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Abstract 

The Hoffmann reflex (H-reflex), when elicited in the soleus in healthy males and females, 

demonstrates sex-specific differences in the neuromodulation of spinal synaptic transmission. 

This study investigated the sex-related differences in H-reflex excitability and inhibition. 

Thirty healthy young individuals, 15M (24±2yrs) and 15F (23±3yrs) participated in the 

study. Surface electrodes were used to elicit and record the H-reflex. Excitability was 

assessed by stimulating the tibial nerve, beginning at a low-intensity voltage and increasing 

incrementally until the maximal amplitude of the muscle response was reached. Reciprocal 

inhibition (RI) was assessed with a conditioning - test stimuli protocol. No significant sex-

related differences in excitability were identified; however, males exhibited significantly 

greater RI than females. This study will add to the growing body of knowledge surrounding 

differences in the modulation of spinal motor control between sexes and will contribute to the 

significant gap in neurophysiology research involving females. 
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Summary for Lay Audience 

The physiological system has been well-defined in scientific literature involving male 

participants; however, research on females is sparse. This gap in the literature is vitally in 

need of research as findings from male participants should not be used to explain female 

neurophysiology. The nervous system's signaling pathway that makes up the spinal reflex 

loop can be manipulated with the electrical stimulation of a peripheral nerve. The response 

provides information about how efficiently the signal travels through the spinal cord and to 

the muscle. Studies on male and female differences in this pathway's activation and 

resistance to activation, known as excitability and inhibition, respectively, are limited and 

poorly understood in scientific literature. Therefore, this study aimed to investigate the sex-

related differences in spinal reflex excitability and inhibition. We recruited thirty (15F) 

healthy young adults. Participants visited the lab for a single day of testing. Electrical 

stimulation of a nerve behind the knee evoked a reaction at the spinal level, and the response 

was recorded with surface electrodes over the calf muscle. The results showed that males and 

females do not differ in spinal excitability; however, males had greater spinal inhibition. The 

findings will help fill the gap in understanding sex-related physiological differences while 

directing future research on movement control tasks. 
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Chapter 1  

1 Introduction 

1.1 Neuromuscular function 

The neuromuscular pathway begins in the brain's primary motor cortex, where electrical 

signals are generated with the end-goal of producing movement (Sanes & Donoghue, 

2000). These electrical signals, known as action potentials, propagate through the 

corticospinal tract to the alpha motor neurons in the spinal cord. From the spinal motor 

neuron pool, action potentials propagate to the neuromuscular junction and, finally, to the 

muscle, triggering a contraction. Neuromuscular activation can occur 

through both voluntary, and involuntary means (Betti et al., 2022; Ugawa, 2020). 

Voluntary movement depends on descending drive and input from the periphery. 

However, involuntary movement from reflexes primarily depends on the summation of 

excitatory and inhibitory afferent input from external sources. Spinal reflexes can be 

induced mechanically (e.g. tendon tap) or electrically with peripheral nerve stimulation 

(e.g. Hoffmann reflex (H-reflex)) (Burke, 2016). Specifically, the efficacy of signal 

transmission from the Ia afferents to alpha motor neurons can be assessed by utilizing the 

H-reflex (Capaday, 1997). The assessment of signal transmission through the synapse is 

of the utmost importance as the activation of the alpha motor neuron pool directs all 

motor output. Understanding how efficiently a signal propagates from afferent to efferent 

neurons can provide knowledge of the properties of the alpha motor neurons.  

1.1.1 Motor unit recruitment and rate coding 

Alpha motor neurons contain projections that connect their axons to the extrafusal fibres 

of muscles (Bessou et al., 1965), allowing for the transfer of excitatory signals that 

modulate the amount of force produced during a contraction (Henneman & Mendell, 

1981). The motor neuron and all the muscle fibres it innervates is called a motor unit 

(MU). The motor neuron pool receives synaptic input from various peripheral sources, 

which causes alterations in the resting membrane potential of the pool (Heckman & 

Enoka, 2012). The summation of the excitatory and inhibitory input to the motor neuron 
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pool determines whether the depolarization threshold is met and if an action potential is 

generated and transmitted to the muscle. The magnitude of the contraction in the muscle 

is dependent on two mechanisms related to the motor neuron: the frequency of action 

potential transmission and the number of motor neurons activated within the pool 

(Duchateau & Enoka, 2011). These mechanisms are known as motor unit rate coding and 

recruitment, respectively, and are the basis for the nervous system's control of movement. 

Motor units are recruited in an orderly process based on the diameter of cell body of their 

motor neuron, demonstrating a concept known as Henneman's size principle (Henneman, 

1957). Following this rule, when input is provided to the motor neuron pool, smaller 

motor neurons are recruited first as they require less overall synaptic input and thus have 

a lower threshold for activation. However, larger motor neurons require a greater level of 

excitatory input to meet the threshold for depolarization and to discharge an action 

potential. During the initiation of a muscular contraction therefore, the descending neural 

drive and/or afferent input will first activate the lowest threshold motor neurons, which 

have smaller axon diameters, and innervate fewer muscle fibres that are typically fatigue 

resistant (Henneman & Mendell, 1981). As the intensity of the neural drive, and therefore 

the synaptic input, increases larger motor neurons will be recruited to meet the demands 

of the intended muscle contraction. These larger motor neurons have larger axon 

diameters, and innervate many more muscle fibres, which are typically less resistant to 

fatigue (Buchthal & Schmalbruch, 1980). The force produced by a single MU is 

dependent, in part, on the number and type of muscle fibres it innervates. The 

contribution of the recruitment of MUs to overall muscle force production is 

typically greater during the initial phase of a muscle contraction; however, the force level 

at which rate coding becomes the primary contributor to increased force production is 

dependent on the muscle (Enoka & Duchateau, 2017). 

The amount of synaptic input a motor neuron receives is proportional to the discharge 

rate of action potentials (Enoka & Duchateau, 2017). The relative contribution of a 

recruited motor unit to overall force production depends not only on the number of 

muscle fibers, but also on the firing frequency of action potentials during a given action 

(Heckman & Enoka, 2012). A muscle twitch is produced when a motor neuron generates 
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a single action potential and transmits it to the innervated muscle fibres (Mines, 1913). 

As the rate of action potential discharge increases, the time between each twitch force 

becomes smaller, and the twitches begin to overlap, resulting in summated force. When a 

MU is fully activated, it produces a fused tetanic contraction as the frequency of twitches 

does not allow the muscle enough time to relax between each action potential (Raikova et 

al., 2007). Rate coding and recruitment work together to allow for a gradual increase in 

force during a muscle contraction.  

Our understanding of sex-related differences in MU behaviour remains limited due to the 

lack of research investigating neurophysiology in females (Lulic-Kuryllo & Inglis, 2022). 

Although there have been many advancements in recent years, research utilizing 

predominantly male participants continues to set the standard for our understanding of 

neuromuscular function in both sexes. Males and females demonstrate considerable 

differences in musculoskeletal (Maughan et al., 1983) and biomechanical (Pappas et al., 

2007) domains. However, research into neuromuscular differences remains understudied 

despite sexual dimorphism in other aspects of physiology (Lulic-Kuryllo & Inglis, 2022). 

Sex-specific differences in motor neuron size and number remains understudied as few 

studies have investigated the physical properties of motor neurons (Taylor et al., 2022). A 

study by Yuan et al. 2000 found larger diameter spinal alpha motor neurons in male 

cadavers compared to females, but no differences in motor neuron number within the 

pool. Although there is limited evidence, differences in motor neuron size suggest there 

may be sex-specific modulations in the control of motor output.  

Males also have larger cross-sectional area (CSA) of type II muscle fibres, which are 

linked to higher threshold motor neurons and are associated with greater action potential 

amplitudes and higher contractile forces (Carter et al., 2001). On the contrary, females 

have smaller CSA of type II muscle fibres, resulting in lower contractile forces and action 

potential amplitudes (Landen et al., 2023). Therefore, females may rely on relatively 

higher firing rates than males to modulate force during low-level contractions (Trevino et 

al., 2019). Mechanisms that have been associated with differences in MU behaviour 

(recruitment and rate coding) between sexes include hormonal fluctuations, 

musculoskeletal differences, and the intrinsic properties of motor neurons (Lulic-Kuryllo 



4 

 

& Inglis, 2022). A better understanding of the factors influencing MU behaviour is 

essential to filling the gap in understanding of sex-related differences in neurophysiology.  

1.2 Soleus muscle 

The soleus muscle lies in the superficial posterior compartment of the leg with the 

gastrocnemius and plantaris muscles. Together, they create the triceps surae muscle 

complex of the lower leg, commonly known as the calf muscles (Dixon, 2009). The 

muscle fibres of the soleus extend broadly on the lateral and medial sides of the leg and 

distally, where the fibres combine to insert into the Achilles (calcaneal) tendon (Zielinska 

et al., 2023). The soleus contains two heads; one originates more anteriorly on the soleal 

line and medial border of the tibia, and the other originates more posteriorly from the 

head and upper third of the body of the fibula (Olewnik, 2020). The tibial nerve 

innervates the soleus and splits into two distinct branches: posterior and anterior (Loh, 

2003). The subdivision of the soleus into anterior and posterior compartments explains its 

function in postural control. Activation of different regions of the soleus would allow for 

a change in the direction of force generation depending on the situation (Loh, 2003). It is 

generally accepted that in humans the soleus is composed of predominantly slow twitch 

(type I) muscle fibres, making up nearly 90% of its fibre structure (Trappe, 2001). The 

extensive distribution of type I fibres allows the soleus to function preferentially as a low-

activity postural control and walking (Olewnik, 2020).  

The soleus has a high muscle spindle density with ~23 spindles/g, relative to the 

gastrocnemius at ~9 spindles/g, allowing for monosynaptic excitatory spindle feedback 

from primary and secondary afferent endings (Botterman et al., 1978). The excitability of 

the spinal motor neuron pool innervating the soleus muscle is highly dependent on 

muscle length and thus joint angle when initiating a muscular contraction. It has been 

shown that when the ankle is slightly dorsiflexed relative to neutral, the greatest reflex 

mechanical gain is produced for the soleus, showing a steep decline with increasing 

dorsiflexion (Lin, 1997). However, a somewhat plantar flexed position at the ankle 

produced the greatest reflex electromyography (EMG) gain response, with a decline in 

amplitude with further dorsiflexion (Lin, 1997). 
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The primary action of the soleus muscle is plantar flexion of the ankle. The soleus is 

needed for walking, running, jumping, and standing while playing a vital role in upright 

postural control, as it maintains activation during standing posture to sustain balance 

(Olewnik, 2020). Contrary to the gastrocnemius, the soleus is most effective at producing 

force when the knee joint is flexed (Dixon, 2009). This biomechanical difference is due 

to the origin of the soleus on the tibia, while the gastrocnemius originates on the femur. 

When the knee is flexed, large amounts of tendon-joint laxity are produced, significantly 

reducing the gastrocnemius’ force-generating capabilities while isolating the force 

production of the soleus (Dixon, 2009). 

Males often have larger muscles and greater absolute strength when compared to females, 

even when relative muscle mass and size are considered (Chow et al., 2000; Maughan et 

al., 1983). Although fibre types and contractile properties have been well-defined for 

many muscles, little is known about the sex-specific differences within skeletal muscle 

architecture, and particularly for the soleus muscle. In what is possibly the only study 

directly examining sex-related differences in soleus muscle properties, Chow et al. (2000) 

found that males and females demonstrate differences in muscle architecture. 

Specifically, using ultrasonography, females were found to have longer average fibre 

bundle lengths, but males had larger pennation angles and thicker muscles. These sex-

specific differences in soleus muscle architecture have essential implications concerning 

force production and performance outcomes. 

1.3 Hoffmann reflex 

The Hoffmann reflex (H-reflex) is an electrically induced analog to the mechanically 

induced stretch reflex and is commonly used as an indicator of the excitability and 

inhibition of the spinal motor neuron pool (Palmieri et al., 2004; Misiaszek, 2003). The 

difference between the H-reflex and the stretch reflex lies in the H-reflex bypassing 

muscle spindle discharge and gamma motor neurons, allowing it to be an effective 

measure of the efficacy of monosynaptic transmission through the alpha motor neuron 

pool (Knikou, 2008). However, H-reflex responses can be influenced by pre-synaptic 

inhibition and the intrinsic properties of alpha motor neurons (Zehr, 2002). Therefore, it 
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can only be an accurate estimate of motor neuron pool excitability when these variables 

are constant (Palmieri et al., 2004).  

The H-reflex can theoretically be elicited in any muscle in the body if it has a peripheral 

nerve accessible for stimulation (Gajewski & Mazur-Różycka, 2016). The soleus is 

commonly used for the H-reflex due to ease of access to the tibial nerve, the high density 

of muscle spindles (Botterman et al., 1978), and the large distribution of slow twitch type 

I muscle fibres, shown to be the sole contributors to the reflex response (Buchthal & 

Schmalbruch, 1970).  

 

Figure 1. The Hoffmann reflex pathway. The H-reflex and M-wave are elicited by 

electrical stimulation of a peripheral nerve and the evoked potential is recorded with 

EMG. Figure reprinted from (Aagaard et al., 2002). 

The H-reflex is elicited by electrically stimulating a mixed nerve with a short-duration, 

low-intensity current to activate the large-diameter Ia afferent fibres selectively (Figure 

1). The action potentials evoked within the sensory fibres travel to the spinal cord, where 

they interact with the motor neuron pool. This gives rise to excitatory post-synaptic 

potentials, producing action potentials in the alpha motor neurons which propagate to the 

muscle. The response is recorded at the muscle with electromyography electrodes as a 

late-latency muscle response of ~35ms (Schieppati, 1986). The large-diameter Ia 

afferents synapse with the smaller-diameter alpha motor neurons, resulting in orderly 
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recruitment of MUs through the H-reflex pathway (Zehr, 2002). As the stimulus intensity 

increases, more Ia afferents are activated and the amplitude of the H-reflex response at 

the muscle increases, with a greater amplitude response reflecting greater excitability of 

the alpha motor neuron pool (Aagaard et al., 2002).  

Further increases in stimulus intensity will result in direct activation of the large-diameter 

alpha motor neurons at the point of stimulation, along with the sensory fibres. The action 

potentials evoked in the motor fibres travel to the muscle and result in a direct response at 

the muscle (M-wave), recorded as a short-latency muscle response of ~5ms (Schieppati, 

1986). The reverse recruitment order of the M-wave, from largest diameter motor 

neurons to smallest, is in contrast to the orderly recruitment produced through the H-

reflex pathway (Knikou, 2008). This difference in recruitment order results in different 

motor neurons being activated through the H-reflex and the M-wave, at initial appearance 

of the M-wave. 

As stimulus intensity is further increased, the same alpha motor neurons will be activated 

through the H-reflex pathway and the direct stimulation (M-wave). The antidromic 

activity of the directly-activated motor neurons will collide with the action potentials 

from the Ia activation of the reflex pathway, thus attenuating the reflex response. The M-

wave will continue to increase in intensity as stimulus intensity increases; however, the 

reflex response will continue to decrease, until it is no longer present, as the antidromic 

collision from the motor neurons becomes stronger. At supramaximal stimulus intensity, 

all motor neurons will be directly activated by the stimulation, evoking action potentials 

in all available motor neurons and abolishing any reflex volley due to antidromic activity. 

The state where all motor neurons are directly activated by the stimulation is described as 

the maximal M-wave (M-max) (Aagaard et al., 2002). 

One of the most common indices of reflex excitability is the ratio of the response of the 

maximum amplitude of the H-reflex (H-max) to the maximum amplitude of the 

compound muscle action potential (M-max) (Stutzig & Siebert, 2016). H-max represents 

the maximal activation of the alpha motor neurons through the Ia reflex pathway 

(Palmieri et al., 2004). On the other hand, M-max represents the complete activation of 
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the motor neuron pool, and as a result, full muscle activation, as all motor neurons and 

subsequent muscle fibres are assumed to be activated (Zehr, 2002). However, the 

methodology for measuring these indices requires careful consideration due to the many 

factors that influence the parameters of the H-reflex. These include the postural position, 

stimulation duration and frequency, and anthropometric measures (Burke, 2016). 

Variations in these parameters make comparisons between H-reflex studies challenging 

and may explain differences in results between studies (Gajewski & Mazur-Różycka, 

2016). 

1.3.1 Spinal inhibition 

Modulation of synaptic transmission at the lower motor neuron pool is governed by both 

excitatory and inhibitory inputs from descending cortical drive and peripheral afferents 

(Betti et al., 2022). Both excitatory and inhibitory inputs can influence the H-reflex 

response. Known inhibitory modulators of synaptic transmission include pre- and post-

synaptic inhibition (Bardoni et al, 2013). Pre-synaptic inhibition acts upon the Ia afferent 

central terminals on the pre-synaptic membrane, altering neurotransmitter release onto 

the post-synaptic receptors of the alpha motor neurons (Alford & Schwartz, 2009). This 

attenuates the H-reflex response at the muscle with no change in motor neuron membrane 

potential (Bardoni et al., 2013). Presynaptic inhibition is also modulated selectively 

during voluntary contractions (Iles, 1996). The inhibitory inputs act upon the Ia afferents 

projecting to alpha motor neurons are reduced during a voluntary contraction or co-

contraction, thereby minimizing the influence of pre-synaptic inhibition on synaptic 

transmission through supraspinal drive (Iles & Roberts, 1987).  

In 1941, Renshaw elucidated a form of post-synaptic inhibition, noting that antidromic 

impulses within alpha motor neuron axons reduced the excitability response of the 

homonymous motor neuron through recurrent collaterals, later termed Renshaw cells 

(Renshaw, 1941). These findings demonstrated that ventral horn interneurons mediated 

inhibitory signals to the motor neuron collaterals of the synergistic alpha motor neuron, 

acting as a form of post-synaptic inhibition (Renshaw, 1946). There is a descending 

facilitation of Renshaw cells during low-level contractions and a suppression of these 
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cells during high-level contractions, which can impact H-reflex responses (Pierrot-

Deseilligny & Burke, 2005).  

Both Ia pre-synaptic inhibition and recurrent inhibition at the post-synaptic membrane are 

present during the elicitation of an H-reflex protocol. However, their influence can be 

reduced by normalizing contraction intensity, in terms of torque, across trials, thereby 

controlling the effect of pre-synaptic inhibition and recurrent inhibition (Pierrot-

Deseilligny & Burke, 2005).  

Reciprocal inhibition describes the process whereby the contraction of an agonist muscle 

is accompanied by the inhibition of its antagonist (Day et al., 1984). This reciprocal 

behaviour arises from inhibitory interneurons modulating the co-activation of flexor and 

extensor muscles during a contraction (Iles, 1986). These interneurons are modulated by 

two primary sources: neural drive from the supraspinal centers and inputs from muscle 

spindles (Day et al., 1984). The proposed purpose for reciprocal inhibition of Ia 

interneurons is for the coordinated voluntary contraction and relaxation of agonist and 

antagonist muscle groups during movement (Lundberg, 1970).  

Figure 2 displays the pathway of disynaptic reciprocal inhibition from the tibialis anterior 

to the soleus muscle motor neurons. The H-reflex pathway can be used to test the amount 

of reciprocal inhibition. For example, if testing reciprocal inhibition in the soleus muscle, 

a conditioning stimulus is applied to the deep fibular nerve innervating the tibialis 

anterior, stimulating the Ia afferents that have monosynaptic excitatory projections to 

homonymous motor neurons (Figure 2). The conditioned stimulus simultaneously 

activates inhibitory interneurons synapsing with the motor neurons of the soleus, 

reducing the excitatory potential of the post-synaptic membrane. A test stimulus is then 

applied to the tibial nerve innervating the soleus at an interstimulus interval ~100ms, 

allowing for the inhibitory mechanism of the conditioned stimulus to take place before 

the test stimulus is applied to the soleus. The amount of reciprocal inhibition acting upon 

the soleus motor neuron pool can be estimated by the depression in the test H-reflex 

amplitude when the conditioned stimulus is applied. 
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Figure 2. The reciprocal inhibition pathway. Reciprocal inhibition from the tibialis 

anterior to the soleus, measured by utilizing an H-reflex paired stimulus technique. 

Dotted lines represent Ia afferent fibres propagating sensory feedback to the soleus motor 

neuron pool. The solid line with an empty circle represents the transfer of efferent signals 

from the motor neuron pool to the soleus muscle. The solid line with the filled circle 

represents an inhibitory interneuron acting upon the soleus motor neuron pool following 

activation of the tibialis anterior (antagonist muscle). Figure reprinted from (Pierrot-

Deseilligny & Burke, 2005). 

1.3.2 Sex-related differences in H-reflex 

The few studies investigating the sex-related differences in H-reflex excitability and 

inhibition have come to different conclusions (Hoffman et al. 2018a; Hoffman et al. 

2018b; Johnson et al. 2012; Mendonca et al. 2020). A study by Mendonca et al. (2020) 

found that females have lower H-reflex excitability, but this was dependent on the 

amount of antagonistic co-activation and resulted in no difference in H-reflex between 

sexes when co-activation was normalized. Johnson et al. (2012) also found no differences 

in H-reflex amplitude between the sexes. Hoffman et al. (2018a) found no significant 

differences in excitability between sexes. However, another study by Hoffman. (2018b) 

found that females had a greater H-max/M-max ratio than males, indicating greater levels 

of excitability. These conflicting results may be due to methodological differences in 
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eliciting H-reflex or the examination of different characteristics of the motor neuron 

synapse, such as the influence of pre- and post-synaptic inhibition (Johnson et al., 2012).  

When the H-reflex is tested alone, it does not account for other influences of synaptic 

modulation, such as inhibition (Knikou, 2008). For example, although Johnson et al. 

(2012) found no differences in H-reflex excitability between sexes, males exhibited 

significantly greater post-synaptic inhibition than females. Similarly, Hoffmann et al. 

(2018a) also found no differences in excitability, but showed that males had significantly 

greater pre-synaptic inhibition than females. The discourse surrounding the sexual 

dimorphism seen at the motor neuron pool makes it difficult to come to definite 

conclusions as many variables such as sex hormone level, antagonistic co-activation, 

synaptic inhibition, body positioning, and other methodological conditions were not 

consistent across studies (Hoffman et al. 2018a; Mendonca et al. 2020; Zehr, 2002). 

Therefore, to elucidate the mechanisms surrounding the neural control of the motor 

neuron pool, careful considerations of these variables need to be made when designing a 

study investigating spinal excitability with the H-reflex. For example, to accurately 

capture changes in excitability or inhibition following an intervention, it is important to 

understand potential sex-related differences in physiological baselines. 

1.4 Purpose 

The purpose of this study was to determine whether healthy young males and females 

differ in soleus H-reflex excitability and inhibition. We hypothesized that H-reflex 

excitability would be lower in females than in males and that reciprocal inhibition would 

be higher in females than males. 
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Chapter 2  

2 Sex-related differences in H-reflex excitability and inhibition 

2.1 Introduction 

The limited work investigating sex-related differences in motor unit (MU) behaviour has 

created a significant challenge in reaching conclusions about differences in male and 

female physiology. (Lulic-Kuryllo & Inglis, 2022). Despite advancements in our 

understanding of neuromuscular function over several decades of research, one 

significant gap that remains within the literature is that few studies have investigated 

female neurophysiology. Consequently, previous research using predominantly male 

participants continues to set the standard of our understanding for both sexes (McNulty et 

al., 2020). It has been demonstrated that males and females display numerous 

musculoskeletal and biomechanical differences during motor tasks (Maughan et al., 1983; 

Pappas et al., 2007). Sex-related difference in neuromuscular physiology may provide a 

mechanistic explanation for the differences in motor task performance, highlighting the 

importance of investigating neuromuscular differences between males and females.   

Neuromuscular activation can occur voluntarily, relying primarily on descending neural 

drive, and involuntarily, predominantly via spinal reflexes (Betti et al., 2022; Ugawa, 

2020). Spinal reflexes can be elicited through mechanical manipulation, e.g. with a 

tendon tap, or electrically with peripheral nerve stimulation (Burke, 2016). When 

electrically elicited, as is the case with the Hoffmann reflex (H-reflex), the input and 

output of synaptic transmission of the lower motor neuron pool can be estimated 

(Capaday, 1997). The efficacy of transmission through the lower motor neuron pool is a 

crucial variable, as all motor output results from the activation of motor neurons 

(Wolpaw, 2001).  

Although the H-reflex has been thoroughly investigated for over a century, few studies 

have examined potential differences in spinal excitability and inhibition between sexes 

(Hoffman et al., 2018a; Hoffman et al., 2018b; Johnson et al., 2012; Mendonca et al., 
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2020). The studies that have investigated sex-related differences in the H-reflex have 

found conflicting results. Mendonca et al. (2022) found greater excitability in males than 

females, indicated by a greater H-max/M-max ratio. However, differences between sexes 

dissipated when antagonistic co-activation was normalized between males and females. 

Conflicting with this finding is a study by Hoffman et al. (2018b), who found that 

females had greater H-max/M-max ratio than males, but only at a time point where males 

and females had similar natural hormone levels of progesterone and estradiol in their 

system. Hoffman et al. (2018a) found that despite similar levels of excitability between 

sexes, females had significantly less pre-synaptic inhibition, particularly when they had 

greater levels of estrogen in their system. Finally, Johnson et al. (2012) found no 

differences in excitability but greater recurrent inhibition in males than females.  

These conflicting results can likely be attributed to differences in methodologies in 

eliciting the H-reflex (Zehr, 2002), or examination of different excitatory and inhibitory 

characteristics of the motor neuron synapse (Johnson et al., 2012). The discourse in 

results makes creating definite conclusions surrounding sexual dimorphism of spinal 

excitability and inhibition challenging and highlights a need for further work in this area. 

A better understanding of the factors influencing MU behaviour is essential in filling the 

gap in our understanding of sex-related differences in neuromuscular physiology, which 

can inform future studies. For example, to accurately capture changes in excitability or 

inhibition following an intervention, it is important to understand potential sex-related 

differences in physiological baselines. 

The purpose of this study was to determine whether healthy young males and females 

differ in soleus H-reflex excitability and inhibition. We hypothesized that H-reflex 

excitability would be lower, and inhibition would be higher in females compared with 

males.  
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2.2 Methods 

2.2.1 Participants 

Thirty participants (15 females, 15 males, aged 23.2±2.5 years) were recruited from the 

university and the local community. Inclusion criteria included: reading and speaking 

English, normal or corrected-to-normal vision, no history of musculoskeletal or 

neuromuscular impairments that may affect performance of the protocol, were not taking 

prescription medication, except for oral contraceptives, and refraining from engaging in 

exercise or use of alcohol or central nervous system stimulant or depressant 

pharmacological agents within 12 hours of study participation. The study was reviewed 

and approved by the Western University Institutional Review Board and all participants 

provided written informed consent prior to participation.  

2.2.2 Experimental protocol 

During the single testing session, measures of maximum dorsiflexion and plantar flexion 

strength were obtained. Neuromuscular excitability and inhibition were then assessed by 

elicitation of the H-reflex and M-wave from the soleus (Figure 3).  

 

Figure 3. Timeline of experimental protocol. Outline of the order of experimental 

procedures on the single day of testing. Horizontal arrows represent time windows. 

Vertical bars represent maximum voluntary contraction trials. Electrical signals represent 

elicitation of the H-reflex and M-wave. 
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2.2.3 Force 

Participants were asked to identify their dominant lower limb, then subsequently seated 

in a chair with their dominant leg comfortably placed in a custom-made isokinetic 

dynamometer equipped with a load cell (SSM-AJ-250; Interface, Scottsdale, AZ, USA). 

Participants were seated with their hips and knees at 90 degrees of flexion and their foot 

in neutral position (Knikou & Rymer, 2002; Lin, 1997). The knee angle was chosen to 

isolate the soleus and reduce the contribution of the gastrocnemius during plantar flexion 

(Dixon, 2009). Participants were asked to limit unnecessary movements and attempt to 

maintain an upright seated posture throughout the session. The force signal was amplified 

(PM-1000; DataQ Instruments, Akron, OH, USA) and sampled at 2000 Hz using a 16-bit 

analog-to-digital converter (NI USB-6251; National Instruments, Austin, TX, USA), and 

stored for offline analysis. 

Baseline testing involved three maximal effort plantar flexion and three maximal effort 

dorsiflexion contractions. Additional trials were performed if there was a >10% 

difference between any two trials. The highest value from each of plantar flexion and 

dorsiflexion were set as the 100% MVC. Participants produced contractions at 10% MVC 

throughout H-reflex testing and were provided with a visual target on a computer screen. 

A custom-written Matlab program (version 2023a; Mathworks Inc, Natick, MA, USA) 

analyzed a 500ms window and calculated mean force during TA and SOL MVCs.  

2.2.4 Surface EMG 

Prior to the application of electrodes, the skin was gently cleaned with an abrasive gel 

(NuPrep®) and wiped with alcohol to reduce signal impedance. A bipolar electrode 

configuration with an inter-electrode distance of 1cm, was placed over the lateral aspect 

of the SOL and over the proximal aspect of the tibialis anterior (TA) muscle bellies. 

Ground electrodes were secured over the patella and proximal aspect of the tibia. These 

EMG signals were amplified and sampled at 48kHz using a clinical EMG cart (Nicolet 

EDX EMG, Natus, WI, USA) for acquisition of H-reflex and M-wave responses. For 

continuous EMG sampling during contractions, a wireless 4-pin surface EMG electrode 

(Galileo wireless EMG, Delsys Inc., Natick, MA, USA) was attached to the medial aspect 

of the SOL with a reference electrode attached to the medial aspect of the knee. A 
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wireless bipolar surface EMG electrode (Avanti wireless EMG, Delsys Inc., Natick, MA, 

USA) was attached to the distal aspect of the TA. Surface EMG signals were sampled at 

2000Hz and stored on a personal computer for offline analysis of EMG during 

background contractions, using Dasylab software (Data Acquisition System Laboratory, 

DasyTec, USA, Inc., Amherst, NH, USA). 

A custom-written Matlab program was used to analyze the EMG activity. The RMS 

amplitude of EMG was calculated over a 500ms window during TA and SOL MVCs. Co-

activation of the TA and SOL were measured during the reciprocal inhibition protocol. It 

was calculated as the relative RMS EMG from the TA expressed as a percentage of the 

relative SOL RMS EMG, during a 500ms window prior to stimulation. 

2.2.5 Electrical nerve stimulation 

To elicit H-reflex and M-wave responses in the SOL, a bipolar stimulating arrangement 

was employed, where the cathode electrode was placed over the tibial nerve in the 

popliteal fossa and the anode on the distal thigh, superior to the patella. Through these 

electrodes, 1ms square wave pulses were delivered to the nerve. The cathode position that 

elicited the greatest response with the lowest stimulus intensity was chosen. The stimulus 

intensity was lowered until no muscle response was present. Starting at this subthreshold 

stimulus intensity, an H-reflex and M-wave recruitment curve was generated by gradually 

increasing the stimulus intensity by 1.2 mA until there was no further increase in the 

peak-to-peak amplitude of the M-wave. Three stimuli were delivered at each intensity, 

with 8-10 s between stimuli, to reduce the effects of post-activation depression (Zehr, 

2002). Participants were instructed to produce a plantar flexion contraction to 10% MVC 

prior to each stimulation and relaxed immediately after the stimulus. 

Reciprocal inhibition of the soleus was elicited by performing a paired stimulus protocol, 

with a conditioning stimulus applied to the common fibular nerve. A stimulating 

electrode was placed over the common fibular nerve distal to the fibular head. This 

electrode placement was used to ensure stimulation of the deep fibular branch of the 

common fibular nerve in order to limit excitation of the peroneal muscle group. The 

maximal electrical response (M-max) of the TA was identified by applying electrical 
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stimuli at increasing stimulus intensities until there was no further increase in peak-to-

peak amplitude of the M-wave.  

A custom-written Matlab code was used to calculate the peak-to-peak amplitude of H-

reflex and M-wave, which were averaged across the three trials at each intensity and used 

to generate a recruitment curve (Figure 4). Peak values of each curve were taken as H-

max and M-max. A line was fit to the ascending limb of each curve from 10% to 90% of 

maximum and the slope of the line was calculated (H-slope and M-slope). The ratio of H-

max/M-max and H-slope/M-slope were then calculated.  

To elicit reciprocal inhibition of the SOL H-reflex, a conditioning stimulation of the 

common fibular nerve was provided 100 ms prior to stimulation of the soleus (test). The 

conditioning stimulus intensity was set to 50% of the TA’s M-max, while the test 

stimulus intensity was set to 10% of the soleus’ M-max (Johnson et al., 2012). A total of 

10 trials of paired stimulus inhibition were completed. Five trials of the test stimulus 

alone were completed both before and after 10 trials of conditioned+test stimuli. The 10 

test trials and ten conditioned+test trials were each averaged for each participant. 

Reciprocal inhibition was then calculated as: (1 – Test reflex / Conditioned reflex) × 

100% (Johnson et al., 2012). 

 

Figure 4. Example of H-reflex and M-wave recruitment curve.  
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2.2.6 Statistical analysis 

Independent samples t-tests were used to compare each primary outcome variable 

between sexes (H-max, M-max, H-max/M-max, H-slope, M-slope, H-slope/M-slope, % 

inhibition). Effect sizes were calculated to display the magnitude of difference and 

presented as Cohen’s d for most measures (Cohen, 1988). Cohen’s d effect sizes were 

interpreted as small (d>0.2), medium (d>0.5), and large (d>0.8) effects. For SOL and TA 

RMS, and TA/SOL co-activation, Hedge’s g was calculated to account for bias in 

unequal sample size (Lakens, 2013). Hedge’s g used the same interpretation as Cohen’s d 

effect sizes. Statistical analyses were performed using SPSS (Version 24; IBM SPSS 

Statistics, Armonk, NY, USA). Significance was set at p≤0.05 and data are displayed as 

mean ± SD for all measures.  

2.3 Results 

2.3.1 Participant Characteristics 

Participant characteristics are presented in Table 1. Males and females differed in height 

(p<0.001, d=2.80) and mass (p<0.001, d=1.71), as males were significantly taller and 

heavier than females. There was no significant difference in age between groups (p=0.28, 

d=0.40). Males had higher PF (p=0.014, d=0.95) and DF (p <0.001, d=2.46) MVC values 

than females. Males also had greater SOL RMS EMG (p=0.008, g=1.38), but not 

significantly different in TA RMS EMG (p=0.13, g=0.72). No significant differences 

were identified in TA/SOL co-activation between sexes (p=0.82, g=0.12). 

2.3.2 M-wave 

Mean M-max amplitude and M-slope are displayed in Figure 5. M-max was significantly 

greater in males than females (p=0.006, d=1.08). M-slope was also significantly greater 

in males than females (p=0.004, d=1.15). 
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Table 1. Participant Characteristics 

 Males (n=15) Females (n=15) 

Age (years) 23.7  2.3 22.7  2.7 

Height (cm)* 181.0  6.9 163.3  5.7 

Mass (kg)* 76.9  8.9 61.5  9.0 

MVC PF (N)* 875.5  227.3 663.0  218.8 

MVC DF (N)* 163.3  40.3 80.9  25.0 

SOL RMS (µV)* 73.8  21.4 43.9  20.3 

TA RMS (µV) 221.4  45.75 178.5  61.8 

TA/SOL co-activation (%) 29.6  13.4 31.9  20.6 

Soleus (SOL) and tibialis anterior (TA) root mean squared (RMS) amplitude include 7M 

and 12F participants. DF=dorsiflexion; PF=plantar flexion  

TA/SOL co-activation include 5M and 10F participants 

Values are presented as mean ± SD.  

*Males significantly greater than females (p < 0.05). 

 

  

Figure 5. M-max amplitude and M-slope. Bars represent the mean values for males and 

females. Individual data points are shown by circles. Both M-max (left) and M-slope 

(right) were greater in males than females (*p≤0.004). 
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2.3.3 H-reflex excitability 

Mean H-max amplitude, H-slope, H-max/M-max and H-slope/M-slope ratio are 

displayed in Figure 6 The H-max amplitude (p=0.24, d=0.43), H-max/M-max ratio 

(p=0.13, d=0.57), and H-slope/M-slope ratio (p=0.91, d=0.04) were not significantly 

different between sexes. However, H-slope was significantly greater in males than 

females (p=0.009, d=1.08). 

 

Figure 6. H-max amplitude, H-slope, H-max/M-max and H-slope/M-slope ratio. Bars 

represent the mean values for males and females. Individual data points are shown by 

circles. H-slope (top right) was greater in males than females (*p=0.009). H-max (top 

left), H-max/M-max ratio (bottom left), and H-slope/M-slope ratio (bottom right) were 

not significantly different between sexes.  

2.3.4 Reciprocal inhibition 

Reciprocal inhibition results are displayed in Figure 7. One male participant was deemed 

to be an extreme outlier and was therefore removed from analysis for this measure. 

Reciprocal inhibition was significantly greater in males than females (p=0.018, d=0.93).  
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Figure 7. Reciprocal inhibition. Bars represent the mean values for males and females. 

Individual data points are shown by circles. Reciprocal inhibition was significantly 

greater in males than females (*p≤0.01). An extreme outlier (greater than three standard 

deviations from the mean) from the male participant group was removed from the data, 

which did not change the outcome.  
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Chapter 3  

3 Discussion and Summary 

3.1 Discussion 

This study aimed to investigate the sex-related differences in H-reflex excitability and 

inhibition in young, healthy individuals. No significant differences in H-reflex 

excitability (i.e. H-max/M-max and H-slope/M-slope) were identified between sexes. 

Males were found to have significantly greater M-max, M-slope, and H-slope than 

females. Contrary to our hypothesis, reciprocal inhibition was found to be significantly 

greater in males than females.  

3.1.1 M-wave (M-max, M-slope) 

M-max is a commonly reported in H-reflex studies. It represents the complete activation 

of the motor neuron pool, resulting in full muscle activation, as all motor neurons and 

subsequent muscle fibres are assumed to be activated (Zehr, 2002). Findings from the 

present study showed that males exhibited a significantly greater M-max amplitude than 

females. This finding is consistent with previous work investigating sex-related 

differences in H-reflex (Mendonca et al., 2020). The sexual dimorphism present in these 

studies might be explained by males typically having larger muscles size and larger 

diameter of individual muscle fibres than females (Miller et al., 1993). Therefore, the 

larger diameter muscle fibres in males would produce larger action potentials when 

activated, resulting in a greater EMG amplitude of evoked responses. Although we did 

not measure muscle size in the current study, anthropometric data showed that males 

were significantly heavier, taller, and had greater maximal force, suggesting evidence for 

greater muscle mass in males.  

Measuring the slope of the M-wave recruitment curve showed that males had a 

significantly greater M-slope than females. M-slope provides information about the 

recruitment properties of the soleus muscle. It is an alternative measure to the M-max, 

used to define the evoked muscle response as the slope of the regression line or rate of 

change in motor neuron excitability as a function of increased stimulus intensity (Christie 

et al., 2004; Funase et al., 1994). The finding of a greater slope in males than females is 

within reason, as M-max was also found to be significantly greater in males. Males would 
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then be activating muscle fibres of larger diameter than females per increment in stimulus 

intensity than females to reach their M-max. Thus, it would have a steeper slope indicated 

by a greater rate of change in excitability at the level of the muscle fibres. 

3.1.2 H-reflex excitability (H-max, H-slope, H-max/M-max, H-slope/M-

slope) 

No significant differences in H-max were found between sexes in the current study. The 

H-max is defined as the measurement of maximal reflex activation and reflects the 

number of motor units that can be activated at any one point in time through the reflex 

arc (Palmieri et al., 2004). We also found no difference between sexes in the H-max/M-

max ratio in the current study, indicating there were no differences in H-reflex 

excitability between sexes, contrary to our hypothesis.  

The ratio of the evoked response is a standardized method of reporting the H-reflex as it 

is expressed relative to an individual’s M-wave, allowing for comparisons across 

participants (Palmieri et al., 2004). The finding of no significant differences in H-reflex 

excitability agrees with studies by Johnson et al. (2012) and Hoffman et al. (2018a), who 

also found no significant differences in H-reflex excitability between sexes. However, it 

disagrees with Mendonca et al. (2020) and Hoffman et al. (2018b), who found that males 

and females differ significantly in H-max/M-max. Differences across studies may be due 

to differences in participant positioning and/or the presence or absence of background 

muscle contractions (Hoffman et al., 2018a; Johnson et al., 2012; Mendonca et al., 2020; 

Zehr, 2002), as described in more detail below. Interestingly, Mendonca et al. (2020) 

found that males exhibited greater excitability than females, while Hoffman et al. (2018b) 

found the opposite. Mendonca et al. (2020) suggested that the between-sex differences 

were strongly related to greater antagonistic co-activation of the tibialis anterior in 

females, as the difference dissipated when co-activation was accounted for. In the present 

study no significant differences in co-activation between sexes were observed in a subset 

of participants. Our finding is therefore in line with the conclusion of Mendonca et al. 

(2020), which suggested that when males and females displayed similar levels of co-

activation, differences in H-reflex excitability became insignificant.  
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We also found that males exhibited a significantly greater slope of the H-reflex (H-slope) 

than females. As defined in the previous section, the slope is the rate of change of motor 

neuron excitability measured from the ascending limb of the H-reflex recruitment curve. 

Our finding aligns with previous work (Mendonca et al., 2020). This is an interesting 

finding as H-slope was significantly different between sexes, but H-max was not. The 

advantage of the H-slope over H-max is that it is minimally affected by the collision of 

H-reflex Ia afferent discharge and the antidromic activity of M-wave alpha motor neurons 

(Funase et al., 1994). Therefore, it can provide a reasonable estimate of the recruitment 

properties of the motor neuron pool. However, when expressed relative to M-slope there 

was no sex-related difference, suggesting the difference is at the level of the muscle and 

not at the motor neuron pool. Similar to H-max/M-max, there were no significant 

differences identified between sexes for the ratio of slopes (H-slope/M-slope), providing 

additional support that there were no significant differences in H-reflex excitability 

between sexes. 

3.1.3 Reciprocal inhibition 

Reciprocal inhibition of the soleus muscle was accomplished utilizing a paired stimulus 

technique. A conditioning stimulus excited the nerve innervating the antagonistic muscle 

prior to the test (C-T) stimulus exciting the nerve innervating the soleus. Reciprocal 

inhibition is known to occur from the activation of inhibitory interneurons connecting to 

the post-synaptic cleft of the motor neurons innervating the agonist muscle (Iles, 1986). 

Based on the results acquired within the present experiment, the paradigm used to exhibit 

RI was successful for most participants, resulting in an attenuated H-reflex. 

Previous research has identified greater pre-synaptic and recurrent inhibition in males 

than in females (Hoffman et al., 2018a; Johnson et al., 2012). The current study results 

show that males exhibited significantly greater reciprocal inhibition, a form of post-

synaptic inhibition at the neuron pool during soleus H-reflex responses. Although our 

study replicated the reciprocal inhibition protocol performed in the study by Johnson et 

al. (2012), our results differed, as they demonstrated no significant differences between 

sexes. A possible explanation for the discrepancies in the responses, according to 

Hoffman et al. (2018), is the influence of neuroactive sex hormones on the central 
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nervous system. The predictable nature of female (~28 days) and male (24 hours) 

hormonal cycles allows for investigation into how neuroactive sex hormones, such as 

estrogen, may influence synaptic transmission and, thus, motor control. Hoffman et al. 

(2018a) suggested that as estrogen levels rise during the first phase of the menstrual 

cycle, inhibitory neurotransmitter γ-Aminobutyric acid (GABA) levels within the central 

nervous system would be reduced. These assumptions are founded on brain studies 

(Corvino et al., 2015; Ottem et al., 2004) where estrogen either upregulated or 

downregulated the function of GABA. Therefore, by reducing estrogen interaction, which 

reduces the function of GABA, the inhibitory influence on the alpha motor neuron pool 

would be reduced, resulting in less inhibition in females. In contrast it has been suggested 

that testosterone metabolites can act as GABA receptor agonists, resulting in greater 

inhibition (Bitran et al., 1993). These findings, although completed in animal models, can 

provide some evidence supporting our finding of greater inhibition in males compared to 

females.  

The results of the reciprocal inhibition protocol showed that six female participants and 

two males displayed facilitation of the H-reflex rather than the intended and expected 

attenuation. Capaday et al. (1990) described concerns about the C-T method used to 

activate the inhibitory pathway modulating the post-synaptic membrane of the lower 

motor neuron pool. Previous research has suggested that the conditioning stimulus may 

not be sufficient to elicit a response in some individuals. The H-reflex produced by the 

test stimulus is attenuated because of disynaptic reciprocal inhibition. The large 

excitatory post-synaptic potential causes a synchronous discharge of alpha motor 

neurons, producing an H-reflex. However, the small to moderate inhibitory post-synaptic 

potentials produced by the inhibitory Ia afferents may not be strong enough to 

hyperpolarize the post-synaptic membrane and prevent depolarization (Capaday, 1997). 

Therefore, the indented result to inhibit the test stimulus may be undetectable when 

attempting to reduce a large excitatory synchronous volley in some individuals. 

3.1.4 Methodological considerations 

The methodology for measuring these indices requires careful consideration due to the 

many factors that influence the parameters of the H-reflex. These include the postural 
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position, stimulation duration and frequency, muscle activation, and anthropometric 

measures (Burke, 2016). Variations in these parameters make comparisons between H-

reflex research challenging and may explain differences in results between studies 

(Gajewski & Mazur-Różycka, 2018). Like Mendonca et al. (2020), the present study 

recorded all H-reflexes during a background level of muscle activation to normalize 

descending drive to the motor neuron pool and ensure males and females maintained 

similar levels of motor neuron excitability (Zehr, 2002). Although mentioned within their 

limitations, Johnson et al. (2012) and Hoffman et al. (2018a) evoked all H-reflexes at 

rest. When the H-reflex is recorded at rest, it does not account for supraspinal input or 

inhibitory inputs post-synaptic effects while also reducing the applicability of the results 

to functional movement (Knikou, 2008). A counterpoint provided by Palmieri et al. 

(2004) to evoking H-reflexes during a light contraction is that it can alter muscle 

geometry, therefore altering the H-reflex without affecting the neural drive. The leg of 

the participant was secured within a dynamometer used to measure isometric plantar 

flexion, and the contraction participants were instructed to contract at 10% of their MVC. 

Therefore, changes in muscle geometry would have been minimal during elicitation of 

the H-reflex.  

The stimulation duration was set as a 1ms duration pulse, and frequency was set to evoke 

an H-reflex every ~10 seconds (Palmieri et al., 2004), similar to Hoffman et al. (2018a) 

and Johnson et al. (2012) in order to reduce the influence of post-activation depression. 

The joint angles used in the present study were 90 degrees of hip flexion and knee flexion 

(180 degrees is full extension) and anatomically neutral position for the ankle (Hoffman 

et al., 2018a; Johnson et al., 2012). Participant postural positioning at the hip, knee, and 

ankle varied significantly between the few studies investigating sex-related differences in 

H-reflex. Mendonca et al. (2020) had hips and knee at 120 and ankle at 110 of plantar 

flexion, Johnson et al. (2012) reported a semi-recumbent position at the hip, 60 degrees 

of knee flexion and neutral ankle, and Hoffman et al. (2018a) placed participants in 5 

degrees of hip flexion, fully extended knee and neutral ankle angle. The aforementioned 

studies show a wide variable in the joint angles chosen, which may help explain 

differences in results between studies. Especially since varying postural conditions 

(seated to standing) have displayed progressive inhibition of the H-reflex (Angulo-
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Kinzler et al., 1998). In order to isolate the soleus as the primary contributor to force and 

reduce the activation of the gastrocnemius during voluntary contraction, the knee in our 

study was placed in a flexed position (Dixon, 2009). Lastly, the postural conditions in 

order to minimize the outside influence on the H-reflex were followed as outlined in the 

available literature (Pierrot-Deseilligny & Burke, 2005). 

3.2 Limitations 

As we did not measure hormone levels, either by salivary or blood samples, we cannot 

definitively conclude that there is a relationship between neuroactive sex hormones and 

H-reflex excitability and inhibition measures within this study. Further, this study used 

surface electromyography to record muscle activity. It is known that females tend to have 

greater subcutaneous adipose distribution (Hattori et al., 1991), which may impede the 

signal quality and filtering, resulting in a reduced peak-to-peak amplitude of evoked 

potentials (Doheny et al., 2010). However, since we normalized EMG responses, our 

findings should not have been affected by this sex-related discrepancy. Lastly, although 

we followed standard procedures by eliciting the H-reflex during muscle activity to 

normalize excitability and other inhibitory inputs to the pool, we did not directly measure 

pre-synaptic inhibition (Hultborn et al., 1987) nor recurrent inhibition (Zehr, 2002). 

These variables have been shown to have a more profound influence as muscle activation 

increases. Therefore, we cannot confirm their presence had no significant influence on 

our findings.  

3.3 Conclusion 

In this study it was hypothesized that males would display greater H-reflex excitability 

and lower reciprocal inhibition than females. The findings demonstrate no significant 

sex-related difference in H-reflex excitability between males and females. This finding 

was unexpected, but our results can potentially be explained by the lack of difference in 

co-activation, similar to the findings by Mendonca et al. (2020). Contrary to the 

hypothesis, males were found to have significantly greater reciprocal inhibition than 

females. The findings of the present study suggest that there may be an influence of 

neuro-modulatory sex hormones on the spinal motor neuron pool. This finding could also 

result from male and female participants responding unexpectedly to the conditioning 
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stimulus of the reciprocal inhibition protocol. Further research investigating sex-related 

differences in H-reflex excitability and inhibition is needed to better understand the 

discrepancies between male and female neurophysiology at the level of the spinal motor 

neuron pool. 

3.4 Future directions 

Reciprocal inhibition was significantly greater in males than females. The underlying 

mechanism for this discrepancy is speculated to be in part influenced by neuroactive sex 

hormones. There is conflicting evidence surrounding the hormonal influence on spinal 

inhibition (Casey et al., 2016; Hoffman et al., 2018a). However, Hoffman et al. (2018a) 

have provided preliminary evidence supporting this theory, stating that the hormone 

estrogen interacts with the inhibitory neurotransmitter GABA, attenuating its effect on 

inhibitory interneurons and thus reducing the overall impact of inhibition on the spinal 

motor neuron synapse. There is also evidence supporting the theory that greater levels of 

testosterone play an agonistic role on GABA receptors, resulting in greater inhibition 

(Bitran et al., 1993). The current study did not directly measure neuroactive sex 

hormones; thus, we cannot conclude their influence on our H-reflex excitability and 

inhibition measures. Therefore, future research should investigate the influence of sex 

hormones on spinal inhibition in both males and females.  

Understanding how hormonal fluctuations influence these responses will provide 

researchers with greater insight into how to better control for these intrinsic factors to 

elicit the H-reflex under controlled conditions appropriately. Additionally, future work 

should include other measurements of inhibition, as demonstrated by Johnson et al. 

(2012), who included pre- and post-synaptic inhibitory measurements within their H-

reflex protocol. Investigating additional variables of the motor neuron synapse can 

provide researchers with a broader view of the reflex transmission from afferent to 

efferent, hopefully narrowing down the sex-related difference for future work. 
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