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Despite years of research, females continue to have a higher incidence of non-contact 

ACL injuries. One of the major findings of this research is that males and females 

perform certain tasks, such as, cutting, landing, and single-leg squatting, differently. In 

particular, females tend to move the knee into a more valgus position; a motion putting 

the ACL at risk for injury. Yet the underlying spinal control mechanisms modulating 

this motion are unknown. Additionally, the mechanisms regulating the ability to 

rapidly initiate and produce maximal torque are also unknown. Therefore, the purpose 

was to: 1) determine if the sexes modulate spinal control differently, 2) examine the 

contributions of spinal control mechanisms to valgus knee motion, and 3) identify 

contributions of spinal control to the ability to rapidly produce force. The spinal 

control variables were the first derivative of the Hoffmann (H)-reflex, the first 

derivative of extrinsic pre-synaptic inhibition (EPI), the first derivative of intrinsic 

pre-synaptic inhibition (IPI), recurrent inhibition (RI), and V-waves. To assess the 



neuromuscular system’s ability to rapidly activate, rate of torque development (RTD) 

and electromechanical delay (EMD) were measured. Lastly, valgus motion was 

determined by the frontal plane projection angle (FPPA). The results reveal males and 

females do modulate spinal control differently; specifically males had an increased 

RTD, which is the slope of the torque-time curve, and increased RI, which is a post-

synaptic regulator of torque output. However, the spinal control mechanisms did not 

significantly contribute to FPPA at the knee. EMD which is the time lag from muscle 

activity to torque production was significantly predicted by the spinal control 

mechanisms. Specifically, EPI, a modulator of afferent inflow from peripheral and 

descending sources, IPI, a regulator of Ia afferent inflow, and sex significantly 

contributed to EMD. Lastly, the spinal control mechanisms significantly contributed to 

RTD. Specifically, IPI, sex, and V-waves, a measure of supraspinal drive, all 

significantly contributed to RTD. 
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CHAPTER 1: INTRODUCTION 

It is known that females have a higher incidence of non-contact ACL injuries than 

males.1 Years of research have been directed at finding possible contributory factors. 

Much of the research has focused on anatomical, hormonal, biomechanical, and 

neuromuscular sex differences.2-4  

One of the major findings that has been reported is the differences in the way 

males and females perform certain movements.5-18 Most notably, it appears that 

females tend to move the knee into a more valgus alignment during cutting, landing, 

and single-leg squatting.6, 17, 19 Valgus motion at the knee is suggested to be a predictor 

of ACL injury.20, 21 Additionally, females have different muscle activation patterns 

when compared to males.6, 10, 22 These factors when taken together potentially put the 

ACL at risk for injury.20, 23, 24 

Despite the knowledge that the sexes move differently, there has not been a 

significant reduction in the injury rate differences.1 Further, the underlying 

mechanisms responsible for the persistence of these different movement patterns is not 

known. In order to resolve this gap in knowledge, an investigation into how the spinal 

cord modulates afferent information and motor neuron output, particularly between the 

sexes is warranted. 

All movements of the extremities reflect the complex interactions between 

supraspinal commands, sensory inputs, and spinal cord interneuron activity onto the 

motor neuron pool and subsequent output to the motor neuron.25-29 A battery of 

measurements can be used to assess many of those inputs.  
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Assessment of the Hoffmann (H)-reflex is a common tool used in neural science 

to provide a net estimate of motor neuron pool excitability.25-28, 30-32 This net estimate, 

as recently noted, includes the summation of excitatory and inhibitory descending and 

afferent synaptic input, pre-synaptic inhibition, and intrinsic motor neuron 

properties.33 While this net estimate of motor neuron excitability is useful, due to the 

complex nature of spinal inputs, when tested in isolation, H-reflex assessments do not 

provide a complete understanding of the contribution of supraspinal drive and pre- and 

post-synaptic modulation of afferent inflow. Therefore, combining H-reflex 

measurements with assessment of supraspinal drive and levels of pre- and post-

synaptic inhibition allows a more complete evaluation of motor neuron pool 

excitability. 

Supraspinal drive can be measured as a V-wave, which is an H-reflex that is 

assessed during a maximal voluntary contraction. 14, 33-39 V-waves were introduced 

over 30 years ago, but the popularity of the measure has increased dramatically more 

recently.14, 33-39 An increased V-wave amplitude indicates elevated neural drive in 

descending corticospinal pathways, increased motor neuron excitability, and / or 

decreased pre-synaptic inhibition of Ia afferents.36 Again, like H-reflexes, V-waves in 

isolation do not provide a full picture since pre-synaptic inhibition cannot be 

discounted.36 

As noted, both V-waves and H-reflexes can be affected by pre-synaptic inhibition. 

Pre-synaptic inhibition is a powerful regulatory mechanism in the spinal cord.40-42 The 

end product of pre-synaptic inhibition is decreased output to the alpha motor neuron. 

Several different types of pre-synaptic inhibition can be tested. 
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Classical or extrinsic pre-synaptic inhibition (EPI) gates incoming afferent from a 

variety of sources including feedback from other peripheral receptors (e.g., muscle 

spindles, cutaneous mechanoreceptors) and descending supraspinal commands.40, 42 

This occurs through an inhibitory interneuron acting on the Ia terminal, eventually 

leading to a decrease in neurotransmitter that is released.40, 42 Inhibitory interneurons 

are found throughout the nervous system, accounting for approximately 99% of all 

neurons.43 

Intrinsic pre-synaptic inhibition (IPI) also gates the Ia afferent but through a 

different mechanism. IPI is a reflection of the synapse’s own activation history.42, 44, 45 

This modulation of Ia inflow allows for a suppression of the afferent information when 

the spindle is highly active, such as during spindle lengthening.46 However, the 

suppression can also be released at times to allow more Ia afferent information to 

reach the motor neuron pool, thus increasing motor neuron pool excitability.46 

Post-synaptic inhibition also modulates motor neuron pool output. Recurrent 

inhibition (RI) is a form of post-synaptic inhibition that acts via a Renshaw cell.42, 44, 47 

The Renshaw cell projects from the alpha motor neuron back to the homonymous Ia 

afferent. 42, 44, 47 Although the Renshaw cell provides a variety of functions, it primary 

purpose is regulation of torque control during muscle contraction, this is accomplished 

by reducing the sensitivity of neurons to changes in their excitatory drive.42, 44 

These spinal control variables when collected together provide a more complete 

assessment of motor neuron pool excitability than testing H-reflexes in isolation. 

Therefore, it is important to better understand if males and females modulate motor 
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neuron pool excitability differently. Further, it is unknown how this battery of spinal 

control variables contributes to valgus motion at the knee. 

Another important factor to consider when investigating possible explanations of 

the non-contact ACL sex discrepancy is an individual’s ability to rapidly generate 

torque during potentially deleterious situations. Two commonly examined measures 

used to determine the effectiveness of the neuromuscular system’s ability to rapidly 

activate and generate torque are rate of torque development (RTD) and 

electromechanical delay (EMD).14, 48-50 

RTD is the slope of the torque-time curve and has been used as a measure of the 

explosive characteristics of muscle function.33, 51-53 It has been suggested that during 

fast movements, such as in sport or injurious situations, RTD may be the single most 

important benefit induced by resistance training.14 

Not only is maximal torque development important, the initiation of torque needs 

to be taken into consideration. In order to initiate torque, electrical energy in the 

muscle must be converted into mechanical energy, which takes time. This time lag is 

referred to as EMD. Increased EMD is problematic during injury situations.54-56 

RTD and EMD differences have been compared between the sexes, with 

conflicting results.48, 49, 56, 57 Further, very little is known how spinal control variables 

affect RTD and EMD. Only one study has examined the relationship between RTD 

and spinal control.53 In that study, H-reflexes were positively correlated to RTD 

following a three-week isometric training program.53 However, as previously noted H-

reflexes in isolation do not provide a complete assessment of the complex modulation 
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of the motor neuron pool output. Further, no information exists on the contribution of 

spinal control variables to EMD. 

Therefore in this study, an attempt was made to better understand spinal control 

between the sexes and how spinal control modulates functional movement variables in 

both sexes. More specifically the following aims were investigated: 

Aim #1: Determine if sex differences exist between a combination spinal control 

mechanisms (i.e., first derivative of H-reflex, first derivative of IPI, first derivative of 

EPI, level of RI, and level V-wave) and two functional neuromuscular variables (RTD 

and EMD). 

Aim #2: Examine the contributions of a battery of spinal control variables to the 

amount of frontal plane projection angle in both males and females during the 

functional task of single-leg squatting. 

Aim #3: Identify contributions of spinal control mechanisms to RTD and EMD 

respectively and to examine if males and females contribute differing amounts of 

spinal level neural control in modulating EMD and RTD. 



 6
 

 

 

 

CHAPTER 2: SPINAL CONTROL DIFFERENCES BETWEEN THE SEXES 

 
 

 

 

 

 

 

Johnson ST 

 

 

 

 

Journal of Athletic Training 

c/o Hughston Sports Medicine Foundation 

6262 Veterans Parkway 

Columbus, GA 31908 

 



 7

Abstract 

 

Context: Sex differences exist in the performance of functional tasks, such as landing 

and cutting. However, the underlying spinal control mechanisms responsible for these 

differences remain unidentified. 

Objective: To determine sex differences between spinal control mechanisms and 

functional neuromuscular variables. 

Design: Cross-sectional. 

Setting: Research laboratory. 

Patients or Other Participants: Volunteer sample of 17 males (23.0 ± 4.3 years, 

177.45 ± 5.44 cm, 77.52 ± 13.18 kg) and 17 females (24.7 ± 2.9 years, 165.31 ± 5.85 

cm, 62.44 ± 8.76 kg). 

Interventions: While seated on a Biodex System 3 Dynamometer spinal control 

mechanisms, rate of torque development (RTD), and electromechanical delay (EMD) 

where measured at the soleus. 

Main Outcome Measures: First derivative of H-reflex, intrinsic pre-synaptic 

inhibition (IPI), and extrinsic pre-synaptic inhibition (EPI) recruitment curves, percent 

of recurrent inhibition (RI), V-wave (Vmax:Mmax), RTD, and EMD. 

Results: The Wilks Lambda multivariate test of overall differences among groups was 

statistically significant (p=0.001). Univariate between-subjects tests revealed males 

had significantly greater RI (males = 0.86 ± 0.21, females = 0.68 ± 0.30; p=0.042). 

Males also had greater RTD (males = 387.93 ± 180.90 N·m·s-1, females RFD 263.89 ± 
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85.15 N·m·s-1; p=0.033). The sexes did not differ on first derivative of the following: 

H-reflex (males = 9.80 ± 3.71, females = 10.38 ± 4.58, p=0.773), IPI (males = 2.23 ± 

2.27, females = 2.14 ± 2.23, p=0.778), EPI (males = 8.39 ± 4.15, females = 9.79 ± 

6.15, p=0.668). V-waves (males = 0.22 ± 0.21, females = 0.27 ± 0.17, p=0.526) nor 

EMD (males = 46.35 ± 29.76ms, females = 58.50 ± 23.47ms, p=0.278) were different. 

Conclusions: The sexes differ on modulation of spinal control of movement and 

activation of the neuromuscular system. Males were able to produce maximal force 

more quickly than females. Additionally, RI, a post-synaptic regulator of force output, 

was greater in males. 

Key Words: H-reflex, Pre-Synaptic Inhibition, V-Wave, Rate of Torque 

Development, Sex Differences 
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Introduction 

Females suffer non-contact anterior cruciate ligament (ACL) injuries at a much 

higher rate than males.1 Although many possible contributory factors have been 

identified, the magnitude of the problem remains unchanged.1 The study of 

anatomical, biomechanical, and neuromuscular differences between the sexes have 

contributed to the current level of understanding of this issue.2-4 Mounting levels of 

published data supports the existence of neuromuscular differences between the sexes 

during certain functional tasks, including landing, cutting, and single-leg squats.5-16 

However, the underlying neural control mechanisms responsible for these differences 

remain unidentified. 

All movements of the trunk and extremities reflect the interaction of supraspinal 

commands, sensory inputs, and spinal interneuron activity onto the motor neuron pool 

and subsequent output to the motor neuron.17-21 With the baseline understanding that 

females demonstrate different neuromuscular patterns than males, clearly the next step 

in pursuing answers to the ACL injury discrepancy is gaining better insight of how 

spinal mechanisms control movement differently in each sex.  

One of the most commonly used measurements in this area is the Hoffmann (H)-

reflex. The utility of the H-reflex is that it provides a net estimate of motor neuron 

pool excitability.17-20, 22, 23 This net estimate includes the summation of excitatory and 

inhibitory descending and afferent synaptic input, pre-synaptic inhibition, and intrinsic 

motor neuron properties.24 Due to the influences of the descending neural drive, pre-
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synaptic inhibition, and post-synaptic inhibition on the motor neuron pool output it 

is not beneficial to examine H-reflexes in isolation.17  

Inhibition of the motor neuron pool has gained attention in the literature due to the 

fact that inhibitory mechanisms are prevalent throughout the nervous system.25-28 

Inhibition appears to be critical for control of movement by regulating synaptic 

transmissions and the flow of action potentials.25, 27, 28 This regulation results in 

coordinated and efficient activation of motor neurons without affecting the level of 

incoming afferent information or suprapsinal drive.25, 27, 28 These modulatory processes 

can occur either pre- or post-synaptically. 

Two of the most commonly studied types of pre-synaptic inhibition are intrinsic 

and extrinsic, IPI and EPI respectively.25-30 Both work by ultimately decreasing the 

excitability of the motor neuron pool by affecting the Ia afferent terminal, but through 

different mechanisms.25-28 Since this activity occurs before the synapse it is referred to 

as pre-synaptic inhibition. In short, an increase in pre-synaptic inhibition will result in 

a decrease in excitability of the reflex arc. 

Inhibition of the motor neuron pool can also occur post-synaptically. Recurrent 

inhibition (RI), a form of post-synaptic inhibition, involves axons along the alpha 

motor neuron giving rise to recurrent collaterals projecting to Renshaw cells that 

inhibit homonymous motor neurons. RI is a regulator of torque control during muscle 

contraction by reducing the sensitivity of neurons to changes in their excitatory 

drive.25, 26 

As mentioned previously, neural drive from higher centers is also an important 

factor in regulating movement. The V-wave, a variant of the H-reflex, is used as a 
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measure of supraspinal descending neural drive.24, 31-37 V-waves are H-reflexes 

recorded during a maximal voluntary contraction.31, 34 Increased V-wave amplitudes 

indicate elevated neural drive in descending corticospinal pathways, increased motor 

neuron excitability, and / or decreased pre-synaptic inhibition of Ia afferents.34 

Several other neuromuscular variables are of interest in investigating the 

prevalence of injuries in females. More of a functional neuromuscular outcome than a 

spinal mechanism, the ability to quickly activate the neuromuscular system during fast 

movements when injuries occur is important.38 Two commonly examined variables to 

determine the effectiveness of the neuromuscular system’s ability to quickly activate 

and generate torque are: electromechanical delay (EMD) and rate of torque 

development (RTD).24, 38-45 

EMD is the time delay between the onset of muscle contraction and torque 

production.41-45 The shorter the delay, the more quickly the muscle is able to generate 

torque, thus potentially responding to deleterious situations much faster. In injurious 

situations, it is important to not only be able to generate torque, but to be able to 

develop as much torque as quickly as possible, in other words increase RTD.31, 38-41 

Based on the underlying premise that females have a higher prevalence of knee 

injuries and display different neuromuscular movement patterns, the purpose of this 

study was to determine if sex differences exist between a combination neural control 

mechanisms (i.e., rate of H-reflex excitability, rate of IPI and EPI, level of RI, and 

level V-wave) and two functional neuromuscular variables (RTD and EMD). 

.  
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Methods 

Participants 

Forty-one participants (20 females and 21 males) were recruited to participate in 

this study. Participants were between the ages of 18 and 35 and physically active a 

minimum of 30 minutes three times a week. Participants were also free from: a) any 

current injury of the back, upper extremity, or lower extremity, b) any lower extremity 

injury in the past six months, and c) any history of lower extremity ligament surgery. 

To control for observed hormonal fluctuations across the menstrual cycle, females 

were tested on days one, two, or three of their menstrual cycle. Four male and three 

female participants were unable to complete testing so their data were omitted. 

Therefore, the total number of participants was 17 males (23.0 ± 4.3yrs, 177.45 ± 

5.44cm, 77.52 ± 13.18kg) and 17 females (24.7 ± 2.9yrs, 165.31 ± 5.85cm, 62.44 ± 

8.76kg). 

Procedures 

Participants read and signed the informed consent form as approved by the 

University’s Institutional Review Board. Participants completed a health history and 

training history questionnaire to determine eligibility to participate in the study. 

Height was obtained using a wall mounted stadiometer. Weight was determined in 

pounds by a standard scale and later converted to kg. Leg dominance was ascertained 

via the preferred leg the participant: a) kicked a ball, b) recovered from a balance 

perturbation, and c) stepped up on a 10 inch box.46 The leg used on the majority of the 

three tests was considered the dominant leg and was used for all subsequent testing. 
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Dynamometer Positioning 

Participants were seated on the chair of the Biodex System 3 dynamometer 

(Biodex Medical Systems Inc, Shirley, NY) in a semi-recumbent position. The knee 

was flexed to 60 degrees and ankle in anatomical / neutral position (90 degrees of 

plantar-dorsiflexion and 0 degrees of inversion-eversion). The ankle was secured to 

the ankle attachment foot plate preventing any movement of the foot from the plate. 

The non-test leg was in a comfortable, relaxed sitting position with the foot supported. 

This positioning was used for all subsequent testing. 

  

Electromyography Preparation 

The soleus, anterior tibialis, and lateral mallelous were prepared for application of 

lubricated surface EMG electrodes (Ag/AgCl). The EMG electrodes over the muscle 

were placed longitudinally with an interelectrode distance of 2 cm for each respective 

muscle. The EMG of the reflex and voluntary muscle contractions were collected and 

stored on a personal computer equipped with a Biopac MP100 data collection system 

(Biopac Systems Inc, Goletta, CA). The EMG was sampled at 2000 Hz.  

 

Stimulating Electrode Placement 

To elicit the soleus reflex, a stimulating electrode (2 cm2) was placed over the 

tibial nerve in the popliteal fossa for current delivery. A dispersal pad (3 cm2) was 

placed superior to the patella on the distal thigh. To elicit extrinsic pre-synaptic 

inhibition of the soleus, a stimulating electrode (1 cm2) was placed over the common 

peroneal nerve distal the fibular head for current delivery and a dispersal pad (3 cm2) 
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was placed just anterior to the fibular head. This targeted the deep peroneal branch 

of the common peroneal nerve, ensuring stimulation of the tibialis anterior and 

limiting stimulation to the peroneal group. 

 

H-Reflex Protocol 

H-reflex and M wave recruitment curves for the soleus were measured by 

stimulating the tibial nerve in the popliteal fossa. Stimulation was produced by a Grass 

S88 stimulator (Grass Technologies, West Warwick, RI). A series of increasing 

intensity electrical stimuli (1 ms duration pulse) beginning near the threshold of the H-

reflex and continuing to M max were applied. There was a 10 second interstimulus 

latency period. The peak-to-peak H-reflex and M wave amplitudes were measured 

online and were normalized to M max. Stimulus intensity was normalized to the 

maximum stimulus. In order to measure rate of motor neuron excitability the first 

derivative of the H-reflex and M wave recruitment curves were calculated as described 

by Christie et al.47 The recruitment curves were imported into a LabView 8.5 

(National Instruments Corporation, Austin, TX) custom made program. A 4th order 

polynomial curve was fit to each curve and then the curves were linearly interpolated 

to 100 data points and the first derivative was calculated. 

 

Pre-Synaptic Inhibition Protocol 

To test intrinsic pre-synaptic inhibition the paired pulse technique was utilized. 

Two stimuli of the same intensity with a 100 ms interstimulus interval were given to 

the tibial nerve in the popliteal fossa. The double stimulation produced two H-reflexes, 
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with the second H-reflex being depressed relative to the first H-reflex. The 

depression of the second reflex is the amount of inhibition due to the influence of 

reflex activation history. The same procedures for mapping the recruitment curve that 

were employed with the H-reflex were used for intrinsic pre-synaptic inhibition.  

The procedure for measuring extrinsic pre-synaptic inhibition is different than for 

intrinsic pre-synaptic inhibition. The H-reflex is conditioned by stimulating an 

antagonist muscle (i.e., tibialis anterior in this case) prior to stimulating the agonist 

muscle (i.e., soleus). There was a 100 ms interstimulus interval between the 

conditioing and test reflex stimulations. The intensity of the conditioning stimulation 

was 50% of the tibialis anterior M wave. However, the intensity of the test reflex 

followed the same procedure as the H-reflex and paired pulse protocols. Stimulations 

began at or near H-reflex threshold and progressively increased until M max was 

attained. 

The recruitment curves for both types of pre-synaptic inhibition were analyzed 

using the same procedures as the H-reflex recruitment curve. Peak-to-peak amplitudes 

were obtained and were normalized to M max. Stimulus intensity was normalized to 

the maximum stimulus. The first derivative of the H-reflex and M wave recruitment 

curves were calculated by importing the recruitment curves into a LabView 8.5 

(National Instruments Corporation, Austin, TX) and fitting a 4th order polynomial 

curve. The curves were then linearly interpolated to 100 data points and the first 

derivative was calculated. 
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Post-Synaptic Inhibition Protocol 

Post-synaptic inhibition was assessed using a recurrent inhibition protocol, which 

conditions an H-reflex.25, 26 The first stimulation, S1, was set at 25% of the soleus M 

max. The second stimulus, S2, was set at M max. A total of 20 trials were obtained. 

Ten trials were S1 alone and 10 trials were S1 followed 10 ms later by S2. The trials 

were counterbalanced. The peak to peak amplitudes of the H-reflexes, either S1 alone 

or S1 conditioned by S2 were measured. The percent difference between the 

amplitudes was considered the amount of recurrent inhibition. 

 

Electro-Mechanical Delay Protocol and Rate of Torque Development 

Participants were instructed to plantarflex his or her ankle as fast and hard as they 

could once a light was illuminated. The light was attached to the wall (3 meters) in 

front of the participant. Three trials with 60 seconds rest between each trial were 

performed. Electro-mechanical delay was determined by calculating the time between 

the onset of soleus EMG activity and onset of soleus torque production. Rate of torque 

development was calculated by determining the slope of the torque-time curve from 

the onset of torque production to the maximal torque production. Both EMG and 

torque production onsets were determined by the cumulative sum technique.48 

 

V-Wave Protocol 

V-waves were measured using the same procedures used during the rate of torque 

development. Participants were instructed to plantarflex as fast and hard as they could. 

Once they reached 90 percent of their maximum torque development a supramaximal 
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electrical stimulus (1 ms square pulse) was applied to the tibial nerve. Maximum 

torque was determined by the mean of the maximum amplitude of the three trials of 

rate of development. Five trials were completed with 60 seconds rest between trials. 

The peak to peak amplitude of the M wave and the V wave were measured on-line. 

The ratio of V wave to M wave was considered the amount of supraspinal efferent 

neural drive. 

Statistical Analysis 

A one-way MANOVA was used to compare differences of H-reflex rate of 

excitability, rate of intrinsic pre-synaptic inhibition, rate extrinsic pre-synaptic 

inhibition, level of post-synaptic inhibition, level of supraspinal neural drive, rate of 

torque development, and electromechanical delay between the sexes. Alpha level was 

set at 0.05 a priori. All statistical procedures were performed in SPSS 15.0 (SPSS Inc, 

Chicago, IL). 

Results 

The Wilks Lambda multivariate test of overall differences among groups was 

statistically significant (p = 0.001) with a partial eta2 = 0.563. (See Table 2.1: Group 

Means and Standard Deviations.) Univariate between-subjects tests revealed males 

demonstrated more RI than the females (p = 0.042; partial eta2 = 0.12) (See Figure 2.1: 

Recurrent Inhibition Between the Sexes) and had a higher overall RTD (p = 0.033; 

partial eta2 = 0.13) (See Figure 2.2: Rate of Torque Development Between the Sexes). 

However, the sexes did not differ on rate of H-reflex excitability (p = 0.773; partial 

eta2 = 0.001). (See Figure 2.3: First Derivative of H-Reflex Between the Sexes.) Nor 
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were their sex differences with either IPI (p = 0.778; partial eta2 = 0.001) or EPI (p 

= 0.668; partial eta2 = 0.001). (See Figure 2.4: First Derivative of Intrinsic Pre-

Synaptic Inhibition Between the Sexes and Figure 2.5: First Derivative of Extrinsic 

Pre-Synaptic Inhibition Between the Sexes.) V-waves were not different between the 

sexes (p = 0.526; partial eta2 = 0.10) (See Figure 2.6: V-Waves Between the Sexes). 

Lastly, EMD was not different between the sexes (p = 0.278; partial eta2 = 0.030) (See 

Figure 2.7: Electromechanical Delay Between the Sexes). 

Discussion 

Despite years of research, the magnitude of the discrepancy in ACL injuries 

between the sexes remains unchanged.1 Although insight into the problem has been 

aided by the knowledge that females perform certain functional tasks, including 

landing, cutting, and single-leg squats differently, the underlying reasons for these 

differences is unknown.5-16 The current study investigated differences in spinal control 

variables between the sexes in an attempt to explain the mechanisms underlying the 

differences during functional, movement patterns. 

Our results reveal that males and females differ in spinal control of movement and 

in the ability to quickly activate the neuromuscular system. This has significance in 

the search for an understanding of why females have a higher prevalence of ACL 

injuries, but also in the development of ACL prevention programs because the 

variables are modifiable with training. 

Males had significantly more RI and RTD than females. The males RI was 86 ± 

21% of the unconditioned H-reflex whereas the females RI was 68 ± 30% of the 
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unconditioned H-reflex. RI, as noted, acts via Renshaw cells that are projections or 

collaterals from the alpha motor neuron that project back to the Ia afferent.25, 26, 49 The 

Renshaw cells produce depression of the motor neuron pool output.25, 26, 49 It is 

believed that this type of inhibition is used as a variable gain control.25 In other words, 

recurrent inhibition may be useful in controlling motor unit firing frequency. In a 

study comparing power trained and endurance trained athletes, it was discovered that 

power trained athletes had greater RI in comparison to the endurance trained 

athletes.26 It was suggested that the power trained athletes try to fully activate the 

motor neuron pool during performance, and that by increasing their recurrent 

inhibition they have greater control of motor unit firing frequency.26 Both this study 

and the current study are cross-sectional analyses, so further investigation is needed to 

determine if RI changes with training or if the sexes differ following training, such as 

an ACL prevention program. 

Additionally, RTD was different between the sexes. The males RTD was 387.93 ± 

180.90 N·m·s-1 whereas females max RTD was 263.89 ± 85.15 N·m·s-1. This is a 32% 

difference between the sexes. Aagaard suggested RTD is perhaps the single most 

important functional benefit induced by resistance training.31 The postulation is that 

the torque production in the first 50 to 100 ms has more utility in fast movements, and 

by extension injury prevention, than overall maximum strength which takes 

approximately 300 ms to attain.31. Although, RTD has been studied extensively there 

is very little information in regards to RTD sex differences. Several studies have 

reported increased RTD in males compared to females.41, 50 One study examined the 

biceps brachii in healthy, sedentary individuals, whereas the other examined cross-
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country skiers.41, 50 The suggestion in those studies was that females were unable to 

recruit available motor units or there were fewer fast twitch units in the contracting 

musculature.41, 50  

The study design does not allow us to make a full determination as to why the 

differences exist. It is known that RTD is related to intrinsic muscle characteristics, 

but all movement is ultimately controlled my spinal mechanisms. Therefore, one 

possible explanation is that since RI differed between the sexes and since RI is a 

regulator of torque output in the motor neuron pool, the end result may be males 

regulate RTD via RI..25, 26  

As stated, no differences in EMD were found between the sexes. There has been 

conflicting results on EMD differences between the sexes in previous studies. Morris 

and Beaudet reported no EMD sex differences, but there methodology has been 

criticized.51 Those results are contrasted with those of Bell and Jacobs who reported 

sex differences in EMD of the biceps brachii.41 In a more recent report, Minshull et al. 

compared volitional and magnetically evoked EMD of the knee flexors in males and 

females before and after a fatiguing bout of exercise.44 At baseline, there were no 

volitional EMD differences between the sexes.44 This is in concurrence with our 

results. However, the females had shorter magnetically evoked EMD prior to the 

fatiguing exercise.44 Following, the fatiguing bout of exercise, the females EMD 

increased by 19.3%, whereas the males had no change.44 Interestingly, following the 

fatiguing exercise the magnetically evoked EMD decreased in both groups by 21%.44 

Due to the nature of the study, the underlying mechanisms couldn’t be directly 

deduced. However, the authors speculated that during fatigue situations protective 
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mechanisms exist to maintain a reserve capacity of motor units that are not 

deployed until a perceived threat.44 As they state, this reserve capacity is dependent on 

the individual to modulate inhibitory mechanisms to release the unused motor units.44 

This inhibition, they speculate, may be the reason the females volitional EMD was 

51.2 ms compared to the magnetically evoked EMD of 27 ms.44 

We examined several types of inhibitory mechanisms in this study. RI which as 

discussed was different, however pre-synaptic inhibitory mechanisms did not differ 

between the sexes. IPI and EPI are both pre-synaptic inhibitory mechanisms that affect 

the output of the motor neuron pool.  

IPI is a measure of the relative influence of reflex activation history of the synapse 

on reflex excitability.25, 26, 29 Since this is a synapse of the Ia afferent terminal onto the 

alpha motor neuron, by extension IPI is a measure of modulation of the muscle spindle 

inflow.29 Functionally, IPI is used as a gate to block afferent inflow when muscle 

spindle activity is high, i.e., when the spindle is being lengthened.29 Further, at other 

times when the muscle is no longer lengthening, intrinsic pre-synaptic inhibition is 

reduced allowing more excitability of the motor neuron pool.29  

Like IPI, EPI also is used as a modulator of afferent inflow to the motor neuron 

pool. However, EPI utilizes an inhibitory interneuron and regulates inflow from a 

variety of sources, including peripheral receptors (e.g., muscle spindles, cutaneous 

mechanoreceptors) and descending supraspinal commands.27 

Supraspinal neural drive was also not different between the sexes. This was 

measured as V-waves, which as mentioned, are H-reflexes measured during a maximal 

voluntary contraction. Recent reports have suggested that V-waves are increased with 
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certain types of training, such as resistance training (isometric and dynamic) and 

with neuromuscular electrical stimulation training.24, 32, 52 Although it is interesting 

that supraspinal neural drive is not different between the sexes, it is of interest to see if 

the sexes respond differently to the training effects of neural drive. Or perhaps do 

injured athletes have altered neural rive following a rehabilitation program. 

As noted, H-reflexes are one of the most commonly used measures of spinal 

control of movement. We discovered that the sexes did not differ on the rate of motor 

neuron pool excitability as measured by the first derivative of the unconditioned H-

reflex recruitment curve. This is in agreement with the aforementioned study by 

Christie et al. that verified the use of the first derivative as a reliable method of motor 

neuron excitability.47 The authors noted in their methods section that no differences 

existed between the sexes; therefore they collapsed their results into a single group.47 

While this finding is important, H-reflexes in isolation do not provide information on 

how the afferent information is modulated. Therefore, the H-reflex data coupled with 

the results that the sexes did not differ in IPI, EPI, or V-waves a more complete 

picture emerges.  

The results of this study provide an important step in understanding the 

discrepancy in ACL injuries between the sexes. While the differences in RTD and RI 

are readily applicable, we cannot simply discount the lack of differences in H-reflexes, 

pre-synaptic inhibition, or V-waves. Most notably, we tested H-reflexes at rest which 

may not be equivocal to H-reflexes during movement; mainly due to changes in levels 

of pre-synaptic inhibition. However, due to the inclusion of a large number and variety 

of spinal control variables, testing at rest was most applicable. Further, it would be of 
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interest to examine changes in spinal control variables and RTD and EMD in both 

sexes following a training program, most notably an ACL injury prevention program. 

Conclusion 

Males and females perform certain functional tasks differently. However, the 

underlying mechanisms explaining this difference have been unexamined. The current 

study attempted to determine sex differences in spinal control variables and functional 

neuromuscular variables. It was discovered that modulation of spinal control and the 

ability to quickly activate the neuromuscular system is different between the sexes. 

Specifically, it was revealed that males had significantly more post-synaptic inhibition 

as compared to females. This increased post-synaptic control may be used as a 

regulator of motor unit firing frequency. Additionally, males had significantly greater 

rate of torque development compared to females. This has functional implications as 

RTD is thought to be one of the most important variables during fast movements and 

during injurious situations. Both of these differences are trainable and may be provide 

direction in how to design training and rehabilitation programs for athletes. 
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Table 2.1: Group Means and Standard Deviations  
 H-Reflex 

Derivative 
IPI Derivative EPI Derivative Recurrent 

Inhibition 
VMax:MMax Max RFD (N·m·s-1) EMD (ms) 

Males 9.80 ± 3.71 2.23 ± 2.27 8.39 ± 4.15 0.86 ± 0.21 0.22 ± 0.21 387.93 ± 180.90 46.35 ± 29.76 
Females 10.38 ± 4.58 2.14 ± 2.23 9.79 ± 6.15 0.68 ± 0.30 0.27 ± 0.17 263.89 ± 85.15 58.50 ± 23.47 
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Figure 2.1: Recurrent Inhibition Between the Sexes 
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Figure 2.2: Rate of Torque Development Between the Sexes 

0

100

200

300

400

500

600

Males Females

R
T

D
 (N

·m
·s-1

)

Males significantly greater than females (p = 0.033) 
 



 31
 
Figure 2.3: First Derivative of H-Reflex Between the Sexes 
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Figure 2.4 First Derivative of Intrinsic Pre-Synaptic Inhibition Between the Sexes 
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Figure 2.5: First Derivative of Extrinsic Pre-Synaptic Inhibition Between the Sexes 
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Figure 2.6: V-Waves Between the Sexes 
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Figure 2.7: Electromechanical Delay Between the Sexes 
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Abstract 

 

Context: Females have a higher prevalence of non-contact ACL injuries compared to 

males. This discrepancy is associated with increased knee frontal plane motion; a 

deleterious movement for the ACL. However, the underlying mechanisms behind this 

movement pattern are unknown. 

Objective: To examine the contributions of a battery of spinal control variables to the 

amount of frontal plane projection angle (FPPA) in both males and females during the 

functional task of single-leg squatting. 

Design: Cross-sectional. 

Setting: Research laboratory. 

Patients or Other Participants: Volunteer sample of 19 males (23.0 ± 4.3 years, 

177.45 ± 5.44 cm, 77.52 ± 13.18 kg) and 18 females (24.7 ± 2.9 years, 165.31 ± 

5.85cm, 62.44 ± 8.76 kg). 

Interventions: While seated on a Biodex System 3 Dynamometer spinal control 

mechanisms were measured at the soleus. Following collection of spinal control 

variables, participants stood on their dominant leg while an image was captured. The 

participants then squatted on that leg to 45º of knee flexion; at this point another image 

was taken. The difference between the angles in the two images was the FPPA.  

Main Outcome Measures: First derivative of H-reflex, intrinsic pre-synaptic 

inhibition (IPI), and extrinsic pre-synaptic inhibition (EPI) recruitment curves, percent 

of recurrent inhibition (RI), V-wave (Vmax:Mmax), and FPPA. 
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Results: The multiple regression analysis revealed the model did not significantly 

predict frontal plane projection angle (R2 = 0.082, p = 0.870). Additionally, none of 

the independent variables were significant.  

Conclusions: Spinal control measures did not significantly contribute to frontal plane 

motion. Further, the FPPA was similar between sexes, a finding that differs from 

previous reports. Possible explanations include FPPA not sensitive enough and the 

fact spinal control variables were collected at rest. Future research should be directed 

at those issues. 

Key Words: H-Reflex, V-Wave, Pre-Synaptic Inhibition, Frontal Plane Projection 

Angle 
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Introduction 

Despite years of research females continue to injure their anterior cruciate 

ligaments (ACL) at much higher rate than males.1 Many causative factors, such as 

anatomical, hormonal, biomechanical, and neuromuscular sex differences have been 

investigated to explain the increased incidence of ACL injuries.2-4 One of the major 

findings of the research into possible sex differences is that males and females move 

differently during certain functional tasks.5-17 For example, it has been noted that 

females had greater knee valgus angle when preparing to perform a cutting maneuver 

when compared to males.8 Similar findings of increased valgus in females compared 

to males were demonstrated during a simulated landing from a volleyball block.17 

Furthermore, during a single-leg squat, females started with the knee in a more valgus 

position relative to males and remained in a more valgus position throughout the 

movement.16 Females also had more activation of the rectus femoris muscle during the 

squat.16 Overall it is believed, females tend to move into a more valgus position during 

functional tasks.  

Although the precise mechanism of ACL injury is still not fully understood, it has 

been observed that non-contact ACL injuries occur close to foot strike with the knee 

near full extension and in an valgus position.18, 19 Additionally, increased frontal plane 

movement has been suggested to be a predictor of ACL injury in a group of high 

school female athletes.20 In that study, knee abduction moments and angles were 

significant predictors of future ACL injury risk.20 Whereas, knee flexion angle was not 

a strong predictor of future ACL injury, which is in concurrence with modeling studies 
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suggesting that sagittal plane stresses are not great enough to rupture the ACL 

during a side-step cutting maneveur.20, 21 

Based on this information it appears knee valgus is a deleterious motion and that 

females are more predisposed to this movement pattern. However, the underlying 

mechanisms remain elusive. All movements of the trunk and extremities reflect the 

interaction of supraspinal commands, sensory inputs, and spinal cord interneuron 

activity onto the motor neuron pool and subsequent output to the motor neuron.22-26 

Therefore, a possible explanation is that increased valgus motion might be related to 

differing output at the motor neuron pool. 

A common way of investigating differences in motor neuron pool output is 

through the measurement of the Hoffmann (H)-reflex. The H-reflex provides a net 

summation of motor neuron pool excitability22-24, 26-29 This net estimate includes the 

summation of excitatory and inhibitory descending and afferent synaptic input, pre-

synaptic inhibition, and intrinsic motor neuron properties.29 Due to the many pre- and 

post-synaptic connections affecting the output of the motor neuron pool it is beneficial 

to examine inputs affecting motor neuron output. 

Pre-synaptic inhibition operates as a gate of afferent inflow to the motor neuron 

pool.30, 31 Although pre-synaptic inhibition can act via a variety of mechanisms, it 

ultimately reduces the excitability of the motor neuron pool. Extrinsic pre-synaptic 

inhibition (EPI), acts via an inhibitory interneuron that synapses on to the Ia afferent 

and subsequently results in a reduction in neurotransmitter release which ultimately 

reduces excitability of the motor neuron pool.30-32 This inhibitory interneuron receives 

input from a variety of sources, including afferent feedback from other peripheral 
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receptors (e.g., muscle spindles, cutaneous mechanoreceptors) and descending 

supraspinal commands.30, 32 

Intrinsic pre-synaptic inhibition (IPI) reflects reflex activation history.33-35 This 

inhibitory mechanism is believed to be a utilized to suppress afferent inflow when 

muscle spindle activity is high.35 The converse is true though too, when spindle 

activity is low, IPI allows more Ia afferent information into the motor neuron.35 

Post-synaptic inhibition is also a powerful mechanism affecting the motor neuron 

pool. Recurrent inhibition (RI) is a form of post-synaptic inhibition. RI acts via a 

Renshaw cell that projects from the alpha motor neuron onto the homonymous Ia 

afferent. Although the Renshaw cell provides a variety of functions, it primary 

purpose is regulation of force control during muscle contraction by reducing the 

sensitivity of neurons to changes in their excitatory drive.32, 33 

Lastly, neural drive from supraspinal centers has a direct impact on excitability of 

the motor neuron pool. Supraspinal drive can be estimated by measuring H-reflexes 

during a maximal voluntary contraction.29, 36-42  Like H-reflexes, when V-waves are 

tested in isolation, affects of pre-synaptic inhibition cannot be discounted.39 Therefore, 

it is beneficial to test V-waves with a combination of inhibitory mechanisms. 

Testing knee valgus motion can be difficult to perform; typically involving use of 

3-D motion analysis. However, 3-D motion analysis is not always practical.43-45 

Therefore, researchers have used 2-D motion analysis as a substitute.43-45 Willson et al. 

reported on valgus motion at the knee, which they termed frontal plane projection 

angle (FPPA), during a single-leg squat in a group of healthy college-aged males and 
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females.45 Their results indicated females moved to more extreme FPPA during the 

squat whereas males moved to more neutral alignment.45  

Despite the prevalence of ACL injuries in females and the common deleterious 

valgus motion displayed by females and those injuring there ACL, there has been no 

investigation in the link between valgus knee motion during a functional task and 

spinal control variables. Therefore, the purpose of this study was to examine the 

contributions of a battery of spinal control variables to the amount of FPPA in both 

males and females during the functional task of single-leg squatting.  

Methods 

Participants 

Forty-one participants (20 females and 21 males) were recruited to participate in 

this study. Participants were between the ages of 18 and 35 and physically active a 

minimum of 30 minutes three times a week. Participants were also free from: a) any 

current injury of the back, upper extremity, or lower extremity, b) any lower extremity 

injury in the past six months, and c) any history of lower extremity ligament surgery. 

To control for observed hormonal fluctuations across the menstrual cycle, females 

were tested on days one, two, or three of their menstrual cycle. Two male and two 

female participants were unable to complete testing so their data were omitted. 

Additionally, two participants were unable to complete the recurrent inhibition testing 

and one participant was unable to complete the V-wave testing. The individual 

missing cases were excluded from the analysis. 
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Procedures 

Participants read and signed the informed consent form as approved by the 

University’s Institutional Review Board. Participants completed a health history and 

training history questionnaire to determine eligibility to participate in the study. 

Height was obtained using a wall mounted stadiometer. Weight was determined in 

pounds by a standard scale and later converted to kg. Leg dominance was ascertained 

via the preferred leg the participant: a) kicked a ball, b) recovered from a balance 

perturbation, and c) stepped up on a 10 inch box.46 The leg used on the majority of the 

three tests was considered the dominant leg and was used for all subsequent testing. 

 

Dynamometer Positioning 

Participants were seated on the chair of the Biodex System 3 dynamometer 

(Biodex Medical Systems Inc, Shirley, NY) in a semi-recumbent position. The knee 

was flexed to 60 degrees and ankle in anatomical / neutral position (90 degrees of 

plantar-dorsiflexion and 0 degrees of inversion-eversion). The ankle was secured to 

the ankle attachment foot plate preventing any movement of the foot from the plate. 

The non-test leg was in a comfortable, relaxed sitting position with the foot supported. 

This positioning was used for all subsequent testing. 

  

Electromyography Preparation 

The soleus, anterior tibialis, and lateral mallelous were prepared for application of 

lubricated surface EMG electrodes (Ag/AgCl). The EMG electrodes over the muscle 

were placed longitudinally with an interelectrode distance of 2 cm for each respective 
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muscle. The EMG of the reflex and voluntary muscle contractions were collected 

and stored on a personal computer equipped with a Biopac MP100 data collection 

system (Biopac Systems Inc, Goletta, CA). The EMG was sampled at 2000 Hz.  

 

Stimulating Electrode Placement 

To elicit the soleus reflex, a stimulating electrode (2 cm2) was placed over the 

tibial nerve in the popliteal fossa for current delivery. A dispersal pad (3 cm2) was 

placed superior to the patella on the distal thigh. To elicit extrinsic pre-synaptic 

inhibition of the soleus, a stimulating electrode (1 cm2) was placed over the common 

peroneal nerve distal the fibular head for current delivery and a dispersal pad (3 cm2) 

was placed just anterior to the fibular head. This targeted the deep peroneal branch of 

the common peroneal nerve, ensuring stimulation of the tibialis anterior and limiting 

stimulation to the peroneal group. 

 

H-Reflex Protocol 

H-reflex and M wave recruitment curves for the soleus were measured by 

stimulating the tibial nerve in the popliteal fossa. Stimulation was produced by a Grass 

S88 stimulator (Grass Technologies, West Warwick, RI). A series of increasing 

intensity electrical stimuli (1 ms duration pulse) beginning near the threshold of the H-

reflex and continuing to M max were applied. There was a 10 second interstimulus 

latency period. The peak-to-peak H-reflex and M wave amplitudes were measured 

online and were normalized to M max. Stimulus intensity was normalized to the 

maximum stimulus. In order to measure rate of motor neuron excitability the first 
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derivative of the H-reflex and M wave recruitment curves were calculated as 

described by Christie et al.47 The recruitment curves were imported into a LabView 

8.5 (National Instruments Corporation, Austin, TX) custom made program. A 4th order 

polynomial curve was fit to each curve and then the curves were linearly interpolated 

to 100 data points and the first derivative was calculated. 

 

Pre-Synaptic Inhibition Protocol 

To test intrinsic pre-synaptic inhibition the paired pulse technique was utilized. 

Two stimuli of the same intensity with a 100 ms interstimulus interval were given to 

the tibial nerve in the popliteal fossa. The double stimulation produced two H-reflexes, 

with the second H-reflex being depressed relative to the first H-reflex. The depression 

of the second reflex is the amount of inhibition due to the influence of reflex activation 

history. The same procedures for mapping the recruitment curve that were employed 

with the H-reflex were used for intrinsic pre-synaptic inhibition.  

The procedure for measuring extrinsic pre-synaptic inhibition is different than for 

intrinsic pre-synaptic inhibition. The H-reflex is conditioned by stimulating an 

antagonist muscle (i.e., tibialis anterior in this case) prior to stimulating the agonist 

muscle (i.e., soleus). There was a 100 ms interstimulus interval between the 

conditioing and test reflex stimulations. The intensity of the conditioning stimulation 

was 50% of the tibialis anterior M wave. However, the intensity of the test reflex 

followed the same procedure as the H-reflex and paired pulse protocols. Stimulations 

began at or near H-reflex threshold and progressively increased until M max was 

attained. 
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The recruitment curves for both types of pre-synaptic inhibition were analyzed 

using the same procedures as the H-reflex recruitment curve. Peak-to-peak amplitudes 

were obtained and were normalized to M max. Stimulus intensity was normalized to 

the maximum stimulus. The first derivative of the H-reflex and M wave recruitment 

curves were calculated by importing the recruitment curves into a LabView 8.5 

(National Instruments Corporation, Austin, TX) and fitting a 4th order polynomial 

curve. The curves were then linearly interpolated to 100 data points and the first 

derivative was calculated. 

 

Post-Synaptic Inhibition Protocol 

Post-synaptic inhibition was assessed using a recurrent inhibition protocol, which 

conditions an H-reflex.32, 33 The first stimulation, S1, was set at 25% of the soleus M 

max. The second stimulus, S2, was set at M max. A total of 20 trials were obtained. 

Ten trials were S1 alone and 10 trials were S1 followed 10 ms later by S2. The trials 

were counterbalanced. The peak to peak amplitudes of the H-reflexes, either S1 alone 

or S1 conditioned by S2 were measured. The percent difference between the 

amplitudes was considered the amount of recurrent inhibition.    

 

V-Wave Protocol 

Participants were instructed to plantarflex their ankle against the dynamometer 

footplate. Three trials were collected and maximum amplitude of each trial was 

averaged to determine their maximum isometric contraction. Following this 

measurement, five V-wave trials with 60 seconds rest between trials were collected. In 
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accordance with previous V-wave studies, once the participant reached 90 percent 

of their maximum torque development a supramaximal electrical stimulus (1 ms 

square pulse) was applied to the tibial nerve. The peak to peak amplitude of the M 

wave and the V-wave were measured on-line. The five trials were then averaged and 

the ratio of V-wave to M wave was considered the amount of supraspinal efferent 

neural drive. 

 

Frontal Plane Motion 

To assess frontal plane motion, we employed the protocol employed by Willson et 

al. which determined frontal plane motion via 2-D analysis called frontal plane 

projection angle (FFPA).45 Reflective markers were placed on the dominant leg on the 

ASIS, at the midpoint of the tibiofemoral joint, at the midpoint of the talocrural joint. 

Participants stood with the non-dominant leg off the ground and the foot of the 

dominant leg facing straight ahead. While in this position a digital image was recorded 

representing anatomical alignment. The digital camera (Nikon Incorporated, Melville, 

NY) was placed on a tripod at a distance of 2 m, at the height of the knee joint, and 

perpendicular to the frontal plane of the participant. An adjustable stool was placed 

behind the subject at a height representing the distance needed to assume 45 degrees 

of knee flexion. Participants then squatted on their dominant leg until they lightly 

touched the stool with their gluteus maximus. While in this position a second digital 

image was recorded.  

The digital images were converted from JPEG to TIFF format and were imported 

into a digitizing software program (Image J, National Institutes of Health, Bethesda, 
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MD). The angle subtended between the line formed between the ASIS marker and 

the tibiofemoral joint marker and the line formed between the tibiofemoral joint 

marker and the talocrural joint marker was recorded as the FFPA of the knee. The 

average of three trials was used for analysis.  

Statistical Analysis 

Standard multiple regression analysis was used to determine the contribution of 

the independent variables to frontal plane projection angle. The independent variables 

were sex, the first derivative of the H-reflex, IPI, and EPI, RI (conditioned 

H/unconditioned H), and Vmax:Mmax.  

Results 

The regression analysis revealed the model did not significantly predict frontal 

plane projection angle of the knee (R2 = 0.082, p = 0.870). Additionally, none of the 

independent variables were significant. See Table 3.1 for overall means and standard 

deviations and means and standard deviations between the sexes. See Figures 3.1 

through 3.5 for scatter plots of independent variables versus frontal plane projection 

angle.  

Discussion 

The higher incidence of non-contact ACL injuries continues despite research into 

many possible explanations.1 Researchers have reported on anatomical, hormonal, 

biomechanical, and neuromuscular differences between the sexes.2-4 One of the most 

prevalent differences is the amount of valgus motion of the knee during cutting, 
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landing, and squatting.8, 16, 17 This is coupled with the fact that valgus motion is 

associated with a greater increase in ACL injury.18-20 Yet an understanding of why 

females display the deleterious motion remains elusive.  

The current results reveal that spinal control variables do not directly contribute to 

valgus motion as measured as FPPA. Further, the difference in FPPA between the 

sexes in our study was minimal, females FPPA was 5.28 ± 4.61º whereas males FPPA 

was 5.13 ± 4.00º.  

Several possible explanations exist to help understand the lack of significance of 

the regression model. One possible explanation is the use of the of  FPPA as a measure 

of frontal plane motion. This was based on the protocol set forth by Willson et al.45 In 

that study, FPPA during a single leg squat was measured in 22 male and 22 female 

college soccer, volleyball, or basketball athletes in an attempt to correlate FPPA with 

core strength. They measured FPPA and isometric strength of trunk flexion, extension, 

and lateral flexion, hip abduction and external rotation, and knee flexion and 

extension. The author’s reported that females moved to more extreme FPPA during 

the squat whereas males moved to more neutral alignment. They also reported that all 

of the strength measurements directly correlated with FPPA, with hip external rotation 

having the highest correlation. 

In a recent study by the same authors, the relationship of 2-D FPPA during a 

single-leg squat to 3-D frontal and transverse plane motions of the knee and hip during 

single-leg squats, running, and single-leg jumping in participants with and without 

patellofemoral pain syndrome was explored.44 They reported that 2-D FPPA reflected 

only 23 – 30 % of the variance in 3-D kinematics, much lower than expected.44 This is 
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in contrast to a study by McLean et al., that reported significant correlations 

between peak 2-D and 3-D frontal plane angles during full speed cutting.48 However, 

some important differences, exist between these studies. In the most current Willson et 

al study, participants performed five continuous single-leg squats beyond 60º of knee 

flexion to a count of five over a four-second period.44 When the count was at two, 

which the authors suggested was near 55º of knee flexion, the image was captured and 

the resulting FPPA was used in the analysis.44 This is in contrast to the original 

Willson et al. FPPA study, which had participants only squat until their buttocks 

lightly touched a stool that was positioned at 45º of knee flexion, at which time the 

FPPA image was captured.44 In the current study, we followed the protocol of this 

earlier Willson et al. study.44 The differences in protocols, that is, the fact that the 

images in the more recent study were collected at certain moment in time (i.e., count 

of two out of five) rather than a specific range of motion (i.e., 45º of knee flexion) like 

in the earlier protocol and in ours, could have impacted the results.44, 45 

In the McLean et al, comparison of 2-D to 3-D frontal plane motion during a 

cutting maneuver, it was suggested that 2-D motion analysis could be used to 

determine large frontal plane motion during movement.43 Perhaps the frontal plane 

motion or variability in the frontal plane motion in our subjects was not sufficient 

enough to accurately explore the differences in how spinal mechanisms control valgus. 

Another explanation is that excessive knee valgus may not be the underlying 

problem to explain the sex differences. As noted previously, not only do females move 

into a valgus position, they tend to use the rectus femoris to control knee motion 

during the single-leg squat.16  This is concurrence with other reports that muscle 
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activation patterns are different in males and females in other functional tasks.15, 49 

Due to the fact that spinal control mechanisms directly regulate muscle activation 

patterns, it may be appropriate to explore the relationship between spinal control 

variables and muscle firing patterns. We chose to investigate the spinal control of the 

soleus muscle in the current study due to the role of the soleus in maintaining posture. 

Future research in this area might be better served to test muscles that have a more 

direct impact in control of the knee joint. 

One of the limitations of this study was the fact that spinal control variables were 

examined primarily at rest. It has been suggested that H-reflex measurements at rest 

may not accurately reflect modulation of the motor neuron pool during movement.26 

However, collecting spinal control variables, particularly inhibitory pathways, during 

movement is difficult at best. Therefore, if appropriate methodology can be developed 

to test inhibitory mechanisms during dynamic movements a better picture of spinal 

control modulation will emerge. 

Lastly, it has been suggested that certain training methodologies and programs can 

reduce the amount of frontal plane motion, potentially reducing the risk of injury.50 

These interventions typically involve strength, balance, plyometric, and flexibility 

training.50 However, the mechanisms responsible for the reduction in valgus is 

unknown. It is known that changes in strength and balance are associated with changes 

in modulations in the excitability of the motor neuron pool.29, 37, 51-53 For example, 

increases in V-waves have been reported after four weeks of isometric training of the 

soleus, following a 14-week heavy resistance training program, and after five weeks of 

neuromuscular electrical stimulation training.29, 37, 52 Additionally, changes in H-
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reflexes have been observed allowing four-weeks of sensorimotor training.53 While 

changes in pre- or post-synaptic inhibition following a training program have not been 

reported, cross-sectional differences have been reported.33 For example, athletes with a 

background in endurance activities showed more IPI than athletes with a background 

in explosive sports.33 The reverse was true for the same group in terms of RI, i.e., the 

explosive athletes had increased RI while the endurance athletes demonstrated 

decreased RI.33 Therefore, it would be interesting to investigate changes in spinal 

control mechanisms following an ACL injury-prevention program. 

Conclusion 

Females have an increased incidence of non-contact ACL injuries. This type of 

injury is associated with a valgus knee position during certain movements. 

Furthermore, females tend to display valgus knee motion more than males. Despite 

years of research, a full explanation for this movement pattern is not known. Due to 

the fact that all movements of the extremities reflect modulation of motor neuron 

output at the spinal level, a better understanding of how valgus knee motion is 

controlled is needed. The results of the current study reveal that a battery of spinal 

control variables, reflecting both pre- and post-synaptic inhibition and supraspinal 

neural drive do not explain valgus knee motion during a single-leg squat. Further 

research is needed to determine if the spinal control variables change with ACL injury 

prevention programs. 
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Table 3.1: Means and Standard Deviations 
 FFPA (Degrees) H-Reflex Derivative IPI Derivative EPI Derivative Recurrent Inhibition VMax:MMax 
Males 5.14 ± 3.89 9.80 ± 3.71 2.23 ± 2.27 8.39 ± 4.15 0.86 ± 0.21 0.22 ± 0.21
Females 5.28 ± 4.61 10.38 ± 4.58 2.14 ± 2.23 9.79 ± 6.15 0.68 ± 0.30 0.27 ± 0.17
Overall 5.21 ± 4.24 10.07 ± 4.15 2.18 ± 2.25 9.07 ± 5.23 0.76 ± 0.28 0.24 ± .019
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Figure 3.1: First Derivative of H-Reflex Versus Frontal Plane Projection Angle 
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Figure 3.2: First Derivative of Intrinsic Pre-Synaptic Inhibition Versus Frontal Plane 

Projection Angle 
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Figure 3.3: First Derivative of Extrinsic Pre-Synaptic Inhibition Versus Frontal Plane 

Projection Angle 
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Figure 3.4: Recurrent Inhibition Versus Frontal Plane Projection Angle 
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Figure 3.5: V-Waves Versus Frontal Plane Projection Angle 
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Abstract 

 

Context: Females injure their ACL more frequently than males. One possible 

explanation is the inability to rapidly activate the neuromuscular system. 

Objective: To identify contributions of spinal control mechanisms to RTD and EMD 

respectively. 

Design: Cross-Sectional. 

Setting: University Sports Medicine Research Laboratory.  

Patients or Other Participants: Volunteer sample of 19 males (23.0 ± 4.3 years, 

177.45 ± 5.44 cm, 77.52 ± 13.18 kg) and 18 females (24.7 ± 2.9 years, 165.31 ± 5.85 

cm, 62.44 ± 8.76 kg). 

Interventions: While seated on a Biodex System 3 Dynamometer spinal control 

mechanisms, rate of torque development (RTD), and electromechanical delay (EMD) 

were measured at the soleus. 

Main Outcome Measures: First derivative of H-reflex, intrinsic pre-synaptic 

inhibition (IPI), and extrinsic pre-synaptic inhibition (EPI) recruitment curves, percent 

of recurrent inhibition (RI), V-wave (Vmax:Mmax), RTD, and EMD. 

Results: The regression analysis for RTD revealed the model significantly predicted 

RTD (R2=0.643, p<0.001). The results also indicated significance of three independent 

variables: sex (B = -174.650, Beta = -0.564, p < 0.001), V-wave (B = 413.200, Beta = 

0.502, p = 0.016), and the first derivative of IPI (B = -31.420, Beta = -0.450, p = 

0.001). The regression analysis for EMD revealed the model significantly predicted 

EMD (R2=0.658, p<0.001). The results also indicated significance of three 
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independent variables: sex (B = 0.021, Beta = 0.392, p = 0.004), the first derivative 

of IPI (B = 0.10, Beta = 0.824, p < 0.001), and the first derivative of EPI (B = -0.003, 

Beta = -0.483, p = 0.011). 

Conclusions: Sex was a significant contributor for both analyses, with males having 

greater RTD and decreased EMD. Both increased neural drive (V-wave) and 

decreased modulation of muscle spindle inflow (IPI) contributed to RTD. Whereas, 

decreased modulation of muscle spindle inflow (IPI) and reduced gating of peripheral 

afferent inflow (EPI) contributed to EMD. 

Key Words: Rate of Torque Development, Electromechanical Delay, H-Reflex, V-

Wave, Pre-Synaptic Inhibition 
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Introduction 

It is known that there are functional differences between how men and women 

perform certain functional tasks, such as cutting, landing, and single-leg squatting.1-12 

These differences in movement patterns are coupled with the greater prevalence of 

anterior cruciate ligament (ACL) injuries in females.13 However, the underlying 

reasons explaining these differences are unknown.  

One possible explanation is the difference in the ability to quickly activate the 

neuromuscular system in order to generate torque during fast movements and 

deleterious situations.14-16 Two commonly examined measures used to determine the 

effectiveness of the neuromuscular system’s ability to rapidly activate and generate 

torque are rate of torque development (RTD) and electromechanical delay (EMD). 

RTD, the slope of the torque-time curve, has been used as a measure of the 

explosive characteristics of muscle function.17-20 It has been suggested that during fast 

movements, such as in sport or injurious situations, RTD may be the single most 

important benefit induced by resistance training.15  

Not only is the amount of torque capable of being produced imperative, the ability 

to initiate torque is important as well. One of the issues with being able to generate 

torque quickly is the conversion of electrical energy in the muscle into mechanical 

torque. This conversion yields a time lag that is referred to as EMD. An increased time 

lag in torque generation is problematic during injury situations.21-23 

While both RTD and EMD have been studied, very little is known about how the 

nervous system modulates these functional variables. Only one study has examined 
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the relationship between RTD and spinal control.20 In that study, Hoffmann (H)-

reflexes were positively correlated to RTD following a three-week isometric training 

program.20 H-reflexes provide a net estimate of motor neuron pool excitability17, 24-29 

This net estimate includes the summation of excitatory and inhibitory descending and 

afferent synaptic input, pre-synaptic inhibition, and intrinsic motor neuron 

properties.17 Therefore, when H-reflexes are tested in isolation the mechanisms 

underlying the change in motor neuron pool excitability are unknown. Because of this, 

it is beneficial to examine inputs affecting motor neuron output. 

Descending drive from supraspinal centers have connections to the motor neuron 

pool.30 A variant of the H-reflex, the V-wave, can be used to assess descending 

drive.15, 17, 31-36 V-waves are H-reflexes collected during a maximal voluntary 

contraction. In a recent review it was noted that increased V-wave amplitudes indicate 

elevated neural drive in descending corticospinal pathways, increased motor neuron 

excitability, and / or decreased pre-synaptic inhibition of Ia afferents.33 Again, like H-

reflexes, V-waves in isolation do not provide a full picture since pre-synaptic 

inhibition cannot be discounted.33    

Pre-synaptic inhibition refers to the modulation of the Ia afferent inflow prior to its 

synapse onto the alpha motor neuron.30, 37, 38 This modulation can act through a variety 

of mechanisms. One of the most commonly studied is classical or extrinsic pre-

synaptic inhibition (EPI). EPI acts via an inhibitory interneuron that synapses on to the 

Ia afferent and subsequently results in a reduction in neurotransmitter release which 

ultimately reduces excitability of the motor neuron pool.30, 37, 38 This inhibitory 

interneuron receives input from a variety of sources, including afferent feedback from 
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other peripheral receptors (e.g., muscle spindles, cutaneous mechanoreceptors) and 

descending supraspinal commands.30, 38 

Additionally, modulation of the Ia afferent inflow can be affected by its own 

activation history, termed intrinsic pre-synaptic inhibition (IPI).38, 39 This gating of Ia 

inflow allows for a suppression of the afferent information when the spindle is highly 

active, such as during spindle lengthening.40 However, the suppression can also be 

released at times to allow more Ia afferent information to reach the motor neuron pool 

thus increasing motor neuron pool excitability.40 

Motor neuron pool excitability can also be affected by post-synaptic inhibitory 

pathways. Recurrent inhibition (RI) acts via a Renshaw cell that projects from the 

alpha motor neuron back to the homonymous Ia afferent. Although the Renshaw cell 

provides a variety of functions, it primary purpose is regulation of torque control 

during muscle contraction by reducing the sensitivity of neurons to changes in their 

excitatory drive.38, 39 

Therefore, the goal of this study was to identify contributions of spinal control 

mechanisms to RTD and EMD respectively. Additionally, due to the fact females have 

a higher prevalence of ACL injuries, it is of interest to examine if males and females 

contribute differing amounts of spinal level neural control in modulating EMD and 

RTD. 
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Methods 

Participants 

Forty-one participants (20 females and 21 males) were recruited to participate in 

this study. Participants were between the ages of 18 and 35 and physically active a 

minimum of 30 minutes three times a week. Participants were also free from: a) any 

current injury of the back, upper extremity, or lower extremity, b) any lower extremity 

injury in the past six months, and c) any history of lower extremity ligament surgery. 

To control for observed hormonal fluctuations across the menstrual cycle, females 

were tested on days one, two, or three of their menstrual cycle. Two male and two 

female participants were unable to complete testing so their data were omitted. 

Additionally, two participants were unable to complete the recurrent inhibition testing 

and one participant was unable to complete the V-wave testing. The individual 

missing cases were excluded from the analysis. 

 

Procedures 

Participants read and signed the informed consent form as approved by the 

University’s Institutional Review Board. Participants completed a health history and 

training history questionnaire to determine eligibility to participate in the study. 

Height was obtained using a wall mounted stadiometer. Weight was determined in 

pounds by a standard scale and later converted to kg. Leg dominance was ascertained 

via the preferred leg the participant: a) kicked a ball, b) recovered from a balance 
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perturbation, and c) stepped up on a 10 inch box.41 The leg used on the majority of 

the three tests was considered the dominant leg and was used for all subsequent 

testing. 

 

Dynamometer Positioning 

Participants were seated on the chair of the Biodex System 3 dynamometer 

(Biodex Medical Systems Inc, Shirley, NY) in a semi-recumbent position. The knee 

was flexed to 60 degrees and ankle in anatomical / neutral position (90 degrees of 

plantar-dorsiflexion and 0 degrees of inversion-eversion). The ankle was secured to 

the ankle attachment foot plate preventing any movement of the foot from the plate. 

The non-test leg was in a comfortable, relaxed sitting position with the foot supported. 

This positioning was used for all subsequent testing. 

  

Electromyography Preparation 

The soleus, anterior tibialis, and lateral mallelous were prepared for application of 

lubricated surface EMG electrodes (Ag/AgCl). The EMG electrodes over the muscle 

were placed longitudinally with an interelectrode distance of 2 cm for each respective 

muscle. The EMG of the reflex and voluntary muscle contractions were collected and 

stored on a personal computer equipped with a Biopac MP100 data collection system 

(Biopac Systems Inc, Goletta, CA). The EMG was sampled at 2000 Hz.  
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Stimulating Electrode Placement 

To elicit the soleus reflex, a stimulating electrode (2 cm2) was placed over the 

tibial nerve in the popliteal fossa for current delivery. A dispersal pad (3 cm2) was 

placed superior to the patella on the distal thigh. To elicit extrinsic pre-synaptic 

inhibition of the soleus, a stimulating electrode (1 cm2) was placed over the common 

peroneal nerve distal the fibular head for current delivery and a dispersal pad (3 cm2) 

was placed just anterior to the fibular head. This targeted the deep peroneal branch of 

the common peroneal nerve, ensuring stimulation of the tibialis anterior and limiting 

stimulation to the peroneal group. 

 

H-Reflex Protocol 

H-reflex and M wave recruitment curves for the soleus were measured by 

stimulating the tibial nerve in the popliteal fossa. Stimulation was produced by a Grass 

S88 stimulator (Grass Technologies, West Warwick, RI). A series of increasing 

intensity electrical stimuli (1 ms duration pulse) beginning near the threshold of the H-

reflex and continuing to M max were applied. There was a 10 second interstimulus 

latency period. The peak-to-peak H-reflex and M wave amplitudes were measured 

online and were normalized to M max. Stimulus intensity was normalized to the 

maximum stimulus. In order to measure rate of motor neuron excitability the first 

derivative of the H-reflex and M wave recruitment curves were calculated as described 

by Christie et al.42 The recruitment curves were imported into a LabView 8.5 

(National Instruments Corporation, Austin, TX) custom made program. A 4th order 
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polynomial curve was fit to each curve and then the curves were linearly 

interpolated to 100 data points and the first derivative was calculated. 

 

Pre-Synaptic Inhibition Protocol 

To test intrinsic pre-synaptic inhibition the paired pulse technique was utilized. 

Two stimuli of the same intensity with a 100 ms interstimulus interval were given to 

the tibial nerve in the popliteal fossa. The double stimulation produced two H-reflexes, 

with the second H-reflex being depressed relative to the first H-reflex. The depression 

of the second reflex is the amount of inhibition due to the influence of reflex activation 

history. The same procedures for mapping the recruitment curve that were employed 

with the H-reflex were used for intrinsic pre-synaptic inhibition.  

The procedure for measuring extrinsic pre-synaptic inhibition is different than for 

intrinsic pre-synaptic inhibition. The H-reflex is conditioned by stimulating an 

antagonist muscle (i.e., tibialis anterior in this case) prior to stimulating the agonist 

muscle (i.e., soleus). There was a 100 ms interstimulus interval between the 

conditioing and test reflex stimulations. The intensity of the conditioning stimulation 

was 50% of the tibialis anterior M wave. However, the intensity of the test reflex 

followed the same procedure as the H-reflex and paired pulse protocols. Stimulations 

began at or near H-reflex threshold and progressively increased until M max was 

attained. 

The recruitment curves for both types of pre-synaptic inhibition were analyzed 

using the same procedures as the H-reflex recruitment curve. Peak-to-peak amplitudes 

were obtained and were normalized to M max. Stimulus intensity was normalized to 
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the maximum stimulus. The first derivative of the H-reflex and M wave recruitment 

curves were calculated by importing the recruitment curves into a LabView 8.5 

(National Instruments Corporation, Austin, TX) and fitting a 4th order polynomial 

curve. The curves were then linearly interpolated to 100 data points and the first 

derivative was calculated. 

 

Post-Synaptic Inhibition Protocol 

Post-synaptic inhibition was assessed using a recurrent inhibition protocol, which 

conditions an H-reflex.38, 39 The first stimulation, S1, was set at 25% of the soleus M 

max. The second stimulus, S2, was set at M max. A total of 20 trials were obtained. 

Ten trials were S1 alone and 10 trials were S1 followed 10 ms later by S2. The trials 

were counterbalanced. The peak to peak amplitudes of the H-reflexes, either S1 alone 

or S1 conditioned by S2 were measured. The percent difference between the 

amplitudes was considered the amount of recurrent inhibition.    

 

Electro-Mechanical Delay Protocol and Rate of Torque Development 

Participants were instructed to plantarflex his or her ankle as fast and hard as they 

could once a light was illuminated. The light was attached to the wall (3 meters) in 

front of the participant. Three trials with 60 seconds rest between each trial were 

performed. Electro-mechanical delay was determined by calculating the time between 

the onset of soleus EMG activity and onset of soleus torque production. Rate of torque 

development was calculated by determining the slope of the torque-time curve from 
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the onset of torque production to the maximal torque production. Both EMG and 

torque production onsets were determined by the cumulative sum technique.43  

 

V-Wave Protocol 

V-waves were measured using the same procedures used during the rate of torque 

development. Participants were instructed to plantarflex as fast and hard as they could. 

Once they reached 90 percent of their maximum torque development a supramaximal 

electrical stimulus (1 ms square pulse) was applied to the tibial nerve. Maximum 

torque was determined by the mean of the maximum amplitude of the three trials of 

rate of development. Five trials were with 60 seconds rest between trials. The peak to 

peak amplitude of the M wave and the V-wave were measured on-line. The ratio of V-

wave to M wave was considered the amount of supraspinal efferent neural drive. 

Statistical Analysis 

Two standard multiple regression analyses were used to determine the contribution 

of the independent variables to RTD and EMD respectively. In both analyses, the 

independent variables were sex, the first derivative of the H-reflex, IPI, and EPI, RI 

(conditioned H/unconditioned H), and Vmax:Mmax.  

 

Results  

The regression analysis for RTD revealed the model significantly predicted RTD 

(r2 = 0.643, p < 0.001). The results also indicated significance of three independent 

variables: sex (B = -174.650, Beta = -0.564, p < 0.001), V-wave (B = 413.200, Beta = 
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0.502, p = 0.016), and the first derivative of IPI (B = -31.420, Beta = -0.450, p = 

0.001). See Table 4.1 for means and standard deviations and Figures 4.1 through 4.5 

for scatter plots of independent variables versus RTD. 

The regression analysis for EMD revealed the model significantly predicted EMD 

(r2 = 0.658, p < 0.001). The results also indicated significance of three independent 

variables: sex (B = 0.021, Beta = 0.392, p = 0.004), the first derivative of IPI (B = 

0.10, Beta = 0.824, p < 0.001), and the first derivative of EPI (B = -0.003, Beta = -

0.483, p = 0.011). See Table 4.1 for means and standard deviations and Figures 4.6 

through 4.10 for scatter plots of independent variables versus EMD. 

 

Discussion 

Despite years of research and attempts at preventative interventions, females 

continue to have a higher prevalence of ACL injuries than males.13 One possible 

explanation is the ability to quickly activate the neuromuscular system. Previous 

researchers have reported that females have a longer EMD and decreased RTD.14, 23 

However, very little is understood on how the nervous system modulates control of 

these variables. Therefore, the purpose of this study was to investigate spinal control 

mechanism contributing to RTD and EMD. 

The results of the current study reveal that sex significantly contributed to EMD. 

The males had decreased EMD compared to females. The males EMD was 46.35 ± 

29.76 milliseconds while the females EMD was 58.50 ± 23.47 milliseconds. There has 

been conflicting results on EMD differences between the sexes in previous studies. 
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Morris and Beaudet reported no EMD sex differences, but their methodology has 

been criticized due to the equipment utilized.44 Those results are contrasted with those 

of Bell and Jacobs who reported EMD sex differences in the biceps brachii.14 Minshull 

et al. recently compared males and females’ volitional EMD of the knee flexors before 

and after a fatiguing bout of exercise.23 Baseline EMD testing revealed no sex 

differences, however following the fatiguing exercise the females EMD increased by 

19.3% while the males demonstrated no change.23 Additionally, they magnetically 

evoked EMD in both groups before and after the fatiguing bout of exercise. Females 

had a significantly shorter EMD at baseline, but both groups potentiated their EMD by 

21% following the fatiguing exercise.23 The underlying mechanisms couldn’t be 

directly studied, but the authors speculated that during fatigue situations protective 

mechanisms exist to maintain a reserve capacity of motor units that are not deployed 

until a perceived threat.23 As they state, this reserve capacity is dependent on the 

individual to modulate inhibitory mechanisms to release the unused motor units.23 

This inhibition, they speculate, may be the reason the females volitional EMD was 

51.2 ms compared to the magnetically evoked EMD of 27 ms.23  

EMD has been used as a measure of indirect intrinsic muscle stiffness.45 This is 

based on the fact that torque is developed when muscle contractile elements shorten, 

thereby stretching the series elastic component (SEC), transferring torque to the 

tendons and joints.45 Therefore, a mechanically stiff muscle transmits torque 

efficiently with very little stretch of the SEC. Whereas, a compliant or lax muscle 

requires more contraction to stretch the SEC and produce a measurable torque. For 
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that reason, less stiff tissues require more time from activation until torque 

generation. In other words, EMD is greater in more compliant muscles.45  

Authors have suggested changes in EMD are a factor of intrinsic muscle 

properties, yet no empirical data directly links intrinsic muscle stiffness and EMD.14, 45 

Another factor that can possibly influence EMD is nervous system control of muscle 

stiffness. It is known that EMD values are reduced in muscles with higher activation 

levels.45 Furthermore, it has been suggested that reflex activation contributes up to 

40% of the total muscle stiffness.46  

Ludvig et al. examined the voluntary modulation of stretch reflexes to control 

muscle stiffness.47 They concluded the CNS can control reflex stiffness independently 

and has great flexibility in adjusting the mechanical properties of a joint to meet 

functional properties. They postulated on possible mechanisms controlling this 

voluntary modulation of reflex stiffness. They discounted alpha-motor neuron 

excitability due to lack of change in the background EMG, and long-loop transcortical 

pathways due to the necessary time it takes for action potentials to travel to higher 

brain centers. However, they cannot discount gamma-motor neuron activity adjusting 

the muscle spindle or pre-synaptic inhibition and interneuronal pathways decreasing 

the effect of the afferent pathways. 

The results of the current investigation reveal that both mechanisms of pre-

synaptic inhibition tested, IPI and EPI, significantly predicted EMD. While both forms 

of pre-synaptic inhibition ultimately result in a depression of motor neuron pool 

excitability, their mechanisms are different. 
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IPI is a measure of relative influence of the reflex activation history on reflex 

excitability. Due to the fact this activation history is intrinsic to the synapse between 

the Ia afferent from the muscle spindle to the alpha motor neuron, it is believed that 

intrinsic pre-synaptic inhibition is a reflection of the modulation of afferent inflow 

from the muscle spindle. Functionally, it has been hypothesized that intrinsic pre-

synaptic inhibition prevents a saturation of spindle afferent inflow during times of 

high spindle activity, such as during the lengthening of the muscle spindle during 

certain phases of gait.40 However, at other times of gait, such as when the muscle is no 

longer lengthening, intrinsic pre-synaptic inhibition is reduced which allows more 

excitability of the motor neuron pool.40 

Unlike IPI, EPI is mediated by an inhibitory interneuron. Interneurons are 

ubiquitous in the nervous system, accounting for 99% of all neurons.48 Many factors 

affect EPI, including, but not limited to, afferent feedback from other peripheral 

receptors (e.g., muscle spindles, cutaneous mechanoreceptors) and descending 

supraspinal commands.30 Like IPI, although via different mechanisms, EPI functions 

as a gate on the Ia input to motor neurons.30 

The fact that both IPI and EPI contribute significantly to EMD is quite interesting. 

Not only do IPI and EPI reflect different modulatory mechanisms, they act via 

different neurotransmitters.39 IPI has been attributed to activation of GABAB receptors 

on Ia afferent terminals, whereas EPI is a result of GABAA.37, 38.GABAB is longer 

lasting and appears to have a different spatial distribution than the shorter acting 

GABAA receptors.39 However, it shows the flexibility of the nervous system to 

modulate Ia afferent information via different mechanisms and different inputs. Based 
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on the current results, it appears generation of movement and perhaps muscle 

stiffness is particularly influenced by pre-synaptic inhibitory mechanisms.  

Not only is the generation of movement important, the ability to produce 

maximum torque during the short period of time in which injuries occur may aid in 

injury prevention.15 RTD has been shown to be highly modifiable with training. There 

is evidence that isometric strength training, ballistic strength training, and 

sensorimotor training all increase RTD.19, 20, 49 Until recently it was unknown how 

RTD was related to neural control variables. Holtermann et al. reported a positive 

correlation between percentage changes in H-reflex amplitude and RTD with a three-

week isometric training program.20 The authors reported the changes were a result of 

either motor neuron excitability or pre-synaptic inhibition during the initial phase of 

resistance training. However, due to only examining H-reflexes in isolation they were 

unable to determine which mechanism was responsible for the changes. In the current 

study we attempted to help answer that question by investigating spinal control 

contributions to RTD.  

Our results suggest supraspinal drive was a significant contributor to RTD. 

Supraspinal drive was assessed by measuring the V-wave, which is a variant of an H-

reflex, but is measured during a maximal voluntary contraction. Although, V-waves 

were introduced into the literature over 30 years ago, it has only been recently that V-

waves have been investigated in training studies.17, 31, 35, 36, 50 For example, Aagaard et 

al. reported that soleus Vmax:Mmax increased by approximately 50% following a 14-

week heavy resistance training program.31 Additionally, Del Balso and Cafarelli 

examined Vmax:Mmax after four weeks of isometric training of the soleus.17 Similar to 
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Aagaard et al, they reported a 57% increase in Vmax:Mmax after training.17 Lastly, 

five weeks of neuromuscular electrical stimulation training induced an 81% increase 

in V-waves with no associated changes in H-reflex.50 The authors concluded the 

changes were either due to enhanced neural drive from supraspinal centers or neural 

mechanisms occurring at the spinal cord.50 Based on previous studies, increased 

strength appears to be associated with both increased V-waves and increased RTD. 

The current results support this idea as V-waves significantly contributed to RTD.  

In the current study, IPI was reduced in participants with greater RTD. This is an 

indication that participants who could quickly activate maximum torque were able 

increase their neural drive not only from supraspinal sources, but through spinal 

mechanisms. As noted IPI reflects the ability of the nervous system to prevent 

saturation of the motor neuron pool from increased muscle spindle activity and 

increase excitability of the motor neuron pool by summating Ia inflow.40 Therefore, it 

appears a reduction in IPI allows more afferent input into to the motor neuron pool, 

allowing recruitment of larger diameter motor units yielding more rapid torque 

production. 

Lastly, sex was a significant contributor to RTD. Males had 32% greater RTD 

than females. The males max RTD was 387.93 ± 180.90 N·m·s-1, whereas females 

max RTD was 263.89 ± 85.15 N·m·s-1. While the mechanisms for the sex differences 

cannot be fully deduced from this study, this is an important step in understanding 

differences in prevalence of certain lower extremity injuries in the female population. 

As noted, RTD is especially important during quick movements lasting less than 300 

ms, which is the time frame when injuries typically occur.15   
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RTD sex differences were examined in a previous studies where the researchers 

reported males had significantly greater RTD than the females.14, 16 This is in 

concurrence with our results. The suggestion in those studies was that females were 

unable to recruit available motor units or there were fewer fast twitch units in the 

contracting musculature.14, 16 However, based on the current results, spinal modulation 

of Ia afferent inflow or supraspinal neural drive cannot be discounted. 

 

Conclusion 

Spinal and supraspinal mechanisms influence the neuromuscular system’s ability 

to quickly generate torque. EMD which is the time lag from muscle activation to 

muscle contraction is influenced by both intrinsic and extrinsic pre-synaptic inhibition 

and by sex differences. RTD, which is a measure of explosive strength characteristics, 

is similar to EMD in that it is influenced by intrinsic pre-synaptic inhibition and by 

sex. However, unlike EMD, RTD appears to be influenced by supraspinal neural 

drive. The results of this study may be useful in the design of training and 

rehabilitation training programs. It is known that the significant contributing variables, 

other than sex, are modifiable with training. Future research should be directed at 

developing interventions that may alter levels of RTD and/or EMD and determine if 

the sexes respond differently. 
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Table 4.1: Means and Standard Deviations 
 RTD 

(N·m·s-1) 
EMD 
(ms) 

H-Reflex 
Derivative 

IPI Derivative EPI Derivative Recurrent 
Inhibition 

VMax:MMax 

Males 387.92 ± 
180.90 

46.35 ± 
29.76 

9.80 ± 3.71 2.23 ± 2.27 8.39 ± 4.15 0.86 ± 0.21 0.22 ± 0.21 

Females 263.8 ± 
85.15 

58.50 ± 
23.47 

10.38 ± 4.58 2.14 ± 2.23 9.79 ± 6.15 0.68 ± 0.30 0.27 ± 0.17 

Overall 327.58 ± 
156.99 

52.38 ± 
27.62 

10.07 ± 4.15 2.18 ± 2.25 9.07 ± 5.23 0.76 ± 0.28 0.24 ± .019 
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Figure 4.1: V-Waves Versus Rate of Torque Development 
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Figure 4.2: First Derivative of Intrinsic Pre-Synaptic Inhibition Versus Rate of Torque 
Development 
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Figure 4.3: First Derivative of Extrinsic Pre-Synaptic Inhibition Versus Rate of 
Torque Development 
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Figure 4.4: First Derivative of H-Reflex Versus Rate of Torque Development 
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Figure 4.5: Recurrent Inhibition Versus Rate of Torque Development 
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Figure 4.6: First Derivative of Intrinsic Pre-Synaptic Inhibition Versus 
Electromechanical Delay 
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Figure 4.7: First Derivative of Extrinsic Pre-Synaptic Inhibition Versus 
Electromechanical Delay 
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Figure 4.8: First Derivative of H-Reflex Versus Electromechanical Delay 
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Figure 4.9: Recurrent Inhibition Versus Electromechanical Delay 
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Figure 4.10: V-Wave Versus Electromechanical Delay 
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CHAPTER 5: GENERAL CONCLUSION 
 

Females continue to have an increased incidence of non-contact anterior cruciate 

ligament (ACL) injuries compared to their male counterparts.1 Although many 

possible explanations have been explored the magnitude of the problem is unchanged. 

Research has focused on anatomical, hormonal, biomechanical, and neuromuscular 

sex differences.2-4 A major finding of this research is that the sexes perform functional 

tasks differently.5-17 Mainly, females tend to move into a more valgus knee position 

during activities, such as cutting, landing, and single-leg squatting, when compared to 

males.6, 17, 19 Valgus motion at the knee puts the ACL at risk for injury.20, 23, 24  

However, the reason for this deleterious movement pattern is unknown. 

All movements reflect complex interactions of supraspinal drive, afferent input, 

and inhibitory spinal interneuron activity on the motor neuron pool and subsequent 

output to the motor unit.25-29 Measurement of variables representing components of 

these complex interactions can provide insight into the spinal modulation of 

movement. 

The first aim of this study was to determine if sex differences exist between a 

combination spinal control mechanisms and two functional neuromuscular variables. 

The spinal control mechanisms tested were first derivative of H-reflex, first derivative 

of intrinsic pre-synaptic inhibition (IPI), first derivative of extrinsic pre-synaptic 

inhibition (EPI), level of recurrent inhibition (RI), and ratio of V-wave to M max. The 
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functional neuromuscular variables were rate of torque development (RTD) and 

electromechanical delay (EMD). 

The first derivative of the H-reflex provides a net summation of the rate of 

excitability of the motor neuron pool.25, 33 While this information is beneficial, many 

factors affect this net excitability, including descending supraspinal drive and pre- and 

post-synaptic inhibition.25, 33 Therefore, assessment of H-reflexes provides more 

information when collected with measures of descending drive and inhibitory 

mechanisms.  

Descending drive can be tested through V-waves, which is an H-reflex tested 

during a maximal voluntary contraction.14, 33-39 An increased V-wave amplitude 

indicates elevated neural drive in descending corticospinal pathways, increased motor 

neuron excitability, and / or decreased pre-synaptic inhibition of Ia afferents.36 Again, 

like H-reflexes it is best to test V-waves with other measures of motor neuron pool 

output. 

Pre-synaptic inhibition was tested via two mechanisms in this study, intrinsic and 

extrinsic. IPI is a reflection of reflex activation history.42, 44, 46 When Ia afferent inflow 

from the muscle spindle is high, IPI suppresses it.46 However, when the same inflow is 

low, there is a decrease in IPI allowing more spindle feedback into the motor neuron 

pool.46 EPI on the other hand, suppresses afferent inflow from other sources, such as 

peripheral afferents or descending drive.40-42 This occurs via an inhibitory interneuron 

in the spinal cord. 40-42 
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Motor neuron output can also be affected by post-synaptic mechanisms.42, 44, 47 

RI is a post-synaptic mechanism that influences torque output of the motor neuron 

pool.42, 44, 47 The mechanism responsible for this inhibition is a Renshaw cell that 

projects from the axon of the alpha motor neuron back to the Ia afferent.42, 44, 47 Again, 

RI is a gain regulator of motor neuron output.42, 44, 47 

The two functional neuromuscular variables in this study were RTD and EMD. 

RTD is the slope of the torque-time curve, which reflects the ability of the 

neuromuscular system to produce as much torque as quickly as possible.33, 51-53 RTD is 

important because injuries typically happen in less than 300 ms, which is the time it 

take to produce maximal torque.14 EMD is also a measure of the neuromuscular 

system’s ability to generate torque quickly, but describes the time lag that occurs from 

the conversion of electrical energy (EMG activity) to mechanical energy (torque 

production).54-56 

The results of the first aim reveal that males and females do modulate spinal 

control differently. More specifically, males had increased RTD and RI. Both of these 

measures are related to torque output. Specifically, RTD assesses the ability to quickly 

generate torque, whereas RI modulates torque output. 

The second aim of this study was to examine the contributions of a battery of 

spinal control variables to the amount of frontal plane motion in both males and 

females during the functional task of single-leg squatting. 

The battery of spinal control variables were the same as used in aim one: first 

derivative of the H-reflex recruitment curve, first derivative of the IPI recruitment 
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curve, and first derivative of the EPI recruitment curve, RI, and V-wave. RTD and 

EMD were not included in this study. Frontal plane motion was measured by frontal 

plane projection angle (FPPA). FPPA was demonstrated to be effective in determining 

frontal plane motion between the sexes in a previous study.58 However, a recent study 

by the same group of authors, suggest that when compared to 3-D motion analysis, 2-

D analysis of FPPA may not be accurate enough to quantify frontal plane motion.59 

This is in contrast to a previous report that 2-D motion analysis could be used to 

determine large differences in frontal plane motion.60 

The results of the second aim reveal that neither sex nor any of the spinal control 

variables significantly contribute to frontal plane projection angle. This is important 

due to the fact that valgus motion is considered deleterious; therefore, a better 

understanding of the mechanisms is important.20, 23, 24 Several explanations may 

explain the lack of significance. Spinal control mechanisms may directly affect the 

neuromuscular differences, such as increased quadriceps activation in females, more 

so than the resulting movement pattern. Therefore future studies should examine 

spinal control mechanisms of other muscles and their relationship to muscle activation 

patterns. Another, possible reason for lack of significance is the nearly equal FPPA in 

both males and females. This could be a group selection issue or a problem with the 

use of 2-D FPPA. 

The final aim, of the current study was to identify contributions of spinal control 

mechanisms to RTD and EMD respectively and to examine if males and females 

contribute differing amounts of spinal level neural control in modulating EMD and 
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RTD. As noted, RTD and EMD are important in injury prevention.14, 33, 51-56 

Further sex differences have been reported in both measures.48, 56 

Only one study has examined the relationship of spinal control to RTD or EMD. 

In that study, increased H-reflexes were correlated to increased RTD.53 While this 

finding is important, as previously noted, H-reflexes tested in isolation do not provide 

a complete picture of the complex modulations occurring at the spinal cord. 

The results of aim three revealed that the combination of spinal control 

mechanisms significantly predicted RFD. Specifically, sex, v-waves, and IPI 

significantly contributed to RTD. The results also demonstrated that the spinal control 

variables significantly predicted EMD. The significant contributing independent 

variables were sex, IPI, and EPI. This finding is interesting because many authors 

have suggested changes in EMD are peripherally modulated, but it appears stiffness 

can also be modulated by reflex modulation.48, 50, 61, 62 These finding are important 

steps in understanding how the two neuromuscular variables, RTD and EMD are 

regulated in the spinal cord. 

 Taken together, the results of the three aims provide insight into how the sexes 

modulate movement at the spinal cord level. Due to the sex discrepancy in the 

incidence of non-contact ACL injuries, these results are helpful in the understanding 

sex differences in the nervous system. Furthermore, the variables in this study have all 

either been reported to change with training or have been found to be different 

between athletes with diverse training backgrounds.33, 34, 38, 39, 44, 52, 53, 63-65 As more 

information is gained about the plasticity of these variables it can be used to better 
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design ACL prevention programs, eventually lowering the occurrence of non-

contact ACL injuries.66 
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Appendix A: Review of Literature 

 

Introduction 

Many interventions in movement science purport changes in the neuromuscular 

system. In humans, the muscular changes are often easily observed (e.g., strength 

measures, EMG, biopsy), while alterations in the nervous system may not be as 

readily apparent. The ability to detect neurophysiological changes resulting from 

differing interventions or in differing populations allows for powerful insights into the 

working of the nervous system. Examination of reflexive movements provides an 

effective, non-invasive, and economical approach. 

 

Stretch-reflex 

A good definition of a reflex is, “The ability of sensory receptors to initiate rapid 

responses to perturbations based on the existence of short-latency connections 

between the input (afferent signal) and the output (motor response or efferent 

output).”1 

More specifically a stretch-reflex results when a muscle experiences a brief, 

unexpected increase in length (i.e., a stretch) yielding a development of power and 

thus a contraction in the same (homonymous or agonist) muscle.2 This is 

accomplished due to the fact that within the muscle there are intrafusal sensory 

receptors called muscle spindles detecting changes in length of the muscle. During the 

reflex, as the muscle is stretched, so is the muscle spindle. This stretching of the 

spindle activates the Group Ia and II afferent receptors which generate an action 
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potential that is propagated to the spinal cord (SC). At the SC, synaptic potentials 

are elicited in the motor neurons of the homonymous muscle. If the stretch was 

adequate to stimulate enough synaptic potentials, an action potential is generated in 

the motor neuron and the action potential is propagated to the muscle and a 

contraction occurs. This description provides only a superficial overview of the 

complex connections of neurons and interneurons involved in a stretch reflex. Many of 

these connections and their interplay with one another will subsequently be discussed.  

 

Tendon-Tap Reflex 

Whereas the stretch reflex occurs during normal movement, the reflex pathway or 

arc is useful clinically to determine integrity of the nervous system. By quickly 

stretching the muscle spindle via a tap to the tendon, a reflexive contraction is 

generated. Unlike a stretch-reflex during normal motion, only the Group Ia afferents 

are activated which causes a rapid response with a latency of ~30 ms.3  The clinician 

evaluates the tendon-tap reflex as an index of the muscle spindle responsiveness, 

motor neuron excitability, and level of inhibition acting on the Group Ia afferents to 

the SC.2  

 

Hoffmann-reflex 

The Hoffmann (H)-reflex is an electrically induced analogue of the stretch reflex 

used in the clinical or research setting. The same reflexive pathway is the same in 

both, the difference being the spinal stretch-reflex results from a muscle stretch and 
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the H-reflex is induced by an electrical stimulation of a peripheral nerve.2, 4-8  

Since the H-reflex is evoked by the direct stimulation of the afferents, the muscle 

spindle discharge and gamma (γ) motor neurons are bypassed.2, 4-8 Misiaszek 

concludes, the H-reflex can be used as a tool to measure excitability of neural 

components of the reflex arc, irrespective of sense organ sensitivity.5 (See Figure A.1 

for H-Reflex Arc.) 

Palmieri et al in their review provide a good description of what occurs during the 

elicitation of the H-reflex: 

Beginning with low-intensity stimulus and gradually 

increasing its intensity initially results in depolarization 

of primary fibers (Ia afferents) arising from the muscle 

spindle. The muscle spindle itself is not being 

stimulated, because we are bypassing the spindle. 

Activation of the Ia afferents results in action potentials 

being propagated toward the SC. If the activity in the Ia 

afferents is sufficient to cause depolarization of the 

presynaptic terminal, neurotransmitters are released into 

the synaptic cleft at the Ia-άMN synapse, eliciting 

excitatory postsynaptic potentials (EPSPs) in the MNs. 

If the EPSPs are able to depolarize the MNs (this 

depends on MN membrane potential and size of the 

EPSPs), action potentials are generated, causing 
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acetylcholine release at the neuromuscular junction, contraction of 

the muscle, and appearance of an H-reflex tracing on the 

EMG. At low levels of stimulation, the afferent fibers 

are preferentially stimulated due to their intrinsic 

properties and their larger diameter. As the stimulus 

intensity continues to increase, more Ia afferent fibers 

are recruited as the begin to reach threshold, resulting in 

activation of more MNs and increasing the amplitude of 

the H-reflex.  

 

Due to the fact the stimulation occurs over a mixed nerve, increasing stimulus 

intensities results in direct activation of the efferent motor neurons (i.e., άMN). This is 

referred to as the muscle response or M wave. This occurs due to the fact that the 

άMN have a higher threshold for activation due to their smaller size. These action 

potentials travel along the άMN, but do not pass through the spinal cord therefore they 

are not reflexes. Additionally, since there is a shorter path for the action potential to 

travel prior to the neuromuscular junction, the latency of the M wave is much shorter 

than the H-reflex. E.g., following stimulation of the tibial nerve, the soleus M wave 

appears at approximately 6 – 9 ms while the H-reflex appears at approximately 30 

ms.6   
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Eliciting the H-reflex 

As previously mentioned the H-reflex is elicited by stimulating a mixed nerve 

percutaneously. The stimulation is evoked with a 1 ms square wave over the 

peripheral nerve of interest.6 The stimulation intensity starts at a low level and is 

gradually increased until depolarization of the Ia afferent occurs causing the aforesaid 

propagation of the action potential to elicit a reflex. As the intensity is increased, 

eventually a point is reached when direct stimulation of the alpha motor neuron occurs 

resulting in the aforementioned M wave.  

The amplitudes of the H-reflex and M wave both increase fairly linearly with the 

stimulation intensity until the maximum H-reflex (H max), representing the fullest 

extent of reflex activation, and, at higher stimulation levels, the maximum M wave (M 

max) representing maximal muscle activation, are reached.2 By incrementally 

increasing stimulation intensity from low levels sufficient to evoke a small H-reflex, 

up to H max and then H max, an H-reflex recruitment curve can be obtained.2 (See 

Figure A.2: H-reflex and M Wave Recruitment Curve.) 

As can be seen on the recruitment curve the H-reflex begins to disappear as the M 

wave increases, eventually resulting the disappearance of the H-reflex in its entirety. 

This results due to the fact stimulation is over a mixed nerve and what is termed as an 

antidromic collision occurs.6 Direct stimulation of the άMN causes a volley or impulse 

to propagate along the nerve in the wrong direction towards the spinal cord. At some 

point along the pathway, the antidromic volley collides with the action potential 

traveling in the correct direction (i.e., orthodromic volley).6 If the orthodromic volley 
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is larger than the antidromic volley then the correctly moving action potential will 

result in an H-reflex, albeit one with reduced amplitude as observed by the decrease on 

the recruitment curve. However, if the antidromic volley is larger than the orthodromic 

volley, the orthodromic volley cannot continue and thus no reflex occurs and 

consequent disappearance of the H-reflex from the recruitment curve.  

It is interesting to note the shape of the M wave recruitment curve. Hugon 

explains, the largest fibers are excited first (the H-reflex), but they are few in number 

and the M response is of small amplitude. As the stimulus increases, fibers of higher 

threshold are excited, and these are more numerous, so that the M response increases 

rapidly. Lastly the smallest fibers, of higher threshold, are excited, but these are again 

less numerous, and the curve rises more slowly again.4 

However, Zehr in his review of H-reflex studies in the exercise sciences suggests 

that this is what most likely occurs during H-reflex elicitation, but cautions that 

evidence supporting this is far from complete and mostly inferential.2  

 

What does the recruitment curve represent? 

The recruitment curves relate the changes in amplitude of the M and H responses 

as a function of the intensity of the electrical stimulus.2 Palmieri et al. state, “H max  is 

a measure of maximal reflex activation, or stated differently, is an estimate of the 

number of motor neurons one is a capable of activating in a given state.”6 As will be 

described, in a given state is essential to this definition. Conversely, according to 

Palmieri et al., “M max represents activation of the entire motor neuron pool, and 
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therefore maximal activation. Once M max is reached, every motor neuron that 

supplies the muscle of interest is thought to be activated and thus the value should be 

stable.”6 Hugon reiterates this idea with a commonly studied muscle, the soleus. The 

maximal M response represents excitation of all the motor fibers of the nerve to the 

soleus and, therefore, the activity of 100% of the soleus motor neurons. The maximal 

M response therefore represents a standard by which the H-reflexes are to be 

compared in different subjects. It can be assumed, for instance, that an H-reflex 

equivalent to 25% of the maximum M response represents activity in 25% of the 

soleus motor neurons.2  

 

Normalization 

Like much of human research, H-reflex amplitudes must be normalized in order to 

make between subject comparisons.6 Several reasons exist necessitating 

normalization, including varying skin resistance, subcutaneous adipose tissue, and 

nerve location relative to stimulating electrode.6  The following are several common 

normalization procedures.  

 

H-reflex as a percentage of M max 

Palmieri et al. in their review suggest this is the most advocated normalization 

procedure.6 The amplitude of M max is found and then the intensity used to elicit an 

H-reflex is adjusted to some arbitrary percentage of the M max. All subsequent H-

reflexes are elicited at this fixed stimulation intensity.6 The percentage needs to be set 
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somewhere on the ascending portion of the recruitment curve, typically between 

10 – 25 % of M max. The assumption is this method allows for evaluation of the same 

proportion of the motor neuron pool to be tested between subjects.6  

Whereas the H max is highly variable between subjects (and position) the M wave 

is considered a “fairly stable value.”6 This is believed because M max is simply due to 

depolarization of the άMN and not influenced by spinal centers.6 If the stimulus and 

subject positioning remains constant then the M max should also remain stable. 

Therefore alterations of the amplitude of M max should alert the examiner to changes 

in positioning. 

This procedure is advantageous for several reasons. First, it allows between 

subject assessments of the motor neuron pool reaction to different interventions. 

Secondly, it saves time since a full recruitment curve does not to be elicited. This is 

especially beneficial when H-reflexes are obtained during an intervention.  

For example, if one wanted to measure the effects of using a modality on the 

nervous system, particularly the reflex arc, this procedure would be beneficial. The H-

reflex amplitude would initially be set to the desired percentage of M max and the 

modality would then be applied. During the application of the modality the H-reflex 

could be elicited to determine the effects on reflex modulation, perhaps leading to 

insights on the efficacy of the modality. The reason this example is pertinent is 

because a modality application, e.g., ultrasound treatment or its effects, may not be of 

long enough duration to allow for the elicitation of a full recruitment curve. 
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H max : M max ratio 

Since the H max is an indirect estimate of the number of motor neurons being 

recruited and M max represents the entire motor neuron pool, the H max : M max ratio  

can be interpreted as the proportion of the entire motor neuron pool capable of being 

recruited.6 Like the aforementioned percentage of M max normalization procedure, the 

underlying assumption is that M max remains stable. 

The major advantage to this procedure is its use when the testing happens in more 

than one session. The reason being, the percentage of M max normalization can easily 

be affected by changes in stimulus placement which leads to difficulty accepting the 

assumption that the same portion of the motor neuron pool is being recruited.6 The 

main disadvantage of this normalization procedure is the H-reflex is less susceptible to 

facilitation and inhibition at higher amplitudes. This may lead to underestimation of 

the amount of facilitation or inhibition under a given condition.6  

An example of this type of normalization may occur with the common pre-test 

post-test design. An initial H max : M max is ascertained prior to the intervention, e.g., 

a strength training protocol. Then at some point in the future, e.g., six weeks into the 

intervention, H max : M max is measured again. The two are then compared, possibly 

providing elucidation as to whether the intervention had any effects on the nervous 

system and perhaps what they might be.  
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Reflex Gain 

Since H-reflexes and M waves are detected by EMG tracings, if they are elicited 

during dynamic movements it may difficult to determine if the source of motor unit 

activation is a result of the electrical stimulation or the movement.6 These changes in 

the background EMG (i.e., EMG tracings resulting from the movements) can be 

accounted for by measuring the reflex gain. This is accomplished by dividing the 

change in H-reflex amplitude (peak to peak) by change in background EMG (average 

rectified EMG at some period prior to stimulation).6  

An example might be to determine the modulation of the reflex during walking. 

By performing the normalization procedure it can be determined if the changes in the 

EMG are actually from reflex modulation or simply changes in muscle activation 

during the movement. 

 

Slope and First Derivative 

One possible issue with the other normalization procedures is they rely on the 

maximum amplitude of the H-reflex. However, the amplitudes can be affected by pre-

synaptic and recurrent inhibition and by collision of the antidromic volley.9 In an 

attempt to limit the effect of these interactions, the rate of change in motor neuron 

excitability as a function of stimulus intensity has been used.9 This method assesses 

the slope of the regression line of the H-reflex recruitment curve below the M-wave 

threshold. This in theory eliminates the antidromic effect and is less sensitive to slight 



 

 

118
changes in experimental conditions since it measures rate of change and not 

absolute magnitudes. 

This approach is not without limitations though. The linear regression line is fit 

onto the ascending portion of the H-reflex recruitment curve which is sigmoid or S 

shaped.10 Fitting a least squares linear regression line on this shape of a curve may not 

best approximate the rate of change in the curve.10 Therefore, Christie et al. proposed 

that the peak of the first derivative of the H-reflex recruitment curve would provide a 

better representation of the H-reflex amplitude.10 

The first derivative is the peak rate of change of the curve. Thus, a change in 

excitability would be detected in peak rate of change. Ideally, with a better fit curve 

less error would be introduced into the estimate of motor neuron pool excitability. 

In their study, the first derivative of the H-reflex and M-wave recruitment curves 

were calculated in several stages.10 First a 4th order polynomial curve was fit onto the 

curve. The 4th order polynomial curve was selected because it reduced the mean 

square error of the curves the greatest. The curves were then interpolated to 100 data 

points by a linear interpolation technique. The first derivative was then calculated 

from the resampled data.10 

Again, since the H-reflex recruitment curve is sigmoid shaped the threshold region 

of the curve is not very well approximated by the linear fit curve.10 By examining the 

first derivative, this is eliminated since this reflects the peak rate of change of the 

curve.10 Although a comparison of the first derivative technique to the slope technique 

did not lead to statistically different results, it did reveal higher ICC values for the first 
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derivative technique, which in turn leads to greater experimental power and 

practical significance.10 

 

Pre-Synaptic Inhibition 

An important consideration when interpreting the H-reflex is the effect of pre-

synaptic inhibition on the reflex arc. In his review of the H-reflex in exercise science 

studies, Zehr cautions, “Due to the direct synaptic connection of Ia afferents and 

άMNs it has been tempting for researchers to assume that the H-reflex represents 

faithfully the excitability of the motor neuron pool under study…However, the 

synaptic connection between Ia afferents and άMN is itself subject to modification. It 

is sensitive to mechanisms that cause changes in the pre-synaptic inhibition of Ia 

afferent transmission, and that directly affect neurotransmitter release at the Ia/άMN 

synapse.”2 

There are several different types of pre-synaptic inhibition, each with different 

mechanisms, but each resulting in the aforementioned reduction in neurotransmitter 

release and a subsequent reduction in motor neuron pool depolarization. What is 

interesting is afferent transmission can be modified without effecting the post-synaptic 

motor neuron membrane. This function reveals the monosynaptic stretch-reflex is 

selective in altering transmission of the afferent input, even selective enough to effect 

different collaterals from the same muscle spindle afferents.2 
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The two most commonly studied in the exercise science field are intrinsic and 

extrinsic pre-synaptic inhibition. (See Figure A.3: Intrinsic Pre-Synaptic Inhibition 

Reflex Arc and Figure A.4: Extrinsic Pre-Synaptic Inhibition Reflex Arc.) 

Intrinsic pre-synaptic inhibition is a regulatory mechanism of the synapse that is 

internal to the sensory and motor synaptic connection. Intrinsic pre-synaptic inhibition 

takes into account the activation history of the reflex pathway.  It has been proposed 

that modulation of the reflex depression associated with the frequency of the reflex 

activation could reduce the effectiveness of spindle afferents when the muscle is 

lengthening and spindle afferent feedback is high.11 It has been further postulated that 

this modulation allows the facilitation provided by the spindle afferent to temporarily 

summarize and contribute to the neural drive when loads are resisted during voluntary 

movement.12 This suggests modulation of the reflex depression associated with 

activation history may interact with segmental control mechanisms to gate motor 

neuron pool excitability.11 

Extrinsic pre-synaptic inhibition is mediated by the action of an inhibitory 

interneuron acting on the Ia afferent terminals, leading to a reduction in 

neurotransmitter release and a concomitant reduction in MN depolarization induced by 

Ia activity.2 Many factors affect extrinsic pre-synaptic inhibition, including, but not 

limited to, afferent feedback from other peripheral receptors (e.g., muscle spindles and 

cutaneous mechanoreceptors) and descending supraspinal commands. The effect of 

many of these factors can be assumed to be controlled by maintaining the posture and 

intention of the subject.2 
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Another major difference between intrinsic and extrinsic pre-synaptic 

inhibition is the neurotransmitter that is released to impart the inhibition on the reflex. 

Extrinsic pre-synaptic inhibition utilizes GABAA, whereas intrinsic pre-synaptic 

inhibition utilizes GABAB. GABAA is short acting while GABAB is longer acting and 

has receptors on smaller Ia terminals. 

Earles et al. performed a cross sectional study of endurance trained athletes and 

power trained athletes. Although they did not examine differences in intrinsic versus 

extrinsic in their study they did examine intrinsic pre-synaptic inhibition versus post-

synaptic inhibition. Post-synaptic inhibition will be discussed in more detail in 

following sections. In their study they reported the endurance athletes, who were 

distance runners, had more intrinsic pre-synaptic inhibition than the power trained 

athletes did. The authors suggest this may be due to the increased afferent modulation 

of motor output. As they state, running would necessitate a large amount of afferent 

inflow, thus a high level of pre-synaptic control would be beneficial to gate this 

afferent information allowing more efficient cortical commands to dominate the 

movement. Their results concur with previous results demonstrating lower H-reflexes 

in runners.  

Understanding pre-synaptic information may provide great insight into what is 

occurring in the nervous system, both acutely and chronically. Again Zehr, 

“Interestingly, while rapid changes in pre-synaptic inhibition have been suggested to 

play a strong role in H-reflex modulation during movement, it has also been suggested 

that chronic alterations in the level of Ia pre-synaptic inhibition may act as the 
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substrate underlying the training-induced adaptations in H-reflex amplitude 

described earlier.”2  

 

Post-Synaptic Inhibition 

Modulation of reflexive activity can also occur after the Ia/άMN synapse and thus 

is post-synaptic in nature. This modulation can occur via several different pathways. 

One of the most commonly studied is recurrent inhibition. (See Figure A.5: Recurrent 

Inhibition Reflex Arc.) Axons along the alpha motor neuron give rise to recurrent 

collaterals projecting to Renshaw cells that inhibit homonymous motor neurons. 

Renshaw cells act by hyperpolarizing the motor neurons by using the neurotransmitter 

L-glycine which inhibits firing in the motor neuron.13 This is a negative feedback 

system that regulates motor neuron excitability and stabilizes the firing rate of the 

motor neuron. 

Interestingly, Renshaw cells also receive significant synaptic input from 

descending pathways and send collaterals to synergist motor neurons and Ia inhibitory 

interneurons.13  It is likely they contribute to establish the pattern of transmission in 

divergent group Ia pathways according to task. The connection to Ia inhibitory 

interneurons may help to regulate the strength of reciprocal inhibition to antagonist 

motor neurons. The combination of descending input, connections to synergists and to 

Ia inhibitory internuerons allows the Renshaw cells to adjust the excitability of all the 

motor neurons around a joint. 
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It has been suggested that recurrent inhibition works as a regulator of force 

control during muscle contraction. In the aforementioned Earles et al. study that 

examined the differences between intrinsic pre-synaptic inhibition and post-synaptic 

recurrent inhibition in a group of endurance trained and a group of power trained 

individuals revealed a significant increase in recurrent inhibition in the power trained 

group.11 The authors’ postulate that power trained individuals attempt to fully recruit 

their motor neuron pools. In order to regulate that force output, recurrent inhibition via 

Renshaw cells is speculated to be responsible for this force modulation.11 Particularly, 

post-synaptic control is a mechanism to control motor unit firing frequency.  

 

V-Wave 

The V-wave is a variant of the H-reflex that can be used as a measure of 

supraspinal descending neural drive.14-21 V-waves are essentially H-reflexes recorded 

during a maximal voluntary contraction. (See Figure A.6: V-Wave Reflex Arc) 

V-waves are elicited by applying a supramaximal stimulation to a peripheral nerve 

during a muscle contraction. The supramaximal stimulation sends 1) an orthodromic 

volley directly to the muscle resulting in an M-wave, 2) an orthodromic H-reflex 

volley along the Ia sensory fibers and through the reflex arc, and 3) an antidromic 

volley along the alpha-motor neuron. Additionally, the voluntary muscle contraction 

causes an orthodromic volley to be propagated along the alpha motor neuron towards 

the muscle. This orthodromic volley from the voluntary muscle contraction collides 

with the antidromic volley. This collision clears the alpha motor neuron allowing the 
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orthodromic H-reflex volley that is propagating along the reflex arc to pass to the 

muscle resulting in a V-wave recording. Increased V-wave amplitudes indicate 

elevated neural drive in descending corticospinal pathways, increased motor neuron 

excitability, and / or decreased pre-synaptic inhibition of Ia afferents.18 

Although V-waves have been studied for over thirty years, the majority of research 

utilizing this technique has occurred more recently.20, 21 In a study by Aagaard et al. 14 

males participated in a 14 week heavy resistance strength training program.15 At the 

conclusion of the training program, participants’ strength increased by 23 – 30%, H-

reflexes normalized to Mmax increased by approximately 20%, and their V-waves 

normalized to Mmax had increased nearly 50%. In conclusion, the authors noted the 

strength increase was associated with motor neuron pool output comprised of 

supraspinal and spinal mechanisms.  

Del Balso and Cafarelli also performed a study on the effects of a training program 

on V-waves and H-reflexes as assessed by the H-slope to M-slope technique.16 Twenty 

males, 10 in the control group and 10 the training group participated in 4 weeks of 

isometric training of the ankle plantarflexors.16 Following the intervention, isometric 

strength in the training group had increased by 20% and rate of torque development 

increased by 42.5%.16 V-waves normalized to Mmax had increased 57.3%. However, 

H-reflex excitability did not change over the training period.16 Therefore, the authors’ 

concluded the change in early stages of a strength training intervention may be due to 

changes in supraspinal drive.16 
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Gondin et al. examined changes in strength, muscle activation, H-reflexes and 

V-waves following five weeks of neuromuscular electrical stimulation (NMES) 

training of the soleus.22 They reported a 22% increase in MVC following the training 

and an 11% increase in muscle activation. Soleus V-waves increased significantly by 

81%, but there was no change in H-reflexes. They concluded that changes 

accompanying NMES training could be from enhanced neural drive from supraspinal 

centers or neural mechanisms occurring at the spinal cord.22  

Duclay and Martin attempted to determine how V-waves are modulated during 

static and dynamic muscle contractions of the soleus.17 Sixteen males had V-waves 

and H-reflexes evoked during a maximal voluntary isometric, concentric, and 

eccentric contraction.17 There was no difference in the V-wave normalized to Mmax 

across contraction types. However, H-reflexes were depressed during muscle 

lengthening compared to isometric and concentric contraction. 

 

Rate of Torque Development 

The ability to quickly activate the neuromuscular system in order to generate 

torque and stiffen joints may be important during fast movements and in injurious 

situations.  

To assess explosive strength qualities of the neuromuscular system rate of torque 

development (RTD), the slope of the torque-time curve, is often measured. In fact, in a 

recent review of training induced changes in neural function, Aagaard suggested RTD 

is perhaps the single most important functional benefit induced by resistance 



 

 

126
training.14 The reason for this postulation is in the fact that fast movements 

observed in many sports have contraction times of 50 – 250 ms, whereas it may take 

300 ms to reach maximum torque.15 There is evidence that isometric strength training, 

ballistic strength training, and sensriomotor training all increase RTD.16, 23-25  

As previously mentioned, Del Balso and Cafarelli performed a study on the effects 

of a four-week isometric strength training of the ankle plantarflexors on rate of torque 

development.16 As noted, they also examined the effects of isometric training on V-

waves and H-reflexes. Following the training program, RTD increased by 42.5%.16 

In a study of 15 males participating in a 14 week (38 sessions) heavy resistance 

training program RTD was significantly increased. In fact, the RTD increased at 30, 

50, 100, and 200 ms. The authors speculated the gains in RTD were due to the 

enhanced neural drive in the early phase of contraction (0 – 200 ms). They determined 

this by changes in the mean average EMG amplitude.23  

Gruber and Gollhofer investigated RTD and neural activation changes following a 

four week (eight sessions) sensorimotor training program in 17 participants (12 

females and five males).24 Before and after the balance training intervention the 

participants performed an isometric leg press with their right leg. They found that 

sensorimotor training increased RTD and neural drive as determined by EMG 

amplitudes during the early phases of muscular action. However, they did not observe 

any change in the maximum strength of their participants. They suggest mechanism 

for the observed changes is the withdrawal of pre-synaptic inhibition on Ia terminals 

on the motor neurons of the acting muscle.  
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Until recently it was unknown how RTD was related to neural control 

variables. Holtermann et al. reported a positive correlation between percentage 

changes in H-reflex amplitude and RTD with a three-week isometric training 

program.25 The authors reported the changes were a result of either motor neuron 

excitability or pre-synaptic inhibition during the initial phase of resistance training.  

 

Electro-mechanical Delay 

As mentioned, the ability to quickly activate the neuromuscular system in order to 

generate force and stiffen joints may be important during fast movements and in 

injurious situations. Although the majority of research has focused on the amount of 

force capable of being produced, e.g., maximal force production and rate of force 

development, the ability to initiate force is important as well. It is known there is a 

time lag between the onset of muscle activity and force generation; this has been 

referred to as electro-mechanical delay.  

Granata et al. explains that force is developed when muscle contractile elements 

shorten, thereby stretching the series elastic component (SEC), transferring force to 

the tendons and joints.26 They further elucidate that muscle stiffness plays a critical 

role development of muscle force. Stiffness describes the relation between force and 

stretch length. Therefore, a mechanically stiff muscle transmits force with very little 

stretch of the SEC. Whereas, a compliant or lax muscle requires more contraction to 

stretch the SEC and produce a measurable force. For that reason, less stiff tissues 

require more time from activation until force generation. In other words, EMD is 
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longer in less stiff muscles. Due to this idea, EMD is believed to be a factor of the 

muscle stiffness. In fact several authors report that EMD can be an indirect measure of 

muscle stiffness. With the majority of those authors suggesting that the changes in 

EMD are a factor of intrinsic muscle stiffness. In fact it is known EMD values are also 

reduced in muscles with higher activation levels and that reflex activation contributes 

up to 40% of the total muscle stiffness. However, no empirical data directly links 

stiffness and EMD. 

The clinical or practical applications of a shortened or lengthened 

electromechanical delay are not fully understand, it has been suggested that a longer 

electromechanical delay may be associated with injurious conditions due to the time 

lag in force production. 

Mora et al. examined EMD for the peroneal muscles in control subjects and 

subjects with functional ankle instability during bipedal and monopedal stances.27 

EMD was elicited via a supramaximal stimulation to the common peroneal nerve. The 

EMD for the functional ankle instability group was significantly longer for both 

stances compared to the controls. The authors suggest the peroneal longus EMD can 

be used as an indirect index of musculo-tendinous stiffness at the ankle. Due primarily 

to the fact that EMD decreased from the bipedal to monopedal stance was greater for 

the control group than the functional ankle instability group. However, the EMG 

backgrounds of the peroneal longus and soleus were greater in the functional ankle 

instability group. This would suggest that that the subjects in this group compensate 
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for a lack of intrinsic muscle stiffness by increasing the activation of the muscle 

thus increasing the stiffness of the muscle. 

Kaneko et al. examined EMD in patients following rehabilitation from ACL 

reconstruction.28 EMD was tested via an MVC of the quadriceps femoris and with a 

supramaximal twitch technique to the femoral nerve. Overall, the finding illustrated an 

significantly increased EMD for the involved leg of the ACL patients. Specifically, 

during the MVC, the EMD for the involved leg was 52.62 ± 27.36 ms and 33.15 ± 

12.60 ms for the uninvolved leg. Whereas the endurance trained group had MVC 

EMD values of 24.95 ± 15.20 ms and the control group had values of 32.31 ± 12.88 

ms. For the EMD elicited via a supramaximal twitch the results revealed a similar 

pattern. The involved leg had significantly increased EMD values of 20.04 ± 4.09 ms. 

The uninvolved leg was 17.39 ± 2.96 ms, the trained group was 15.66 ± 2.70 ms, and 

the control group was 16.92 ± 5.41 ms.  

Granata et al. compared EMD in patients with spastic cerebral palsy and normally 

developing individuals.26 The rationale for this comparison is that persons with 

spasticity have significantly more stiffness than normal subjects. As the authors state, 

two mechanisms have been proposed: 1) increased reflex stiffness, and 2) increased 

intrinsic stiffness. Thus, EMD should be increased in patients with spasticity. 

EMD was measured in 12 children with spastic cerebral palsy and 12 matched 

healthy children. EMD was elicited via a tendon tap to the knee extensors. The 

patients with spastic cerebral palsy demonstrated a 25% shorter EMD than the healthy 

controls. However, they also showed significantly great peak EMG recordings in the 
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quads and an increased normalized antagonistic hamstring activity. Like other 

studies, this study could not separate the role of intrinsic muscle stiffness versus 

reflexive stiffness. However, under isometric conditions, reflex activation contributes 

up to 40% of the total muscle stiffness. 

Due to the discrepancy in certain injuries between the sexes, there is an interest to 

study EMD differences between males and females. 

Bell and Jacobs examined EMD between the sexes via a MVC of the biceps 

brachii muscle.29 In their analysis they separated both sexes into a stronger and weaker 

group, i.e., stronger males, weaker males, stronger females, weaker females. The main 

finding was that both group of males had a shorter EMD compared to both female 

groups. However, there was no difference between the weaker and stronger groups 

within in each sex for EMD. 

Minshull et al. examined EMD of the knee flexors between the sexes in healthy, 

active individuals before and after a single 30 second bout of maximal static fatiguing 

exercise.30 The EMD was elicited both volitionally and through a magnetically evoked 

stimulation of the peripheral nerve root. The authors were interested in the EMD of the 

knee flexors due to the role of the muscles as dynamic synergists to the ACL. As the 

authors postulate, a limited time frame exists whereby potential harmful dynamic 

forces must be overcome by the most rapid response of the neuromuscular system in 

order to protect ligamentous tissue against injury. 

The baseline volitional EMD values showed no differences between males and 

females. While the males showed no change in volitional EMD following the fatiguing 
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exercise, the females did, demonstrating a 19.3% increase in EMD values. Unlike 

the baseline volitional EMD values, the magnetically evoked EMD baseline values 

were significantly shorter in females. Following the fatiguing task, the evoked EMD 

values were actually potentiated in both males and females, decreasing by 21%. 

The reasons for the decrease in magnetically evoked EMD following the fatiguing 

exercise were not able to be deduced from the study. However, the authors suggest a 

possible explanation. During volitional muscle fatigue there may be what the authors’ 

term “reserve capacity” of unused motor units that can be deployed during perceived 

threat to the joint system. The utility of this preserved capacity to the individual athlete 

may be dependant entirely, however, on the down-regulation of these potential 

protective central and peripheral neuromuscular inhibitory mechanisms that appear to 

limit access to the full capacity of large high threshold motor units under voluntary 

conditions. As the authors state, this inhibition may be exemplified by the longer 

latencies associated with the volitional EMD (51.2 ms) compared to the evoked EMD 

(27 ms).  

  

Frontal Plane Projection Angle 

Certain movements, particularly frontal plane movement, may predispose the 

individual to ACL injury. Non-contact ACL injuries are most commonly reported to 

occur during landing, rapid change of direction, and deceleration.31-33 It has been 

observed that non-contact ACL injuries occur close to foot strike with the knee near 

full extension and in an abducted (valgus) position.31, 33 Additionally, increased frontal 
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plane movement has been suggested to be a predictor of ACL injury in a group of 

high school female athletes.34 In that study, knee abduction moments and angles were 

significant predictors of future ACL injury risk.34 Knee abduction was more than 8º 

greater in the ACL-injured group than in the uninjured groups.34 Whereas, knee 

flexion angle was not a strong predictor of future ACL injury, which would be in 

concurrence with modeling studies suggesting that sagittal plane stresses are not great 

enough to rupture the ACL during a side-step cutting maneveur.34, 35 

Interestingly, frontal plane movement is increased in females during certain 

movements. For example, it was observed that during a single leg cross cutting 

maneuver that both sexes started with the knee in valgus, but while males moved into 

varus during the movement, females moved further into valgus.36 Similar findings of 

increased valgus in females compared to males were demonstrated during a simulated 

landing from a volleyball block.37 Furthermore, during a single-leg squat, females 

started with the knee in a more valgus position relative to males and remained in a 

more valgus position throughout the movement.38 Females also had more activation of 

the rectus femoris muscle during the squat.38 This coincides with that fact, females 

tend to have a higher prevalence of ACL injuries.39 

The question remains why certain individuals display more frontal plane 

movement during functional tasks. Previous researchers have examined anatomical, 

biomechanical, and neuromuscular parameters to explain this.32, 40, 41 However, the 

spinal control mechanisms responsible for these differences remain unidentified. 
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Figure A.1: H-Reflex Arc 

 
Afferent information from the muscle spindle synapse in the spinal cord with the alpha 
motor neuron. 
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Figure A.2: H-reflex and M Wave Recruitment Curves6 
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Figure A.3: Intrinsic Pre-Synaptic Inhibition Reflex Arc 

 
The IPI and H-reflex arcs are the same. The difference is the IPI arc receives two 
identical stimuli 100 ms apart, inducing IPI. 
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Figure A.4: Extrinsic Pre-Synaptic Inhibition Reflex Arc 

Tibialis anterior stimulus occurs 100ms prior to stimulus of the soleus. The resulting 
inhibition occurs via the pre-synaptic interneuron.  
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Figure A.5: Recurrent Inhibition Reflex Arc 

 
Recurrent inhibition occurs via a Renshaw cell that projects from the axon of the alpha 
motor neuron back to the Ia afferent. 
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Figure 6: V-Wave Reflex Arc 

 
A maximal voluntary contraction during an H-reflex trials results in a V-wave which 
is an assessment of supraspinal drive. 
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Appendix B: Initial Approval From Institutional Review Board 

 
TO: Mark Hoffman, NES 

  
IRB #:  3734 – Neural Control Differences of the Sexes (Student Researcher:  Sam Johnson) 

 
Level of Review:  Full Board 
 
Expiration Date: 10-1-08 
 
Approved Number of Participants: 40 
 
The referenced project was reviewed under the guidelines of Oregon State University's 
Institutional Review Board (IRB).  The IRB has approved the: 

 
( X ) Initial Application  ( ) Continuing Review  ( ) Project Revision 

 
A copy of this information will be provided to the full IRB committee.   

 
• CONSENT FORM:  All participants must receive the IRB-stamped informed consent 
document.  If the consent is in a format that could not have stamp placement (i.e. web site 
language, email language, etc), then the language must be exactly as the IRB approved it.   
• PROJECT REVISION REQUEST:  Any changes to the approved protocol (e.g. protocol, 
informed consent form(s), testing instrument(s), research staff, recruitment material, or 
increase in the number of participants) must be submitted for approval before implementation. 
• ADVERSE EVENTS:  Must be reported within three days of occurrence.  This includes 
any outcome that is not expected, routine and that result in bodily injury and/or psychological, 
emotional, or physical harm or stress. 
• CONTINUING REVIEW:  A courtesy notice will be sent to remind researchers to 
complete the continuing review form to renew this project, however – it is the researcher’s 
responsibility to ensure that continuing review occurs prior to the expiration date.  Material 
must be submitted with adequate time for the office to process paperwork.  If there is a lapse 
in approval, suspension of all activity including data analysis, will occur. 
• DEVIATION/EXCEPTIONS:  Any departure from the approved protocol must be 
reported within 10 business days of occurrence or when discovered. 
 
Forms are available at:  http://oregonstate.edu/research/osprc/rc/humansubjects.htm. 

 
If you have any questions, please contact the IRB Human Protections Administrator at 
IRB@oregonstate.edu or by phone at (541) 737-8008. 

 

   Date:  11-25-07 
Elisa Espinoza Fallows 
IRB Human Protections Administrator 
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Appendix C: Informed Consent Document 

 
Project Title: Neural Control Differences of the Sexes 
Principal Investigator: Mark Hoffman, Department of Nutrition and Exercise 

Sciences 
Co-Investigator(s): Sam Johnson, Department of Nutrition and Exercise 

Sciences 
  

WHAT IS THE PURPOSE OF THIS STUDY? 
 

You are being invited to take part in a research study designed to evaluate possible 
differences in the ways males and females control movement. These possible 
differences are being investigated to help understand why females injure their knees 
more than males. To test this idea your reflexes, strength, reaction time, and joint 
angles during a single leg squat movement will be tested. These results will be used as 
part of a student’s dissertation and possible presentation and publication.  
 
WHAT IS THE PURPOSE OF THIS FORM? 
 

This consent form gives you the information you will need to help you decide whether 
to be in the study or not.  Please read the form carefully.  You may ask any questions 
about the research, the possible risks and benefits, your rights as a volunteer, and 
anything else that is not clear.  When all of your questions have been answered, you 
`can decide if you want to be in this study. 
  
WHY AM I BEING INVITED TO TAKE PART IN THIS STUDY? 
 

You are being invited to take part in this study because you are between the ages of 18 
– 35 years of age, are recreationally active at least three times per week for at least 30 
minutes each session, and have: 1) no current injury or illness, 2) had no lower 
extremity or back injury in the previous six months, and 3) no history of knee surgery. 
 
WHAT WILL HAPPEN DURING THIS STUDY AND HOW LONG WILL IT 
TAKE? 
 

Testing will occur in the Sports Medicine Laboratory in the Women’s Building on the 
campus of Oregon State University. If you agree to take part in this study, your 
involvement will last for approximately 90 minutes. The following is a brief 
description of the testing session:  
 
• Read and sign informed consent form (~5 minutes) 
• Health history and training history questionnaire (~5 minutes) 
• Determination of height, weight, and leg length (~5 minutes) 
• Determination of leg dominance (~2.5 minutes) 

You will be asked to kick a ball, step up onto a step, and recover from a small push 
from behind to determine your dominant leg. 
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• Positioning on strength machine for strength testing (~2.5 minutes) 

You will sit on the Biodex dynamometer (a machine used to measure strength) with 
your back slightly reclined, hip and knee flexed to 45 degrees, and your foot 
strapped to a foot plate. The other leg will be supported for your comfort. 

• Electrode placement (~5 minutes): 
Seven lubricated surface electrodes will be placed of your calf, shin, and thigh 
muscles to monitor activity in your muscle. Two stimulating electrodes that deliver a 
small shock will be placed on your leg, one behind your knee and one on the side of 
your knee. The shock has been described as feeling similar to a “carpet shock.” Two 
ground electrodes will also be attached, one above the front of your kneecap and 
another along the side of your leg. All areas of skin where electrodes will be placed 
will be shaved and cleaned with alcohol prior to application of the electrodes. 

 
  

Seated Positioning Electrode Placement 
 
• Elicitation of spinal reflex recruitment curve (~30 minutes): 

While seated, shocks will be applied to the back and the side of your knee. The 
shocks have been described as feeling similar to a “carpet shock.” In approximately 
50 trials, you will feel two shocks behind your knee with less than a second between 
shocks. Between each pair of shocks, there will be at least 10 seconds of rest. In 
approximately 50 other trials, you will first receive a shock to the side of your knee 
followed less than a second later by a shock behind your knee. Again, between each 
pair of shocks there will be at least 10 seconds of rest. These shocks will be used to 
determine your reflexes.   

• Determination of strength and reaction time (~10 minutes): 
You will be asked to push against the foot plate your foot is attached to as hard and 
fast as you can after you see a wall mounted light illuminate. You will perform this 
three times with 60 seconds rest between each contraction. This will determine your 
strength and reaction time. 

• Elicitation of spinal reflex during muscle contraction (~10 minutes): 
Again you will be asked to push against the foot plate as hard and fast as you can. 
However, when you reach 90% of your maximum strength you feel a shock to the 
back of your knee. This shock will be similar to those felt previously. By stimulating 
your nerve while performing a muscle contraction we are able to assess both 
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reflexive and voluntary spinal pathways. The procedure will be performed three 
times with 60 seconds rest between each muscle contraction. 

• Placement of reflective markers (~5 minutes): 
You will stand and the electrodes on your leg will be removed. Three reflective 
markers will be attached to your leg. One on the front of your hip, one of the front of 
your kneecap, and one on the front of your shin bone. These markers will be used to 
determine the joint angle during a single leg squat movement. 

• Determination of knee position during a single leg squat (~5 minutes): 
You will be asked to cross your arms 
across your chest and stand on your 
dominant leg. In this standing position a 
photograph will be taken to determine 
your baseline knee angle. You will then be 
asked to perform a single leg squat to 45 
degrees of knee flexion. In order for you 
to know when you reach 45 degrees of 
knee flexion, a stool with adjustable height 
will placed behind you. The height of the 
stool will be adjusted so your buttocks / 
gluteus maximus touches the stool when 
knee flexion reaches 45 degrees. At this position another photograph will be 
obtained. You will be asked to perform this squat three times with 60 seconds rest 
between each squat.  

• Cleanup (~5 minutes): 
Reflective markers will be removed and testing is completed. 

 
WHAT ARE THE RISKS OF THIS STUDY? 
 

Reflex testing, while uncomfortable, has relatively little risk. The shock has been 
described as feeling similar to a “carpet shock.” Some participants may experience 
dizziness, nausea, and fainting during or following the testing. If this occurs, 
immediately inform the researchers and testing will stop. 
 
Due to the use of electrical stimulation and the risk of electrical shock, there are two 
devices (stimulation isolation unit and constant current unit) placed in the circuit 
between you and the stimulator, greatly decreasing the chances of receiving a harmful 
shock. This type of nerve stimulation is common and considered safe for human 
subjects. In the unlikely event you receive a harmful shock, immediate steps will be 
taken to assist you. First, the testing will be discontinued immediately and your vital 
signs will be evaluated.  If needed, the emergency response system will be contacted 
immediately via phone in the lab. All investigators are trained in CPR. If medical care 
is necessary you and/or your insurance provider will be responsible for all medical 
care expenses. 
 

  
Standing Position Squat Position 
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WHAT ARE THE BENEFITS OF THIS STUDY? 
 

We do not know if you will benefit from being in this study. However, we hope that in 
the future, other people might benefit from this study because we will have a better 
understanding of how males and females control movement.  
 
WILL I BE PAID FOR PARTICIPATING? 
 

You will be paid for being in this research study. You will receive a maximum of $20 
after completion of the study. If you withdraw from the study prior to completion you 
will receive the following pro-rated compensation: $10 after completion of spinal 
reflex testing, $5 for the completion of strength and reaction time testing, and $5 at the 
conclusion of joint angle testing during a single leg squat. 
 
WHO IS PAYING FOR THIS STUDY? 

 

The National Athletic Trainers’ Association Research and Education Foundation’s is 
funding this research study. This means Oregon State University is receiving 
payments from the National Athletic Trainers’ Association Research and Education 
Foundation to support the activities required to conduct the study. 
 
WHO WILL SEE THE INFORMATION I GIVE? 

 

The information you provide during this research study will be kept confidential to the 
extent permitted by law. To help protect your confidentiality, we will code all data 
forms, files, and recordings without any identifiable participant information. All forms 
will be locked in a filing cabinet in a secured office. 

 
One aspect of this study involves taking photographs of you. The photographs are 
being made to determine the joint angle during a single leg squat. You will be visible 
in these images. As indicated previously, all recordings will be identified only by 
subject code. The recording will be stored on the motion analysis computer or discs in 
the Sports Medicine Laboratory.  
 
If the results of this project are published your identity will not be made public. 
 
DO I HAVE A CHOICE TO BE IN THE STUDY?  
 

If you decide to take part in the study, it should be because you really want to 
volunteer. You will not lose any benefits or rights you would normally have if you 
choose not to volunteer. You can stop at any time during the study and still keep the 
benefits and rights you had before volunteering. 
 
You will not be treated differently if you decide to stop taking part in the study. You 
are free to skip any questions you prefer not to answer on the health history or training 
history questionnaire. If you choose to withdraw from this project before it ends, the 
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researchers may keep information collected about you and this information may be 
included in study reports. 

WHAT IF I HAVE QUESTIONS? 
 

If you have any questions about this research project, please contact: Mark Hoffman, 
541.737.6787, mark.hoffman@oregonstate.edu.  
 
If you have questions about your rights as a participant, please contact the Oregon 
State University Institutional Review Board (IRB) Human Protections Administrator, 
at (541) 737-4933 or by email at IRB@oregonstate.edu. 
 

Your signature indicates that this research study has been explained to you, that your 
questions have been answered, and that you agree to take part in this study.  You will 
receive a copy of this form. 
 
Participant's Name (printed):______________________________________________ 

 
______________________________________             _________________________ 
(Signature of Participant) (Date) 
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Appendix D: Neural Control Differences of the Sexes Screening 

Questionnaire 
 
The following information is provided only as a general introduction to the study. You 
will be asked to read and sign an informed consent describing the study in greater 
detail prior to participation. 
 
In this study we are investigating possible differences in the ways males and females 
control movement. We are studying this because females injure certain parts of their 
knees more frequently than males. We will be studying this through the following: 
1) Testing your reflexes by electrically stimulating / shocking your leg muscles. This 

feels like a “carpet shock”; 
2) Testing the strength of your calf muscles; 
3) Testing the reaction time of your calf muscles; 
4) Measuring your knee angle during a single leg squat. This will be done by taking a 

picture of you during the squat. 
 

The testing will take approximately 90 minutes and will be performed in the Sports 
Medicine Laboratory (Room 8) in the Women’s Building on the Oregon State 
University campus. If you complete the study you will be paid a maximum of $20 at 
the conclusion of the study.  
 
If you are a female, we are asking that you be tested on one of the first three days of 
your menstrual cycle. This is important because female sex hormones may play a role 
in the injury differences. If you are willing to participate in the study, we will ask that 
you contact the investigators either by phone or email when your menstrual cycle 
begins. Testing will then be scheduled during those first three days of your menstrual 
cycle. We are asking you also provide an estimate of when your next menstrual cycle 
will begin so we can send you a reminder email or phone call to contact us when your 
menstrual cycle begins. 
  
Please answer the following questions:  
1. Sex  Female  Male 
2. Age ________ years 
3. Do you have any current injury or illness?  Yes  No 
4. Have you had any leg or back injury in the past six 

months? 
 

 Yes 
 

 No 
5. Have you ever had knee surgery?  Yes  No 
6. How many days per week are you recreationally 

active? 
 
_______days 

7. During each exercise sessions how many minutes are 
you active? 

 
_______ minutes /exercise session 

8. Females: When was the first day of your last 
menstrual cycle (i.e., day you started your last 
period)? 

 
 

9. Females: Please estimate when your next menstrual 
cycle will begin (i.e., first day of your next period). 
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Appendix E: Participant Data 
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Subject Sex Age Pounds KG Height Leg_Dom PRD_M_Der H_Der H_Max PRD_Der EPI_M_Der EPI_Der Recurrent V:M FPPA EMD MAX-RTD
01_01 1 26 219 99.34 188.7 R 8.161 5.967 0.431 1.372 7.876 7.544 1.000 0.393 1.191 0.025 588.883
01_02 1 33 156 70.76 177.6 L 4.425 10.543 0.676 0.730 6.635 10.130 0.897 0.060 -1.019 0.050 273.358
01_03 1 20 174 78.93 178 R 8.470 16.713 0.728 10.142 10.196 8.625 0.698 0.100 0.697 0.167 52.320
01_04 1 24 151 68.49 173.4 R 4.780 10.198 0.461 1.130 4.934 5.804 0.974 0.669 11.750 0.039 452.512
01_05 1 23 149.5 67.81 176.5 R 6.903 8.822 0.535 4.120 5.339 4.757 0.918 0.188 -0.336 0.034 331.970
01_06 1 26 163 73.94 175.5 L 6.826 13.205 0.614 1.204 7.716 9.807 0.912 0.416 1.629 0.035 424.641
01_07 1 18 163 73.94 179.3 R 8.402 5.911 0.335 0.251 7.760 6.025 1.000 0.085 7.908 0.046 289.385
01_08 1 18 160 72.57 169.8 L 10.434 6.879 0.430 0.424 11.255 4.664 0.998 0.330 2.582 0.031 630.215
01_09 1 19 166.5 75.52 178.9 R 11.979 5.498 0.241 0.287 9.495 2.674 0.014 2.076 0.055 253.920
01_10 1 19 150 68.04 178.6 L 6.499 9.257 0.662 3.908 6.735 4.836 0.730 0.083 5.564 0.048 291.047
01_11 1 23 215 97.52 184.5 R 4.166 8.031 0.718 2.177 4.402 8.730 0.172 0.765 9.832 0.031 795.327
01_12 1 33 160 72.57 178 R 4.195 3.251 0.547 0.528 4.079 6.110 1.000 0.122 3.272 0.036 362.915
01_13 1 22 141 63.96 175.9 R 9.071 16.984 0.608 4.458 11.260 19.971 0.800 0.187 5.560 0.035 364.052
01_14 1 23 173.5 78.70 176.7 R 8.834 15.165 0.684 2.172 6.802 16.066 1.000 0.102 4.672 0.037 478.530
01_15 1 19 162 73.48 182.9 R 7.623 11.819 0.632 3.285 9.755 13.659 1.000 0.054 10.657 0.061 210.359
01_16 1 26 259 117.48 186.8 R 5.849 8.952 0.603 1.728 7.036 5.264 0.305 5.275 0.034 719.020
01_17 1 20 142.5 64.64 170.3 R 6.892 10.460 0.591 0.909 9.793 8.023 0.978 0.056 11.083 0.042 304.299
01_20 1 22 158 71.67 166.9 R 6.285 11.611 0.408 1.102 5.305 8.308 0.954 0.146 8.385 0.038 303.463
01_22 1 22 184 83.46 173.3 R 4.563 6.842 0.445 2.479 4.335 8.346 0.560 0.073 6.799 0.038 244.449
Avg 22.9 170.8947 77.5165 177.4526 7.071 9.795 0.545 2.232 7.406 8.387 0.858 0.218 5.136 0.046 387.930

StDev 4.3 29.0633 13.1829 5.4440 2.122 3.712 0.133 2.265 2.286 4.146 0.213 0.207 3.893 0.030 180.903

Subject Sex Age Pounds KG Height Leg_Dom PRD_M_Der H_Der H_Max PRD_Der EPI_M_Der EPI_Der Recurrent V:M Squats EMD MAX-RFD
02_01 2 24 122.5 55.57 164.7 R 7.324 10.958 0.571 1.894 5.445 7.504 0.538 0.114 2.827 0.041 275.593
02_02 2 32 158 71.67 169.3 R 6.366 7.835 0.800 6.075 5.547 10.605 0.223 0.170 2.408 0.048 215.962
02_04 2 25 116.25 52.73 163.4 R 7.895 3.859 0.301 0.213 6.987 3.887 1.000 0.155 6.224 0.050 169.133
02_05 2 21 144 65.32 173.9 R 3.972 6.071 0.497 1.015 3.756 7.896 0.599 0.299 2.308 0.051 349.917
02_06 2 22 101 45.81 155.8 R 5.024 13.460 0.469 0.981 4.781 7.127 1.000 0.180 9.915 0.098 283.393
02_07 2 23 123 55.79 172.8 R 6.950 13.874 0.574 1.755 6.315 6.381 0.667 0.448 -3.006 0.053 251.709
02_08 2 22 123 55.79 160.8 R 7.364 11.235 0.574 1.177 8.461 9.077 0.950 0.214 3.667 0.064 233.660
02_09 2 27 134 60.78 164.6 R 4.991 15.288 0.646 2.628 4.856 12.603 0.113 0.537 9.920 0.040 422.933
02_10 2 25 154 69.85 168.7 R 6.419 22.909 0.953 5.697 5.658 31.153 0.434 0.040 5.466 0.056 300.263
02_11 2 24 134.25 60.89 168.1 R 7.895 7.874 0.653 2.017 7.453 11.300 1.000 4.535 0.082 125.944
02_12 2 24 150 68.04 166.6 R 7.257 8.570 0.365 0.115 10.570 5.593 1.000 0.050 15.760 0.042 241.205
02_15 2 28 179 81.19 169.1 R 3.087 6.094 0.751 1.551 3.638 9.054 0.427 0.464 8.888 0.051 206.111
02_16 2 24 118 53.52 156.4 R 10.017 5.683 0.288 0.357 7.195 2.245 1.000 0.290 -1.791 0.065 354.634
02_18 2 23 149 67.59 162 R 4.049 15.262 0.913 8.033 5.274 11.965 0.226 0.171 4.069 0.128 101.903
02_19 2 24 131 59.42 167.4 L 4.981 11.757 0.803 1.471 5.908 14.638 0.740 0.618 2.362 0.040 366.977
02_20 2 24 145 65.77 161.5 R 5.498 8.326 0.654 2.656 5.325 9.635 0.762 0.216 8.253 0.059 223.445
02_21 2 22 163 73.94 174.6 R 3.567 8.317 0.730 0.489 4.418 6.991 0.663 0.271 10.344 0.056 283.343
02_22 2 30 133 60.33 155.8 R 6.066 9.451 0.463 0.386 6.678 8.595 0.987 0.313 2.893 0.032 343.875
Avg 24.7 137.6667 62.4445 165.3056 6.040 10.379 0.611 2.139 6.015 9.792 0.685 0.268 5.280 0.059 263.889

StDev 2.9 19.3214 8.7640 5.8531 1.803 4.579 0.194 2.232 1.707 6.149 0.305 0.166 4.614 0.023 85.154  
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Appendix F: SPSS MANOVA Output For Chapter Two Sex Differences
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GET 
  FILE='\\onid-fs\johnssam\Dissertation_Data_Overall_2008_07_25.sav'. 
DATASET NAME DataSet1 WINDOW=FRONT. 
GLM 
  H_Der IPI_Der EPI_Der Recurrent V_M  BY Sex 
  /METHOD = SSTYPE(3) 
  /INTERCEPT = INCLUDE 
  /PRINT = DESCRIPTIVE ETASQ OPOWER PARAMETER HOMOGENEITY 
  /CRITERIA = ALPHA(.05) 
  /DESIGN = Sex . 
 
 
General Linear Model 
 
Between-Subjects Factors 
 
  N 

1.00 17 Sex 
2.00 17 
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Descriptive Statistics 
 
  Sex Mean Std. Deviation N 

1.00 10.097570
0 3.88213346 17

2.00 10.526508
8 4.67570492 17

H_Der 

Total 10.312039
4 4.23726158 34

1.00 8.9062629 4.17996028 17
2.00 9.7027906 6.32607439 17

EPI_Der 

Total 9.3045268 5.29509047 34
1.00 2.3760015

3 2.412382422 17

2.00 2.1465310
0 2.300876160 17

IPI_Der 

Total 2.2612662
6 2.324217060 34

1.00 .85833463
841 

.21934390653
2 17

2.00 .66641667
459 

.30328778432
1 17

Recurrent 

Total .76237565
650 

.27823033636
0 34

1.00 .22510311
076 

.21830235813
8 17

2.00 .26769317
012 

.16550696712
2 17

V_M 

Total .24639814
044 

.19197489368
5 34

1.00 .04665 .032142 17
2.00 .05729 .023374 17

EMD 

Total .05197 .028196 34
1.00 376.33676 175.344525 17MAXRFD 
2.00 272.00329 80.281089 17
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Total 324.17003 144.345819 34
 
Box's Test of Equality of Covariance Matrices(a) 
 
Box's M 30.001 
F .816 
df1 28 
df2 3568.203 
Sig. .740 

Tests the null hypothesis that the observed covariance matrices of the dependent variables are equal across groups. 
a  Design: Intercept+Sex 
 
Multivariate Tests(c) 
 

Effect   Value F Hypothesis df Error df Sig. 
Partial Eta 
Squared 

Noncent. 
Parameter 

Observed 
Power(a) 

Pillai's Trace .984 223.522(b) 7.000 26.000 .000 .984 1564.656 1.000
Wilks' Lambda .016 223.522(b) 7.000 26.000 .000 .984 1564.656 1.000
Hotelling's Trace 60.179 223.522(b) 7.000 26.000 .000 .984 1564.656 1.000

Intercept 

Roy's Largest Root 60.179 223.522(b) 7.000 26.000 .000 .984 1564.656 1.000
Pillai's Trace .563 4.794(b) 7.000 26.000 .001 .563 33.556 .978
Wilks' Lambda .437 4.794(b) 7.000 26.000 .001 .563 33.556 .978
Hotelling's Trace 1.291 4.794(b) 7.000 26.000 .001 .563 33.556 .978

Sex 

Roy's Largest Root 1.291 4.794(b) 7.000 26.000 .001 .563 33.556 .978
a  Computed using alpha = .05 
b  Exact statistic 
c  Design: Intercept+Sex 
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Levene's Test of Equality of Error Variances(a) 
 
  F df1 df2 Sig. 
H_Der .389 1 32 .537
EPI_Der .388 1 32 .538
IPI_Der .002 1 32 .963
Recurrent 2.920 1 32 .097
V_M 1.068 1 32 .309
EMD .032 1 32 .860
MAXRFD 5.323 1 32 .028

Tests the null hypothesis that the error variance of the dependent variable is equal across groups. 
a  Design: Intercept+Sex 
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Tests of Between-Subjects Effects 
 

Source Dependent Variable 
Type III Sum 
of Squares df Mean Square F Sig. 

Partial Eta 
Squared 

Noncent. 
Parameter 

Observed 
Power(a) 

H_Der 1.564(b) 1 1.564 .085 .773 .003 .085 .059
EPI_Der 5.393(c) 1 5.393 .188 .668 .006 .188 .070
IPI_Der .448(b) 1 .448 .081 .778 .003 .081 .059
Recurrent .313(d) 1 .313 4.469 .042 .123 4.469 .536
V_M .015(e) 1 .015 .411 .526 .013 .411 .095
EMD .001(f) 1 .001 1.220 .278 .037 1.220 .188

Corrected Model 

MAXRFD 92526.521(g) 1 92526.521 4.976 .033 .135 4.976 .581
H_Der 3615.497 1 3615.497 195.786 .000 .860 195.786 1.000
EPI_Der 2943.523 1 2943.523 102.399 .000 .762 102.399 1.000
IPI_Der 173.853 1 173.853 31.286 .000 .494 31.286 1.000
Recurrent 19.761 1 19.761 282.113 .000 .898 282.113 1.000
V_M 2.064 1 2.064 55.010 .000 .632 55.010 1.000
EMD .092 1 .092 116.283 .000 .784 116.283 1.000

Intercept 

MAXRFD 3572931.071 1 3572931.071 192.141 .000 .857 192.141 1.000
H_Der 1.564 1 1.564 .085 .773 .003 .085 .059
EPI_Der 5.393 1 5.393 .188 .668 .006 .188 .070
IPI_Der .448 1 .448 .081 .778 .003 .081 .059
Recurrent .313 1 .313 4.469 .042 .123 4.469 .536
V_M .015 1 .015 .411 .526 .013 .411 .095
EMD .001 1 .001 1.220 .278 .037 1.220 .188

Sex 

MAXRFD 92526.521 1 92526.521 4.976 .033 .135 4.976 .581
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H_Der 590.931 32 18.467       
EPI_Der 919.861 32 28.746       
IPI_Der 177.818 32 5.557       
Recurrent 2.242 32 .070       
V_M 1.201 32 .038       
EMD .025 32 .001       

Error 

MAXRFD 595052.090 32 18595.378       
H_Der 4207.992 34        
EPI_Der 3868.777 34        
IPI_Der 352.119 34        
Recurrent 22.316 34        
V_M 3.280 34        
EMD .118 34        

Total 

MAXRFD 4260509.682 34        
H_Der 592.495 33        
EPI_Der 925.253 33        
IPI_Der 178.266 33        
Recurrent 2.555 33        
V_M 1.216 33        
EMD .026 33        

Corrected Total 

MAXRFD 687578.612 33        
a  Computed using alpha = .05 b  R Squared = .003 (Adjusted R Squared = -.029) c  R Squared = .006 (Adjusted R Squared = -.025)  
d  R Squared = .123 (Adjusted R Squared = .095)  e  R Squared = .013 (Adjusted R Squared = -.018) f  R Squared = .037 (Adjusted R Squared = .007)  
g  R Squared = .135 (Adjusted R Squared = .108) 
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Estimated Marginal Means 
 
Sex 
 

95% Confidence Interval 
Dependent Variable  Sex  Mean Std. Error Lower Bound Upper Bound 
H_Der 1.00 10.098 1.042 7.975 12.221 
  2.00 10.527 1.042 8.404 12.649 
EPI_Der 1.00 8.906 1.300 6.258 11.555 
  2.00 9.703 1.300 7.054 12.352 
IPI_Der 1.00 2.376 .572 1.211 3.541 
  2.00 2.147 .572 .982 3.311 
Recurrent 1.00 .858 .064 .728 .989 
  2.00 .666 .064 .536 .797 
V_M 1.00 .225 .047 .129 .321 
  2.00 .268 .047 .172 .363 
EMD 1.00 .047 .007 .033 .061 
  2.00 .057 .007 .043 .071 
MAXRFD 1.00 376.337 33.073 308.969 443.705 
  2.00 272.003 33.073 204.635 339.371 
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Appendix G: SPSS Regression Output For Chapter Three Frontal Plane 
Projection Angle
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REGRESSION 
  /DESCRIPTIVES MEAN STDDEV CORR SIG N 
  /MISSING PAIRWISE 
  /STATISTICS COEFF OUTS R ANOVA COLLIN TOL CHANGE 
  /CRITERIA=PIN(.05) POUT(.10) 
  /NOORIGIN 
  /DEPENDENT FPPA 
  /METHOD=ENTER Sex H_Der IPI_Der EPI_Der Recurrent V_M  . 
  
 
 
Descriptive Statistics 
 
  Mean Std. Deviation N 
FPPA 5.20583783800 4.249390537324 37
Sex 1.4865 .50671 37
H_Der 10.0792805 4.15484105 37
IPI_Der 2.18690843 2.250320870 37
EPI_Der 9.0700686 5.23737889 37
Recurrent .76916492346 .277035355349 35
V_M .24158625044 .190698072804 36
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Correlations 
 
    FPPA Sex H_Der IPI_Der EPI_Der Recurrent V_M 

FPPA 1.000 .017 .007 -.167 .072 -.041 .024
Sex .017 1.000 .071 -.021 .136 -.317 .131
H_Der .007 .071 1.000 .571 .754 -.264 -.057
IPI_Der -.167 -.021 .571 1.000 .436 -.501 -.176
EPI_Der .072 .136 .754 .436 1.000 -.314 -.072
Recurrent -.041 -.317 -.264 -.501 -.314 1.000 -.294

Pearson Correlation 

V_M .024 .131 -.057 -.176 -.072 -.294 1.000
FPPA . .460 .483 .161 .335 .408 .445
Sex .460 . .338 .451 .211 .032 .223
H_Der .483 .338 . .000 .000 .063 .370
IPI_Der .161 .451 .000 . .004 .001 .152
EPI_Der .335 .211 .000 .004 . .033 .337
Recurrent .408 .032 .063 .001 .033 . .046

Sig. (1-tailed) 

V_M .445 .223 .370 .152 .337 .046 .
FPPA 37 37 37 37 37 35 36
Sex 37 37 37 37 37 35 36
H_Der 37 37 37 37 37 35 36
IPI_Der 37 37 37 37 37 35 36
EPI_Der 37 37 37 37 37 35 36
Recurrent 35 35 35 35 35 35 34

N 

V_M 36 36 36 36 36 34 36
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Variables Entered/Removed(b) 
 

Model 
Variables 
Entered 

Variables 
Removed Method 

1 V_M, 
H_Der, Sex, 
Recurrent, 
IPI_Der, 
EPI_Der(a) 

. Enter 

a  All requested variables entered. 
b  Dependent Variable: FPPA 
 
 
Model Summary 
 

Change Statistics 
Model 
  R R Square 

Adjusted R 
Square 

Std. Error of 
the Estimate 

R Square 
Change F Change df1 df2 Sig. F Change 

1 .287(a) .082 -.122 4.50054488 .082 .403 6 27 .870 
a  Predictors: (Constant), V_M, H_Der, Sex, Recurrent, IPI_Der, EPI_Der 
 
 
ANOVA(b) 
 

Model   
Sum of 

Squares df Mean Square F Sig. 
Regression 49.009 6 8.168 .403 .870(a) 
Residual 546.882 27 20.255   

1 

Total 595.892 33    
a  Predictors: (Constant), V_M, H_Der, Sex, Recurrent, IPI_Der, EPI_Der 
b  Dependent Variable: FPPA 
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Coefficients(a) 
 

Unstandardized 
Coefficients 

Standardized 
Coefficients   Collinearity Statistics 

Model  
  
  B Std. Error Beta t Sig. Tolerance VIF 

1 (Constant) 9.343 5.820  1.605 .120   
  Sex -.630 1.688 -.075 -.373 .712 .839 1.192 
  H_Der .099 .323 .097 .307 .762 .341 2.934 
  IPI_Der -.765 .530 -.405 -1.444 .160 .432 2.316 
  EPI_Der .085 .235 .105 .363 .720 .405 2.470 
  Recurrent -3.629 4.033 -.237 -.900 .376 .492 2.034 
  V_M -2.102 4.745 -.094 -.443 .661 .750 1.334 

a  Dependent Variable: FPPA 
 
 
Collinearity Diagnostics(a) 
 

Variance Proportions 

Model  Dimension  Eigenvalue 
Condition 

Index (Constant) Sex H_Der IPI_Der EPI_Der Recurrent V_M 
1 1 5.726 1.000 .00 .00 .00 .00 .00 .00 .01 
  2 .612 3.058 .00 .00 .00 .19 .01 .01 .11 
  3 .335 4.131 .00 .00 .00 .05 .00 .05 .49 
  4 .169 5.816 .00 .00 .02 .32 .33 .03 .00 
  5 .109 7.248 .00 .58 .02 .01 .01 .08 .11 
  6 .035 12.703 .01 .01 .96 .14 .63 .03 .02 
  7 .013 21.092 .98 .40 .01 .30 .03 .80 .26 

a  Dependent Variable: FPPA 
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Appendix H: SPSS Regression Output For Chapter Four Rate Of Torque 

Development
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REGRESSION 
  /DESCRIPTIVES MEAN STDDEV CORR SIG N 
  /MISSING PAIRWISE 
  /STATISTICS COEFF OUTS CI R ANOVA COLLIN TOL CHANGE 
  /CRITERIA=PIN(.05) POUT(.10) 
  /NOORIGIN 
  /DEPENDENT MAXRFD 
  /METHOD=ENTER Sex H_Der IPI_Der EPI_Der Recurrent V_M  . 
 
 
Descriptive Statistics 
 
  Mean Std. Deviation N 
MAXRFD 327.58554 156.992755 37
Sex 1.4865 .50671 37
H_Der 10.0792805 4.15484105 37
IPI_Der 2.18690843 2.250320870 37
EPI_Der 9.0700686 5.23737889 37
Recurrent .76916492346 .277035355349 35
V_M .24158625044 .190698072804 36
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Correlations 
 
    MAXRFD Sex H_Der IPI_Der EPI_Der Recurrent V_M 

MAXRFD 1.000 -.400 -.122 -.338 -.068 -.005 .555
Sex -.400 1.000 .071 -.021 .136 -.317 .131
H_Der -.122 .071 1.000 .571 .754 -.264 -.057
IPI_Der -.338 -.021 .571 1.000 .436 -.501 -.176
EPI_Der -.068 .136 .754 .436 1.000 -.314 -.072
Recurrent -.005 -.317 -.264 -.501 -.314 1.000 -.294

Pearson Correlation 

V_M .555 .131 -.057 -.176 -.072 -.294 1.000
MAXRFD . .007 .236 .020 .344 .487 .000
Sex .007 . .338 .451 .211 .032 .223
H_Der .236 .338 . .000 .000 .063 .370
IPI_Der .020 .451 .000 . .004 .001 .152
EPI_Der .344 .211 .000 .004 . .033 .337
Recurrent .487 .032 .063 .001 .033 . .046

Sig. (1-tailed) 

V_M .000 .223 .370 .152 .337 .046 .
MAXRFD 37 37 37 37 37 35 36
Sex 37 37 37 37 37 35 36
H_Der 37 37 37 37 37 35 36
IPI_Der 37 37 37 37 37 35 36
EPI_Der 37 37 37 37 37 35 36
Recurrent 35 35 35 35 35 35 34

N 

V_M 36 36 36 36 36 34 36
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Variables Entered/Removed(b) 
 

Model 
Variables 
Entered 

Variables 
Removed Method 

1 V_M, 
H_Der, Sex, 
Recurrent, 
IPI_Der, 
EPI_Der(a) 

. Enter 

a  All requested variables entered. 
b  Dependent Variable: MAXRFD 
 
 
Model Summary 
 

Change Statistics 

 Model R R Square 
Adjusted R 

Square 
Std. Error of 
the Estimate 

R Square 
Change F Change df1 df2 Sig. F Change 

1 .802(a) .643 .563 103.727790 .643 8.099 6 27 .000 
a  Predictors: (Constant), V_M, H_Der, Sex, Recurrent, IPI_Der, EPI_Der 
 
 
ANOVA(b) 
 

Model   
Sum of 
Squares df Mean Square F Sig. 

1 Regression 522836.659 6 87139.443 8.099 .000(a) 
  Residual 290505.270 27 10759.454   
  Total 813341.929 33    

a  Predictors: (Constant), V_M, H_Der, Sex, Recurrent, IPI_Der, EPI_Der 
b  Dependent Variable: MAXRFD 
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Coefficients(a) 
 

Unstandardized 
Coefficients 

Standardized 
Coefficients   95% Confidence Interval for B Collinearity Statistics 

Model  B Std. Error Beta t Sig. Lower Bound Upper Bound Tolerance VIF 
1 (Constant) 591.091 134.145  4.406 .000 315.849 866.332   
  Sex -174.650 38.914 -.564 -4.488 .000 -254.494 -94.806 .839 1.192 
  H_Der 1.455 7.445 .039 .195 .846 -13.820 16.730 .341 2.934 
  IPI_Der -31.420 12.212 -.450 -2.573 .016 -56.478 -6.362 .432 2.316 
  EPI_Der 4.410 5.418 .147 .814 .423 -6.707 15.528 .405 2.470 
  Recurrent -116.584 92.946 -.206 -1.254 .220 -307.292 74.125 .492 2.034 
  V_M 413.200 109.362 .502 3.778 .001 188.807 637.592 .750 1.334 

a  Dependent Variable: MAXRFD 
 
 
Collinearity Diagnostics(a) 
 

Model Dimension Variance Proportions 

    Eigenvalue 
Condition 

Index (Constant) Sex H_Der IPI_Der EPI_Der Recurrent V_M 
1 1 5.726 1.000 .00 .00 .00 .00 .00 .00 .01 
  2 .612 3.058 .00 .00 .00 .19 .01 .01 .11 
  3 .335 4.131 .00 .00 .00 .05 .00 .05 .49 
  4 .169 5.816 .00 .00 .02 .32 .33 .03 .00 
  5 .109 7.248 .00 .58 .02 .01 .01 .08 .11 
  6 .035 12.703 .01 .01 .96 .14 .63 .03 .02 
  7 .013 21.092 .98 .40 .01 .30 .03 .80 .26 

a  Dependent Variable: MAXRFD 
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Appendix I: SPSS Regression Output For Chapter Four Electromechanical 
Delay 
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REGRESSION 
  /DESCRIPTIVES MEAN STDDEV CORR SIG N 
  /MISSING PAIRWISE 
  /STATISTICS COEFF OUTS R ANOVA COLLIN TOL CHANGE 
  /CRITERIA=PIN(.05) POUT(.10) 
  /NOORIGIN 
  /DEPENDENT EMD 
  /METHOD=ENTER Sex H_Der IPI_Der EPI_Der Recurrent V_M  . 
  
 
Descriptive Statistics 
 
  Mean Std. Deviation N 
EMD .05238 .027620 37
Sex 1.4865 .50671 37
H_Der 10.0792805 4.15484105 37
IPI_Der 2.18690843 2.250320870 37
EPI_Der 9.0700686 5.23737889 37
Recurrent .76916492346 .277035355349 35
V_M .24158625044 .190698072804 36
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Correlations 
 
    EMD Sex H_Der IPI_Der EPI_Der Recurrent V_M 

EMD 1.000 .225 .334 .632 .049 -.141 -.252
Sex .225 1.000 .071 -.021 .136 -.317 .131
H_Der .334 .071 1.000 .571 .754 -.264 -.057
IPI_Der .632 -.021 .571 1.000 .436 -.501 -.176
EPI_Der .049 .136 .754 .436 1.000 -.314 -.072
Recurrent -.141 -.317 -.264 -.501 -.314 1.000 -.294

Pearson Correlation 

V_M -.252 .131 -.057 -.176 -.072 -.294 1.000
EMD . .091 .022 .000 .386 .210 .069
Sex .091 . .338 .451 .211 .032 .223
H_Der .022 .338 . .000 .000 .063 .370
IPI_Der .000 .451 .000 . .004 .001 .152
EPI_Der .386 .211 .000 .004 . .033 .337
Recurrent .210 .032 .063 .001 .033 . .046

Sig. (1-tailed) 

V_M .069 .223 .370 .152 .337 .046 .
EMD 37 37 37 37 37 35 36
Sex 37 37 37 37 37 35 36
H_Der 37 37 37 37 37 35 36
IPI_Der 37 37 37 37 37 35 36
EPI_Der 37 37 37 37 37 35 36
Recurrent 35 35 35 35 35 35 34

N 

V_M 36 36 36 36 36 34 36
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Variables Entered/Removed(b) 
 

Model 
Variables 
Entered 

Variables 
Removed Method 

1 V_M, 
H_Der, Sex, 
Recurrent, 
IPI_Der, 
EPI_Der(a) 

. Enter 

a  All requested variables entered. 
b  Dependent Variable: EMD 
 
 
  
Model Summary 
 

Change Statistics 
Model 
  R R Square 

Adjusted R 
Square 

Std. Error of 
the Estimate 

R Square 
Change F Change df1 df2 Sig. F Change 

1 .811(a) .658 .582 .017866 .658 8.644 6 27 .000 
a  Predictors: (Constant), V_M, H_Der, Sex, Recurrent, IPI_Der, EPI_Der 
 
 
ANOVA(b) 
 

Model   
Sum of 

Squares df Mean Square F Sig. 
Regression .017 6 .003 8.644 .000(a) 
Residual .009 27 .000   

1 

Total .025 33    
a  Predictors: (Constant), V_M, H_Der, Sex, Recurrent, IPI_Der, EPI_Der 
b  Dependent Variable: EMD 
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Coefficients(a) 
 

Unstandardized 
Coefficients 

Standardized 
Coefficients t Sig. Collinearity Statistics 

Model  B Std. Error Beta   Tolerance VIF 
1 (Constant) -.015 .023  -.664 .512   
  Sex .021 .007 .392 3.188 .004 .839 1.192 
  H_Der .002 .001 .270 1.399 .173 .341 2.934 
  IPI_Der .010 .002 .824 4.808 .000 .432 2.316 
  EPI_Der -.003 .001 -.483 -2.727 .011 .405 2.470 
  Recurrent .029 .016 .288 1.796 .084 .492 2.034 
  V_M -.014 .019 -.093 -.717 .480 .750 1.334 

a  Dependent Variable: EMD 
 
 
Collinearity Diagnostics(a) 
 

Variance Proportions 

Model  Dimension  Eigenvalue 
Condition 

Index (Constant) Sex H_Der IPI_Der EPI_Der Recurrent V_M 
1 1 5.726 1.000 .00 .00 .00 .00 .00 .00 .01 
  2 .612 3.058 .00 .00 .00 .19 .01 .01 .11 
  3 .335 4.131 .00 .00 .00 .05 .00 .05 .49 
  4 .169 5.816 .00 .00 .02 .32 .33 .03 .00 
  5 .109 7.248 .00 .58 .02 .01 .01 .08 .11 
  6 .035 12.703 .01 .01 .96 .14 .63 .03 .02 
  7 .013 21.092 .98 .40 .01 .30 .03 .80 .26 

a  Dependent Variable: EMD 
 
 


