wegrzyk et al., 2015a; Grospretre et al., 2017). 

This has been linked to increased metabolic demand (Gorgey et al., 2009), compromised 

neuromuscular transmission (Jones et al., 1979), axonal hyperpolarisation, and 

presynaptic inhibition (Martin et al., 2016; Grospretre et al., 2017; 2018). Accordingly, 

since fatigue or metabolic stress are not prerequisites for inducing strength gains 

(Folland et al., 2002; Gomes et al., 2019), this rapid fatigability provoked using high 

frequency NMES limits its utility in training muscle  

In order to match the physiological discharging rate of MUs, NMES has conventionally 

been applied using low frequencies (20-40Hz) to produce fused forces and reduce 
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muscle fatigability (Fuglevand & Keen, 2003; Gorgey et al., 2009; Bergquist et al., 

2011b). In contrast to high frequency stimulation however, low frequency NMES 

activates MUs mainly via direct recruitment of superficial motor axons (Collins, 2007) 

and it relies on higher stimulus intensity to evoke the same level of force achieved by 

high frequency stimulation (da Silva et al., 2015; Grospretre et al., 2018). Additionally, 

low frequency NMES may be less efficient in evoking anabolic processes to foster 

muscle hypertrophy (Mettler et al., 2018). In a compromise to optimise force production 

whilst keeping the intensity low to minimise discomfort, and avoid any presynaptic 

inhibition induced by the combination of high intensity and high frequency (Dideriksen et 

al., 2015), an alternating frequency approach (ALT) can be used. Indeed, by 

interspersing high frequency NMES bursts within a continuous low frequency train (e.g. 

20-100-20Hz), the force enhancement from the high frequency stimulus is maintained 

by the consecutive low frequency stimulus (Collins et al., 2001; 2002; Dean et al., 2007 

Lagerquist et al., 2009; James et al., 2018). This is due to an increased Ca2+ sensitivity 

(Frigon et al., 2011; Cheng et al., 2017) along with the abovementioned central 

mechanisms related to high frequency NMES (Dean et al., 2007; Lagerquist et al., 2009). 

As a result, alternating NMES can progressively produce higher force within a stimulation 

train (Lagerquist et al., 2009), which is further maximised when the stimulating trains are 

sustained over several seconds (Dean et al., 2007; Bergquist et al., 2011a).  

In addition to frequency, the total number of pulses delivered to muscle in an NMES train 

will also affect the sustainment of force during NMES (Mettler & Griffin, 2010; Mettler et 

al. 2018). This would suggest that longer train durations consisting of high frequency 

pulses would increase the effectiveness of force production during stimulation. However, 

stimulation trains of medium duration (e.g. 10s) of high frequency pulses delivered 

repetitively show the force output decaying within and between contractions (Gorgey et 

al., 2008) due to fatigue of the activated MU pool (Binder-Macleod et al., 1995; Gorgey 

et al., 2008). Additionally, shorter 100Hz trains with >20 pulses (e.g. 6s) are not 
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necessarily more effective in preventing MU hyperpolarisation and consequent force 

decay (Dideriksen et al., 2015; Martin et al., 2016; Grospretre et al., 2017; 2018; Luu et 

al., 2021). Nevertheless, the fatigue that ensues during or following NMES application 

can also be the result of low frequency fatigue, which is not frequency dependent (Jones, 

1996; Russ & Binder-Macleod, 1999).  

Low frequency fatigue is a phenomenon in which the reduction in force persists long after 

cessation of contraction and represents a major limitation to NMES application (see 

2.3.1.3) (Jones, 1996; Keeton & Binder-MacLeod, 2006). Given its impact on muscle 

performance, NMES frequency and train duration combination can be optimised by 

monitoring low frequency fatigue occurrence. A low-to-high frequency ratio between the 

force evoked by paired stimuli at 10Hz and 100Hz has been previously computed as a 

fatigue index (Fpaired10/100Hz) to detect low frequency fatigue when this ratio decreases 

(Yan et al., 1993; Verges et al., 2009).  

Therefore the purpose of this study was to identify an NMES pattern of pulse frequency 

and train duration that promotes high AbH force production, counteracts rapid fatigue 

and minimises discomfort. To achieve this, NMES was delivered at three frequency 

patterns (low, high and alternating) and three train durations (short, medium and long).  

 

4.2 Methods 

4.2.1 Participants 

Fifteen healthy volunteers (12M/3F, mean ± SD: 24.3±5.7 years, 76.3±14.9 kg, 1.7±0.1 

m) provided written informed consent to participate in the study that had received prior 

local ethical approval (SAS1807) and was compliant with the Declaration of Helsinki 

(2013). Prior to participation all volunteers completed a health screen questionnaire and 
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reported good health and absence of lower extremity injuries, underlying pathologies and 

neurological problems.  

 

4.2.2 Experimental procedure 

Participants visited the laboratory on four different occasions: once for familiarisation with 

the testing procedures, and then for three main sessions. During the familiarisation, the 

motor point and the MT of AbH were identified (see sections 2.2.1 and 2.2.2, 

respectively) with the participant seated with the ankle at 35° of plantar flexion and the 

hallux suspended from a uniaxial force transducer (range: 0-250N; RDP Electronics Ltd., 

UK) at 10° of dorsal flexion (see section 2.3.2). Three 6s-trains of wide pulses (1ms), low 

intensity (150% MT) direct muscle electrical stimulation were delivered at 20Hz, 100Hz 

and alternating (20-100-20Hz) frequency to the motor point of AbH to habituate the 

participants to the stimulation patterns used in the study.  

The motor point and MT were verified at the beginning of each main session (see section 

2.2.1 and 2.2.2, respectively). In the session investigating NMES with 20Hz pulse 

frequency, the MT was identified using trains of 5-pulses delivered at 20Hz. The optimal 

point for medial plantar nerve stimulation and the supramaximal current, equivalent to 

130% of the intensity producing the maximal compound muscle action potential (Mmax130), 

were identified using surface electromyography (see sections 2.4.1 and 2.4.2, 

respectively). During each main session, five NMES trains interspersed with a 45s rest 

period (James et al., 2018) were delivered to AbH at one of the three pulse frequencies: 

continuous 20Hz or 100Hz, or alternating 20-100-20Hz (2s each). Three different train 

durations were investigated, short (6s; Martin et al., 2016), medium (10s; da Silva et al., 

2015), and long (22s; Neyroud et al., 2014; Wegrzyk et al., 2015ab), for each frequency 

pattern within the same session, with at least 5 minutes periods in between. The order 
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of the frequency pattern, as well as the train durations tested within the session, were 

randomised to eliminate any potential order effect.  

Before (PRE) and immediately following (POST) each protocol, three single pulse, three 

low frequency (10Hz) and three high frequency (100Hz) paired stimuli were delivered to 

the medial plantar nerve at Mmax130 (Verges et al., 2009) (Fig. 4.1). A rest period of at 

least 20s separated each stimulus and the order of delivery was always in the sequence 

as described to avoid possible potentiation following the high frequency paired stimuli 

and to reduce habituation.  

 

4.2.3 Data analysis 

The parameters of the Mmax130 and corresponding twitch force evoked by the single 

pulses were recorded to assess AbH peripheral excitability and muscle contractility, 

respectively. Specifically, Mmax130 latency (ms), amplitude (mV) and terminal phase area 

(mV•ms) were measured (see section 2.4.3.1) for excitability assessment. The peak 

twitch force amplitude (N) and half relaxation time (ms) were measured (see section 

2.4.3.2) for contractility assessment.  

The peak twitch force evoked by the 10Hz and 100Hz paired stimuli were measured to 

compute the Fpaired10/100Hz as a fatigue index (see section 2.4.3.2). The amplitude of the 

twitch force evoked by the second pulse of the paired stimuli at 100Hz (T2100Hz) was 

calculated (see Fig. 2.7 D from General Methods) for assessing PTP following NMES 

(see section 2.4.3.2).  
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Figure 4.1. Experimental design: five NMES trains at 20Hz, 100Hz or alternating (20-

100-20Hz) frequency were delivered using trains with a duration of 6, 10 or 22s.  The 

NMES trains were with 45s rest periods between trains and delivered at an intensity of 

150%MT to AbH. Single and paired (10Hz and 100Hz) pulses were delivered before 

(PRE) and immediately after (POST) via peripheral nerve stimulation at Mmax130 to assess 

peripheral nerve excitability and contractility of AbH and for the assessment of fatigue 

and PTP, respectively, in response to NMES. 

 

 

4.2.4 Statistics  

Individual values (n=15) for the terminal phase area derived from the Mmax130 were 

normally distributed (Shapiro-Wilk, SPSS v.21, IBM, USA), whilst the Mmax130 latency and 

amplitude values reached normal distribution following log transformation. The values 
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for the twitch half relaxation time and the Fpaired10/100Hz and T2100Hz derived from the paired 

stimuli were all normally distributed. The peak twitch amplitude was normally distributed 

following log transformation. Therefore, a three-factor repeated measures ANOVA was 

performed on each outcome measure to test for significant main and interaction effects 

of time (PRE vs POST), frequency (20Hz vs 100Hz vs alternating) or train duration (6s 

vs 10s vs 22s). Significance was accepted when p≤0.05. For each pulse frequency, the 

main and interaction effects of time (PRE and POST) and train duration (6s, 10s, and 

22s) were analysed via a two-way repeated measures ANOVA. Significant effects were 

assessed by post-hoc pairwise comparisons. Statistical significance was adjusted to 

p≤0.017 to account for the multiple comparisons (alpha value/number of pairwise 

comparisons).  

 

4.3 Results 

The population average (n=15; ±SD) NMES current intensity delivered to participants for 

muscle stimulation and Mmax130 for the testing measures were similar between days. 

Specifically, the current intensity delivered to AbH at 150% MT for each session was 

4.6±1.7mA for 20Hz, 4.7±1.8mA for 100Hz and 4.6±1.3mA for alternating frequency. The 

average current intensity used to achieve Mmax130 in each testing session was 23±7.8mA 

for 20Hz, 22.1±5.2mA for 100Hz and 22.7±5.7mA for alternating frequency. The current 

intensity used for delivering the stimulation trains and the Mmax130 and corresponding 

twitch force were therefore similar between days and between pulse frequencies 

investigated. In addition, there was no significant main condition effect for frequency 

(p>0.05) or train duration (p>0.05) for any of the parameters measured, which confirms 

non-different between-day measurements. 

A significant main time effect (POST vs PRE; p=0.043; η2=0.261) was found for 

Fpaired10/100Hz, but this effect was abated in post-hoc analyses (p>0.05; Table 4.1). 
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Similarly, there were no significant time effects (p>0.05) of pulse frequency or train 

duration on any of the parameters derived from Mmax130 and the corresponding evoked 

twitch force (Table 4.1). However, T2100Hz amplitude showed a significant main time effect 

(p=0.005; η2=0.441), where PTP was measured at POST. Post-hoc pairwise 

comparisons showed that there was no time effect for 20 or 100Hz, but a significant time 

effect for alternating frequency (p=0.003; η2=0.486) was found. Specifically, a significant 

increase of T2100Hz (12.4±15.8%; p=0.012) was found for alternating frequency at trains 

lasting 22s (Table 4.1).  
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Table 4.1. Population average (mean ± SD, n = 15) values of the parameters measured for each frequency (20Hz, 100Hz, alternating) and train duration 

(6, 10, 22s). The relative change (%) from POST to PRE values are also expressed. TP: terminal phase area; pTw: peak twitch force amplitude; HRT: 

half relaxation time; T2100Hz: force amplitude corresponding to the second stimulus from the paired stimuli at 100Hz. 

 20Hz  100Hz  Alternating (20-100-20Hz) 

 
 

6s  10s  22s  6s  10s  22s  6s  10s  22s 

 PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  PRE POST  PRE POST 

                           Latency 
(ms) 

7.3 
(0.5) 

7.3 
(0.5) 

 
7.3 

(0.5) 
7.3 

(0.5) 
 

7.2 
(0.6) 

7.2 
(0.6) 

 
7.3 

(1.1) 
7.3 

(1.0) 
 

7.2 
(0.7) 

7.3 
(0.9) 

 
7.1 

(0.9) 
7.1 

(0.9) 
 

7.2 
(1.0) 

7.2 
(1.0) 

 
7.1 

(0.9) 
7.1 

(0.9) 
 

7.2 
(0.9) 

7.2 
(0.9) 

                           
Amplitude 

(mV) 
6.7 

(5.1) 
6.6 

(4.9) 
 

6.8 
(5.4) 

6.9 
(5.1) 

 
6.7 

(5.0) 
6.7 

(4.9) 
 

6.3 
(4.5) 

6.3 
(4.5) 

 
6.1 

(4.6) 
6.1 

(4.4) 
 

6.8 
(4.4) 

6.3 
(4.4) 

 
6.7 

(4.6) 
6.8 

(4.6) 
 

6.6 
(4.6) 

6.5 
(4.6) 

 
6.9 

(4.6) 
6.7 

(4.7) 
                           

TP  
(mV•ms) 

9.3 
(4.6) 

9.0 
(4.4) 

 
9.3 

(4.7) 
9.2 

(4.4) 
 

9.4 
(4.4) 

9.2 
(4.0) 

 
8.7 

(3.9) 
8.8 

(3.7) 
 

9.1 
(4.0) 

9.3 
(4.3) 

 
9.9 

(4.3) 
9.2 

(4.4) 
 

9.4 
(4.2) 

9.4 
(4.1) 

 
9.3 

(4.3) 
9.0 

(4.1) 
 

9.8 
(4.4) 

9.4 
(4.3) 

                           
pTw 
(N) 

7.1 
(2.6) 

7.1 
(2.7) 

 
7.6 

(2.8) 
7.6 

(2.5) 
 

7.5 
(2.7) 

7.6 
(2.8) 

 
6.8 

(2.5) 
6.6 

(2.6) 
 

7.0 
(2.7) 

6.9 
(2.9) 

 
6.6 

(2.2) 
6.5 

(2.4) 
 

7.0 
(3.8) 

6.8 
(3.8) 

 
7.0 

(3.8) 
6.8 

(3.8) 
 

6.4 
(2.5) 

6.3 
(2.4) 

                           
HRT 
(ms) 

88.3 
(25.1) 

88.1 
(21.7) 

 
90.4 

(22.4) 
84.7 

(19.3) 
 

90.1 
(20.6) 

90.5 
(21.4) 

 
90.6 

(20.5) 
88.6 

(20.9) 
 

91.6 
(29.1) 

89.1 
(24.3) 

 
88.3 

(21.4) 
85.0 

(22.2) 
 

92.7 
(24.8) 

88.6 
(24.9) 

 
89.0 

(25.1) 
90.5 

(26.0) 
 

93.2 
(27.1) 

90.2 
(22.6) 

                           
Fpaired10/100 

 
0.83 

(0.07) 
0.83 

(0.07) 
 

0.82 
(0.06) 

0.80 
(0.09) 

 
0.81 

(0.08) 
0.80 

(0.10) 
 

0.79 
(0.09) 

0.79 
(0.11) 

 
0.80 

(0.09) 
0.78 

(0.11) 
 

0.79 
(0.07) 

0.78 
(0.07) 

 
0.80 

(0.10) 
0.79 

(0.09) 
 

0.79 
(0.08) 

0.79 
(0.08) 

 
0.79 

(0.11) 
0.77 

(0.10) 
                           

T2100Hz 
(N) 

7.7 
(2.8) 

8.0 
(3.0) 

 
8.2 

(3.0) 
8.3 

(3.2) 
 

8.7 
(3.6) 

8.6 
(3.4) 

 
7.6 

(2.1) 
7.7 

(2.0) 
 

7.9 
(3.2) 

8.1 
(3.0) 

 
7.3 

(1.7) 
7.7 

(1.8) 
 

7.5 
(3.1) 

8.2 
(3.2) 

 
7.7 

(2.7) 
7.9 

(2.8) 
 

6.9 
(2.0) 

7.8 
(2.4) 
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4.4 Discussion 

This study aimed to identify a pulse frequency pattern and train duration combination 

that maximises NMES evoked force and minimises low frequency fatigue occurrence. 

The findings indicate that:  i) five 22s trains of NMES delivered at alternating frequency 

resulted in a significant PTP of force as measured by T2100Hz; and, ii) the peripheral 

excitability and contractility of AbH, as well as the Fpaired10/100Hz index, were unchanged 

following NMES irrespective of the different frequency and train duration combinations 

used. These measurements were also not significantly different between frequency 

patterns (100Hz vs 20Hz vs alternating) or train durations (6s vs 10s vs 22s). These 

findings indicate that there was no evidence of fatigue following the five trains delivered, 

and that post-tetanic-potentiation of the force depended on the frequency and train 

duration, with only the alternating frequency pattern and longest trains resulting in an 

increase of T2100Hz.  

The peripheral excitability and contractility of AbH were unaffected by the neuromuscular 

patterns investigated in this study. Since no significant changes in time or between 

frequency and train duration combinations were found for the parameters (latency, 

amplitude and terminal phase area) derived from the Mmax130 (Table 4.1.), the integrity of 

the mechanism for propagation of the potential along the nerve to the muscle (Na+-K+ 

transport across the sarcolemma and T tubules; see section 2.4.3.1) remained stable. 

Similarly, the parameters derived from the corresponding twitch force (i.e. pTw and HRT; 

Table 4.1.) to assess contractility  (Ca2+ uptake kinetics and cross-bridge interaction; see 

section 2.4.3.2) in response to a single pulse stimulation were intact following the NMES 

trains delivered. Nevertheless, these measures do not reflect the entire effect of the 

NMES exposure on post-tetanic potentiation or the force-frequency relationship (for low 

frequency fatigue assessment). Therefore, these aspects were also assessed by 

calculating the T2100Hz and Fpaired10/100Hz index, respectively.  
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Low frequency fatigue results in a prolonged reduction in the force production 

underpinned by an impaired muscle excitability, reduced release of Ca2+ from the 

sarcoplasmic reticulum and/or decreased Ca2+ sensitivity (see section 1.3.1.3)  (Keeton 

& Binder-Macleod, 2006; Allen et al., 2008). The Fpaired10/100Hz can be used to assess for 

low-frequency fatigue, which would be indicated by a reduction of the ratio (Verges et 

al., 2009). The results from this study suggest that low frequency fatigue did not occur 

following NMES at any of the frequency and train duration combinations tested. These 

findings along with the unaltered excitability and contractility of AbH may be explained 

by the low number of NMES trains delivered as well as other parameters used compared 

to previous studies. For example, an acute impairment of the peripheral excitability and 

contractility was induced in AbH, whereby the Mmax130 terminal phase area was 

increased, and the HRT of the twitch force lengthened, following twenty-four trains (15s) 

of NMES at alternating frequency (James et al., 2018). Similarly, decreased single pulse 

force was found in the triceps surae muscles following twenty trains (20s) delivered at 

high (100Hz; 1ms) or low (25Hz; 0.05ms) frequencies (Neyroud et al., 2014). A reduction 

in the Fpaired10/100Hz (by 12%) has also been observed following forty trains (6s) delivered 

at 100Hz (0.4ms) to the knee extensors (Foure et al., 2014). Since no low frequency 

fatigue was found in this study, no discrimination between the frequencies or train 

durations can be made based on the fatigue index or the excitability and contractility 

parameters measured.  

In addition to fatigue, the possible occurrence of PTP was also assessed in this study by 

measuring the peak twitch force from single stimulation and the T2100Hz. PTP at the 

muscle level (i.e. peripheral PTP; Baldwin et al., 2006) represents a transient increase 

in force production due to changes in the contractile function that occur following an 

electrically-evoked contraction (Sale et al., 2002). Specifically, this potentiation in force 

may occur as a result of increased myoplasmic [Ca2+] and myofibrillar Ca2+-sensitivity, 

which increases the likelihood of actin-myosin interaction during consecutive pulses 
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(O’Leary et al., 1997; Allen et al., 2008; Frigon et al., 2011; Cheng et al., 2017). In this 

study however, no force potentiation was found in pTw following NMES at any frequency 

and train duration combination tested. In contrast, the force contribution of T2100Hz was 

found to increase significantly following 22s NMES trains at alternating frequency. The 

T2100Hz reflects the additional Ca2+ released from the sarcoplasmic reticulum into the 

myoplasm in response to the second pulse of a paired stimuli, and the concomitant 

prolongation of myoplasmic [Ca2+] available for contraction (Cheng et al., 2013; Bakker 

et al., 2017). Since these mechanisms are affected by the previous activation history of 

muscle (Binder-Macleod & Kesar, 2005; Allen et al., 2008), T2100Hz can be used to 

indicate a possible PTP occurrence (Baudry et al., 2005). Indeed, an increased T2100Hz 

was previously found following 6s of MIVC in young adults (Baudry et al., 2005). 

Therefore, the findings of the present study suggest that the alternating frequency pattern 

potentially engages the Ca2+-dependent mechanisms for force potentiation more 

efficiently than its constant frequency counterparts, perhaps due to the combination of 

low frequencies that are able to sustain the force produced following the 100Hz burst 

(Cheng et al., 2013; Frigon et al., 2011; Cheng et al., 2017) and preventing fatigue.  

The long stimulation duration may have also influenced the level of the possible PTP 

occurring in AbH after alternating NMES. A 22s NMES train may enhance force 

potentiation due to its higher number of pulses compared to 6s or 10s, which may have 

increased the overall Ca2+ available for cross-bridge formation, and the potentiation effect 

may have been maintained by alternating Ca2+ saturation levels between high and low 

frequencies (Mettler & Griffin, 2010). This is, the saturation in Ca2+ achieved during high 

frequency may have been reduced during the low frequency sections of the alternating 

frequency pattern allowing for a greater potentiation effect measured by the T2100Hz 

(Mettler & Griffin, 2010). Given the coexistence of potentiation and fatigue, the findings 

from this study suggest that alternating NMES may help overcome any fatigue induced 

by a paradigm with a higher number of trains. Therefore, 22s trains of NMES delivered 
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at alternating frequency is the optimised candidate for maintaining force production in 

AbH. 

The inclusion of long trains and high-frequencies (i.e. 100Hz) in the delivery of NMES 

has previously resulted in the “extra-force” phenomenon, increased H-reflex amplitudes, 

and a residual asynchronous EMG activity (Klakowicz et al., 2006; Baldwin et al., 2006; 

Bergquist et al., 2011a). As a likely contributor to these phenomena, centrally-sourced 

PTP has been proposed (Baldwin et al., 2006). It results from an increased likelihood of 

neurotransmitter release from the presynaptic membrane terminal (potentially due to a 

residual elevation in presynaptic Ca2+) of MNs induced by the high-frequency stimulation 

(Zucker & Regehr, 2002). In addition, the repetitive depolarisation of the MN’s membrane 

can activate persistent inward currents, which can amplify and prolong the depolarisation 

of the MN and the consequent increased firing of action potentials (Heckman & Enoka, 

2012). In combination with the latter MN property, the temporal summation of sub-

threshold excitatory post-synaptic potentials evoked using pulses that have an inter-

stimulus interval shorter than their duration (high-frequency) also contributes to the 

responses recorded after high frequency NMES (Dideriksen et al., 2015). The activation 

of persistent inward currents occurs after multiple seconds of stimulation (Dean et al., 

2007; Bergquist et al., 2011a), whereas the temporal summation of excitatory post-

synaptic potentials can occur after just two pulses at 100Hz (Dideriksen et al., 2015). 

However, since the “extra-force” phenomenon, H-reflex amplitudes, and asynchronous 

EMG activity were not measured in this study, the contribution of the centrally-sourced 

PTP to the results from this study could not be verified. 
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Link to next chapter 

This study has shown that the alternating frequency in combination with trains of long 

duration may induce post-tetanic potentiation more effectively than constant frequencies 

and shorter train durations. This is an important finding for the development of an NMES 

paradigm that promotes force production and minimises fatigue, where alternating 

frequencies (20-100-20Hz) and 22s trains should be used. However, force production is 

only partly dependent on these parameters, where the intensity used will also influence 

the overall force produced. Indeed, a dose-response exists where the level of evoked 

force related to intensity will determine the overall NMES effectiveness to induce strength 

gains (Maffiuletti, 2010; Fillipovic et al., 2011). Therefore, the next study will investigate 

the minimal NMES intensity required to foster strength gains to maintain a low level of 

discomfort.  

 

 

5.0 Optimising and identifying minimum the training intensity for strengthening 

benefits from an NMES paradigm 

5.1 Introduction 

During a voluntary muscle contraction, the central nervous system modulates the force 

output by means of MU recruitment and discharging rates. In contrast, during an NMES-

evoked contraction, the force modulating mechanisms depend upon the stimulus 

frequency (≥20Hz; Bergquist et al., 2011b) to produce fused contractions, and intensity 

to maximise the number of MUs being recruited (Bickle et al., 2011; Bergquist et al., 

2011b). Accordingly, a proportional relationship between intensity and strength gains 

exists (Alon & Smith, 2005; Filipovic et al., 2011), where maximally tolerated NMES 

intensity is recommended (Bickel et al., 2011) and has been used by many studies with 
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positive results. Indeed, neurological as well as morphological gains have been reported 

after an extended exposure to NMES using this approach (Gondin et al., 2011). 

However, the associated participant discomfort with high intensities represents an 

important consideration for designing an NMES protocol (Bergquist et al., 2011b).  

When used for muscle strengthening, NMES intensity is typically expressed as a 

percentage of the force produced by the target muscle or muscle group during an MVC 

(Maffiuletti et al., 2018; Natsume et al., 2018). For NMES to be efficacious, an intensity 

equivalent to 20% MVC and above (see section 1.3.2) promotes strength gains in both 

healthy (Alon & Smith, 2005; Maffiuletti et al., 2019) and clinical (Talbot et al., 2003; 

Maddocks et al., 2016) populations. However, this approach for selecting NMES intensity 

is impractical for AbH because its voluntary activation is a challenge for many individuals 

due to its complex architecture (see section 1.2.1; Fig. 1.4B) (Arinci Incel et al., 2003; 

Boon & Harper et al., 2003; Kelly et al., 2013). Instead, an alternative approach, that 

overcomes these problems, is expressing intensity as a percentage of individual MT 

(Chapter 3) (James et al., 2013; James et al., 2018). James et al., (2018) demonstrated 

fatigue-induced adaptations in AbH peripheral neural drive and contractility following a 

30-min NMES protocol. The stimulus intensity used was low and equivalent to 150% MT 

in order to attenuate against antidromic transmission in motor axons (Bergquist et al., 

2011b) and minimise discomfort. Voluntary resistance training at a low intensity level has 

been shown to be as effective as high intensity for strength gains (section 1.3.2) since 

greater discomfort and fatigue are not prerequisites (Folland et al., 2002; Gomes et al., 

2019). However, it is currently unknown how 150% MT relates to the MVC force of AbH, 

and whether this achieves the 20% MVC training intensity to achieve NMES-induced 

strength gains. 

Therefore, the aim of the present study is to identify a minimum stimulus intensity, when 

expressed as a percentage of MT, for training AbH via NMES. It is hypothesized that an 
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intensity equivalent to 150% MT is an acceptable stimulus intensity to be effectively used 

for NMES strengthening of AbH.  

 

5.2 Methods 

5.2.1 Participants 

Thirteen healthy volunteers (10M/3F, mean ± standard error of the mean [SEM]: 

25.2±1.7 years; 74.0±3.5 kg; 1.7±0.0 m) signed a written informed consent to participate 

in this study that received prior local ethical approval (SAS1807) and complied with the 

Declaration of Helsinki (2013). Prior to participation, all volunteers completed a health 

screen questionnaire and reported good health and absence of lower extremity injuries, 

underlying pathologies and neurological problems.  

 

5.2.2 Experimental procedure 

5.2.2.1 Study design  

Participants visited the laboratory on three separate occasions: for familiarisation and for 

two main testing sessions. The familiarisation session served to acclimate participants 

to all experimental procedures and to optimise the delivery of NMES to AbH (see below 

for protocol). In the first main session, the optimisation procedures were repeated for 

verification purposes, then participants’ ability to maximally activate AbH voluntarily was 

quantified using the interpolated twitch technique. During the second main session and 

following verification of AbH motor point location and MT (see sections 2.2.1 and 2.2.2, 

respectively), the force evoked by 7s trains of NMES delivered to AbH at different 

stimulus intensities was recorded.  
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In each visit, participants were seated with their left foot securely fixed at the ankle and 

forefoot and positioned in 35º plantar flexion with respect to foot flat (Goldmann & 

Brüggemann, 2012), and the Hallux suspended in 10° dorsal flexion (Fig. 2.4). During 

the familiarisation sessions and the first main trial a uni-axial force transducer (1000Hz 

sampling frequency, range: 0-250 N; RDP Electronics Ltd, UK), calibrated for measuring 

low forces and mounted to the experimental apparatus above the foot was used to record 

the voluntary and interpolated twitch forces (Fig. 2.4). In the second main trial, a tri-axial 

force transducer (1000Hz sampling frequency, range: 0-50N; Applied Measurements 

Ltd, UK) was used to account for the abduction force elicited from direct-muscle NMES. 

The force data was collected through an A/D convertor (1401power, Cambridge 

Electronic Design Ltd., UK) and imported into Spike2 software (v7.12, CED Ltd., UK) for 

analysis. 

 

5.2.2.2 Procedures for NMES optimisation 

The procedures for optimisation of the direct-muscle NMES delivery involved AbH motor 

endpoint zone location and MT determination (see sections 2.2.1 and 2.2.2 for protocol, 

respectively). Once the motor point was identified, trains of 5 x 1ms pulses were 

delivered to this location at 20Hz pulse frequency and increasing current, starting at 

0.5mA with increments of 0.5mA. AbH MT represented the lowest current, which evoked 

a twitch force that exceeded the baseline force level by 2 standard deviations (as in 2.2.2) 

(James et al., 2018).  

To identify the stimulus intensity capable of recruiting the full range of AbH muscle force, 

a twitch force recruitment curve in response to single square-wave (1ms) pulses 

delivered to the motor point at increasing current intensities was constructed (Fig. 5.1A). 

The stimulation started at 1mA current intensity with 1mA increments until saturation of 
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the evoked twitch force amplitude was reached. Finally, the recorded current at this point 

was multiplied by 130% to ensure supramaximal stimulation intensity (James et al., 

2018) for the interpolated twitch technique delivery (Allen et al., 1995; Gandevia & 

McKenzie, 1988). 

 

5.2.2.3 Voluntary activation testing 

Participants attempted 3 x ~5s 1MPJ flexion MVCs separated by 5 minutes rest. In each, 

participants concomitantly attempted abduction of the Hallux in order to fully engage AbH 

contraction. Upon reaching the force plateau, a supramaximal (130%) 1ms 100Hz 

doublet stimulus (Gandevia et al., 1996) was delivered over the motor point of AbH (Fig. 

5.1B). The additionally evoked twitch force represents the engagement of MUs that have 

not been activated through voluntary command and therefore are excited by the 

interpolated stimulus (Shield & Zhou, 2004). Participants were instructed to maintain 

maximal effort until instructed to relax, following which, a second supramaximal twitch 

(same stimulus parameters) was evoked 1-2s into rest to take into account the possible 

potentiation of neural drive to the muscle (Allen et al., 1995). Visual feedback and 

appropriate encouragement were provided as well as demonstration, instruction and 

practice trials prior to recording the MVCs (Gandevia, 2001). 

 

5.2.2.4 Sub-maximum evoked (NMES) AbH force testing 

7s NMES trains of 1ms pulses were delivered to AbH at 20Hz pulse frequency with 

increasing current intensity starting at 150% MT with 25% MT increments up to 300% 

MT (Fig. 5.1C). One minute rest was given between each train to avoid cumulative 

fatigue. Participant’s perceived discomfort was quantified for each NMES intensity with 



112 

 

a 10cm visual analogue scale (VAS), where 0 represents ‘no discomfort’ and 10 

represents ‘maximal discomfort’ (Maffiuletti et al., 2014).  

 

Figure 5.1. Examples of the stimulation protocols used in the study and the respective 

evoked AbH forces. A: Twitch force recruitment curve constructed by gradually 

increasing stimulus strength to identify the current intensity (mA; vertical dashed line) 

corresponding to maximal twitch force (circled); B: Twitch interpolation evoked by 1ms 

100Hz paired pulse stimulation delivered during and following a maximum voluntary 

1MPJ flexion contraction with abduction of the Hallux. The arrows indicate the stimulation 

time points and the vertical lines mark the interpolated, resting and MVC force amplitudes 

used to calculate the voluntary activation ratio; C: NMES-evoked force from 7s 20Hz 
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trains of 1ms pulses delivered to AbH motor point with stimulus intensities increasing 

from 150% to 300% of MT. At each intensity, maximum AbH evoked force was recorded 

(filled vertical arrow) as well as the level of perceived discomfort (VAS; open vertical 

arrows). 

 

5.2.3 Data analysis 

The voluntary activation ratio (VAR) for AbH during each MVC was calculated using the 

following equation (Allen et al., 1995):  

𝑉𝐴𝑅 =  1 − (
𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑒𝑑 𝑡𝑤𝑖𝑡𝑐ℎ 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 − 𝑀𝑉𝐶 𝑓𝑜𝑟𝑐𝑒

𝑟𝑒𝑠𝑡𝑖𝑛𝑔 𝑡𝑤𝑖𝑡𝑐ℎ 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
) 

 

where the interpolated twitch amplitude is the extra force evoked from AbH in response 

to the supramaximal doublet stimulus during MVC and MVC force is the maximal force 

measured prior to stimulus onset (Fig. 5.1B). The highest VAR and corresponding MVC 

force achieved out of the 3 attempts from each participant were considered for analysis. 

Participants were deemed “able” to fully activate AbH if their VAR was ≥0.9 (e.g., 90% 

of full capacity) (Herbert & Gandevia, 1996). Correspondingly, those with a VAR that was 

<0.9 comprised the “unable” group.  

The maximum force (N) evoked during each of the 7s NMES trains (Fig. 5.1C) was 

entered for analysis. In the able group (participants with a VAR ≥0.9) the maximum force 

(N) was normalized (%) to the MVC force from the contraction that produced the highest 

VAR and then plotted against the respective NMES stimulus intensity (150% to 300% 

MT). The minimum stimulus intensity required to achieve evoked contractions with a 

force ≥20%MVC was identified from the minimum value within the range of able 

participant responses at each stimulus intensity. 
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The mean (±SEM) of NMES current (mA) required at each stimulus intensity was plotted 

against the evoked force (N) and VAS score to assess the relationship between the 

stimulus intensity, force production and participants’ discomfort, respectively.  

 

5.3 Results 

The interpolated twitch technique identified that only 3 participants (23%) in the cohort 

were able to activate AbH ≥90% of its full capacity (mean VAR (range): 0.93 (0.91 – 

0.95); Fig. 5.2A). The average VAR of the remaining 10 participants was 0.69 (0.36 – 

0.83). Despite this difference between the groups, the average MVC force was 

comparable (34.8 (29.8 – 41.2)N vs 31.8 (17.6 – 75.4)N, respectively). However, the 

higher range recorded in the unable group MVC force suggests an alternative force-

generating strategy in certain individuals.  

In the able group, the NMES stimulus intensity needed to achieve a force ≥20% MVC 

corresponded to 200% MT (Table 5.1, Fig. 5.2B) and this was delivered at an average 

current intensity of 7.9 (6.0 – 10.8)mA (Fig. 5.2C). The corresponding perceived level of 

discomfort at this intensity was 3.3 (2 – 5) (Fig. 5.2D). 

Table 5.1. Mean (range) NMES-evoked force delivered at increasing stimulus intensities 

and expressed as a percentage of MVC in able participants (VAR ≥0.9; n=3).  

 

 

 NMES stimulus intensity relative to AbH MT 

 150% 175% 200% 225% 250% 275% 300% 

% MIVC 
14      

(4-32) 

26             

(17-44) 

31         

(21-45) 

38         

(26-46) 

43              

(24-57) 

49          

(31-66) 

54         

(38-72) 
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Despite not being able to activate AbH to its full capacity, the unable group produced 

comparable NMES-evoked forces to the able group during the graded NMES protocol 

(Fig. 5.2C). This was achieved at lower current intensities (Fig. 5.2C), but with a slightly 

higher pain score (Fig. 5.2D). For example, at 200% MT, the unable group generated an 

average force of 11.8 (2.0 – 27.8)N compared to 11.2 (7.0 – 18.5)N in the able group, 

which was delivered at a current intensity of 6.5 (2.4 – 16.4)mA (compared to 7.9 (6.0 – 

10.8)mA) and elicited a VAS of 4.5 (1 – 6.5) (compared to 3.3 (2 – 5)). 

 

Figure 5.2. A: Mean (range) participant responses for voluntary activation ratio (VAR); 

B: Mean (range) % MVC plotted against NMES stimulus intensity in the able group (n=3). 

The dashed horizontal lines illustrate that 200% MT is the minimum stimulus intensity 

required to evoke forces ≥20% MVC; C: Mean (±SEM) NMES-evoked force (N) plotted 

against mean (±SEM) current intensity (mA) in able (filled circles) and unable participants 

(n=10; unfilled circles); D: Mean (±SEM) perceived level of discomfort (visual analogue 
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scale; VAS) plotted against mean (±SEM) current intensity (mA) in able and unable 

participants. The current intensity corresponding to 200% MT is circled in Figures C and 

D. 

 

5.4 Discussion 

The aim of this study was to identify a minimum stimulation intensity for NMES training 

of AbH based on its maximum isometric force generating capacity. Using the twitch 

interpolation technique and a cohort of healthy individuals this study demonstrated that: 

(i) a small proportion (23%) of the participants were able to activate AbH to near full 

capacity as ascertained by achieving a high voluntary activation ratio (0.9) during 

maximum 1MPJ flexion contraction with abduction; ii) a current of twice (200%) the AbH 

MT has the potential to activate the muscle to a sufficient level for promoting strength 

gains via NMES training; this finding rejects the experimental hypothesis posed; (iii) 

NMES at this stimulus intensity causes low-to-medium discomfort level; and (iv) NMES 

is applicable independently on the individual’s ability to voluntarily activate AbH muscle.  

Training via evoked muscle contractions is different to voluntary activation of muscle 

because MU discharge patterns are non-selective and spatially fixed (Bickel et al., 2011). 

Despite this, previous research has showed the use of NMES for muscle strengthening 

benefits at intensities which evoke muscle contractions of ≥20% MVC (section 1.3.2) 

(Alon & Smith, 2005; Maddocks et al., 2016; Maffiuletti et al., 2019; Talbot et al., 2003). 

Indeed, a chronic period (~8 weeks) of high-intensity NMES training (~80% MVC) of the 

quadriceps has been shown to result in strength gains via transitions in the myosin heavy 

chain isoforms in both active and sedentary individuals (Gondin et al., 2011). Similarly, 

NMES training of quadriceps at lower stimulus intensities, but above the recommended 

training level (~30-60% MVC), proved sufficient to induce beneficial adaptations in 
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muscle morphology and concomitant strength gains (Natsume et al., 2018), whereas 

NMES training at 5-10% MVC (in the same muscle) was not (Natsume et al., 2015). In 

the present study, the NMES current intensity at which all able participants exceeded the 

20% MVC threshold was 200% MT (mean: 31% MVC; range: 21-45% MVC) and this 

was achieved with low-to-mild discomfort (Fig. 5.3D; circles). In previous work applying 

NMES to AbH a lower dose was adopted, equivalent to 150% MT (James et al., 2013; 

James et al., 2018) and observed peripheral excitability (Mmax130) and contractile (twitch 

force) adaptations indicative of fatigue following an acute exposure to an NMES 

paradigm (James et al., 2018). The present study findings suggest that the potential for 

training AbH at 150% MT for strength gains, with regular exposure, may be reduced for 

certain individuals. Indeed, two of the three able participants in the present study only 

managed to voluntary activate AbH to 4% and 7% MVC at 150% MT (mean: 14% MVC; 

range: 4 - 32% MVC; Table 5.1), implying that this NMES stimulus intensity would be 

insufficient to cause meaningful muscle strengthening.  

Training muscle at a low intensity of electrical stimulation can enhance the central 

contribution to force production (Bergquist et al., 2011b; Collins, 2007). Training muscle 

at low intensity NMES and combining wide pulse widths (1ms) takes advantage of the 

rheobase of sensory muscle afferents and minimises the potential for antidromic 

transmission of the stimulus in the motor axon, which would otherwise cancel the signal 

emanating from sensory pathways. If these electrical pulses are delivered in sequences 

of low and high frequency trains (Baldwin et al., 2006; James et al., 2013; James et al., 

2018), the potential to increase force production is enhanced as a result of the effective 

current delivered to MNs and resulting post-tetanic potentiation of synaptic drive to the 

muscle (Baldwin et al., 2006; Bergquist et al., 2011b; Collins, 2007). Thus, NMES training 

of AbH at the minimum suggested threshold for strength gains (20% MVC; Alon & Smith, 

2005; Maddocks et al., 2016; Maffiuletti et al., 2019; Talbot et al., 2003) may not only be 

effective but is also tolerable, which suggests a potential clinical utility for this approach 
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to alleviate or combat common foot pathologies in which the integrity of AbH is impaired, 

such as Hallux Valgus (Nix et al., 2010).  

The finding that a large proportion of participants, or 77% of the present study cohort, 

were unable to voluntary activate AbH to at least 90% of its maximal force generating 

capacity was not surprising. This finding is consistent with the study performed by Arinci 

Incel et al. (2003), who found in 70% (n=14) of their healthy cohort that MU action 

potentials during AbH voluntary contraction were contaminated with cross-talk from the 

synergistic flexor hallucis brevis muscle. Boon & Harper (2003) also noted that ~19% of 

their cohort were in fact unable to voluntarily activate AbH. The cause of this inability is 

uncertain and can be perhaps due to one or more factors. Potentially, there may be an 

insufficiency in the central drive to fully activate AbH. Decreased synaptic transmission 

of the supraspinal input to the muscle via spinal MNs is another possibility, and finally, 

there may be a deficit in the muscle’s ability to convert the excitatory input into an 

effective contraction. This latter point is particularly noteworthy since AbH has a complex 

morphology with differing architectural arrangements (unipennate, bipennate and 

multipennate) within distinctive segments along its length (see  1.2.1.1; Fig. 1.4B) 

(Tosovic et al., 2012). There is also considerable morphological variability between 

individuals within each of the segments. Indeed, Tosovic et al. (2012) noted in a small 

cohort of cadaveric specimens that ~11% were missing the typical multipennate 

arrangement at the proximal segment of the muscle and went on to show that this 

segment of AbH had the largest physiological cross-sectional area (~520mm2) of all 14 

muscle segments investigated from four intrinsic foot muscles. An absence of this 

predominant force generating segment of the muscle may have an impact on the 

magnitude of the force produced by some participants when attempting to activate AbH 

to its full capacity. 
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Importantly, it is likely that neural factors due to AbH morphological specificity can explain 

the large number of unable participants in the present study. A feature of muscles with 

broad origins and distinctive segments, such as AbH, is the selective recruitment of MNs 

to fine-tune a movement and control the differentiated lines of force within the differing 

segments (functional differentiation) (Paton & Brown, 1994; Tosovic et al., 2012). 

Evidence for this non-uniform activation of motor units is also found in the pectoralis 

major (Paton & Brown,1994) and trapezius (Falla & Farina, 2008), where their distinct 

segments are selectively activated to match the force required for a given task. For 

example, the upper segments of the pectoralis major are preferentially activated during 

forward flexion of the shoulder whilst inferior segments are preferred for forward 

extension (Paton & Brown, 1994). Furthermore, different motor unit behaviour 

(recruitment and firing rate) available to control force has also been found to be muscle 

segment dependent (Falla & Farina, 2008). Indeed, motor units from the upper segments 

(multipennate architecture) of the trapezius were found to be preferentially recruited 

during sustained shoulder abduction, whilst the lower segments relied on discharge rate. 

Additional motor units are recruited in the upper segments to compensate for decreased 

discharging rates within the lower segments to maintain the force level over time (Falla 

& Farina, 2008).  

Accordingly, in AbH, the proximal multipennate segment will be characterised by distinct 

populations of MUs to perform 1MPJ flexion and abduction of the Hallux independently 

of each other, and activating AbH to its full capacity would require the recruitment in 

synchrony of both of these pools of MUs as well as of those from other distal segments. 

Thus, the instruction to participants during data collection was to perform Hallux 

abduction concomitant to maximum 1MPJ flexion by encouraging them to displace a 

small ball of plasticine, placed on the dorsal aspect of 1MPJ, away from the digits during 

the MVC. A number of participants could not achieve this voluntarily; therefore, one can 
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speculate that the supraspinal drive of others was insufficient or inefficient to innervate 

the abduction MU pool for full activation of AbH. 

Despite the inability to perform the contraction as instructed, the unable participants still 

exerted a comparable MVC to the able participants (31.8N vs 34.8N, respectively). Since 

VAR confirmed that AbH activation capacity had not been reached in the unable group, 

it is likely that they performed the instructed movement with greater activation of the 

prime Hallux flexor intrinsic (i.e. flexor hallucis brevis) and extrinsic (i.e. flexor hallucis 

longus) muscles (Arinci Incel et al., 2003; Bruening et al., 2019; Gooding et al., 2016; 

Yamauchi & Koyama, 2019b). The inability to voluntary activate AbH to its full capacity 

may have functional consequences. More specifically, an inability to produce abduction 

force compromises 1MPJ stability during the propulsion phase of gait, which in turn will 

lower forefoot stiffness and place a greater demand on more proximal joints for 

propulsive power (Farris et al., 2019). Hence, the benefit of training AbH to produce a 

mechanically correct movement of the Hallux, which is possible with NMES-evoked 

contractions, seems intuitive not only for the pathological foot but also for healthy 

individuals to ensure appropriate forefoot loading during gait. Indeed, direct-muscle 

NMES evoked comparable (absolute) force generation in all participants in this study 

independently of their ability to fully activate AbH by will (Fig. 5.3C); and this was 

achieved with a stimulation intensity causing relatively low discomfort. This finding 

implies that the peripheral contractility of AbH is intact irrespective of the inability to 

voluntary contract AbH to its full capacity; therefore, it might be possible to increase the 

voluntary activation capacity of the muscle with targeted NMES exposure. 

This study is not without limitations that need to be acknowledged and considered when 

interpreting the present findings. Firstly, the small sample size limits the capacity of this 

study to statistically compare the results between able and unable groups. However, the 

results highlight the difficulty to activate this muscle to its full capacity in the healthy 
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population, which is prevalent and may not necessarily be overcome with a higher 

number of participants. Secondly, the twitch interpolation technique represents a 

standard method to assess for voluntary activation that requires its own practical 

considerations. Namely, the technique has been noted to be less sensitive at high levels 

of muscle activation (Herbert & Gandevia, 1999) or influenced by changes in the joint-

angle configuration (Bampouras et al., 2006). The calculation of VAR also relies on the 

assumption that full activation capacity is achieved when it equates to 1 (i.e. VAR = 1; 

de Haan et al., 2009). Additionally, the antidromic potentials evoked by the interpolated 

twitch stimulus collide with the voluntarily produced potentials that discharge 

orthodromically, which in turn influences the magnitude of the interpolated twitch force 

and the voluntary activation measured (Gandevia, 2001). Furthermore, the contribution 

from other agonistic muscles (i.e. flexor hallucis brevis, flexor hallucis longus) to the MVC 

force recorded needs to be considered in relation to the implementation of the twitch 

interpolation technique and when relating this force to the NMES-evoked forces.  

The study attempted to overcome these practical considerations by optimising the 

experimental protocol. Specifically, the use of a conditioning followed by test pulse 

(doublet) maximises force production due to the recruitment of the motor units which may 

have been in the refractory period if only one test stimulus were used (Belanger & 

McComas, 1981; Herbert & Gandevia, 1999). This, in turn, overcomes the antidromic 

collision and reduces the variability in force produced when using only single pulses 

(Oskouei et al., 2003). For its part, the sensitivity to joint-angle configuration was 

addressed by positioning the 1MPJ at 10° of dorsal flexion to optimise force production 

by AbH (see section 2.3.2). Furthermore, the foot was positioned at 35° of ankle plantar 

flexion specifically to minimise the contribution to the MVC force from the flexor hallucis 

longus, since this muscle and other plantar flexors would be at a less favourable 

condition to produce force due to the force-length relationship (Goldmann & 

Brüggemann, 2012). Participants were also instructed to perform Hallux abduction 
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concomitant to the 1MPJ flexion to minimise the activation of the flexor hallucis brevis. 

However, the contribution of this flexor muscle to the MVC force is likely and difficult to 

negate, so this limitation should be considered when interpreting the results. Therefore, 

if one assumes that VAR ~1 (i. e. ~100%) represents full activation capacity, the 

implementation of the twitch interpolation technique as reported in this study represents 

a robust method to quantify insufficiencies in AbH activation. 

In conclusion, the findings of the present study have shown that a large number of 

(healthy) participants are unable to activate AbH to its full capacity, which may be due to 

the complex muscle morphology and/or a neural activation deficit. Despite this, targeted 

NMES applied directly to AbH can be used to alleviate these deficits and evoke 

comparable forces in all individuals, which may have practical implications for both 

restoring function in the healthy foot and offsetting weakness in the pathological foot.  

NMES stimulus intensity equivalent to 200% of individual AbH MT has the potential to 

evoke forces above 20% MVC and may be used to promote muscle strengthening in 

AbH whilst mitigating discomfort. 

 

Link to next chapter 

This study has shown that NMES delivered at 200% MT of AbH evokes forces above 

20% MVC, which has the potential to foster the strengthening of AbH. This intensity was 

found to also be tolerable in those that can and cannot activate AbH voluntarily and 

therefore this intensity can be used as part of the NMES paradigm. Nevertheless, force 

production will also rely on the duty-cycle used as the rest intervals between evoked 

contraction can help minimise the fatigability of NMES application. Therefore, the next 

study will investigate the NMES duty-cycle required to preserve force production.  
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6.0 Optimising the duty cycle for enhanced training benefits from an NMES 

paradigm 

6.1 Introduction 

NMES is delivered in bursts or trains of pulses interspersed with rest periods of no 

stimulation. Such cyclic stimulation delivery allows for the relaxation of the muscle fibres 

between evoked contractions, as any induced ionic imbalance in the Na+-K+ pump that 

affects muscle excitability (Jones et al., 1979; Jones, 1996) is restored. In addition, 

during this recovery period, the Ca2+ is removed from the myoplasm to reduce its 

concentration, which leads to Ca2+-disassociation from troponin and cross-bridge sliding 

cessation (Westerbland et al., 1997; Allen et al., 2008). Beyond the muscle membrane, 

the metabolic substances altered during adenosine triphosphate hydrolysis are 

replenished and the intracellular acidity resulting from metabolite accumulation return to 

pre-evoked contraction status (Vanderthommen et al., 2003; Ratkevicius et al., 2004). 

During fatigue induced by repetitive activation of muscle via NMES training, the 

aforementioned mechanisms are altered leading to impaired muscle excitability and 

contractility, and a consequent decline in force production (Allen et al., 2008). Since the 

level of evoked force is the main stimulus of NMES training efficacy (Maffiuletti et al., 

2018), the duty-cycle used can be manipulated to allow sufficient rest time between 

repetitive contractions in order to minimise fatigue and preserve force production for 

longer. 

The preservation of the evoked force by NMES depends on the duty-cycle used. An 

NMES duty-cycle is often expressed as a contraction (on) to rest (off) intervals ratio (i.e. 

on:off), or a percentage of the time when the stimulation is ‘on’ to the sum of ‘on’ and ‘off’ 

times (Packman-Braun, 1988; Lake, 1992). For example, NMES protocols consisting of 

20s of stimulation followed by either 20s (Wegrzyk et al., 2015a) or 90s (Wegrzyk et al., 

2015b) of rest represent duty cycles of 1:1 (50%) or 1:4.5 (~18%), respectively. Low 
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duty-cycles (i.e. longer time off) are found to better preserve force production throughout 

the NMES protocol compared to high duty-cycles (e.g. 1:5 vs 1:1) (Packman-Braun, 

1988; Rankin & Stokes, 1992; Matheson et al., 1997; Holcomb, 2006). Indeed, earlier 

studies reported that a duty-cycle of 1:1 (5s on, 5s off) failed to sustain a force level 

above 50% of the initial value within the first 10 minutes of a 30-minute session 

(Packman-Braun, 1988). The force loss using high NMES duty-cycles is associated with 

a higher metabolic cost evidenced by an increased adenosine triphosphate production, 

higher inorganic phosphate to phosphocreatine ratio, and reduced intracellular pH 

(Matheson et al., 1997), all of which contribute to an inability to contract and generate 

force (Vanderthommen et al., 2003; Ratkevicius et al., 2004; Allen et al., 2008; Kent-

Braun et al., 2012). Conversely, this metabolic cost and the consequent force decay are 

progressively mitigated when 1:3 (Packman-Braun, 1988) and 1:5 (Packman-Braun, 

1988; Matheson et al. 1997) NMES duty-cycles are used instead. Accordingly, in clinical 

settings and in order to reduce fatigue, minimise discomfort and promote force 

preservation, NMES is applied using a duty-cycle between 1:3 (Quittan et al., 2001; 

Doucet et al., 2012) and 1:5 (Talbot et al., 2003; Glaviano & Saliba, 2016). Similarly, 

significant strength gains are achieved after prolonged exposure to NMES with duty-

cycles of 1:3 (6.25s on, 20s off) (Gondin et al., 2005; 2011; Natsume et al., 2018) or 1:5 

(4s on, 20s off) (Maffiuletti et al., 2002).  

Along with metabolic cost, an impaired excitability and contractility contribute to force 

decay during NMES. Alterations occurring at the muscle level that reduces excitability 

and contractility are also associated with fatigue after NMES (Papaiordanidou et al., 

2014; James et al., 2018), and the extent of these alterations may also be modulated by 

the duty-cycle used (Neyroud et al., 2016). Indeed, a recent study by Neyroud et al. 

(2016) showed that when fatiguing protocols are applied to the adductor pollicis muscle, 

using a high duty-cycle of 3:1 (3s on, 1s off) produced a significant reduction (~55%) in 

the evoked force, reduced contractility (~70% reduction in peak twitch force), and 
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impaired excitability (~65% reduction in Mwave amplitude; 7% increase in Mwave latency). 

However, when a lower duty-cycle of 1:2 (1.5s on, 3s off) was used, such reduced 

preservation of force was minimal or halved (~25% of force produced) with additional 

induced ischemia (Neyroud et al., 2016). Correspondingly, reduced contractility (~55% 

in peak twitch force) and excitability (<25% decrease in Mwave amplitude) were reported 

for the latter duty-cycle but to a lower extent. Only one study has reported the effect of 

an NMES training session on the excitability and contractility of AbH, where a 1:3 (15s 

on, 45s off) duty-cycle induced an increase in Mwave latency and area, and an elongation 

of half relaxation time of the corresponding evoked twitch force following 24 trains 

(James et al., 2018). A ~75% reduction in force preservation from the first to the last 

stimulating train was observed to accompany these peripheral fatigue adaptations 

(James et al., 2018). Taken together, these findings suggest that although a reduction in 

the preservation of force is observed in both high and low duty-cycles, the use of longer 

rest periods can be used to mitigate fatigue. 

Therefore, the purpose of this study was to identify the optimal NMES duty-cycle 

delivered to AbH which minimises fatigue and preserves force production. The 

hypothesis tested was that a low duty cycle will preserve force generation, minimise 

muscle fatigue and maintain contraction dynamics. 

 

6.2 Methods 

6.2.1 Participants 

Eight healthy male volunteers (mean ± standard deviation [SD]: 27.1±8.7 years, 76.8±8.6 

kg, 1.8±0.1 m) provided written informed consent to participate in the study that had 

received prior local ethical approval (SAS1807) and was compliant with the Declaration 

of Helsinki (2013). Prior to participation all volunteers completed a health screen 
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questionnaire and reported good health and absence of lower extremity injuries, 

underlying pathologies and neurological problems.  

 

6.2.2 Experimental procedure 

Participants visited the laboratory on two occasions ~7 days apart: once for 

familiarisation with the testing procedures and once for the main session. During the 

familiarisation session, the motor point and MT were identified (refer to sections 2.2.1 

and 2.2.2, respectively) while participants were seated with the ankle at 35° of plantar 

flexion and the hallux suspended from a uniaxial force transducer (range: 0-250N; RDP 

Electronics Ltd., UK) at 10° of dorsal flexion (section 2.3.2). To accustom the participants 

to the NMES used in the main session, a 6s train of wide pulse (1ms), low intensity (200% 

MT; see Chapter 5) direct muscle electrical stimulation was delivered at ALT frequency 

(20-100-20Hz; 2s each; see Chapter 4) to the motor point of AbH.  

At the beginning of the main session, the identification of the motor point and MT were 

verified. Then, the medial plantar nerve was located and the supramaximal intensity for 

PNS was identified (see section 2.4.1 and 2.4.2). Next, three sets of five x 22s trains of 

wide pulse (1ms) NMES were delivered to the motor point of AbH at an intensity of 200% 

MT and ALT frequency. Each set had a different resting period between stimulation trains 

of either 22s (Wegrzyk et al., 2015a), 44s (James et al., 2018) or 88s (Neyroud et al., 

2016; Espeit et al., 2021) corresponding to duty-cycles of 1:1, 1:2 and 1:4, respectively. 

The sets were delivered at random order across participants to eliminate any potential 

order effect. A rest period of at least 5 minutes was used between the sets.  

Before (PRE) and immediately after (POST) each NMES set, three single pulse 

stimulations, three low frequency (10Hz) and three high frequency (100Hz) paired stimuli 

were delivered to the medial plantar nerve at a supramaximal intensity to compute 
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Fpaired10/100Hz  (Verges et al., 2009) (Fig. 6.1). A rest period of at least 20s separated each 

individual stimulation and the order of delivery was always in the sequence as described 

to avoid cumulative force potentiation. 

 

6.2.3 Data analysis 

The Mmax130 and corresponding twitch force evoked by the single pulses were recorded 

to assess AbH peripheral nerve excitability and muscle contractility, respectively. 

Specifically, the Mmax130 latency (ms), amplitude (mV) and terminal phase area (TP; 

mV•ms) were measured (see section 2.4.3.1) for excitability assessment. The peak 

twitch force amplitude (pTw; N) and half relaxation time (HRT; ms) were measured (see 

section 2.4.3.2) for contractility assessment.  

The Fpaired10/100Hz was computed as the ratio between the peak twitch forces evoked by 

the 10Hz and 100Hz paired stimuli as a fatigue index (see section 2.4.3.2). In addition, 

the FTI (N•s) corresponding to the first and fifth NMES trains within a set were calculated 

and compared to assess for preservation of force production during NMES and between 

the duty-cycles tested.  
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Figure 6.1. Experimental design: three sets of five 22s NMES trains, interspersed with 

either 22, 44 or 88s rest periods, were delivered to AbH at an ALT frequency (20-100-

20Hz; 2s each) and an intensity of 200% MT with a 5min rest period between sets. Single 

and paired (10Hz and 100Hz) PNS pulses were delivered before (PRE) and immediately 

after (POST) the NMES set at a supramaximal intensity to assess peripheral AbH muscle 

excitability, contractility,  and fatigue caused by NMES. 

 

6.2.4 Statistics  

Each parameter derived from the three Mmax130 and corresponding twitch force evoked 

by the single pulses, as well as the three peak twitch forces from each of the paired 

stimuli were pooled for each participant. Individual values (n=8) for the Mmax130 latency 

(ms) and HRT (ms) were normally distributed (Shapiro-Wilk, SPSS v.21, IBM, USA). In 

addition, the Mmax130 amplitude (mV), but not the TP (mV•ms), pTw (N) or Fpaired10/100Hz, 

values were normally distributed following log transformation.  

A two-factor repeated measures ANOVA was performed on each outcome measure that 

was normally distributed for main and interaction effects of duty-cycle (1:1, 1:2, or 1:4) 

and time (PRE and POST). Significance was accepted when p≤0.05. For the parameters 

not normally distributed, non-parametric Wilcoxon sign-rank tests were performed to 

compare PRE vs POST values for each duty-cycle. Statistical significance was increased 

to p≤0.017 to account for multiple comparisons (alpha value/number of pairwise 

comparisons).  

The individual values (n=8) of the FTI corresponding to the first and fifth NMES trains 

were normally distributed, therefore, a two-factor (duty-cycle condition: 1:1, 1:2, 1:4 vs 

time: first train, fifth train) repeated measures ANOVA was performed for main effects of 

condition and time, or a condition x time interaction effect, with inclusion of effect size 
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(ŋ2). Post-hoc pairwise comparisons were adjusted with a Bonferroni correction. 

Significant differences were accepted when p≤0.05.  

 

6.3 Results 

The population average (n=15; ±SD) NMES current intensity delivered to participants for 

stimulation of AbH at 200% MT was 3.2±0.9mA, and the supramaximal intensity 

delivered via PNS to evoke Mmax130 was 19.0±4.6mA. 

Significant interaction (p<0.05; η2=0.35) and main effects for duty-cycle condition 

(p<0.05; η2=0.47) and time (p<0.001; η2=0.92) were found for the FTI data. Bonferroni-

adjusted post-hoc pairwise comparisons indicated that the FTI was significantly reduced 

(p≤0.001; Fig. 6.2 A) from the first to the fifth NMES train (Fig. 6.2B) for all duty-cycles 

tested. They also indicated that the force loss using a duty-cycle of 1:1 (-66.8±10.9%) 

was not significantly different to using 1:2 (vs -39.8±13.6%; p>0.05), but it was 

significantly greater than the use of 1:4 (vs -35.0±17.3%; p<0.05). In addition, no 

significant difference between 1:2 and 1:4 was revealed (p>0.05). 

 

Figure 6.2. A: Force-time integral (N•s) corresponding to the first (black) and fifth (grey) 

NMES trains with duty cycles of 1:1, 1:2 or 1:4 (rest periods of 22s, 44s or 88s, 
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respectively). * Indicates p<0.05 (post-hoc comparisons); ** p<0.001 (ANOVA time 

effects). B: Exemplar of the force profile evoked by the first (black) and the fifth (grey) 

NMES trains delivered to AbH using a duty-cycle of 1:4 at an ALT frequency (20-100-

20Hz; 2s each) and an intensity of 200% MT.  

 

There were no main or interaction effects (p>0.05) between the duty-cycles tested for 

the latency, amplitude or TP derived from Mmax130, nor for the pTw or HRT derived 

from the corresponding twitch force (Table 6.1). Similarly, there were no significant main 

or interaction effects (p>0.05) for Fpaired10/100Hz (Table 6.1). 

Table 6.1. Population mean (± SD, n=8) for the parameters evaluating excitability, 

contractility, fatigue using  each duty-cycle tested: 1:1 (22s rest), 1:2 (44s) and 1:4 (88s). 

TP: terminal phase; pTw: peak twitch force amplitude; HRT: half relaxation time. 

  Alternating (20-100-20Hz) 

 
 

 1:1 (22s)  1:2 (44s)  1:4 (88s) 

  PRE POST  PRE POST  PRE POST 

          
Latency 

(ms)  
8.4 

(1.4) 
8.3 

(1.4) 
 

8.6 
(1.5) 

8.6 
(1.6) 

 
8.6 

(1.5) 
8.6 

(1.8) 

          
Amplitude 

(mV) 
 

6.3 
(3.8) 

6.0 
(3.2) 

 
5.6 

(2.8) 
5.9 

(3.0) 
 

5.9 
(3.1) 

6.1 
(3.3) 

           
TP 

(mV•ms) 

 

 
7.1 

(4.3) 
6.5 

(3.8) 
 

6.5 
(3.4) 

6.7 
(3.3) 

 
6.6 

(3.5) 
6.6 

(3.4) 

           
pTw       
(N)  

 

 
9.4 

(3.1) 
9.6 

(2.9) 
 

9.3 
(1.3) 

9.2 
(0.9) 

 
9.2 

(1.5) 
8.9 

(2.2) 

HRT     
(ms) 

 

 101.4 
(17.2) 

103.2 
(15.4) 

 100.2 
(13.4) 

103.5 
(13.0) 

 105.9 
(12.4) 

103.9 
(12.3) 

 

Fpaired10/100 

 
 

0.88 
(0.05) 

0.88 
(0.05) 

 
0.89 

(0.05) 
0.88 

(0.04) 
 

0.89 
(0.04) 

0.87 
(0.06) 
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6.4 Discussion 

This study aimed to optimise the NMES duty-cycle implemented to minimise fatigue and 

preserve force production in AbH. The findings from this study indicate that five NMES 

trains induced a reduction in force production irrespective of the experimental duty-cycles 

(1:1, 1:2, and 1:4, with 22s, 44s and 88s rest periods, respectively) used. Indeed, the FTI 

was significantly lower from the first to the fifth train (Fig. 6.2), though to a lesser extent 

for the lowest duty-cycle (i.e. 1:4). In spite of this, AbH excitability and contractility 

measured immediately after the NMES trains remained unchanged since the parameters 

derived from the Mmax130 and corresponding twitch force, respectively, were no different 

to PRE values. Similarly, no significant change in the Fpaired10/100Hz index was found 

following any of the duty-cycles tested, which indicates that the five NMES trains 

delivered did not induce low frequency fatigue. Therefore, these findings indicate that 

from the duty-cycles tested, the one with the longest rest period (88s) showed signs of 

allowing better force preservation, which is in agreement with the study’s hypothesis. 

The FTI evoked by NMES was progressively reduced during the three duty-cycles 

investigated in this study. The FTI evoked during NMES can be used to reflect the 

preservation of force across evoked contractions (Rankin & Stokes, 1992; Gorgey et al., 

2009; Gondin et al., 2010; Wegrzyk et al., 2015a), where higher duty-cycles induce 

progressively greater force decay (Packman-Braun, 1988; Rankin & Stokes, 1992; 

Matheson et al., 1997), in line with the findings of this study. Indeed, an early study by 

Rankin & Stokes (1992) compared the effect on the FTI of 10 trains of NMES delivered 

to the quadriceps using duty-cycles of 1:1 (10s on, 10s off), 1:5 (50s off) and 1:12 (120s 

off). They went on to show that the FTI was significantly reduced from the first to the 

tenth contraction for all duty-cycles, specifically by 51.3%, 38.3% and 25.8% for 1:1, 1:5, 

and 1:12, respectively. Furthermore, the FTI reduction was significantly greater using 1:1 

compared to 1:12. Consistent with this, the present study also showed an FTI decay in 
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all of the duty cycles tested but to a greater extent in the highest duty cycle of 1:1 (-

66.8%) compared to the lowest of 1:4 (-35.0%). These findings also concur with previous 

studies by Packman-Braun (1988) and Matheson et al. (1997) in which the higher duty-

cycles tested lead to a greater force decay. In the former, duty-cycles of 1:1 (5s on, 5s 

off), 1:3 (15s off), and 1:5 (25s off) were compared in maintaining a force level above 

50% of the initial force or meet the 30-minute treatment target. Out of the three duty-

cycles tested, only 1:5 maintained the target force level for more than 20 minutes in 78% 

of their cohort (n=18). The latter study also compared duty-cycles and went on to show 

that force decay likely results from an increased metabolic stress in the stimulated 

muscle, especially during high duty-cycles (Matheson et al., 1997). 

Indeed, Matheson et al., (1997) compared the energy metabolites and intracellular pH 

following 12 evoked contractions using a duty-cycle of 1:1 (10s on, 10s off) against a 

duty-cycle of 1:5 (50s off). They found that the former duty-cycle resulted in a significantly 

greater force loss (~30% vs ~13%) of triceps surea muscles than the latter one. 

Importantly, they went on to show that the higher duty-cycle (i.e. 1:1) induced a greater 

phosphocreatine depletion during anaerobic glycolysis to produce adenosine 

triphosphate, which in turn increased the ratio of inorganic phosphate to phosphocreatine 

significantly compared to the lower duty-cycle (210% vs 50%) (Matheson et al., 1997). 

In addition, the shorter rest periods minimised the capacity for mitochondrial oxidative 

phosphorylation to resynthesise adenosine triphosphate, which led to an increased 

intracellular acidity (i.e. drop in pH to 6.8 vs 7.03) (Matheson et al., 1997). As a result, 

the higher concentration of inorganic phosphate and adenosine diphosphate within the 

muscle, along with the associated accumulation of H+, interfered with glycolysis and 

impeded the binding of Ca2+ to troponin to produce force (Matheson et al., 1997; Kent-

Braun et al., 2012). The significantly greater force loss for 1:1 vs 1:4 (66.8% vs 35.0%) 

found in the present study is in line with the findings reported by Mathenson et al., (1997), 
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and is likely underpinned by the same processes since no other changes in muscle 

function were found. 

The peripheral excitability and contractility of AbH were unchanged following five NMES 

trains irrespective of the different duty-cycles used. Since the latency (ms), amplitude 

(mV) and TP (mV•ms ) derived from the Mmax130 showed no significant changes in time 

or across duty-cycles (Table 6.1), the Na+-K+ transport across the sarcolemma and T 

tubules responsible for the propagation of the potential (see section 2.4.3.1) may have 

been unaffected, even after the 1:1 duty-cycle. Similarly, the parameters derived from 

the corresponding twitch force (i.e. pTw and HRT; Table 6.1) were not altered, indicating 

that Ca2+ uptake kinetics and cross-bridge interaction in response to a single pulse 

stimulation (see section 2.4.3.2) were intact following the duty-cycle protocols tested 

presently. These findings are in agreement with what has been reported recently in terms 

of contractility and excitability following NMES. For example, a significant reduction in 

peak twitch force (-55%) and Mwave amplitude (-25%), and an increased latency, were 

found in the adductor pollicis following 28 trains of NMES (30Hz) using a 1:2 duty-cycle 

(1.5s on, 3s off) (Neyroud et al., 2016). These findings are indicative of impaired 

excitability and contractility in the muscle but were only evident from the 22nd evoked 

contraction for Mwave latency and from the 25th for amplitude. Similarly, the corresponding 

twitch force peak was only significantly lower after the 28th contraction. Even when a 

higher and more fatiguing duty-cycle was used (3:1), the Mwave amplitude and latency 

were significantly reduced from the 13th and increased from the 10th contraction, 

respectively, and the peak twitch force was reduced from the 22nd contraction. The 

previous study partly concurs with the findings from Papaiordanidou et al. (2014) in which 

a reduced peak twitch force was found only after the 15th, but not the 5th or 10th NMES 

(30Hz) train delivered using a 1:1 (2s on, 2s off) duty-cycle to the triceps surae from 

participants with complete spinal cord injury. However, this study also showed an 

increase in Mwave amplitude across the protocol perhaps due to the paralysed status of 
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the muscle tested from their cohort. In addition, a 24-train NMES (20-100-20Hz) protocol 

using a 1:3 (15s on, 45s off) delivered to AbH also showed indication of fatigue, as the 

Mwave latency and area increased, and half relaxation time was elongated (James et al., 

2018). Taken together, these findings suggest that in order to observe the impaired 

excitability and contractility due to low frequency fatigue, a higher number of trains than 

in the present study may be required.  

Indeed, no significant changes in the low frequency fatigue index Fpaired10/100Hz were 

detected following the duty-cycles tested. In contrast, a study where 40 NMES (100Hz) 

trains delivered using a 1:7 (5s on, 35s off) duty cycle to the knee extensors did report a 

significantly reduced fatigue index (-12%) immediately and up to 1 day later, which also 

accompanied a reduced ptw (-36%) and MVC (-28%) force for a prolonged period (Foure 

et al., 2014).  In addition, Foure et al. (2014) reported an immediate and prolonged (up 

to 4 days) reduction in the peak force during the doublet stimuli at 10Hz (-38%) and 

100Hz (-30%), which explain the reduced index. In a similar way, as previously discussed 

regarding the peripheral contractility and excitability of AbH, the 5-train protocol may 

have not loaded the muscle so as to induce low frequency fatigue. In fact, in the present 

study, the T2100Hz was calculated and compared to pre-NMES values as a follow up 

measure, and a moderate effect size (Cohen’s d=0.3) was found only for the 1:4 duty-

cycle. This is perhaps an indication that the 1:4 allowed the muscle to recover and 

potentiate the evoked force, as it has been observed when only a train of NMES is 

delivered (da Silva et al., 2015). In addition, this would also indicate that the longer 

resting period avoided to a greater extent the possible hyperpolarization of the MN that 

can also contribute to the reduced FTI (Papaiordanidou et al., 2014b), which its 

occurrence cannot be ruled out in this study. For example, the NMES paradigm used in 

the current study (i.e. WPHF) along with the 1:4 duty-cycle may have allowed the fast-

twitch muscle fibres from AbH to recover and the MNs to repolarise, which resulted in a 

moderate increase in T2100Hz to combat fatigue. Therefore, using 88s rest allows sufficient 
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time for recovery following NMES evoked contractions and may be beneficial for 

maximising the force production achieved by ALT frequencies. 

Finally, it is also noteworthy that although in accordance with the findings from previous 

literature and current study longer duty-cycles are recommended, these should be also 

selected in consideration of the overall duration of the NMES session (Lake, 1992). For 

instance, a full cycle (on+off times) from the current study using 1:4 lasts 1 minute and 

50s, where a session of 15 or 22 trains would last ~30 or ~40 minutes, respectively. This 

is an important consideration for improving adherence and therefore effectiveness of 

NMES application. 

 

Link to the next chapter 

This study has shown that a duty-cycle of 1:4 with 88s rest periods allows for greater 

preservation of force between NMES trains and can help in the promotion of force 

production during a longer training session. The force produced during NMES is the main 

determinant for its strengthening effectiveness. Therefore, the practical implication of 

using a low duty-cycle, along with the other parameters together comprise a wide pulse 

(1m), low intensity (200% MT) and alternating frequency (20-100-20Hz) NMES 

paradigm, can promote the production force and foster the associated strength gains 

when delivered to the motor point of AbH.  
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7.0 General discussion 

The studies reported in this thesis were undertaken with the overarching aim to 

systematically establish a tolerable NMES paradigm to target and strengthen AbH. In 

this chapter, the main findings of these studies and their implications for the application 

of NMES to AbH are discussed. 

 

7.1 Main findings 

7.1.1 An inability to voluntary activate AbH exists in asymptomatic feet 

An atrophied AbH has been shown to be symptomatic in a number of prevalent lower 

limb pathologies including pes planus (Angin et al., 2014; Zhang et al., 2019), lesser toe 

deformities (e.g. claw/hammer toes; Mickle et al., 2018), chronic plantar heel pain 

(Franettovich-Smith et al., 2019) and Hallux Valgus (Steward et al., 2013). In turn, these 

pathologies are associated with overuse injury occurrence in the young (Zhang et al., 

2019) or an increased likelihood of falling in the elderly (Menz & Lord, 2005) populations. 

In advanced Hallux Valgus, for example, the deformed bony prominence at the medial 

aspect of the 1MPJ leads to a reduced mechanical capacity for abduction of the Hallux 

and a consequent AbH dysfunction (Arinci İncel et al., 2003; Stewart et al., 2013). As a 

result, Arinci İncel et al. (2003) noted that most participants with Hallux Valgus were 

unable to voluntary activate AbH in its mechanical line of action. This inability was found 

to extend to their healthy control group, the majority of which also showed compensatory 

activation from the flexor hallucis brevis muscle during AbH voluntary contraction 

attempts. Boon & Harper (2003) also reported an inability to voluntary activate AbH in 

~20% of an elderly and young healthy cohort. These findings indicate that an inability to 

voluntary activate AbH exists not only in the pathological but also in the healthy feet. 

Indeed, the work presented in this thesis (Chapter 5) confirmed and quantified a high 
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prevalence of this inability in the healthy population. Specifically, it was quantified that 

~80% (n=10) of the cohort tested were unable to voluntary activate AbH to at least 90% 

of its maximal force generating capacity when assessed via the twitch interpolation 

technique.  

A likely contributor to the prevalent voluntary activation insufficiency is the complex 

morphology of AbH, which is arranged in segments with distinct architecture and 

corresponding force generating capacity (Tosovic et al., 2012). Having morphologically 

different sections within the same muscle may lead to a non-uniform neural activation of 

MUs for flexion and/or abduction of the Hallux (Tosovic et al., 2012), which needs to be 

coordinated in order to directionally tune the force in its oblique line of action. 

Accordingly, AbH has a morphology that permits to fine-tune activation of its different 

segments to produce force, but the ability to recruit and synchronise their corresponding 

MU pools for full activation in its line of action may be lost even in healthy individuals. 

 

7.1.2 NMES can be used to overcome the inability to voluntary activate the muscle as 

the AbH contractility is preserved 

The inability to activate AbH to its maximal capacity may have functional consequences 

in healthy individuals. More specifically, an inability to produce force compromises 1MPJ 

stability during the propulsion phase of gait, which in turn will reduce forefoot stiffness 

and place a greater demand on proximal joints such as the hip to compensate during 

forward progression (Farris et al., 2019). The prevalent inability to fully activate AbH on 

demand also makes its training problematic, as AbH’s contribution during gross foot 

exercises can often be diminished in favour of larger extrinsic foot (ankle) muscles to 

perform the majority of the work (McKeon et al., 2015; Yamauchi & Koyama, 2019b). 

Nevertheless, Chapter 5 also provides evidence showing that targeted NMES is capable 
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of overcoming this problem as it evoked comparable forces from AbH irrespective of the 

ability to voluntary contract to full capacity. Importantly, this finding indicates that the 

contractility of AbH is intact irrespective of ability and hence NMES can be used to train 

AbH to increase its voluntary activation capacity. The implication of this finding is that the 

application of targeted NMES to AbH may be beneficial not only for the pathological foot 

but also for the asymptomatic foot to ensure appropriate forefoot loading during gait. 

 

7.1.3 An NMES paradigm has been optimised for targeted strengthening of AbH 

7.1.3.1 Direct-muscle NMES requires lower intensity to evoke contractions from AbH 

than nerve stimulation 

In order to enhance the clinical utility of training via evoked muscle contractions, finding 

a low NMES intensity level that can also be effective in promoting strengthening in AbH 

was imperative for this thesis. To do this, an approach for stimulation intensity selection 

based on MT of AbH (Chapter 3) was adopted rather than its MVC as it has been 

traditionally done (Maffiuletti et al., 2018; see section 1.3.1.2). The strength of adopting 

this approach is that it overcomes the dependency on the ability to fully activate AbH 

voluntarily. The MT identification was optimised, based on rheobase, to deliver NMES 

using the least stimulus intensity. In doing so, direct-muscle NMES was identified as the 

optimised mode of delivery since it required lower stimulus intensity than nerve 

stimulation. A lower stimulus intensity may be required to recruit AbH via direct-muscle 

stimulation since it is primarily composed of slow-fatiguing and low-threshold MUs (Kura 

et al., 1997; Širca et al., 1990; Kelly et al., 2013), some of which with smaller axon 

diameter could also be located in the superficial layers of the muscle (Mesin et al., 2010). 

This mode of stimulation also overcomes the inhomogeneous depolarisation of motor 

axons that occurs during nerve stimulation, which would also recruit the MUs of the 
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higher-threshold flexor hallucis brevis muscle (Aeles et al., 2020), thus increasing the 

stimulus intensity used to recruit AbH. The subcutaneous fat thickness (Madeiros et al., 

2015) and the physical distance from the electrode to the depolarised tissue (muscle vs 

nerve) (Enoka et al., 2020) may have also contributed to finding direct-muscle stimulation 

as the mode that required lower intensities to recruit AbH. 

 

7.1.3.2 MT determination optimises current intensity selection and identified 1ms as the 

optimised pulse duration 

The minimal stimulus intensity approach used in Chapter 3 optimised not only the 

stimulation mode but also the pulse duration and frequency that should be used for MT 

determination. The intensity-duration curve transformed into the Weiss linear regression 

revealed that when direct-muscle NMES was delivered using 100Hz trains, the chronaxie 

(pulse duration) of AbH corresponding to the lowest rheobase (intensity) was 1ms. Wide 

pulse durations such as 1ms recruit a higher number of MUs than narrow pulses (Gorgey 

et al., 2006; Gorgey et al., 2008) because as the duration of a given pulse is increased, 

the intensity of the current required to depolarise an excitable tissue decreases (intensity-

duration relationship) (Bostock et al., 1998). For its part, the pulse frequency that 

required the lowest intensity for MT determination was 100Hz. Indeed, trains of 5 x 1ms 

wide pulses delivered at 100Hz were more efficient at achieving rheobase for MT 

determination because high-frequencies maximise force production as the MU firing rate 

is increased and the force evoked per pulse summate in a non-linear manner (force-

frequency relationship) (Edwards et al., 1977; Allen et al., 2008). The findings from 

Chapter 3 have therefore informed the mode of NMES delivery and MT determination 

approach that was used in subsequent studies. In addition, 1ms was identified as the 

optimised pulse duration to also be used during NMES delivery.   
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7.1.3.3 An NMES training intensity of 200% MT can be used to ensure strength gains 

while maintaining tolerability 

An NMES intensity of 200% MT was selected in Chapter 5 as part of the optimised 

paradigm. This selection was not trivial as this NMES intensity corresponds to a force 

level equivalent to 20% MVC, which in turn represents a minimum intensity dose to 

achieve muscle strengthening (Tabolt et al., 2003; Alon & Smith, 2005; Maddocks et al., 

2016; Maffiuletti et al., 2019). It is so because morphological and neurological strength 

adaptations are consistently being achieved when NMES is delivered at intensities which 

evoke muscle contractions of ≥20% MVC (section 1.3.2) (Alon & Smith, 2005; Maddocks 

et al., 2016; Maffiuletti et al., 2019; Talbot et al., 2003). Conversely, training intensities 

below this level (e.g. 5-10% MVC) are found to be futile in inducing strengthening 

adaptations (Natsume et al., 2015; Neyroud et al., 2019), possibly because the 

magnitude of the force evoked at this intensity when coupled with high-frequencies 

present a high interindividual variability (Wegrzyk et al., 2015b; Neyroud et al., 2018). 

Importantly, an NMES intensity of 200% MT delivered to AbH was perceived as tolerable 

when assessed via VAS. Therefore, the NMES intensity selected can achieve a tolerable 

NMES application whilst also ensuring its capacity to evoke forces that can efficiently 

induce strength adaptations in AbH. Nevertheless, the frequency pattern and the length 

of the trains will also contribute to the evoked forces and their maintenance during 

NMES, and correspondingly to its effectiveness. 

 

7.1.3.4 Long trains (22s) delivered with an alternating frequency pattern (20-100-20Hz) 

promote force production during direct-muscle NMES via PTP  

Long-lasting NMES trains (22s) delivered at alternating frequency pattern (20-100-20Hz) 

capitalise on the peripheral and central mechanisms underpinning PTP occurrence 
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during evoked forces. PTP has been proposed to have central and peripheral sources 

(see section 1.3.3; Chapter 4) (Baldwin et al., 2006), which contribution is influenced by 

the use of high-frequency (low inter-stimulus intervals; e.g. 10ms) and long NMES trains. 

Centrally-sourced PTP is underlined by a number of mechanisms that include pre- and 

post-synaptic processes occurring in the central nervous system (Zucker and Regehr, 

2002; Dean et al., 2007; Bergquist et al., 2011b; Dideriksen et al., 2015), and which 

ultimately affect the force produced  (Heckman & Enoka, 2012). For its part, the 

peripherally-sourced PTP can also enhance the magnitude and sustainment of evoked 

force during long-lasting NMES and is underpinned by an increase in the likelihood of 

actin-myosin interaction during consecutive pulses (O’Leary et al., 1997; Frigon et al., 

2011; Cheng et al., 2017). The 22s trains of alternating high frequency may therefore 

provide the time frame and inter-stimulus intervals required for PTP to take place and 

enhance force production during NMES. 

The work presented in this thesis however did not record the H-reflex, “extra-force” or 

asynchronous EMG activity phenomena from AbH to directly point to the specific 

mechanism(s) responsible for finding the 22s trains and alternating frequency pattern as 

an optimised combination. Instead, the T2100Hz was used to quantify the capacity of AbH 

in producing potentiated force following NMES delivery. Indeed, delivering a paired 

stimuli at 100Hz can provide an indication of the Ca2+ dependent mechanisms linked to 

peripherally-sourced PTP (Cheng et al., 2013). Although these mechanisms are 

considered to be muscle dependent, as it is more readily found in fast-fatigable muscles 

(O’Leary et al., 1997), and it is still shown in slow-fatigable muscles, such as AbH, 

although to a smaller and delayed extent (Gordon et al., 1990). In addition, the alternation 

of 20 and 100Hz may have permitted the maintenance of Ca2+ saturation levels relatively 

lower than if a constant high frequency was used (Mettler & Griffin, 2010). This may also 

have contributed to an increased, but not saturated, Ca2+-sensitivity. Indeed, previous 

work showed that the “extra-force” phenomenon can be induced during wide pulses 
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delivered at a low frequency when preceded by a high frequency that increased the Ca2+-

sensitivity (Frigon et al., 2011; Cheng et al., 2017), or when using low-frequency NMES 

alone (Espeit et al., 2021). Therefore, the increased T2100Hz may partly provide an 

indication that the peripherally-sourced PTP was involved during the delivery of the 

NMES paradigm being tested.  

 

7.1.3.5 The decay of the force evoked between contractions can be minimised by using 

a duty-cycle of 1:4 

Although the evoked force within a stimulating train may have been optimised by 

promoting the involvement of central and peripheral mechanisms, its decay across 

contractions within an intervention session can still be manifested. Specifically, the force 

decays across evoked contraction as a function of the rest intervals between trains. 

Indeed, duty-cycles consisting of a lower resting time between contractions result in a 

greater reduction in force, whereas duty-cycles with long rest periods mitigate this force 

decay (Packman-Braun, 1988; Rankin & Stokes, 1992; Matheson et al., 1997). This 

reduction in force is linked to an increased metabolic demand placed on the muscle 

during NMES (Matheson et al., 1997), which is not necessarily dependent on frequency 

or pulse duration (Gondin et al., 2010). The increased metabolic cost results in a more 

acidic muscle environment which interferes with glycolysis and impedes the binding of 

Ca2+ to troponin to produce force (Matheson et al., 1997; Kent-Braun et al., 2012). The 

optimised duty-cycle of 1:4, with an NMES train that lasts 22s and a rest interval of 88s, 

allows a sufficient resting period for recovery of the metabolic changes incurred during 

repetitive contractions and therefore enhanced the excitation-contraction coupling 

dynamics in AbH for subsequent contractions. Importantly, this duty cycle is within the 

range of duty cycles implemented in strengthening interventions (i.e. 1:3) and the 

recommended for clinical settings (i.e. 1:5) (see 1.3.1.4). 
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7.1.4 The potential strength gains induced by the developed NMES paradigm can be 

quantified by constructing the joint moment–angle relationship of AbH 

The NMES paradigm developed in this thesis can be used to overcome the inability to 

activate AbH for training; however, this inability also compromises the functional 

assessment of strength adaptations resulting from an intervention as the performance of 

an MVC is still problematic. Maximal toe flexion protocols have been previously used to 

measure muscle strength (Goldmann & Brüggemann, 2012; Kurihara et al., 2014; Latey 

et al., 2018; Yamauchi & Koyama, 2019ab), but this is far from an isolated movement of 

AbH as it includes the contribution of other intrinsic and extrinsic muscles. Given its 

superficiality, ultrasonography has also been used to assess the morphology of AbH 

(Mickle et al., 2013), but the expected strength gains may fall within its resolution. In 

Chapter 2 (see section 2.3.2), a new method using NMES and dynamometry has been 

presented for the assessment of AbH force generating capacity by means of plotting the 

joint moment–angle relationship between the evoked force and the angle configuration 

of the 1MPJ. This method, however, has its own limitations as alterations in the moment 

arm of the reaction force acting about the joint due to the evoked activation may in turn 

lead to a misrepresentation of the joint moments measured via dynamometry against 

those calculated using inverse dynamics (Arampatzis et al., 2004; 2005). Chapter 2 

showed that this misrepresentation does happen when plotting the joint moment–angle 

relationship for AbH, but it can be corrected by calculating and accounting for the change 

in moment arm from rest to contraction. The findings also show that AbH may operate 

on both the ascending and descending limbs of the force–length curve, as its joint 

moment–angle relationship was parabolic, with the highest moments being produced at 

10-15° 1MPJ dorsal flexion. Therefore, this approach provides an optimised 1MPJ angle 

configuration for measuring evoked forces from AbH and a method to assess functional 

post-intervention strength gains. 
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7.2 Limitations and future directions 

The work undertaken within this thesis, as well as the interpretation of the findings, are 

not without limitations that must be acknowledged.  

Firstly, participants were asked to remain in a seated position during the delivery of the 

stimulation across all studies reported here. Although the comfort of being in this position 

was monitored through participants’ verbal feedback, and stretch breaks were given 

when necessary, it is possible that sitting for a relatively prolonged period of time may 

have impacted the relaxed status of participants and consequently the results obtained. 

Future research should further minimise the sitting time required during the experimental 

procedures by optimising the iterative processes involved in the studies presented.  

Secondly, only 5 NMES trains per condition tested were delivered in Chapters 4 and 6, 

which may have precluded inducing recordable changes in peripheral contractility and 

excitability of AbH. Indeed, changes in both muscle properties were found in AbH (James 

et al., 2018) and other muscles (Neyroud et al., 2016) when a higher number of trains 

was used. The number of NMES trains delivered per session is another aspect that 

should be optimised taking into account the trade-off between force maintenance for 

strengthening effectiveness and session duration for intervention adherence.  

Thirdly, no measurements were taken to directly assess mechanisms associated with 

spinal excitability (i.e. H-reflex) in any of the studies presented. The reasons for this were 

that H-reflexes are difficult to evoke in AbH due to the distance between the medial 

plantar nerve and the EMG electrode, and also because it is absent in a high proportion 

of the population (Versino et al., 2007). In addition, H-reflexes are recommended to be 

evoked during low levels of sustained voluntary contractions (~5-10% MVC; Knikou, 

2008), but this would be difficult to achieve and standardise in AbH as recording a 

response is not guaranteed (Versino et al., 2007; Burke, 2016). A method to assess the 
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spinal excitability of muscle (i.e. recurrent inhibition), where a low intensity stimulus (to 

evoke an H-reflex) is delivered at an interval of 10ms (i.e. 100Hz) before a supramaximal 

stimulus, was proposed by Pierrot-Deseilligny et al., (1976). Although this method was 

developed with the soleus, future research could investigate whether the spinal 

excitability assessment of AbH may benefit from this method as it can be implemented 

at rest (Knikou, 2008). 

Fourthly, the small sample size (n=13) in the study reported in Chapter 5  impeded the 

statistical comparison of the results between able and unable groups, and therefore 

warrants certain caution in drawing general conclusions. Considering this limitation, the 

results still highlight the prevalent difficulty to activate AbH voluntary to its maximal 

capacity. As discussed earlier, an indication of this difficulty has been previously reported 

in the works by Arinci İncel et al. (2003) and Boon & Harper (2003). Indeed, Arinci İncel 

et al. (2003) reported that the majority of their participants were unable to perform an 

isolated and maximal contraction of AbH. Similarly, Boon & Harper (2003) reported that 

~20% could not activate this muscle voluntarily. However, the level of effort sustained in 

the contractions was not reported in the latter study but given that they were monitoring 

motor unit potential activity via EMG, this may have not been necessarily maximal. In 

addition, the former study did not quantify the level of effort nor the specific prevalence 

of inability for voluntary activation. Therefore, including a larger number of participants 

may influence the magnitude of the prevalence of unable individuals reported here, but 

would not overcome the inability to activate this muscle as reported.  

Furthermore, although the twitch interpolation technique, as used in Chapter 5, 

represents a standard method to assess for voluntary activation, it is not without its own 

practical limitations. In order to minimise the impact of these, the experimental protocol 

was optimised to maximise force production and overcome the antidromic collision and 

the variability in force produced during the interpolated twitch, via the delivery of doublets 
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(Belanger & McComas, 1981; Herbert & Gandevia, 1999) instead of single pulses 

(Oskouei et al., 2003). In addition, positioning the 1MPJ at 10° of dorsal flexion to 

optimise force production by AbH (see section 2.3.2) may overcome the sensitivity of the 

technique to changes in joint-angle configuration (Bampouras et al., 2006). Similarly, the 

positioning of the foot at 35° of ankle plantar flexion minimised the contribution to the 

MVC force from the flexor hallucis longus and plantar-flexor muscles (Goldmann & 

Brüggemann, 2012). Additionally, the cathode electrode placement was optimised to 

AbH’s motor point location (see section 2.2.1) to ensure the targeted stimulation of this 

muscle. This, in turn, ensured that the force corresponding to the interpolated twitch 

stimulus originated from AbH, even if the MVC force had the inevitable synergistic 

contribution from the flexor hallucis brevis. Lastly, if one assumes that VAR ~1 (i. e. 

~100%) represents full activation capacity, the implementation of the twitch interpolation 

technique as presented in Chapter 5 represents a robust method to quantify 

insufficiencies in AbH activation. 

Finally, testing the efficacy in strengthening AbH by long-term exposure to the NMES 

paradigm presented in this thesis was not possible in light of the COVID19 pandemic. 

Future work should investigate the effectiveness of a long-term period of AbH training 

with NMES using 22s-trains of 1ms pulses delivered at 20-100-20Hz with an intensity of 

200% MT and a 1:4 duty cycle. 

The proposed NMES paradigm has a potential clinical utility to prevent or tackle the 

progression of common foot-related pathologies and to ensure an efficient daily life and 

athletic locomotion. For example, Hallux Valgus is one of the most prevalent foot 

pathologies requiring clinical specialist assessment and treatment (Stewart et al., 2013). 

Specifically, it affects 23% of adults (18-65 years old), 36% of the elderly (>65 years old) 

population and 8% of those aged <18 (Stewart et al., 2013). In this condition, the AbH’s 

integrity deteriorates progressively reaching up to ~20% atrophy as the severity of the 
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deformation increases with age (Stewart et al., 2013; Aiyer et al., 2015). Given the 

location of AbH, NMES represents an ideal candidate to target this muscle and combat 

the progression of Hallux Valgus, especially at the onset or early stages of the deformity. 

This is an important consideration as the application of NMES at a later stage of the 

condition may not be beneficial given the irreversible structural changes that occur at the 

1MPJ as a result of the deformity. When considering the healthy and athletic population, 

the benefits of strengthening AbH via NMES may include an efficient push-off during 

walking and running (Farris et al., 2019). Additionally, stronger feet due to a strengthened 

AbH may also prove beneficial in sports that require greater toe-flexion strength or 

frequent change of direction of movement whilst running such as dancing (Matsumoto & 

Yamamoto, 2022) or American football (Yuasa et al., 2018), respectively. 

In practice, the effectiveness of the targeted training of AbH with NMES will be 

determined by the adherence of the patients/athletes to its application. In order to 

facilitate its accessibility, the proposed training paradigm should be delivered using a 

portable device to transfer its application from a laboratory environment to the 

patients/athletes’ own home or training ground. Previous work in our laboratory, in 

collaboration with the Department of Engineering and Design at LSBU, produced a 

working prototype device that can deliver NMES to AbH. However, the development of 

this prototype is still in its infancy and it is not currently programmed to deliver the 

paradigm proposed in this thesis. In addition, this device delivers direct currents at a 

constant voltage (and variable current intensity) which is different from other commercial 

stimulators that deliver them at a constant current intensity. Although these specifications 

mean that the stimulator can be programmed to deliver an alternating-frequency train, 

the current intensity and the effectiveness of evoking a sustained contraction may vary. 

These technical limitations as well as identifying the optimal time to intervene in the 

progression of Hallux Valgus or NMES application as part of sport-specific training 

programmes should also be addressed in future research.   
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7.3 Conclusion 

This thesis identified a relatively high prevalence of an inability in the healthy people 

tested to fully activate AbH voluntarily. It was further demonstrated that NMES has the 

potential to overcome this inability by evoking force from AbH comparable to individuals 

who are able to fully activate the muscle. NMES therefore could perhaps be used as a 

strengthening modality not only for the pathological but also asymptomatic feet. The 

overarching feature of the optimised NMES paradigm developed in this thesis is that it 

has been built on the use of wide duration pulses (1ms), which keeps the intensity low; 

yet to a sufficient level where muscle strengthening can be anticipated (200% MT). In 

doing so, it overcomes the discomfort associated with high-intensity protocols, thus 

promoting its tolerability and adherence. Combined with an alternating frequency pattern 

and long train durations, this paradigm can potentially promote higher and longer-lasting 

force production because the force evoked by stimulation at 100Hz is sustained for 

longer when interspersed with pulses delivered at 20Hz as opposed to shorter constant 

frequency trains. The increased capacity of this stimulation pattern to evoke force, as 

assessed by T2100Hz, is likely underpinned by PTP. The force produced during these 

NMES trains can be further preserved by implementing a 1:4 duty-cycle with long rest 

intervals that permit the replenishment of metabolites required for contraction. Lastly, this 

thesis has shown that the joint moment–angle relationship of AbH can be constructed 

using dynamometry and NMES. Cumulatively, the findings from this series of studies 

present an optimised and tolerable NMES paradigm for a targeted strengthening 

intervention of AbH, and an approach to quantify the resulting strength gains achieved.  
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Practical implications 

- NMES overcomes the prevalent inability to voluntary activate AbH and can be used as 

a strengthening modality not only for the pathological but also asymptomatic feet 

- Chapters 3, 4, 5 and 6 have collectively optimised an NMES paradigm that promotes 

force production while reducing discomfort of AbH. This optimised paradigm delivers 

NMES to the motor point of AbH using 22s-trains of 1ms pulses delivered at 20-100-

20Hz with an intensity of 200% MT and a 1:4 duty cycle.  

-An approach that can be used for assessing strengthening gains via the construction of 

the joint moment-angle relationship has been presented in Chapter 2 and can be used 

to assess the effectiveness of the developed NMES paradigm.  

- NMES can be applied to the intrinsic foot musculature for strengthening purposes and 

may provide the basis of complementary treatment of foot pathologies including Hallux 

Valgus. 
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Appendix 1 

2.4.5 Between-day repeatability analysis of PNS stimulation parameters 

The repeatability of the parameters derived via PNS was quantified through the 

calculation of intraclass correlation coefficients (ICC). However, though informative, ICC 

values do not quantify absolute changes (Donoghue et al., 2009). Calculating the 

standard error of measurement (SEm), based on the SD, indicates the spread of 

measurement errors when estimating an examinee’s true score from the observed score 

and in the corresponding units of measurements. Importantly, the SEm enables the 

determination of the Minimal Detectable Change (MDC) to infer, with 95% confidence, a 

meaningful change and exclude error in the measurement (Donoghue et al., 2009). 

Therefore, the calculation of MDC provides an objective reference to indicate meaningful 

adaptations following a longitudinal NMES intervention targeting AbH. 

Aim 

The purpose of this study was twofold:  (1) to assess the between-day repeatability of 

the measures of muscle excitability (Mmax130) and contractility (twitch force) derived from 

PNS, and (2) to determine the MDC for each parameter in order to infer meaningful or 

significant neuromuscular changes. Further, the repeatability of the procedures for EMG 

sensor positioning and identification of medial plantar nerve location between-days are 

also reported in this section.  

Methods 

This investigation consisted of 3 experiments. In the first, 4 participants were tested to 

assess the between-day repeatability of the performance parameters derived from PNS 

and the location of the medial plantar nerve (4M, 22.8±2.6 years, 78.3±18.2kg, 

1.7±0.0m). For the second study, 8 participants were recruited to test the MDC of the 

study parameters (7M/1F, mean ± SD: 21.5±2.4 years, 75.6±13.5 kg, 1.7± 0.1 m). All 
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participants visited the laboratory on five different days at the same time of day. In the 

3rd study, the tests were repeated on three different days and completed by a cohort of 

fifteen participants (12M/3F, 24.3±5.7 years, 76.3±14.9kg, 1.7±0.1m) in order to assess 

the repeatability of the Fpaired10/100 and T2100Hz obtained from paired stimuli.  

Optimisation procedures were undertaken at the commencement of each daily session 

for PNS of MPN, which included: EMG electrode positioning, Medial plantar nerve site 

location and construction of the recruitment curve (see section 2.4.2; Fig. 2.7A) to reveal 

the supramaximal intensity (Mmax130). Then, five x Mmax130 were delivered to the MPN, 

while participants were seated with their hallux suspended from a uni-axial force 

transducer (see section 2.3).  

Assessment of the between-day repeatability of the latency (ms), amplitude (mV), and 

area of the last positive (terminal) phase (TP; mV•ms) derived from the Mmax130 (n=8; Fig. 

2.7B) was carried out. The between-day repeatability of the peak twitch amplitude (pTw; 

N) and half-relaxation time (HRT; ms) from the corresponding twitch force (n=8; Fig. 

2.7C) was assessed. The between-day repeatability of Fpaired10/100 (arbitrary units) and 

T2100Hz (N) was also assessed (n=15; Fig. 2.7D).  

In addition, cross-correlation analysis (n=4) was performed in Spike 2 software (v7.12; 

CED Ltd., UK) to assess the similarity of the Mmax130 and twitch force waveforms between-

days (Fig. 2.9). Mmax130 waveform similarity between days serves as an indication of the 

accuracy of EMG sensor placement over the muscle belly of AbH. The first Mmax130 and 

corresponding twitch force recorded in each of the five sessions were cross-correlated 

to assess for between-day similarity analysis. For this, the cross-correlation was set to 

have a maximum shift (absolute width of the x-axis) of 10ms and an offset (positive and 

negative temporal interval from and to zero) of 5ms for the Mmax130, and a maximum shift 

of 100ms and an offset of 50ms for the twitch force. The phase-shift (lag) between the 

compared profiles and the Pearson’s correlation coefficient (r) at zero time-shift are 
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indicators of the similarity of the profiles to assess the accuracy for EMG sensor 

placement and by proxy the repeatability of the responses between-days.  

The accuracy of medial plantar nerve location (n=4) was assessed using a 3-dimensional 

motion capture system of three optical cameras, sampling at 30Hz and analysed in the 

proprietary software (see 2.2.3). Specifically, medial plantar nerve location was assessed 

by the vector joining 2 x 4mm passive skin-mounted reflective markers positioned on the 

medial plantar nerve and mid-portion of the Hallux toenail. 

Descriptive statistics were first derived for all performance parameters (not cross-

correlations). The SD of each measurement was then used to calculate the CoV. ICCs 

were calculated for single ICC[3,1] and mean of multiple ICC[3,k] measurements for each 

parameter to assess the degree of between-day repeatability (see 2.2.3). Using the SD 

and ICC values, the SEm (𝑺𝑬𝒎 = 𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑺𝑫 × √(𝟏 − 𝑰𝑪𝑪)) was calculated to 

determine the MDC (𝑴𝑫𝑪 = 𝑺𝑬𝒎 × √𝒏 ×1.96; where n represents the number of 

measurements, (i.e. n=5) for each parameter (Weir, 2005; Donoghue et al., 2009).  

Results  

The between-day repeatability of medial plantar nerve identification (n=4), based on the 

distance between medial plantar nerve and the Hallux toenail markers location, was 

excellent (ICC[3,1]=0.99) ranging between 0.4-1.3%.  

The between-day repeatability of individual Mmax130 latencies (ms) was excellent 

(ICC[3,k]=0.91) ranging between 4.5-13.8% (Table 2.6). MDC of 0.8ms was established 

for Mmax130 latency based on the between-day measurements.  

The between-day repeatability of individual Mmax130 peak-to-peak amplitudes (mV) was 

excellent (ICC[3,k]= 0.96) and ranged between 13.0-53.2%. The MDC for Mmax130 peak-to-

peak amplitude is 1.6mV.  
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The between-day repeatability of individual Mmax130 terminal phase areas (TP; mV•ms) 

was excellent (ICC[3,k] =0.98) with a variability ranging between 11.5-44.3%. The MDC 

for TP is 1.3mV•ms.                                

The between-day repeatability of single pulse twitch force peak amplitudes (pTw; N) was 

excellent (ICC[3,k]=0.91) with a variability ranging between 15.0-46.7%, and an MDC of 

1.5N.  

The between-day repeatability of single pulse half relaxation times (HRT; ms) was good 

(ICC[3,k]=0.80) with a variability ranging between 3.9-28.9%. The MDC for HRT is 18.7N.  

The between-day repeatability of the fatigue index (Fpaired10/100) was good (ICC[3,k]=0.81) 

with a variability ranging between 0.9-14.6%. The MDC for Fpaired10/100 is 0.07. 

 The between-day repeatability of the potentiated twitch (T2100Hz) was good 

(ICC[3,k]=0.80) with a variability ranging between 6.9-40.2%. The MDC for T2100Hz is 2.6N.   

 

Table 2.6. Population average (mean ± SD) values and CoV (%) for the parameters 

extracted from the Mmax130, twitch force (n=8) and the force evoked by paired stimuli 

(n=15). ICC[3,k] demonstrates the reliability in the measurements between testing 

sessions, and MDC indicates the magnitude of change needed to be detected to infer 

anything other than variability in the measurement. TP: Mmax130 terminal phase area; pTw: 

peak twitch force; HRT: half relaxation time; Fpaired10/100: low-to-high frequency fatigue 

index; T2100Hz: potentiated twitch force in response to the second pulse of the paired 
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stimuli.

 

 

The cross-correlations assessing the between-day similarity of the  Mmax130 waveforms 

(Fig. 2.9A&B) were indicative of variation in the EMG sensor placement, particularly for 

2 participants, where the correlation coefficient at zero phase-shift ranged between r=-

0.57 and 0.93 in one, and between r=0.02 and 0.99 in the other (Table 2.7). This variation 

seems not to be of physiological origin, since between-day waveform correlations for the 

corresponding twitch force responses (Fig. 2.9C&D) were generally excellent throughout 

in all participants (Table 2.8). Although the same force output can be generated by the 

activation of different fibres to different extents, a supramaximal intensity was used to 

minimise this. 
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Figure 2.9. Exemplar between-day Mmax130 (A) and corresponding twitch force (C) 

profiles acquired from the five trials (T1-5) conducted by one participant. Also illustrated 

is the strength and variation of the between-day Mmax130 (B) and force (D) waveform 

correlations. Zero phase shift (grey line) represents absolute agreement between trials.  
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Table 2.7.  Between-day cross correlations of Mmax130 responses, where r is the correlation coefficient at zero time shift (max=10ms, offset=5ms), 

lag(r@lag) indicates the phase shift and correlation between waveforms at that time. Furthermore, p indicates whether waveforms are significantly 

repeatable. Participant 2 and 4 demonstrate variation in the EMG sensor placement, for whom r ranged between -0.57 and 0.93, and between 0.02 and 

0.99, respectively.
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 Table 2.8. Between-day cross correlations of twitch force responses, where r is the correlation coefficient at zero time shift (max=100ms, offset=50ms), 

lag(r@lag) indicate the phase shift and correlation between waveforms at that time, and p value indicates whether waveforms are significantly repeatable. 

The twitch force waveform from all participants (n=4) demonstrates excellent correlation between days.

 



195 

 

 

Interpretation 

The results reported here show that: i) identifying medial plantar nerve location is 

repeatable between days; and ii) despite the between-day variability of the Mmax130 

waveform, which most likely was due to imperfect replication of EMG sensor positioning, 

its parameters and those of the corresponding twitch force are by-in-large repeatable. 

These findings suggest that the parameters derived from PNS to evaluate muscle 

excitability and contractility are repeatable when assessed between-days. Their 

corresponding MDC values permit to infer, with 95% confidence, meaningful changes 

that are not the result of variability of measurement error in the assessment of an NMES 

intervention in AbH. 

The assessment of the supramaximal compound muscle action potential (Mmax130) is 

subject to the accuracy of EMG sensor positioning over the muscle belly of AbH, and it 

has been shown here that this is not completely repeatable. This is not due to 

physiological variation, since the corresponding twitch force was completely repeatable 

(Table 2.8; Fig. 2.9C&D). Whilst this variation is true for half of the participants (2 out of 

n=4) tested here, the present results do suggest that the variability in the Mmax130 

waveform does not translate on the discrete time-amplitude parameters of the potential, 

as they showed excellent repeatability (Table 2.6).  

This study demonstrated that the properties of the AbH Mmax130, and its corresponding 

twitch force, are stable when evoked with supramaximal (Mmax130) electrical stimulation 

of the medial plantar nerve on different days. Consequently, for the majority of the 

characteristic parameters, only relatively small changes (MDC values) are required to 

infer meaningful adaptations to a long-term NMES intervention (Table 2.6).  

 


