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The purpose of this study was to determine the effects of plyometric training 

on both spinal and supraspinal motor control as well as the rate of torque 

development (RTD) in healthy active females.  Thirty-one subjects were recruited to 

participate in the study and participated in either the training or control 

intervention for 6 weeks.  All subjects were measured pre- and post-intervention on 

H:M ratios, paired reflex depression (PRD), recurrent inhibition (RI), and V-waves 

(V:M ratios) on the soleus muscle.  During the PRD and RI measurements, the 

subjects stood in a double-legged (DL) and single-legged (SL) stance.  The H:M ratios 

were measured only during DL stance.  During the V:M ratios measurement, 

subjects performed plantar flexion isometric contractions on a Biodex 

dynamometer.  For all subjects, RTD was measured for plantar flexion, knee 

extension, and knee flexion during time windows of 0-50, 0-100, 0-150, 0-200, and 

0-250ms and were conducted during an isometric contraction on a Biodex 

dynamometer.  A 2 (Group) X 2 (Session) X 2 (Stance) mixed model ANOVA was 

used to analyze the PRD and RI data.  A 2 (Group) X 2 (Session) mixed model ANOVA 

was used to analyze the H:M ratios and V:M ratios.  A 2 (Group) X 2 (Session) mixed 

model ANOVA was used to analyze the data.  There were no statistically significant 



 

differences between groups for all dependent variables (p > 0.05).  There was a 

Session main effect for RI (p = 0.01).  There were a Group main effect (p = 0.01) and 

a Stance main effect (p < 0.01) for PRD.  In conclusion, differences were not 

observed between a plyometric training group and a non-plyometric training group.  

This suggests that plyometric training does not have an effect on spinal and 

supraspinal control or on RTD.  Overall the neuromuscular variables were not 

affected by plyometric training.  Plyometric training performed in this study was not 

challenging enough to cause change to the neuromuscular variables selected. 
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Chapter 1: Introduction 

BACKGROUND 

Noncontact anterior cruciate ligament (ACL) injury prevention programs are 

a popular method used by sport teams to reduce the high rate of ACL injuries in 

female athletes.1-3  Prevention programs typically incorporate a variety of 

components that may include: stretching, strengthening, plyometric, agility, and 

balance stabilization.1-5  Typically, ACL injury prevention programs are incorporated 

into a team’s warm-up during both pre-season and seasonal practices.1-3, 6  The 

prevention programs are designed to directly affect movement mechanics and 

muscle activation patterns, which could reduce injury incident rate.7  However, 

while several programs have been shown to change biomechanical risk factors6, 8, 9 

and reduce injury risk,1-3 other studied programs have not  shown similar results.10-

13  Most of these programs involve multiple components making it difficult to 

determine which components are actually reducing risk factors and noncontact ACL 

injuries.  Currently, plyometrics as a primary component of an ACL prevention 

program is the most promising strategy impacting the reduction of ACL injuries.1, 6, 9, 

14-16 

Plyometric studies17, 18 have historically focused on how this type of exercise 

produces rapid and powerful movements to improve speed and vertical jump,19-21 

but more recently, investigations have highlighted the use of plyometrics for injury 

prevention.1-5  Plyometric-based programs have been observed to change 

movement mechanics,6, 16, 22 23 muscle activations,6, 24, 25 and incident injury rates.1  

Yet, ACL prevention programs do not only incorporate plyometric exercises; there 
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are other components included in the program, which make the training time 

consuming and a challenge to be a part  of sport team’s regiments.7, 14  There is 

limited evidence for determining if an isolation of a component can be as effective in 

changing neuromuscular characteristics as multiple components.16, 22  

Two studies16, 22 in particular investigated comparing ACL injury prevention 

program components to determine if a single component was more effective than 

another in changing movement characteristics and muscle activations.  In one study 

by Myer et al.,16 the authors compared the effects of plyometrics to dynamic balance 

stabilization on movement characteristics.  Another study, Lephart et al.22 compared 

plyometrics to strength training on movement characteristics and muscle activation.  

Both attempted to isolate the components of a noncontact ACL injury prevention 

program in order to compare them.  

In both studies,16, 22 the authors focused on individual prevention program 

components to allow for a comparison, but were limited by the involvement of 

strength training in both isolated component training groups.  Utilizing an 

additional prevention program component within the groups does not allow the 

authors to suggest implication whether one component is more effective than 

another.  In the Myer et al.16 study, plyometrics were compared to the dynamic 

balance stabilization component, which both groups demonstrated a reduction of 

initial contact and maximum knee abduction angles.  The plyometric training group 

experienced a difference in the sagittal plane moments showing increased knee 

flexion angles following the intervention.  In this study16 strength training was used 
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in both the plyometric and the dynamic balance stabilization training groups, which 

did not allow a true isolation of a component.16  In addition, Lephart et al.22 

compared the plyometric component to the basic resistance training component.  

There were significant increases for both component training groups in hip flexion, 

peak hip flexion, peak knee flexion, and time to peak knee flexion; both training 

groups also had significant decreases in peak knee flexion moment and hip flexion 

moment.  This study used strength training in addition to their specifically designed 

training components during the first 4 weeks of an 8 week training regime.22  The 

lack of isolating a component impeded the studies16, 22 purpose to determine the 

effectiveness of one component impacting movement mechanics and muscle 

activations following training.  Neither study16, 22 demonstrated a true isolation of 

components which caused a significant limitation to the application of improving 

movement characteristics and muscle activations related to reducing ACL injuries. 

With all things considered, movement characteristics or muscle activations 

are all derived from the neural drive.26, 27  There are modulations in the spinal cord 

that affect motoneurons connection with their muscle fibers to cause a muscle 

contraction.  To measure muscle activations, there are several variables of 

neuromuscular control that can be interpreted for the neural drive of the subject 

related to function.  The variables of neuromuscular control used to measure neural 

drive were spinal control, (paired reflex depression and recurrent inhibition), 

supraspinal control (volitional waves), and rate of torque development (plantar 

flexion, knee extension, and knee flexion).  These variables provide information 



 
 

4 

regarding how plyometric training may cause changes to neural control and rate of 

muscle activation. 

Two spinal control variables were used to measure neuromuscular control.  

Paired reflex depression (PRD) was utilized to measure presynaptic inhibition and 

the reflex loop affected by its own previous activation in the spinal cord.28  

Recurrent inhibition (RI) was used to assess postsynaptic inhibition and gain 

regulation of motor output at the spinal level occurring in the reflex loop.29  

Recurrent inhibition is regulated by recurrent collaterals of the same motoneuron, 

which activates the Renshaw cell to modulate the postsynaptic axon.  Authors29 

observed power-trained athletes demonstrate significantly greater RI and 

significantly less PRD compared to an untrained group.  Decreased PRD modulation 

in the spinal cord suggests more action potentials reach the targeted muscle when 

performing high-force movements.29  A change in RI that occurs in as a result of 

plyometric training results from consistently overloading the motoneurons with 

action potentials that activate the recurrent collaterals to inhibit the postsynaptic 

axon.20  Changes in PRD or RI would suggest an adaptation to the receptor threshold 

after several weeks of training.20  Power-trained athletes utilize plyometrics to be 

more explosive in their functional movements, which would suggest a similar 

adaptation to the neural drive would result following plyometric training.  

The supraspinal control variable used for the current study was volitional 

waves (V-wave), which measures an electrophysiological variant of the Hoffmann 

reflex (H-reflex) elicited with supramaximal stimulus during voluntary muscle 
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contraction.30  V-waves represent information pertaining to the recruitment and 

firing frequency of a tested muscle.30  Researchers observed that heavy intensive 

resistance training cause an increase in V-waves peak-to-peak amplitude.31-33  Even 

though resistance training is not exactly the same type of training as plyometrics, 

maximal motor output is utilized in both and could lead to similar V-waves profiles 

following plyometric training. 

PRD, RI, and V-waves are used to measure spinal pathway modulations; 

however, the rate of torque development (RTD) measures the ability to rapidly 

develop muscle force following training.34  RTD helps investigators understand how 

quickly the muscle can be recruited and fully activated during a muscle contraction.  

Plyometric training is designed to modulate the rate of torque produced during a 

functional task.  Authors have shown that various types of training programs 

increase the RTD.32, 34-36 37  

In the current study, a plyometric training group was compared to a control 

group.  Variables of spinal (PRD and RI), supraspinal control (V-waves), and RTD 

(plantar flexors, knee extensors, and knee flexors) were examined before and after a 

6-week intervention for both groups.  The purposes of the current study were to 

determine the effects of plyometric training on spinal, supraspinal control, and RTD 

for the lower extremity musculature in healthy active females.  
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The Effects of Plyometric Training on Spinal and Supraspinal Motor Control  

ABSTRACT 

 The purpose of this study was to determine the effects of plyometric training 

on spinal and supraspinal motor control in healthy active females.  Thirty-one 

subjects were recruited to participate in the study.  Subjects participated in either 

the training or control intervention for 6-weeks.  All subjects were measured pre- 

and post-intervention on H:M ratios, paired reflex depression (PRD), recurrent 

inhibition (RI), and V-waves (V:M ratios).  During the PRD and RI measurements, the 

subjects were tested in both a double-legged and single-legged stance.  The H:M 

ratios were measured only during double-legged stance.  During the V:M ratios 

measurement, subjects performed plantar flexion isometric contractions on a 

Biodex dynamometer.  A 2 (Group) X 2 (Session) X 2 (Stance) mixed model ANOVA 

was used to analyze the PRD and RI data.  A 2 (Group) X 2 (Session) mixed model 

ANOVA was used to analyze the H:M ratios and V:M ratios.  There were no 

statistically significant interactions for any of the dependent variables (p > 0.05).  

There was a Session main effect for RI (p = 0.01) as well as a Group main effect (p = 

0.01) and a Stance main effect (p < 0.01) for PRD.  Due to the lack of significant 

interactions, the specific effects of plyometrics on the dependent variables are 

unclear.  Plyometric training performed in this study may not have been challenging 

enough to cause changes to the neuromuscular variables selected.  

KEYWORDS:  H-reflex, Plyometric Training, Paired Reflex Depression, 
Recurrent Inhibition, V-waves 
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INTRODUCTION  

Sport teams commonly use anterior cruciate ligament (ACL) injury 

prevention programs to reduce potentially dangerous characteristics of 

movements1-3 and noncontact ACL injuries.4-6  Traditionally, ACL injury prevention 

programs have included multiple components: warm-up, stretching, strengthening, 

plyometric, agility, and balance.7  ACL prevention programs have multiple 

components used simultaneously making it difficult to determine the extent to 

which any one component contributes to the overall effectiveness of the program.  

To gain a better understanding of the effectiveness of individual components 

in ACL prevention programs, two studies8, 9 focused on the different adaptations of 

two components from a multiple component program.  One study by Myer et al.8 

compared plyometrics to a dynamic balance stabilization component and observed 

a reduction in ACL risk factors during a drop landing task in both groups.8  In 

another study, Lephart et al.9 compared plyometrics to a basic resistance-training 

program and tested subjects during a jump landing task.  The results showed 

increased electromyography (EMG) activity, isokinetic strength, and a reduced risk 

of dangerous kinematics following both training interventions.9  Both studies8, 9 

supported the use of plyometric training to reduce potentially dangerous 

movements, but it is still unclear why plyometrics are an essential component in 

programs designed to reduce ACL injuries.  In addition to these two laboratory-

based studies, plyometric training has also been identified as a primary contributing 

factor in programs that reduced the risk of ACL injuries in two separate meta-
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analyses.7, 10  Several ACL prevention program studies were analyzed to determine 

common trends of effectiveness in reducing ACL injuries.7, 10  The investigators,7, 10 

which conducted both meta-analyses, concluded prevention programs including a 

plyometric component positively affected the reduction of injuries.  These results 

support the use of plyometrics in ACL prevention programs.1, 4, 7, 10 

The neural mechanism responsible for the apparent benefit of plyometric 

training remains unknown.  Plyometric training includes exercises that produce 

rapid and powerful movements because of an increase in neural activation.11-15  

Specifically in muscle groups of the lower extremity, plyometric training can 

increase muscle activation.11, 16  Spinal and supraspinal motor control measurement 

can be used to assess the involuntary muscle activations affected by changes in the 

neural drive.17  

In the current study, the plyometric component from an ACL prevention 

program was investigated using variables of spinal and supraspinal motor control.  

The purpose of this study was to determine the effects of plyometric training on 

neuromuscular control in healthy active females.  

METHODS  

 In order to determine changes to neuromuscular control, we measured 

spinal and supraspinal motor control following plyometric training.  Thirty-one (16 

plyometric training group and 15 control group) healthy college-aged females were 

recruited for this study (See Table 2.1).  To participate in the study, subjects were 

required to be physically active 3 times a week for approximately 30 minutes per 
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day.  A list of the exclusion criteria is presented in Table 2.2.  All subjects provided 

written consent, approved by the University’s Institutional Review Board for the 

protection of human subjects, before participating in the study.  

Experimental Protocol  

 Subjects were pseudo-randomized into either a plyometric training group (n 

= 16) or a control group (n = 15) by blindly picking a group assignment out of a bag.  

All subjects were tested before and after the 6-week intervention period.  The 

dependent variables included measurements of spinal and supraspinal motor 

control.  The same EMG and stimulation procedures were used for all spinal and 

supraspinal motor control variables in both data collection sessions.  All subjects 

were tested on their dominant leg as determined by their preferred kicking leg.  

 All EMG was recorded at 2000Hz using disposable, lubricated bipolar 

Ag/AgCl electrodes.  Two recording electrodes were placed on the soleus, directly 

over the muscle belly between gastrocnemius and Achilles tendon.  A reference 

electrode was placed on the lateral malleolus.  Peak-to-peak waveform amplitudes 

were measured using AcqKnowledge software (v. 3.9.0; BIOPAC Systems, Inc., 

Goleta, CA).  

 A Grass Model S88 stimulator (Grass Instruments, Inc., Warwick, RI) was 

used to initiate the evoked potentials.  For subject safety, a stimulus isolation unit 

and constant current unit (Grass Instruments, Inc., Warwick, RI) were connected 

between the stimulator and the subject.  In the stimulating circuit, a 1cm2 

stimulating electrode (12 mm unshielded electrode, BIOPAC Systems, Inc., Goleta, 
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CA) was placed in the popliteal space of the knee over the tibial nerve, and a 3cm2 

dispersal pad was positioned on the anterior portion of the knee, superior to the 

patella.  

Spinal Motor Control Measurement 

  The spinal control measurements included H:M ratios, paired reflex 

depression (PRD) and recurrent inhibition (RI).  For the PRD and RI measurements, 

subjects were tested in a double-legged stance followed by a single-legged stance.  

For the H:M ratios, subjects were tested only in the double-legged stance.   

 In the process of collecting the H:M ratio, a complete Hoffmann reflex (H-

reflex) recruitment curve was collected for each subject.18   The H-reflex 

measurement was recorded by increasing the stimulus intensity in small increments 

from motor threshold to maximal muscle response (Mmax).  The Hmax and Mmax 

values were used to form a H:M ratio.  After the H:M ratio was recorded, the testing 

stimulus intensity was set to a level that elicited a H-reflex amplitude at 

approximately 10% of Mmax while in a double-legged stance.  The stimulus 

intensity remained constant during the PRD and RI measurements for each trial 

during both double-legged and single-legged stances.  

Paired reflex depression was measured using a pair of stimuli set to an 

intensity that produced an H reflex amplitude at approximately 10% of Mmax.  Eight 

paired reflexes were collected with 100ms separating the stimuli in each pair.  The 

average depression was calculated by dividing the amplitude of the second H-reflex, 

the conditioned reflex, by the amplitude of the first unconditioned H-reflex 
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amplitude.  The percentage of PRD was represented by one minus the amount of 

depression and multiplied by 100.  

Recurrent inhibition was assessed by using an unconditioned stimuli at an 

intensity of 10% of Mmax followed by a conditioning stimuli (supramaximal) 

applied 10ms.19  Eight conditioned reflexes and eight unconditioned reflexes were 

collected.  The conditioned and the unconditioned reflexes were alternated every 

two trials during a data collection set.  The amount of RI was calculated by dividing 

the average of the conditioned reflex trials by the average of the unconditioned 

reflex trials.  The percentage of RI was represented by one minus the amount of 

inhibition and multiplied by 100.  

Supraspinal Motor Control Measurement 

Supraspinal motor control was assessed through the use of V-waves.  V-

waves are an electrophysiological variant of the H-reflex that reflects the magnitude 

of alpha motoneuron output during voluntary muscle contraction.20, 21  V-wave 

measurements were performed by delivery of a supramaximal stimulus to the tibial 

nerve while the subject performed a maximal plantar flexion isometric contraction.  

To perform the isometric contractions, subjects were seated in the Biodex System III 

(Biodex Systems, Inc.; Shirley, NY) in a semi-reclined position.  The foot of the 

subject’s dominant leg was placed in the footplate and secured with straps.  The 

knee was positioned at 60° of knee flexion and the ankle was positioned at 0° 

plantar flexion.  (See Figure 2.1) 
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Before recording V-wave measurements, three plantar flexion maximal 

voluntary isometric contractions (MVIC) were collected.  A light stimulus was 

positioned in front of the subject to notify them when to begin the maximal 

contraction.  The digital trigger threshold for the supramaximal stimulus was set at 

90% of the average MVIC.  When subjects reached 90% of MVIC, a supramaximal 

stimulus was delivered to the tested leg.  Three trials were collected with one-

minute rest between each trial.  The peak-to-peak amplitude of Mmax and V-wave 

were recorded for each trial.  The V-wave was normalized to Mmax to form the V:M 

ratio.  The average of the three V:M ratios were used for the analysis.   

Training Intervention  

Following baseline measurements, the training group participated in a 6-

week plyometric training program and the control group was asked not to change 

their daily physical activities for the duration of the study.  The plyometric training 

program chosen aligns with the plyometric section of the program described by 

Hewett et al.1.  Subjects in the training group performed the exercises three times a 

week on alternating days, for 30 minutes sessions.  If a subject missed more than 

four training session, less than 78% attendance, they were excluded from the post-

intervention testing session.  In the current study, the subjects reported to the 

Neuromechanics Research Laboratory to perform the training session under direct 

supervision of a research study team member.  The investigators educated subjects 

and provided feedback on exercises including: 1) correct posture and body 

alignment; 2) jumping straight up with no excessive movement; 3) soft landings 
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with bent knees; and 4) instant reloading for preparation of the next jump.  All 

exercises were demonstrated and the subjects were thoroughly instructed on 

proper techniques.  

Statistical Analysis  

For PRD and RI, a 2 (Group) x 2 (Session) x 2 (Stance) mixed model ANOVA 

was applied to the data.  A 2 (Group) x 2 (Session) mixed model ANOVA was applied 

because the H:M ratios were only collected in a double-legged stance and the V:M 

ratios were collected on a Biodex chair.  An alpha level of 0.05 was used for all 

analyses.  All data were explored for extreme outliers, specifically greater than three 

standard deviations from the mean.  All statistical analyses were performed using 

SPSS software, version 19 (SPSS, Inc. Chicago, IL). 

RESULTS 

 The plyometric training subjects attended 92% of the training sessions and 

no subjects missed more than four training sessions.  All dependent variables means 

and standard deviations are presented in Table 2.3.  

 The 2 x 2 mixed model ANOVA results for H:M ratios revealed no statistically 

significant Group x Session interaction (p = 0.12), Group main effect (p = 0.87) or 

Session main effect (p = 0.80). 

 Exploration of the PRD data revealed two subjects as extreme outliers (n = 

29).  A 2 x 2 x 2 mixed model ANOVA for PRD revealed no statistically significant 

Group x Session x Stance interaction (p = 0.86).  There were no significant two-way 

interactions: Group x Session (p = 0.11), Group x Stance (p = 0.07), or Session x 
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Stance (p = 0.71).  There was no Session main effect (p = 0.88), but there was a 

Group main effect (Plyometric: 70.12±27.42; Control: 43.40±37.37; p < 0.01; See 

Figure 2.2) and Stance main effect for PRD (Double-legged: 76.24±21.47; Single-

legged: 39.19±48.46; p < 0.001; See Figure 2.3).  All PRD data p-values are presented 

in Table 2.4.  

 One subject was removed from RI analyses due to being an extreme outlier 

(n = 30).  A 2 x 2 x 2 mixed model ANOVA revealed no statistically significant Group 

x Session x Stance interaction (p = 0.40) for RI.  There were no significant two-way 

interactions: Group x Session (p = 0.80), Group x Stance (p = 0.30), or Session x 

Stance (p = 0.08).  There was a Session main effect (Pre: 52.37±36.43; Post: 

72.91±19.19; p < 0.01; See Figure 2.4), but there was no Group main effect (p = 0.78) 

or Stance main effect for RI (p = 0.25).  All RI data p-values are presented in Table 

2.5.  

 There were six subjects removed from the V:M ratios analyses because of 

data collection error (n = 25).  A 2 x 2 mixed model ANOVA for V:M ratios revealed 

no statistically significant Group x Session interactions (p = 0.43), group main effect 

(p = 0.57), or Session main effect (p = 0.66).  All H:M and V:M ratios p-values are 

presented in Table 2.6.  

DISCUSSION 

Plyometrics are a primary component in ACL prevention programs.7, 10  

When these programs are performed by athletes, feedback are given to make sure 

the exercises are being performed properly.  There is a general understanding that 



 
 

22 

plyometrics increase neural drive to improve speed and strength for sport specific 

movements.11-15  However, the mechanism responsible for the neural changes had 

not previously been investigated.  The objective of this study was to determine the 

effects of plyometric training on spinal and supraspinal motor control in healthy 

active females.  

Spinal Motor Control 

The Hoffmann reflex (H-reflex) is an electrically induced spinal reflex that 

allows for estimation of the alpha motoneuron pool activation of a specific muscle.22-

24  The maximal H-reflex (Hmax) theoretically represents activation of all Ia sensory 

neurons connected to a motoneuron pool while the M-wave (Mmax) theoretically 

represents activation of all motoneurons.22  The ratio of Hmax and Mmax (H:M 

ratio) is a measure of connectivity between the afferent and efferent paths within 

the monosynaptic reflex loop. 

In our study we used H:M ratios to determine if plyometrics affected the way 

the afferent sensory neurons connected to alpha motoneurons in the soleus.  

Previously, it has been shown that power-trained athletes have a lower H:M ratio 

compared to endurance-trained and non-trained participants.25  Maffiuletti et al.25 

conducted a study comparing three groups regarding the differences of motoneuron 

pool and muscle fiber type recruitment.  The competitive, power-trained athletes 

entered the study with a minimum of 5 years of training, at the national level, for 

their sport.  The authors suggest that in power-trained individuals, the slow-twitch 

fibers are always active during submaximal intensity exercises and the fast twitch 
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fibers increase muscle fiber activation during maximal intensity exercises.25  This 

means that lower monosynaptic excitability is associated with a higher level of force 

evoked in power-trained athletes.  The lower H:M ratio seen in these power-trained 

athletes represented an adaptive plasticity in the stretch reflex, which suggests the 

training was at a high enough level to cause a change to the neural drive.25  In our 

study, the plyometric training lasted for 6-weeks, where the Maffiuletti et al.25 study 

included athletes who had trained for at least 5 years at that particular type of 

training.  In our study, the short duration plyometric training may not have been 

sufficient to affect the H:M ratio.  A longer intervention period might have produced 

similar findings to the Maffiuletti et al.25 study.  

Theoretically, inhibition of a neuron occurs in the monosynaptic reflex loop 

when a previous stimuli has already met the axon’s threshold.26, 27  Paired reflex 

depression (PRD) is a measurement of inhibition in a reflex loop that occurs due to 

that neuron being recently activated by a previous stimuli in the presynaptic axon.26   

This initial stimulus limits the ability of subsequent action potentials to bring that 

neuron to threshold for a short length of time (< 100ms).  The gating process in the 

spinal cord will affect muscle activation depending on which specific action 

potentials are passed through.  Plyometric training may cause changes to neural 

function by facilitating multiple action potentials passing through the spinal cord to 

increase activation of muscle fibers.  This would cause less gating of action 

potentials traveling through the monosynaptic reflex loop to be utilized to increase 

muscle torque.  



 
 

24 

We did not observe any significant interactions in the PRD analysis, but did 

observe significant Group and Stance main effects.  The expectation in the current 

study was that the plyometric training group would show similar results to the 

power-trained athletes, which had a lower PRD when compared to the non-

plyometric control group.  In this study28 comparing different trained subjects, the 

power-trained group included explosively trained collegiate track athletes, who 

utilized plyometric training in preparation for their sport.  Decreased PRD 

modulation suggests greater action potentials reached the targeted muscle when 

performing high-force movements.28  Since plyometric exercises use the stretch 

shortening cycle to achieve explosive movements, PRD should theoretically result in 

a decreased reflex modulation.28-30  In our study, the Group main effect was 

unexpected and it was not clear why the plyometric training group had means that 

were higher both pre- and post-intervention compared to the control group.  There 

were no training effects on PRD modulation.  

Based on a previous study, H-reflex measurements should display greater 

inhibition in the single-legged stance or during locomotion compared to the double-

legged stance.31  In our findings, we observed decreased PRD during the single-

legged stance for both plyometric training and control group.  Sefton et al.32 also 

report this decreased PRD in single-legged stance in their healthy participants.  In 

the Sefton et al.32 study, they compared a chronic ankle instability group to a healthy 

control group on segmental spinal reflex.  The reseachers32 measured PRD to 

observe if there was modulation differences when going from a double-legged to a 
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single-legged stance between groups.  The healthy participants had an approximate 

15% decrease in PRD going from double-legged to single-legged stances.  The 

chronic ankle instability group was unable to modulate the same way as the healthy 

group.  This would suggest that healthy participants were able to modulate to an 

unstable surface better than the chronic ankle instability participants.32  The effort 

to maintain single-legged stance forces multiple action potentials to be sent through 

the reflex loop, which increases inhibition in the spinal cord.  This response is 

caused by sensory neurons triggered during movement of attempting to maintain 

stability.  In our study we observed less PRD in the single-legged stance compared to 

the double-legged stance in both plyometric training and control groups.  

Plyometric training did not cause a significantly lower PRD when the postural 

demand increased. 

Another spinal motor control mechanism, recurrent inhibition (RI) is a gain 

regulator in the postsynaptic axon that reflects motor output in the monosynaptic 

reflex loop.33  Specifically, the RI gating process is to control muscle function during 

movement also allowing for control of co-activation.  If the alpha motoneuron is 

inhibited, no action potentials will pass through the spinal cord to the muscle.  RI 

reflects changes of specific action potentials and their ability to pass through the 

postsynaptic axon in the spinal cord.  

  We did not observe any significant interactions, but did observe a significant 

Session main effect.  Subjects who performed plyometric training were expected to 

determine greater RI because plyometric exercises impacts the activation of the 
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entire motoneuron pool during high explosive activities.  In an Earles et al.28 study, 

power-trained athletes had higher RI compared to endurance-trained athletes and 

non-trained subjects.  Plyometric training consistently causes overload to the 

motoneurons with action potentials that activate the recurrent collaterals in order 

to modulate the postsynaptic axon.  This was expected to cause an adaptation to the 

neuron threshold after several weeks.14  

In addition, a decreased RI was expected in the single-legged stance 

following plyometric training, due to the requirement to increase the stability in the 

lower extremity during training.  In this study, both groups increased RI during the 

post-intervention testing session and there was no significant difference between 

groups or stances.  This suggests that both groups had increased gain regulation 

after the six weeks.  Both groups producing a similar RI were unexpected.  Possible 

reasons for no observable differences may be the plyometric training may not have 

been challenging enough for the subjects, or that the control group might have been 

performing at a higher intensity level then was previous reported before starting 

the study.  Plyometric training did not cause this increase inhibition.  Similar to our 

study, Sefton et al.32 observed no differences between stances for the RI 

measurement, for neither the chronic ankle stability group nor the healthy group.  

This would suggest that modulation does not occur when going from a stable stance 

to an unstable stance.  RI modulations in the spinal cord during maximal muscle 

contraction rely on less postsynaptic inhibition for greater control over muscle 
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activation.28  The spinal motor control measurements reflected no significant 

modulations in the spinal cord following plyometric training.  

 The soleus background EMG was recorded to monitor the potential effects of 

changing background EMG between trials, to determine if an increase of muscle 

activity influenced the modulation in the spinal cord.  To ensure that change in 

background EMG had not influenced the spinal and supraspinal motor control 

variables, Pearson correlations were used to determine the relationship between 

background EMG to its PRD or RI measurement for each stance during the pre-

intervention testing session.  Prior to running Pearson correlations, Intraclass 

Correlation Coefficient (ICC2,1) was run to determine if the background EMG was 

different from subject to subject during each stance.  The background EMG was not 

consistent across subjects.  We needed to use the Pearson correlations to determine 

if the inconsistent background EMG affected the dependent variables.  Pearson 

correlations identified weak relationships (p > 0.05) between each dependent 

variable and its normalized background EMG for the pre-intervention testing 

session.  The weak relationship justified that the background EMG was not 

influential on the outcome measures of the standing neural control measurements.  

Based on the results of the Pearson correlations, background EMG was not 

accounted for in this study since it was determined to not have an influence on 

dependent variables.  
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Supraspinal Motor Control 

The V-wave was used as a measurement for the change of magnitude of alpha 

motoneuron output during voluntary muscle contraction.20, 21  During movement, 

there are voluntary and involuntary action potentials that travel to activate the 

muscle.  In addition, descending motor control initiates muscle function for 

movement and sensory neurons are triggered during this movement.  V-waves are 

used to assess how stimuli traveling through the reflex loop are affected by 

descending control.21  

 We did not observe any significant interactions or main effects.  The effects 

of resistance training on V:M ratios have been previously reported.20, 34, 35  The 

increases in V:M ratios were observed following a 14-week lower extremity 

resistance strength training,20 a 5-week plantar flexion resistance training,35 and a 

4-week plantar flexion isometric contraction training.34  Following training, there 

were more antidromic collisions that occurred in the efferent neurons that cleared 

the pathway for action potentials to travel through the reflex loop.  This occurred 

due to an enhanced neural drive from the descending pathway, which was caused 

by training affects.  The increased descending control stems from adaptation to 

resistance training.20  It was expected that increased V-waves would follow 

plyometric training.  However, in our study, plyometric training did not cause 

differences in modulation between plyometric training and control groups.   

Resistance training induced an increase in V:M ratios.20, 34, 35  Plyometric 

training, a higher-level exercise intensity training, did not show the same impact as 
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resistance training did on V:M ratios.  The same increase in V:M ratios was expected 

following plyometric training, but was not observed in our study.  The plyometric 

training in this study might not have been a high enough level of intensity difference 

relative to the subjects’ workouts prior to the study.  This program includes all body 

weight exercises without external resistance.  The plyometric training component is 

a part of an ACL prevention program, which is usually used to focus on correcting 

proper techniques during functional movements.  

Limitations 

One limitation in this study was the variability of the H-reflex measurements 

when assessed in different stances.  In addition, subjects were removed either 

because of data collection error or because the measurement was determined as an 

extreme outlier.  Another possible limitation was not monitoring what physical 

activities the control group was performing during the intervention.  We relied on 

the subjects’ self-reporting of compliance with the study’s exclusion criteria.  A final 

possible limitation of this study was that the spinal and supraspinal variables used 

do not measure the effects of plyometrics.  

CONCLUSION 

The results of our study indicated that there were no significant 

neuromuscular control differences following plyometric training in healthy active 

females.  In addition these results suggest there were no training effects on any of 

the neural control variables.  Future investigation would be suggested to determine 

what neural control variables plyometric training may directly affect.  Plyometric 
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training alone did not directly affect the selected neural control variables in this 

study.  

 

 

 
Figure 2.1.  V-waves while performing a plantar flexion MVIC. 
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Figure 2.2.  Paired reflex depression between groups.  During Paired Reflex 
Depression (PRD) there was a significant Group main effect.  PLYO = 
Plyometric group; CON = Control group;   * (p < 0.05) 
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Figure 2.3.  Paired reflex depression between stances.  During Paired Reflex 
Depression (PRD) there was a significant Stance main effect, where double-
legged had more inhibition.  DL = Double-legged stance; SL = Single-legged 
stance; * (p < 0.05).    
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Figure 2.4.  Recurrent inhibition between sessions. During Recurrent 
Inhibition (RI) there was a significant Session main effect.  PRE = Pre-
intervention; POST = Post-intervention; * (p < 0.05).    
 
 
 
Table 2.1.  Means and standard deviations for subject’s age, height, and mass for 
each group. 

 Plyometric  Control  

 Age (yrs) 22.5±3.2 22.7±2.3  

Height (cm) 167.8±7.6 166.2±6.4   

 Mass (kg) 64.5±7.4 65.4±6.3   

Abbreviations: yrs = years; cm = centimeters; kg = kilograms 
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Table 2.2.  Exclusion criteria.  Subjects were excluded if they had any of the 
following. 

EXCLUSION CRITERIA 

Known neurological disorder 

Injury to the lower extremity in the previous 6 months  

Concluded a season of basketball or volleyball within the last 12 months 

Previous involvement in an ACL prevention program  

Previous involvement in a 4-week or longer plyometric training program 

Plan to change their personal workout during the course of the study 

 
 
Table 2.3.  Pre and post intervention for plyometric training group and control 
group.  Dependent variables H:M ratios, PRD DL, PRD SL, RI DL, RI SL, and V:M ratios 
means and standard deviations are presented below. 

 Plyometric  Control 

 PRE POST PRE POST  

H:M ratios 0.62±0.19 0.58±0.19 0.58±0.21 0.64±0.16 

 PRD DL 78.99±13.24 86.42±19.43 73.55±21.11 64.01±27.49  

 PRD SL 50.93±42.64 64.16±34.38 21.78±43.18 14.25±57.69  

 RI DL 50.05±28.76 69.83±21.46 55.57±35.78 67.31±19.88 

 RI SL 54.91±35.41 79.77±14.04 48.93±45.75 74.73±21.37 

V:M ratios 0.24±0.16 0.25±0.20 0.23±0.17 0.19±0.18 

Abbreviations: Pre, Pre intervention; Post, Post intervention; H:M ratios, the ratio 
between maximal Hoffmann reflex and the maximal Muscle response; PRD, Paired 
reflex depression; RI, Recurrent inhibition; DL, Double-legged stance; SL, Single-
legged stance; V:M ratios, the ratio between V-wave and maximal Muscle response. 
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Table 2.4.  Paired reflex depression variable interactions and main effects 

 p-value  

Group x Session x Stance p = 0.86   

 Group x Session p = 0.11  

 Group x Stance p = 0.07  

 Session x Stance p = 0.71  

 Group p < 0.01*  

 Session p = 0.88  

 Stance p < 0.01*   

* significant p < 0.05 
 
 
Table 2.5.  Recurrent inhibition variable interactions and main effects  

 p-value  

Group x Session x Stance p = 0.40  

 Group x Session p = 0.80  

 Group x Stance p = 0.30  

 Session x Stance p = 0.08  

 Group p = 0.78  

 Session p < 0.01*  

 Stance p = 0.25  

* significant p < 0.05 
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Table 2.6.  H:M and V:M ratios variable interactions and main effects 

 p-value  

 H:M  

 Group x Session p = 0.12  

 Group p = 0.87  

 Session p = 0.80  

 V:M 

 Group x Session p = 0.43  

 Group  p =0.57  

 Session p = 0.66  

* significant p < 0.05 
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The Effects of Plyometric Training on Rate of Torque Development 

ABSTRACT 

 The purpose of this study was to determine the effects of plyometrics on rate 

of torque development (RTD) in healthy active females.  Thirty-one subjects were 

recruited to participate in the study.  Subjects were randomly split into two different 

groups (plyometric training and control).  Subjects participated in either the 

training or control intervention for 6-weeks.  For all subjects, RTD was measured for 

plantar flexion, knee extension, and knee flexion during time windows of 0-50, 0-

100, 0-150, 0-200, and 0-250ms.  All measurements were performed during an 

isometric contraction on a Biodex dynamometer.  A 2 [(Group) plyometric training, 

control] X 2 [(Session) pre-, post-intervention] mixed model ANOVA was used to 

analyze the data.  There was a main effect of Session for all plantar flexion RTD time 

windows and vertical jump.  The analysis revealed no significant differences for 

group by session interactions.  Plyometric training alone did not have an effect on 

RTD in the muscles of the lower extremity or vertical jump.  Due to the lack of 

significant interactions, the specific effects of plyometrics on the dependent 

variables are unclear.  One potential explanation for the lack of significant findings is 

that the plyometric training performed in this study may not have been challenging 

enough to cause changes to the neuromuscular variables selected.  

 
KEYWORDS:  Rate of Torque Development, Plantar Flexors, Knee Extensors, 
Knee Flexors, Vertical Jump 
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INTRODUCTION  

 Plyometric training was originally designed for power-trained athletes to 

improve their performance in sport.1  During plyometric exercises, the participants 

typically attempt to produce rapid maximal force.2-6  Plyometrics induce neural 

control improvements causing change to muscle function and performance.2  In 

addition, plyometrics increase the neural drive and muscle activation strategies to 

improve muscle strength and speed.2, 7  

Historically, studies1, 2 involving plyometrics have focused on the production 

of  powerful movements to improve speed and vertical jump.8-10  However, more 

recent investigations have focused on the role of plyometrics in injury prevention.11-

16  In two studies conducted by Hewett et al.,11, 16 plyometrics were a major part of 

an Anterior Cruciate Ligament (ACL) prevention program.  The authors reported the 

ACL prevention program to be effective in increasing hamstring muscle activation in 

both legs16 and reducing ACL injuries.11  Plyometrics incorporated in ACL 

prevention programs are suggested to increase muscle force production to protect 

the knee from injury.11, 16-19  A quicker hamstring muscle contraction may  provide 

additional knee protection during functional movements.16  In addition, plyometric 

training could increase activation of all lower extremity muscles to protect the knee 

during the explosive movements.  

The rate of torque development (RTD), sometimes referred to as the rate of 

force development (RFD), is used to evaluate how quickly a muscle can produce 

force.20, 21  An increase in RTD of the knee musculature suggests the muscles are able 



 
 

46 

to activate more quickly to aid as a protective stabilizing mechanism.  In one 

example, male and female elite soccer players were measured on maximal voluntary 

static contraction RFD for both the hamstring and quadricep muscle groups.21  An 

imbalance between the hamstring and quadricep muscles, where the hamstring 

muscles were much weaker and developed torque more slowly, suggested that 

these athletes are at risk of a noncontact ACL injury.21  In Zebis et al.21 study, a RFD 

hamstring-to-quadricep (H:Q) ratio deficit was measured during the first 50ms of 

initial contraction of a side-cutting maneuver.  This ratio deficit suggests the 

hamstrings activated more slowly to protect the knee during the initial 50ms 

window.21  Noncontact ACL injuries typically occur between 17-50ms, following 

initial ground contact during activity.22  Plyometric training could increase the rate 

of torque produced in the muscles around the knee during functional tasks due to 

the dynamic and functional program.20, 23-25  

The objective of this study was to determine the effect of plyometric training 

on vertical jump performance and RTD during plantar flexion, knee extension, and 

knee flexion in healthy active females.  The RTD for plantar flexors, knee extensors, 

and knee flexors were measured at different time windows from initial contraction 

to maximal voluntary contraction.  Information gained from this study will provide a 

further understanding of motor control following plyometric training.  
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METHODS  

Experimental Approach to the Problem 

  The primary purpose of this study was to use a plyometric component from 

an ACL prevention program to determine the effects on RTD in the lower extremity 

of healthy females.  A 2 (Group) X 2 (Session) mixed model design was used to 

assess motor control changes.  Healthy active females were split into two different 

groups, a plyometric training and a control group.  The plyometric exercises from a 

commonly used “Jump Training” program were employed as the plyometric training 

component in the current study.11, 16, 26  

Plyometric exercises are incorporated in ACL injury prevention programs 

that have  effectively decreased risk factors for ACL injuries.18, 19 In addition, a meta-

analysis completed by Yoo et al.19 closely examined several ACL prevention 

programs and identified common trends between their effectiveness in reducing 

injuries.  However, there is limited evidence for determining changes in motor 

control following ACL injury prevention programs, which utilized plyometric 

training.  Subjects were investigated on the RTD before and after their intervention 

(plyometric training or control). 

Subjects attended a pre- and post-intervention testing sessions separated by 

approximately 6-weeks.  Subjects were pseudo-randomized into either a plyometric 

training (n = 16) or a control group (n = 15) by blindly picking a group assignment.  

The plyometric training group performed 6-weeks of jumping exercises in the 

Neuromechanics Research Laboratory.  The control group was asked not to change 
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their daily physical activities for the duration of the study during the 6-weeks 

between testing sessions.  During each testing session, subjects were measured on 

maximal vertical jump, and on RTD.  The RTD were assessed during the time 

windows of 0-50, 0-100, 0-150, 0-200, and 0-250ms. 

Subjects 

 Thirty-one healthy college-aged females participated in the study.  Sixteen 

females participated in a plyometric training group (age = 22.5±3.2 yrs, height = 

167.8±7.6 cm, mass = 64.5±7.4 kg) and 15 in a control group (age = 22.7±2.3 yrs, 

height = 166.2±6.4 cm, mass = 65.4±6.3 kg).  To participate in the study, subjects 

were required to be physically active 3 times a week for approximately 30 minutes.  

A list of the exclusion criteria is presented in Table 3.1.  All subjects provided 

written consent approved by the University’s Institutional Review Board for the 

protection of human subjects before participating in the study.  

Procedures 

 All subjects reported to the Neuromechanics Research Laboratory for both 

the pre- and post-intervention testing sessions.  The plyometric training group 

attended training sessions in the Neuromechanics Research Laboratory three times 

a week for 30-minute sessions.  The control group was asked to maintain their 

normal physical activities on their own time.  Each testing session began with a 

standard warm-up, including 15 jumping jacks and 15 bodyweight squats before 
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beginning testing.  Then the subjects performed three maximal vertical jumps, after 

which subjects were tested on RTD measures.  

Vertical Jump Measurement 

Before and after the 6-week intervention, subjects performed maximal 

vertical jumps measured using a Vertec Jump System.  We first measured the height 

of the subject’s straight-arm reach above their head with the Vertec Jump System.  

To perform the test, the subject stood with their feet shoulder width apart and when 

ready, performed a counter movement jump to reach as high as possible on each 

vertical jump trial.  During the vertical jump, the subject reached with one hand to 

touch and move the measurement markers on the Vertec Jump System.  The subject 

performed three maximal vertical jumps per session.  Vertical jumps were measured 

by the difference in distance between the subject’s reach height from her maximal 

vertical jump.  Baseline and post measurements were compared for both groups.  

Rate of Torque Development Measurements 

 Subjects were measured on RTD for plantar flexion, knee extension, and 

knee flexion.  All testing was conducted on the dominant leg, as determined by their 

preferred kicking leg.  The RTD was performed on the Biodex System III (Biodex 

Systems, Inc., Shirley, NY).  Subjects were seated in the Biodex dynamometer in a 

semi-reclined position.  The foot of the subject’s dominant leg was placed in the 

footplate and secured with straps.  The knee was positioned at 60° of flexion and the 

ankle was positioned at 0° of plantar flexion (See Figure 3.1).  The verbal command 
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of “push as hard and as fast as you can” was given before the subject performed 

maximal voluntary isometric contraction (MVIC).  A light was used to notify the 

subject when to begin the trial.  The subjects performed three rapid maximal 

isometric plantar flexion contractions with a minute rest between each trial. 

Next, subjects performed knee extension and knee flexion MVIC.  The chair 

was positioned so the subject’s hip was flexed to approximately 90° and the knee 

flexed at 60° (See Figure 3.2).  Again, a verbal command of “push as hard and as fast 

as you can” was given before each trial.  A light was used to notify the subject when 

to begin the trial.  The subject performed three rapid maximal isometric knee 

extension contractions with a minute rest between each trial.  Then three rapid 

maximal isometric knee flexion contractions were performed with a minute rest 

between each trial.  

RTD was measured during maximal isometric contraction for plantar flexion, 

knee extension, and knee flexion.  RTD is the rate the torque changes over time.20  

Initial torque onset was defined as 2.5% of MVIC.  All RTD data was sampled at 2000 

Hz.  Limb weight was adjusted into voltage output and a DC Bias was used to correct 

the signal.  RTD data were low-pass-filtered with the cutoff frequency of 350 Hz and 

high-pass-filtered with the cutoff frequency of 10 Hz.  The data was smoothed with 

root mean square and processed using a 4th -order recursive filter.  Bodyweight 

(Kg*9.81) multiplied by height (m) as represented by (BWxHt)-1 was used to 

normalize all RTD data. 
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Plyometric Training 

 The plyometric training program chosen aligns with the plyometric section 

of the program described by Hewett et al.16.  Subjects in the training group 

performed the exercises three times a week on alternating days, for 30 minute 

sessions.  If a subject missed more than four training sessions, less than 78% 

attendance, they were excluded from the post-intervention testing session.  In the 

current study, the subjects reported to the Neuromechanics Research Laboratory to 

perform the training session under direct supervision of a research study team 

member.  The investigators educated subjects and provided feedback on exercises 

including: 1) correct posture and body alignment; 2) jumping straight up with no 

excessive movement; 3) soft landings with bent knees; and 4) instant reloading for 

preparation of the next jump.  All exercises were demonstrated and the subjects 

were thoroughly instructed on proper techniques.  

Statistical Analysis  

The dependent variables were vertical jump; plantar flexion RTD, knee 

extension RTD, and knee flexion RTD at 0-50, 0-100, 0-150, 0-200, 0-250ms.  A 2 

(Group) x 2 (Session) mixed model ANOVA was implemented for each dependent 

variable.  An alpha level of 0.05 was used for all analyses.  All data were explored for 

extreme outliers (> 3 standard deviations from the mean).  All statistical analyses 

were performed using SPSS software, version 19 (SPSS, Inc. Chicago, IL). 



 
 

52 

RESULTS 

 The plyometric training group subjects attended 92% of the training sessions 

and no subject missed more than four training sessions.  All RTD and vertical jump 

means and standard deviations are presented in Table 3.2.  

 The 2 x 2 mixed model ANOVAs revealed no significant Group x Session 

interaction or Group main effect for vertical jump, plantar flexion RTD, knee 

extension RTD, or knee flexion RTD measurements (See Table 3.3 for all p-values).  

There was a significant Session main effect (p < 0.001; Pre = 35.02±4.99, Post = 

36.96±5.22) for vertical jump (See Figure 3.3).  Plantar flexion RTD had a significant 

Session main effect (p <0.05), revealing a similar increase in RTD for all time 

windows (See Figure 3.4).  All plantar flexion RTD pre- and post-intervention 

means, standard deviations, and p-values are presented in Table 3.4.  

DISCUSSION 

Plyometric exercises involve rapid and powerful movements to improve 

performance.8-10  In the past 15 years, plyometrics have been incorporated in ACL 

prevention programs to reduce injuries.11-15  Plyometric training is expected to 

increase the rate of torque produced in muscles around the knee to protect the knee 

from injury.11, 17-19  The current study was conducted to determine if subjects who 

participated in plyometric training would demonstrate changes in rate of torque 

development (RTD) following the training program in healthy active females. 

 In a meta-analysis,1 plyometric training was concluded to have increased 

strength output and vertical jump improvements in individuals with poor and good 
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fitness levels in both genders.  In addition, plyometric exercises increase 

performance in athletic and non-athletic subject populations.1  Plyometric training 

is more functional and has greater intensity of exercises beyond basic resistance 

strength training to improve performance.2  In our study, we did not include 

resistance strength training; however it was expected that RTD would improve 

following a plyometric training program.  In the past, resistance and sensorimotor 

training have both been shown to cause increases in RTD;10, 20, 23-25, 27 therefore, it 

was expected that plyometric training would show similar results in the current 

study. 

 Following plyometric training, there were no significant plantar flexor RTD 

changes between groups.  There was a significant Session main effect for all time 

windows.  One reason for this Session main effect may have been because of a 

learning effect from pre- to post-intervention sessions.  Plantar flexion action is not 

a standard movement pattern commonly isolated during strength training or other 

functional activities.  The subjects may have felt more comfortable performing this 

action during the second testing session which allowed for an increased RTD output 

for both groups.  The plyometric training group was expected to show increased 

RTD output following the intervention.  Plyometric training included various 

hopping and jumping exercises, which required the use of the gastrocnemius and 

soleus muscle.  It has been reported that ankle plantar flexors (gastrocnemius and 

soleus) produce 25% of total stored energy in the lower extremity during the 

propulsion of a jump.4  The stored energy in muscle tendons help increase the 
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performance during jumping exercises that would lead to higher jumps and 

increases in muscle strength following training.3-6  In the current study, at least half 

of the exercises in the plyometric training protocol required the use of plantar 

flexion and not the entire lower extremity.  One potential reason we might not have 

seen an increased plantar flexion RTD following plyometric training is because the 

testing position of the lower leg was not in the optimal position to record the 

gastrocnemius muscle.  We recorded plantar flexion RTD with the knee flexed at 60° 

which included the soleus and gastrocnemius muscle torque.  Plyometric exercises 

are more effective on fast-twitch muscle fiber (i.e. gastrocnemius) because of the 

amount of energy used is proportional to the amount of energy stored during the 

quicker movements.28  Slow-twitch muscle fiber (i.e. soleus) are more responsive to 

movements that require a longer and slower stretch of the muscle.28  The 

gastrocnemius muscle would be most likely influenced by the plyometric training 

program.3-6  

 On the other hand, gluteus maximus, quadricep, and hamstring muscles 

account for the other 75% of stored energy in the lower extremity during the 

propulsion of a jump.4  With half of the exercises including movement of the entire 

lower extremity during jumps it would be expected that quadriceps and hamstrings 

RTD would have increased following plyometric training.  However, in our study we 

did not observe difference from pre- to post-training for any of the quadriceps or 

hamstrings RTD time windows.  This suggests that plyometric training did not 

change the RTD of knee extensors.  In contrast, Aagaard et al.20 observed knee 
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extension contractile RTD increases through different time windows following a 14-

week heavy-resistance strength-training program.  An extended strengthening 

program caused an increased neuromuscular activation.  Gruber and Gollhofer25 

observed increased RTD before 50ms following a 4-week sensorimotor training.  

The RTD measurement in the Gruber and Gollhofer25 study was performed during 

isometric leg press action compared to other studies,20, 23 which utilized isometric 

knee extension action.  In the Gruber and Gollhofer25 study, they observed 

significant changes in RTD during the 0-30ms and 0-50ms time windows but not 

during the 0-100ms window.  Electromyography readings showed that knee 

extensors were the most active during increased RTD.24, 25  Their training increased 

RTD during the early phase.25  In our study, the training used had rapid and 

explosive type exercises, which should increase the RTD during the earlier phase.  

Resistance training is the closest level of training to plyometrics that was used to 

determine change in RTD.  Our study may not have shown an increase in RTD 

because the plyometric training was not vigorous enough for the subjects to cause a 

neuromuscular adaptation.  

 In the current study, knee extension and knee flexion RTD was not different 

between groups.  RTD has been used as a screening tool to determine deficits in 

quadricep and hamstring muscles prior to a soccer season in female athletes.21  The 

RTD hamstring-to-quadricep (H:Q) ratios were 37% and 48% lower in the two 

females that suffered noncontact ACL injuries during the season compared to the 

mean healthy female group.  The RTD H:Q ratio deficit was observed during the first 
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50ms of initial contraction, which is within the time window of the incident of 

noncontact ACL injuries.22  To help protect the knee from injury, plyometric training 

should increase the RTD within the injury time window.  In the current study, there 

were no significant increases in either knee extensor or flexor RTD following 

plyometric training, especially during the first 50ms of contraction.  This plyometric 

training program did not increase the muscle activation around the knee.  

 Furthermore, we used vertical jump measurement to evaluate functional 

performance following the intervention.  We observed no significant vertical jump 

improvements between groups but we did observe a significant pre- to post-

intervention main effect.  In contrast to our findings, vertical jump was shown to 

increase following a plyometric training of longer durations of 8-weeks30 and 12-

weeks.29  Vertical jump is one performance measure that typically increases 

following plyometrics.8-10  In our study, the plyometric training program was only 6-

weeks long.  We observed a non-significant increase in the mean vertical jump 

measurement in the plyometric training group of 2.78cm when compared to a 

control group that only increased by 1.10cm.  Possible reasons for no statistically 

significant differences may have been related to the plyometric training not 

challenging the subjects enough or that the control group might have been 

performing at a higher training level than was previous reported before starting the 

study.  If this plyometric program lasted longer than 6-weeks, then we may have 

observed a significant increase in vertical jump in the plyometric training group.  
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PRACTICAL APPLICATION 

 A plyometric training program based on an ACL injury prevention program 

did not significantly change the RTD for plantar flexion, knee extension, or knee 

flexion.  Plyometric training did not cause a significant increase in vertical jump 

compared to the control group.  This plyometric training program might not be 

challenging enough to cause changes to RTD or vertical jump.  Further research is 

needed to determine if this plyometric training component or other components 

would be more effective on RTD in the lower extremity or vertical jump.  

 

 

Figure 3.1.  Leg position for plantar flexion rate of torque development on the 
Biodex System III. 
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Figure 3.2.  Leg position for knee extension and knee flexion rate of torque 
development on the Biodex System III. 
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Figure 3.3.  Vertical jump between sessions. Vertical Jump with a significant 
main effect of Session (pre to post) across the different time windows.  * p < 
0.05. 
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Figure 3.4.  Plantar flexion RTD between sessions for each time window. 
Plantar flexion RTD with a significant main effect of Session (pre to post) 
across the different time windows.  * p < 0.05. 
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Table 3.1.  Exclusion criteria.  Subjects were excluded if they had any of the 
following. 

EXCLUSION CRITERIA 

Known neurological disorder 

Injury to the lower extremity in the previous 6 months  

Concluded a season of basketball or volleyball within the last 12 months 

Previous involvement in an ACL prevention program  

Previous involvement in a 4-week or longer plyometric training program 

Plan to change their personal workout during the course of the study 
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Table 3.2.  Pre and post intervention means and standard deviations. 

 Plyometric  Control 

 PRE POST PRE POST 

 PFRTD 0-50 0.13±0.05 0.20±0.07 0.15±0.07 0.19±0.11
 PFRTD 0-100 0.17±0.08 0.24±0.10 0.19±0.08 0.22±0.13 
 PFRTD 0-150 0.17±0.08 0.23±0.10 0.18±0.07 0.21±0.13 
 PFRTD 0-200 0.15±0.08 0.21±0.09 0.15±0.06 0.18±0.12 
 PFRTD 0-250 0.13±0.07 0.18±0.08 0.13±0.05 0.16±0.10 
 
 KERTD 0-50 0.31±0.12 0.36±0.14 0.38±0.23 0.38±0.24 
 KERTD 0-100 0.46±0.15 0.52±0.18 0.53±0.30 0.53±0.30 
 KERTD 0-150 0.45±0.12 0.50±0.16 0.48±0.24 0.47±0.22 
 KERTD 0-200 0.39±0.09 0.42±0.14 0.41±0.17 0.39±0.16 
 KERTD 0-250 0.33±0.08 0.36±0.12 0.35±0.13 0.33±0.13 
 
 KFRTD 0-50 0.15±0.06 0.19±0.08 0.18±0.09 0.18±0.09 
 KFRTD 0-100 0.18±0.05 0.22±0.07 0.21±0.08 0.22±0.10 
 KFRTD 0-150 0.20±0.06 0.21±0.04 0.20±0.06 0.20±0.07 
 KFRTD 0-200 0.20±0.06 0.20±0.04 0.19±0.06 0.18±0.06
 KFRTD 0-250 0.18±0.05 0.17±0.03 0.16±0.05 0.15±0.04 
 
 Vertical Jump 35.24±4.16 38.02±4.08 34.80±5.82 35.90±6.36  
  

Abbreviations: PF, Plantar Flexion; KE, Knee Extension; KF, Knee Flexion; RTD, Rate 
of Torque Development; PRE, Pre Intervention; POST, Post Intervention; Plyometric, 
Plyometric Training Group; Control, Control Group.  
Values are means±standard deviations. Magnified by 100. 
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Table 3.3.  RTD and vertical jump interactions and main effects  

 Group x Session Group Session  

 PFRTD 0-50 p = 0.29 p = 0.92 p < 0.01* 
 PFRTD 0-100 p = 0.24 p = 0.96 p < 0.01*  
 PFRTD 0-150 p = 0.36 p = 0.83 p = 0.01*  
 PFRTD 0-200 p = 0.47 p = 0.66 p < 0.01*  
 PFRTD 0-250 p = 0.50 p = 0.56 p < 0.01*  
 
 KERTD 0-50 p = 0.29 p = 0.48 p = 0.18  
 KERTD 0-100 p = 0.28 p = 0.69 p = 0.27  
 KERTD 0-150 p = 0.21 p = 0.97 p = 0.53  
 KERTD 0-200 p = 0.18 p = 0.91 p = 0.95  
 KERTD 0-250 p = 0.15 p = 0.91 p = 0.99  
 
 KFRTD 0-50 p = 0.05 p = 0.78 p = 0.06  
 KFRTD 0-100 p = 0.31 p = 0.67 p = 0.05  
 KFRTD 0-150 p = 0.64 p = 0.69 p = 0.33  
 KFRTD 0-200 p = 0.50 p = 0.38 p = 0. 98  
 KFRTD 0-250 p = 0.71 p = 0.21 p = 0.50  
 
 Vertical Jump p = 0.07 p = 048 p < 0.01*  
  

Abbreviations: PF, Plantar Flexion; KE, Knee Extension; KF, Knee Flexion; RTD, Rate 
of Torque Development; PRE, Pre Intervention; POST, Post Intervention; Plyometric, 
Plyometric Training Group; Control, Control Group.  
* Significant p < 0.05 
 
 
 

Table 3.4.  Plantar flexion RTD session main effect for each time window. 

 PRE POST p-value 

 PFRTD 0-50 0.14±0.06 0.19±0.09 p < 0.001 

 PFRTD 0-100 0.17±0.08 0.23±0.11 p = 0.003 

 PFRTD 0-150 0.17±0.08 0.22±0.12 p = 0.006 

 PFRTD 0-200 0.15±0.07 0.19±0.11 p = 0.004 

 PFRTD 0-250 0.13±0.07 0.17±0.09 p = 0.003 

Abbreviations: PF, Plantar Flexion; RTD, Rate of Torque Development; PRE, Pre 
Intervention; POST, Post Intervention 
Values are means±standard deviations. Magnified by 100. 
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Chapter 4: Conclusion 

 
 There is limited evidence showing plyometric training effects on 

neuromuscular control in healthy active females.  Plyometric training has been 

shown to be effective for reducing ACL injuries1 and risky movement patterns that 

could lead to an ACL injury.2-6  In a meta-analysis, plyometric exercises were 

highlighted as an important component in prevention programs to be effective in 

reducing the risk of ACL injuries.7  However, the mechanism explaining why they are 

important had not been explored. 

 In our first study, variables of spinal and supraspinal control were used to 

monitor neural control changes related to plyometric exercises.  The Hoffmann 

reflex (H-reflex) is an electrical induced spinal reflex which allows the investigator 

to measure the alpha-motoneurons recruited in a muscle.8-10  Different variants of 

H-reflex include the paired reflex depression (PRD), recurrent inhibition (RI), and 

volitional waves (V-waves).  These measurements record action potentials that pass 

through the spinal cord to a muscle at the end of a reflex loop after a modulation 

occurred in the spinal cord.11-13  Different types of training, specifically plyometric 

training should increase the neural drive.11, 14 

 Furthermore, it has been observed that athletes that are typically 

plyometrically trained (power-trained) have different neural drive compared to 

endurance-trained and non-trained college students.11  Power-trained athletes had 

higher RI and lower PRD when compared to endurance-trained subjects.  In our 

study we did not observe differences between a plyometric training group and a 
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control group.  The expected result of PRD modulation would be to allow more 

action potentials to reach the targeted muscle when performing high-force 

movements.11  Since plyometric exercises use the stretch shortening cycle to achieve 

explosive movements PRD would result in an increase of reflex modulation.11, 15, 16 

In addition, the larger RI in subjects who performed plyometric training was 

expected because this training impacts the activation of the motoneuron pool during 

performance.  Modulations in the spinal cord during maximal muscle contraction 

rely on postsynaptic inhibition for greater control over the firing frequency.11 

V-waves are representation of muscle recruitment and firing frequency from 

a collision of voluntary and involuntary muscle actions.  The increases in V:M ratios 

were observed following a 14-week lower extremity resistance strength training17, a 

5-week plantar flexion resistance training18, and a 4-week plantar flexion isometric 

contraction training.19  An increase in V:M ratios were expected because plyometrics 

are a higher-level intensity type training compared to resistance training.  In our 

study, plyometric training did not cause differences in V-waves between groups.  

Based on previous results,11, 17-19 differences were expected for the different 

spinal and supraspinal variables following a plyometric training program.  Six-week 

plyometric training should cause changes to the neural drive.  Differences were not 

observed between a plyometric training group and a non-plyometric training group.  

The plyometric training in this study might not have been a high enough level of 

intensity difference relative to the subject’s workouts prior to the study.  Evidence 
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from this study suggests that plyometric training did not have an effect on spinal 

and supraspinal control. 

In the second study, the focus was on changes to rate of torque development 

(RTD) for plantar flexor, knee extensor, and knee flexor muscles.  The RTD is a 

measurement of change of torque over a change of time and how quickly a subject 

would be able to generate muscle force.20  The RTD represents the change of torque 

during the specific time window.20  Changes to RTD were expected following a 

training program that involved various jumping exercises using plantar flexion, 

knee extension, and knee flexion muscle actions.  

Furthermore, RTD was measured during different time windows (0-50, 0-

100, 0-150, 0-200, 0-250ms) of contraction.  In another study21 that included RTD as 

a prescreening, there was a significantly lower Q:H ratio RTD during 0-50ms 

window in females who eventually suffered an ACL injury during the season.  Also 

during other prescreening studies,22, 23 the hamstring muscle had a lower and 

slower activation in females who eventually suffered an ACL injury when compared 

to males.  Plyometric training was expected to change the activation of the 

hamstring muscle group, which in our study it showed no significant changes in RTD 

during any of the time windows for knee flexion when the groups were compared.  A 

possible reason for not observing a change of torque development during any time 

window of contraction was because subjects may had no significant deficit during 

the start of the study to improve on.  The current plyometric program from this 

study might not been challenging enough for the participants to cause an increase in 
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RTD.  The training would need to cause an overload to the muscle groups to cause 

an increase in the neuromuscular system.  

There were no significant differences observed for plantar flexion, knee 

extension, or knee flexion RTD when the groups were compared.  Plyometric 

training did not change how quickly a subject would be able to contract the muscles 

during contraction.  Overall the neuromuscular variables were not affected by 

plyometric training.  

Future investigation could be in determining what components of ACL 

prevention program would be most effective when reducing ACL injuries.  This 

might aid in creating a more efficient and effective program to reduce noncontact 

ACL injuries.  Also more investigation with different neuromuscular control 

variables should be used to determine changes following the components of ACL 

prevention programs.  In addition, researchers should identify at risk subjects to be 

tested on changes from ACL prevention program.  These different factors could help 

identify if ACL prevention programs or if plyometric training are effective in 

changing neuromuscular control. 

Finally, a plyometric training program based on a noncontact ACL injury 

prevention program does not have a significant effect on neuromuscular control 

variables or on vertical jump compared to the control group.  From our results, 

plyometric training needs to be included with other ACL prevention program 

components to possibly be effective in causing change.  The multi-component ACL 



 
 

73 

injury prevention programs are still an effective means to reduce the chances of an 

athlete of suffering a noncontact ACL injury.2-6 
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Appendix A: Literature Review 

Introduction 

 The purpose of this study is to determine the effects of a jump-training 

program on variables of neuromuscular control in healthy females.  In this section, 

the literature is critically reviewed to provide an argument for the significance of 

this study.  Initially, the injury risk of noncontact anterior cruciate ligament (ACL) is 

discussed.  Next, the studies of noncontact ACL injury prevention programs are 

identified and compared.  Plyometrics is then defined, and studies discussing their 

utilization in prevention programs are reviewed.  Following this discourse, the 

measurements that will be used in this study are presented.  These neuromuscular 

control measures involve spinal (paired reflex depression and recurrent inhibition), 

supraspinal (V-wave), and motor control (rate of torque development).  

Furthermore, these measures as they are used in past studies will be discussed.  

Injury Risk of Anterior Cruciate Ligament 

Noncontact anterior cruciate ligament (ACL) injuries continue to be a 

problem in athletics.  Specifically, noncontact ACL injuries occur 3-5 times more 

often in female athletes compared to male athletes.1-3 Anatomical, hormonal, 

biomechanical, and neuromuscular, identify the possible intrinsic factors on why 

females may be at a greater risk of a noncontact injury than males.4 In the past two 

Hunt Valley meetings4, 5 addressing ACL injuries in athletics, the researchers focused 

on gender differences and ways to prevent these injuries in sports such as soccer, 

basketball, volleyball, and handball.  The Hunt Valley meetings (1999 & 2005) bring 

researchers together to discuss the current issues in ACL injuries.4, 5  
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Authors1, 2  have identified factors surrounding females having a greater 

potential risk of noncontact ACL injuries more frequently than males, in soccer and 

basketball. These sports include movements (landing, cutting, and deceleration) 

that put the athlete at risk of a noncontact ACL injury.  Two landmark studies Adrent 

and Dick1 and Agel et al2, both involved the comparison of male and female 

collegiate soccer and basketball players. Information was obtained from an Injury 

Surveillance System during a 5 year1 and 13 year2 period. Noncontact ACL injuries 

were recorded by the team athletic trainer and reported into the system.  The hours 

of sport exposure a subject experienced during a season, including all practice and 

game/events were recorded during the season.  From this information, the injury 

incident rate was determined as risk of an injury per 1000 exposure hours.  Both 

Adrent and Dick1 and Agel et al.2 showed females had significantly higher injury 

incident rates than males per 1000 exposures in both soccer (females [0.13]; males 

[0.04]) and basketball (females [0.16]; males [0.04]).  This difference in injury rate 

highlights the concern that female athletes are at a higher risk of suffering a 

noncontact ACL injury compared to males.  

Similar to the previous two studies,1, 2 Myklebust et al.3 examined the ACL 

injury rate in both genders of Norwegian elite handball teams.  Females did have 

significantly more ACL injuries than their male counterparts during the 3-year 

study.  In contrast to Adrent and Dick1 and Agel et al.2, Myklebust et al.3 did not 

report whether the injuries were contact or noncontact.  Contact injuries occur 

when an outside force, which could be caused by an opponent or object, increases 

stress at the knee and could cause strain of the ACL.  Nevertheless, females were at a 
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far greater risk (5 times more likely) of experiencing an ACL injury than male 

handball players.3  

At the Hunt Valley meetings, 4, 5 possible ACL injury risk factors were 

identified.  From these meetings, the potential ACL injury risk factors were 

identified as anatomical, hormonal, biomechanical, and neuromuscular.  All risk 

factors were discussed as different elements impacting the risk of noncontact ACL 

injuries that occur in female athletes.  First risk factor that was focused on during 

the meeting was anatomical elements.  There is not conclusive evidence suggesting 

that anatomical factors are linked to females suffering noncontact ACL injuries 

compared to males, which include the following: a wider pelvis, increased Q-angle, 

increased joint laxity, or a decreased femoral notch width.  In addition, hormonal 

risk factors are also not conclusive if it increases the chances of females suffering 

noncontact ACL injuries that involve higher levels of estrogen and progesterone that 

may influence the composition and mechanical properties of the ACL.  In contrast, 

stronger evidence show biomechanical risk factors linked to females suffering 

noncontact ACL injuries during functional movements.  Biomechanical risk factors 

primarily include functional movement patterns and muscle torques present during 

landing, cutting maneuvers, and deceleration.  Finally, neuromuscular control is its 

own risk factor and can be different between females and males during functional 

movements.5 The development of this study places focus on the neuromuscular risk 

factors.  As a result, further discourse will be directed to these components.   

One example of a study6 that investigated neuromuscular risk factors 

between males and females was focused on muscle activation differences during 
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side-cutting maneuvers. Female athletes with reduced hamstring activation and 

greater quadricep activation prior to and during initial ground contact of tested leg 

for side cutting and landing are at risk of noncontact ACL injury.6-8  Hanson et al.6 

focused specifically on differences in muscle activations of males and females during 

two different side-cutting maneuvers.  One maneuver includes a run to a direct side-

cut, while the other required a box jump to side-cut maneuver.  The results showed 

that quadricep activation was higher in females during the preparatory and the 

loading phase for the run to side-cut maneuver.  Females also had greater 

quadricep-to-hamstring (Q/H) ratios than the male participants.6 For females the 

quadricep has a much higher level of activation in comparison to level of hamstring 

activation during these tasks.  The Hanson et al.6 study revealed that females had 

greater quadricep muscle activation and Q/H ratios during the run to a side-cut 

maneuver, than the box jump to side-cut maneuver.  Having greater quadricep 

activation during landing or cutting movements could put the athlete at risk of 

injuring the ACL, because the tibia pulls the ligament anteriorly, which places added 

stress on the ligament.  

Similar findings to Hanson et al. were presented in two other studies.7, 8 

Landry et al.7 had participants perform two different cutting maneuvers, one 

including side-cut motion and the other a cross-cut maneuver.  The objective of this 

study was to identify gender differences during the two cutting maneuvers to better 

understand why females are more likely of a noncontact ACL injury.  The 

investigators measured muscle activations in relation to their maximal voluntary 

contraction (MVC) during the two cutting maneuvers.  This research team also 
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concluded the quadricep muscles had earlier and greater activation compared to the 

hamstring muscles during both cutting maneuvers in females.  The authors suggest 

these findings further support the reasoning of why females are more likely to suffer 

a noncontact ACL injury because of the imbalance of activation between the 

quadricep and hamstring muscles.7 

Furthermore, in another study focusing on cutting and muscle activation, 

Zebis et al.8 utilized a hard side-cut push off with the participants’ preferred leg.  

The purpose of this study was to screen for muscle activation deficits during a 

cutting maneuver in female handball and soccer players prior to the season.  The 

investigators wanted to link the deficits observed during the preseason screening to 

players that suffered from an ACL injury during the season.  They expected that the 

injured players would show far greater quadricep activation in relation to hamstring 

muscle activation.  The results revealed for those female handball and soccer 

players who injured their ACL, there was significantly less pre-activity for the 

semitendinosus (a hamstring muscle) and greater activity for the vastus lateralis (a 

quadricep muscle).  This imbalance causes stress on the ACL due to the hamstring 

muscle’s inability to help pull back on the tibia in order to reduce the stress that is 

being applied to the ACL.  This excessive stress could lead to failure of the ligament.  

The subjects who suffered an ACL injury had a lower semitendinosus muscle MVC 

percentage with a peak EMG of 21% compared to 40% in the non-injured group.  In 

addition, they had a pre-activity level of 69% in the injured, compared to 35% in the 

non-injured, for vastus lateralis in normalized to their MVC.  The investigators 
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suggest that having far greater quadricep activation in relation to the hamstring 

muscles would increase the chances of a noncontact ACL injury.6-8  

In addition to specifying which muscles are activated during landing and 

cutting, it is necessary to understand how fast these muscles develop torque.  It is 

known that noncontact ACL injuries occur within 17-50ms following the foot 

making initial ground contact, but to know how much torque is developed for the 

lower extremity muscles within that time frame would aid in further understanding 

the deficit in the injured population.9 Zebis et al.10 observed a difference with the 

initial 50ms of rate of force development (RFD) and hamstring-to-quadricep (H/Q) 

ratios for both genders.  There were two females that suffered an ACL injury and 

their RFD H/Q ratios were 37% and 48% lower than the mean female group (.39).10  

This suggests that the two ACL injured players were not able to develop enough 

force in their hamstrings during 50ms after ground contact to protect their knee 

during the incident.  

These findings all identify that ACL injuries are more common in female 

athletes.1-3 Females are more likely to have risk factors that would make them 

vulnerable to suffering an ACL injury.  These neuromuscular differences involve 

decreased hamstring activation6-8 and significantly lower RFD H/Q ratios.8, 10  ACL 

prevention programs are designed to increase muscle activation during functional 

movement patterns that are typically performed in soccer, basketball, and 

volleyball.  
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Prevention of Noncontact ACL Injury 

Noncontact ACL injury prevention programs primarily target female athletes 

participating in high school and collegiate sports (soccer, basketball, and 

volleyball).11-14  These programs are often employed as a replacement for traditional 

warm-ups in practice and preseason training.  The programs are developed to 

reduce the injury incident rate of noncontact ACL injuries by addressing potential 

risk factors.  These programs are designed to change movement patterns and 

activation of muscles during functional tasks to lower the risk of injury for females 

athletes.14  In this section, the different prevention program components will be 

identified and information will be presented as to how these components affect the 

noncontact ACL injury risk, biomechanical risk factors, and muscle activations.    

Noncontact ACL Injury Prevention Program Components 

Noncontact ACL injury prevention programs involve multiple components 

including warm-up, stretching, strengthening, plyometrics, agility, and 

balance/stability.14  These programs usually consist of different exercise 

components incorporated into one prevention program.  When all of the 

components are comprised into one program, there is no way to know exactly which 

components are responsible for observed changes.  To address this difficulty, 

investigators have designed studies15, 16 to look at the components individually. 

Thus, researchers have setout to specifically identify which components of the 

prevention programs directly relate to these changes. 

One attempt to compare components of a prevention program was 

conducted by Chimera et al.17 These investigators conducted a study that isolated 
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the plyometric training component and compared it to a control group to see if there 

was a difference in muscle activations during a drop vertical jump.  The control 

group continued to perform the team’s preseason training, while the intervention 

group performed both the team’s preseason training and plyometric exercises.  The 

investigators measured EMG (vastus medialis and lateralis, medial and lateral 

hamstring, hip abductors and adductors) before and following training intervention.  

The results showed stronger activation of the hip adductors following plyometric 

training when compared to the control group.  The hip adductors were activated 

earlier and greater during the drop jumps.  The investigators also observed a 

greater coactivation between the hip adductors to abductors during landing 

posttesting.  A trend leading to greater reactive quadricep to hamstring coactivation 

following training was also discovered.  There were no other significant 

differences.17  This was the first attempt to isolate a prevention program component 

and this study17 aided researchers in defining what changes occur within muscle 

activations following plyometric intervention. 

Two other studies15, 16 attempted to isolate the components of a prevention 

program. However, they were unable to effectively determine the direct effects of 

each component on changes to mechanics.  A study conducted by Myer et al.16 

compare plyometrics and dynamic balance stabilization components.  Three-

dimensional kinematic evaluations were conducted during a drop vertical jump task 

and a single leg medial drop-landing task.  There was a decrease in initial contact 

and maximum knee abduction angle for both component groups.  The only 

difference observed was in the sagittal plane showed increased knee flexion angles 
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in the plyometric group.16  No other differences were observed between the two 

different components in any other kinematic measure.  One important limitation of 

this study was that both groups utilized a strength-training component in addition 

to their specific plyometric or balance training group.  This could have affected the 

outcome of this study, which leads to an inability to verify if there was a true 

difference between the components.  

In addition, Lephart et al.15 looked at two components of noncontact ACL 

prevention program and did not see differences between them.  Participants were 

involved in either an 8-week plyometric training program or a basic resistance 

exercise program.  Both groups went through the same first phase, but experienced 

a different second phase of their prevention programs.  The first phase involved 

basic strengthening exercise lasting 4-weeks.  Both groups showed improvements in 

peak quadriceps isokinetic testing, but no differences in hamstring isokinetic testing 

for either group.  There were significant increases for both groups in hip flexion, 

peak hip flexion, peak knee flexion, and time to peak knee flexion.  Both groups also 

had significant decreases for peak knee flexion moment and hip flexion moment.  

Similar to the Myer et al. study,16 one of the important limitations was that the 

training groups only had 4-weeks of separate training. The short duration of 

training for the two groups might be the reason differences were not observed.  

Neither study15, 16 showed many differences between the components but did show 

plyometric training to be effective in improving muscle activations and reducing 

biomechanical risk factors.  
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While other components have been shown to be effective, the plyometric 

training component has the greatest effect on changing the risk factors that reduce 

noncontact ACL injuries.14, 18  In addition, during a meta-analysis of noncontact ACL 

prevention programs, plyometrics combined with teaching proper techniques in the 

training programs had the greatest positive result in reducing noncontact ACL 

injuries compared to programs that did not contain these two elements.18  Another 

meta-analysis completed by Yoo et al.14 closely examined several ACL prevention 

program studies to determine common trends between their successes and failures.  

Yoo et al.14 found training interventions involving plyometrics and strengthening 

components to be positively effective.14  Usually, the plyometric training component 

is either one of several components or the primary component in a noncontact ACL 

injury prevention program.  Thus, it would be important to examine plyometric 

training to better understand its effects.   

Plyometrics  

Plyometrics is a type of exercise that incorporates pre-stretching of a muscle, 

an amortization phase, and a quick shortening of the muscle in rapid sequence.19-22 

This rapid sequence is known as the stretch shortening cycle.  Plyometric training is 

used for explosive-trained athletes to improve their performance in sport.  In 

training, these rapid forces are used to improve the neural drive in order to gain the 

most efficient recruitment of muscle fibers and firing frequency.23  This type of 

exercise for the lower extremity involves the application of jumping, hopping, and 

bounding during training.19  
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During plyometric exercises there is an emphasis on the pre-stretching phase 

of the stretch shortening cycle.19  During the pre-stretching of a muscle, elastic 

energy is stored before the rapid shortening phase.  Asmussen and Bonde-

Petersen19 observed that greater elastic energy is stored when landing from a 

higher box height.  From their experiments, they supported an increased output of 

the muscles with greater stored elastic energy.19  Anderson and Pandy20 

investigated the storage and utilization of elastic energy during jumping in male 

athletes.  They observed that the muscle activation sequence occurred in the lower 

extremity from proximal to distal.  The greatest energy producers were the vastus 

muscle of the quadricep and the gluteus maximus muscles.  The vastus muscles, 

gluteus maximus, and hamstring muscles contributed about 75% of the total energy 

delivered to the skeleton, while the ankle plantar flexors (gastrocnemius and soleus) 

involved the other 25% of total energy during the propulsion of a jump.  The 

authors attributed this distribution of energy to the proximal muscles having 

shorter and stiffer tendons during the pre-stretching phase.  In comparing two 

different jumps, countermovement jumps and squat jumps, countermovement 

jumps were found to be more efficient and registered significantly higher jumps.20   

Jumping exercises from plyometric programs use similar mechanical energy 

to improve performance.  Bosco and Komi21 investigated the potential of mechanical 

behavior through the pre-stretching of muscles during three different jumps. They 

examined different types of jumps with various starting methods.  The different 

starting methods were a semi-squatting position with no preparatory counter-

movement jump, a counter-movement jump, and a drop-vertical jump.  They 
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performed these jumps on a force plate where they determined the force and 

velocity relationship.  In the results they reported that both the counter-movement 

jump and the drop vertical jump had greater elastic energy, which increased spring-

like performance when compared to the semi-squatting position with no 

preparatory counter-movement jump.  These two jumps have a greater preloading 

component than the squat jump.  The authors suggested that this preloading 

component is from the elastic energy and stretch reflex potentiating during muscle 

activation.21  Altering movement within these jumps during plyometric training 

would also have an effect on the energy used for the rapid stretch.  Furthermore, 

Bosco et al22 investigated the neuromuscular function and mechanical efficiency of 

human leg extensor muscles during vertical jumps with greater versus shorter knee 

and hip flexion.  They observed that smaller jump motions would lead to greater 

stretching speeds, shorter coupling times, and higher average quick forces 

developed during the pre-stretching phase of the stretch shortening cycle.  These 

changes to neural activations would suggest greater efficiency during jumping.22  

Plyometrics is expected to improve the effects of neural activation.24  This 

type of training increases the motor unit activations in muscle groups such as the 

quadricep and the tricep surae muscles.25 Increases in neural changes result in 

improved strength performance, which will enhance the task or sport 

performance.24  Plyometrics not only have an effect on neural activations, but it also 

has an effect on noncontact ACL injury risk, biomechanical risk factors, and 

neuromuscular control.  
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Effects of Plyometric Training on Noncontact ACL Injury Risk  

Several ACL injury prevention programs have been shown to be effective in 

reducing injury risk.11-13  Two of the most commonly utilized and researched 

programs are the Jump-Training program12 and the Prevent Injury and Enhance 

Performance (PEP) programs.11, 13  Both of the programs include a plyometric 

component.  These programs are designed for female athletes participating in 

soccer, basketball, and volleyball.11-13 Participants in both programs showed a 

significant reduction in ACL injury incidence rates after completing the prevention 

training.  This section will include a discussion of these programs and how they 

impacted the reduction of noncontact ACL injuries. 

One study conducted by Hewett et al.,12 used the Jump Training program 

predominantly based on plyometric exercises combined with basic strengthening 

and stretching exercises for six-weeks. There were 43 basketball, soccer, and 

volleyball teams from 12 area high schools.  The teams were divided into a female 

training group, a female control group, and a male control group.  The prevention 

program was performed three times a week for 60-90 minutes per session.  

Plyometric exercises were heavily emphasized in this prevention program.  During 

the 6-weeks, the female training group attended at least 70% of the sessions.  

Athlete injuries were recorded for one school year or one-sport team’s season from 

each high schools athletic trainer.  The female control group demonstrated an injury 

rate 3.6 times higher than the female trained group.  The female trained group had a 

1.3 times lower injury rate over the male control group.  The incidence of 

noncontact ACL injury was zero for the female trained group, 0.35 per 1000 hours of 



 
 

92 

exposure for the female control group, and 0.05 per 1000 hours of exposure for the 

male control group.  All of the injuries occurred within the basketball and soccer 

teams.  Researchers found that there was a significant training effect on ACL 

injuries.  In this study, the Jump-Training group was 72% less likely to suffer a 

noncontact ACL injury compared to the control groups.12  

In contrast to noncontact ACL injury prevention programs that heavily 

emphasized plyometrics, some programs incorporated plyometrics and non-

plyometric exercises equally.  Mandelbaum et al.13 developed the PEP program and 

showed a significant decrease in ACL risk among 14-to-18-year-old females who 

completed the training.  The participants consisted of 1,041 soccer players in the 

training group and 1,905 in the control group.  The PEP program contains the 

following components: warm up activities, five stretches, three strengthening 

exercises, five plyometric exercises, and three soccer specific drills.  The control 

group performed their coach’s typical warm-up for the team.  The investigators 

tracked the injuries and exposure hours of the athletes during two seasons and 

compared the rate of ACL injuries of the training group to the control group.  In the 

first season, there were two confirmed ACL tears in the training group with an 

injury incidence rate of 0.05 per 1000 hours of exposure.  The control group had 32 

ACL injuries with an incidence rate of 0.47 per 1000 hours of exposure.  There were 

about 88% less ACL injuries in the training group compared to the control group.  In 

the second season, there were four ACL tears with an incidence rate of 0.13 per 

1000 hours of exposure in the training group and 35 ACL tears with an incidence 

rate of 0.51 per 1000 hours of exposures in the control group.  There were 74% less 
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ACL injuries in the training group compared to the control group.  These results 

showed that the PEP program caused a significant decrease in the incidence of ACL 

injuries.13  

In another study, Gilchrist et al.11 constructed a study with similar structure 

to Mandelbaum et al.13 with the exception they had 61 collegiate women soccer 

teams were randomly assigned in a control group or performed the PEP program 

for 12 weeks during the season.  They randomized which teams would implement 

the PEP program as their warm-up for practice.  There were a total of seven ACL 

injuries in the PEP program group and 18 in the control group.  Of those injuries, the 

PEP program group only had two noncontact ACL injuries, while the control group 

had 10 noncontact ACL injuries.  The training group was 70% less likely to 

experience a noncontact ACL injury compared to the control group.11  Both of the 

studies11, 13 utilized plyometrics in their multi-component prevention program and 

observed a significantly less noncontact ACL injuries compared to the untrained 

group.  However, uncertainty surrounds plyometrics being the contributing factor 

that reduces the chances of noncontact ACL injuries. 

The plyometric training component was consistently a part of noncontact 

ACL prevention programs, which showed a reduction in noncontact ACL injuries.  

The Jump-Training program was focused primarily on plyometric exercises 

compared to the PEP program.  Both training programs were effective in reducing 

noncontact ACL injuries.  While some research has shown the positive effects of 

prevention programs it is unclear what neuromuscular changes occur to reduce 

noncontact ACL injuries.  
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Effects of Plyometric Training on Biomechanical Risk Factors  

Biomechanical risk factors for noncontact ACL injuries involve kinematic and 

kinetic variables that put females at a higher risk of injury.  These risk factors are 

heavily considered when assessing training or prevention programs.  Since the 

current study has focused on changes to neuromuscular control following 

plyometrics, and there is limited evidence on neuromuscular control currently 

available, this section will support the inclusion of plyometrics in noncontact ACL 

injury prevention programs due to the effect it has on biomechanical risk factors.  

One study26  that utilized the Jump Training program from Hewett et al.,12 

investigated the knee abduction moments in both dominant and non-dominant legs 

during drop jumps. The subjects were divided into groups based on how much knee 

abduction was present before the training was implemented.  The subjects were 

placed in either a high or low-risk group.  The high-risk training group decreased 

knee abduction moments by 13% in both legs.  The low-risk group showed no 

changes from the training program.26  This would suggest that the high-risk group 

with greater knee abduction moment present at the start of the program would 

experience the most change following the training program. 

In addition, Noyes et al.27 observed knee and ankle distance during drop 

vertical jumps following the Jump Training program which is similar to the previous 

study.26  The investigators measured the distance between the knees of each 

participant before and after the training program.  The justification for measuring 

the distance was to see if there was a change in knee valgus.  There was no 

significant difference between genders for knee separation for the drop vertical 
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jump in the pre-training screening.  Following training, females exhibited 

significantly greater knee separation distances compared to the male group.  The 

plyometric training program proved to have an effect on knee separation distances 

following the training for female athletes.  The increased knee distance indicates a 

lower risk of noncontact ACL injuries.27  

Herrington28 utilized a 4-week plyometric training program to determine the 

effect it had on two different jumping tasks. Participants were evaluated in the 

frontal plane for changes in knee valgus angle during drop vertical jumps off of a box 

and jump shot task.  The jump shot task, required participants to run to a marked 

spot where they simulated a jump shot in basketball over a force plate.  Knee valgus 

decreased for the left leg 9.8° and the right leg 12.3° for the drop vertical jump task.  

Also, knee valgus for the jump shot task decreased for the left leg 4.5° and for the 

right leg 4.3°.  There was as significant reduction in knee valgus for both tasks.  This 

shorter plyometric training program showed improvements in knee valgus motion.  

The training also had an effect on the functional task, the jump shot.28   

In another study,29 there were differences in both biomechanical risk factors 

and muscle activation following a noncontact ACL injury prevention program in 

high school basketball females. The training group performed a modified PEP 

program; the control group continued its regular season training program.  The 

modifications to the PEP program involved an additional warm-down section and 

increased repetition/distances for the exercises that are normally used in the 

program.  Both the training group and control group completed kinematic and 

kinetic analysis while performing a rebound jump task before and after the 12-week 
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intervention.  The group that completed the training program had greater knee 

flexion angles, knee distance, and maximum knee abduction torque following 

training compared to the control group; researchers also observed a smaller 

hamstring-to-quadricep ratio and less maximum knee extension torque.29  Other 

studies11, 13 observed a reduction in the rate of noncontact ACL injuries when using 

a similar prevention program. Furthermore, Lim et al.29 saw a decrease in 

biomechanical risk factors following the modified PEP program.  

Plyometric training programs have been proven to decrease noncontact ACL 

injuries11-13 and reduce biomechanical risk factors.15, 16, 26, 30  However, there are also 

neuromuscular risk factors that could lead to noncontact ACL injuries.  Although, 

limited literature has been published addressing changes in neuromuscular control 

following plyometric training.   

Effects of Plyometric Training Effects on Neuromuscular Control 

There is limited evidence determining the change in neuromuscular control 

following a noncontact ACL injury prevention program utilizing plyometric training.  

Neuromuscular control has been shown to be a factor in reducing noncontact ACL 

injuries.12, 30  Researchers observed increase in hamstring30, 31 and hip adductor17 

muscle activation following a plyometric training program. This section will discuss 

the limited studies17, 30, 31 that have looked at changes in neuromuscular control 

following a plyometric training program.  

One study30 employed the Jump Training program on high school female 

athletes to determine the change in muscle activation to the lower extremity 

musculature.  Following the 6-week Jump Training program, females significantly 
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increased isokinetic hamstring peak torque in both legs.  Although the dominant leg 

had a greater increase at 44%, the non-dominant leg also had a significant increase 

at 22% for isokinetic hamstring peak torque from baseline measurement.  In 

addition, the hamstring-to-quadricep muscle peak torque ratio increased 13% in the 

dominant leg and 26% in the non-dominant leg from baseline measurment.30  This 

hamstring muscle activation increase proved to be the most significant finding in 

the study.30 

Similar to Hewett et al.,30 Wilkerson et al.31 used the same Jump Training 

program and found a significant increase in hamstring peak torque and an increased 

hamstring-to-quadricep ratio in the training group.  The quadricep peak torque did 

not change for either group.  This Jump Training program did change hamstring 

strength and activation, but other variables did not differ between groups.31  Both 

studies30, 31 showed increased hamstring muscle activation following plyometric 

training.  

In another study by Chimera et al.,17 after performing a plyometric training 

program, increases in hip adductors and abductors muscle activation during landing 

were observed in the NCAA Division I female soccer and field hockey players that 

participated in the study.  The groups were randomized into a training group (9 

females) and control group (9 females).  Electromyography (EMG) was recorded 

during drop jump trials.  The muscles measured included vastus medialis, vastus 

lateralis, medial hamstrings, lateral hamstrings, hip abductors, and hip adductors.  

The training group performed plyometric exercises progressing over 6 weeks.  The 

exercises were performed twice a week for about 20-30 minutes.  The greatest 
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change after the plyometric training was a higher activation of the hip adductors, 

which were activated earlier and greater during the drop jumps in the post-testing.  

The investigators also observed coactivation between the adductors to abductors 

during landing from pre-testing to post-testing.  There was a moderate trend, which 

suggested a greater reactive quadriceps-to-hamstring coactivation following 

training.  The investigators expected this trend to aid in dynamic stability at the 

knee.17  

Plyometric training changes movement mechanics15, 16, 26, 30 and injury 

rate.11-13  When considering injury prevention, it is suggested to increase torque 

production prior to 50ms because noncontact ACL injuries occur between 17-

50ms.9  There is still uncertainty surrounding how a prevention program that has 

incorporated plyometric training affects the neuromuscular control.  Also, there is 

limited evidence30, 31 regarding how plyometric training effects muscle activation.  

Spinal and Supraspinal Control Mechanisms 
 

The Hoffmann reflex (H-reflex) is an electrical induced spinal reflex that 

estimates the alpha-motoneurons recruited in a muscle.32-34  Two measurements (H-

reflex and M-wave) are obtained during the stimulation of a nerve for a particular 

motoneuron pool.  The H-reflex is represented by either a percentage or a maximum 

an individual is capable of recruiting from a motoneuron pool (Hmax).  The M-wave 

is the recruitment of motoneurons by a muscle above the Hmax.  Maximum M-wave 

(Mmax) is the entire motoneuron pool recruited in a muscle.  H-reflex and M-wave 

both explain a muscle response in a related reflex loop occurring in the nervous 
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system.32 Furthermore, these measurements are utilized in many different 

variations to evaluate inhibition occurring in the spinal cord. 

Modulations within the spinal cord can be observed in various manners.  

Three spinal control mechanisms (paired reflex depression [PRD], recurrent 

inhibition [RI], and volitional waves [V-waves]) can be utilized to determine neural 

modulations in the spinal cord following plyometrics.  The measurements allow 

investigators to observe modulation occurring in the presynaptic and postsynaptic 

axon in the spinal cord.  The PRD mechanism is used to measure presynaptic 

inhibition, and RI is used for postsynaptic inhibition occurring in the reflex loop.35 V-

waves measure descending information from supraspinal levels that have been 

modulated in the spinal cord.36 Plyometric training involves repetitive explosive 

movements that would send an array of maximal stimulus through the peripheral 

nervous system.  Over time, this could change how the stimulus is modulated in the 

spinal cord due to neural adaptation from plyometric training.37 These 

measurements could provide more information on what is occurring in the spinal 

cord following plyometric training intervention.  

Paired reflex depression (PRD) is associated with the reflex loop effected by 

its activation history.38  When multiple stimuli travel up the same afferent neuron 

during a short duration (within a 100ms), a modulation occurs at the presynaptic 

axon.  This is a hyperpolarization that occurs to the presynaptic axon and a 

depression is observed in the motor response.38, 39  To test this method of spinal 

control, two pulsed stimuli are sent to the same nerve, typically 80-100ms apart.35, 

40-43  A depression is usually observed during the second H-reflex amplitude.  When 
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conducted while standing, this measure is highly reliable with an intraclass 

correlation of 0.93.40 

Recurrent inhibition (RI) is a gain regulator of motor output at the spinal 

level.  It is regulated by recurrent collaterals of the same motoneuron, which actives 

the Renshaw cell to modulate the postsynaptic axon.44  The recurrent pathway is the 

only one activated by its own motoneuron discharge.45  RI is investigated by a H-

reflex administered 10ms prior to a supramaximal stimulus to the same nerve.  A 

conditioned H-reflex will appear on the recording.  This occurs due to the 

supramaximal stimulus having an antidromic collision with the H-reflex at a 

percentage (10-30%) of M-wave.  This clears the efferent pathway for a 

depolarization of the alpha motoneuron to occur.  An unconditioned H-reflex then 

passes along the efferent pathway to cause a muscle response.45  When conducted 

while standing, this measure is highly reliable with an intraclass correlation of 

0.97.40 

Volitional waves (V-wave) are first investigated by Upton and McComas.36 

This measure is an electrophysiological variant of the H-reflex elicited by 

supramaximal stimulus during voluntary muscle contraction.  The voluntary muscle 

contraction used during V-waves is an isometric contraction.  For a V-wave to be 

obtained, antidromic collision must occur.  A stimulus traveling from the 

supraspinal center is the voluntary isometric contraction.  A maximal M-wave 

causes a direct activation of the muscle and travels up the efferent pathway to the 

alpha motoneuron in the spinal cord, recruiting all small and large motoneurons 

along its path.  When the M-wave travels up the efferent pathway it eventually 
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experiences an antidromic collision with the descending stimulus from voluntary 

contraction.  This collision would clear that neuron to allow the descending motor 

pathways to activate motoneurons in the cleared path to show a definite wave in the 

EMG recording.  This displays information pertaining to the recruitment and firing 

frequency of the tested muscle.36  V-waves have a high reliability with an intraclass 

correlation of 0.92 for non-normalized and 0.86 for normalized V-waves for the 

soleus muscle.  Normalized V-waves have been observed to be standardized to the 

supramaximal M-waves for each participant.46  

Furthermore, Pensini and Martin47 observed an increased size of muscle 

force level would produce larger V-wave responses. There was a significant linear 

relationship between muscle force level and V-wave-to-M-wave (V:  M) 

supramaximal ratios.  This indicates that there was an increase of V:M ratio with a 

greater percentage of MVC muscle force levels.  This suggests that the efferent 

neural drive in tested muscle is better to observe closer to the MVC.47 

In addition, Duclay and Martin48 observed no difference between isometric, 

concentric, and eccentric contraction types when measuring V-wave modulations. 

The investigators wanted to determine if the measurements could be conducted 

across different types of contractions.  They observed no differences during the 

three types of contractions for V:M ratios.  This would suggest that V-waves could be 

observed for any of the contraction types.48 

The measurements of PRD, RI, and V-wave allow investigators to observe 

neural adaptations that occur from plyometric training.  Furthermore, it would 

allow for comprehensive understanding regarding where the neural adaptations 
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occurred following plyometric training.  All three of these measurements reliability 

detect changes in the spinal cord during motor activity.  

Spinal and Supraspinal Control Mechanisms Studies 

The previous section discussed the different spinal cord measurements.  This 

section will identify and compare related use of the spinal cord measurements and 

changes that are observed in trained subjects.  In one study, Earles et al.35 observed 

spinal level motor control differences in two different types of trained athletes.  The 

investigators divided the groups by the subject’s current activity level; long-distance 

track runners (endurance-trained), sprinters/high jumpers (power-trained), and 

not a trained athlete (untrained/control).  They measured PRD and RI in endurance-

trained, power-trained, and untrained subjects.  Furthermore, they used two 

different proportions of the ascending sensory curve, which was 10% and 30% of 

Mmax for PRD and RI.  Endurance-trained subjects demonstrated significantly less 

RI and greater PRD compared to the other two groups.  At 10% of Mmax, the power-

trained group demonstrated significantly less PRD and greater RI than the other two 

groups.  The endurance-trained group produced more PRD, suggesting an increased 

afferent modulation of motor output.  PRD would assist neural pathway with more 

efficient cortical commands to dominate movement.  The power-trained group had 

more recurrent inhibition suggesting greater postsynaptic control mechanisms.  The 

two trained groups modulate the neural pathway differently.  The power-trained 

athletes typically fully activate the motor pool during their task or performance, 

suggesting that there is a greater control over frequency of firing of motor units.35  
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 Furthermore, Sefton et al.42 observed no reflex modulation from double-

legged stance to single-legged stance between a pathological populations compared 

to a control population.  They investigated PRD and RI of patients with chronic ankle 

instability.  There was a significant difference between single and double-legged 

PRD in the healthy participants, but there were no significant differences in the 

chronic ankle instability group.  This would suggest that the chronic ankle instability 

group was unable to modulate PRD when going from a double- to single-legged 

stance.  The RI was more depressed in the chronic ankle instability group compared 

to the healthy participants in both conditions.  This did not change over stances.49  

This pathology group showed different modulation in the spinal cord compared to 

the healthy group.  

In another study conducted by Sefton et al.43, they observed a greater PRD 

during the single-legged stance after balance training in the chronic ankle instability 

group.  The chronic ankle instability subjects completed a 6-week balance-training 

program, and healthy participants continued their normal daily activities.  The 

balance-training program consisted of a balancing platform containing a marble 

maze that provided four levels of difficulty.  There were significant differences from 

pre to post training in the chronic ankle instability group for dynamic balance, PRD, 

and inversion joint position sense.  There was significantly higher PRD in the single-

legged stance but not in the double-legged stance following training.43  Basic 

balance-training changed the presynaptic inhibition during the single-legged stance, 

which was not different from the double-legged stance prior to training.49  Basic 

balance-training changed the PRD in the spinal cord in the injured population.  Thus, 
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balance-training could be similarly affective in healthy participants and may assist 

in preventable spinal level motor control. 

In addition, Aagaard et al.50 observed increases in V- waves following 

resistance training.  The participants performed a 14-week resistance-training 

program.  There was a significant increase V:M ratios from pre training to post 

training.  V-waves reflect the overall magnitude of efferent motor output as caused 

by modulations to the descending voluntary control following maximal pool 

recruitment.  Resistance-training had an impact changing the modulation at the 

spinal cord to increase muscle activation.50  

In a similar study, Nordlund Ekblom51 observed parallel changes in muscle 

strength and V-waves in maximal voluntary concentric and eccentric plantar flexion 

following resistance-training. The training consisted of a 5-week plantar flexion 

resistance-training program.  V:M ratios significantly increased 77% for both 

concentric and eccentric contractions.  There was no significant difference between 

concentric and eccentric contractions for either V-waves or plantar flexion strength.  

Plantar flexion strength increased 19.3% from baseline.  A statistically significant 

relationship was made between the plantar flexion strength gain and the V:M ratios 

that indicates as strength increases less modulations occur in the spinal cord during 

maximal voluntary contractions.51 

In addition, Del Balso and Cafarelli52 also observed strength gains and 

increased V-waves following a 4-week resistance-training.  The increase in V-wave 

amplitude following training would suggest enhanced neural drive in descending 

corticospinal pathways and a decrease of presynaptic inhibition.  Furthermore, 
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significant increases were also seen with MVC torque, rate of force development, 

soleus EMG, voluntary activation, and rate of activation.  All of these changes 

occurred during a 4-week isometric resistance-training program.  Observing neural 

changes would suggest that resistance training had both supraspinal and spinal 

adaptations. 

These studies provide ways to measure neural control that might be 

associated with modulation occurring in spinal cord following plyometric training.  

Power-trained participants demonstrated significantly greater RI and significantly 

less PRD when compared to an endurance-trained and an untrained group.35  

Heavily intensive resistance-training increased V-waves from pre to post training.50-

52  Even though resistance-training does not use as intensive type of exercises as 

plyometrics, but maximal motor output is utilized in both, which could lead to 

similar V-wave profiles following plyometric training.  

Motor Control 

 Rate of torque development (RTD) is the measurement of an individual’s 

ability to rapidly develop muscle force.53  It is the peak torque divided by the time it 

takes to reach the peak torque and is measured in Newton-meters (Nm) per second.  

RTD is measured while performing isometric contractions on an isokinetic 

machine.10, 53, 54  Furthermore, RTD is an important factor for athletes engaged in 

sports that require explosive functional tasks.10  This measurement is highly reliable 

when performing rapid movement with an intraclass correlation of 0.84 .55  

Furthermore RTD, also known as rate of force development (RFD), allows 

investigators to understand how quickly a muscle can be recruited and fully 
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activated.  Andersen and Aagaard54 determined that the voluntary RFD was 

increasingly more dependent on maximal voluntary contraction (MVC) and less 

dependent on the onset of contraction. The RFD was increased with greater 

maximal muscle contraction, which occurs after time intervals of 90ms.  To develop 

maximal force for a vertical jump or isometric muscle contraction it takes 

~300ms.21, 54  Practical implication for training suggests that explosive movements 

be employed for longer than 90ms to gain the most out of the neural adaptations for 

sports specific functional tasks.54  

When applied to injury prevention, it is suggested to increase muscle force 

production earlier than 50ms, because noncontact ACL injuries occur between 17-

50ms.9  In one study, Zebis et al.10 observed a difference in RFD H:Q ratios for both 

genders during the initial 50ms after the initial torque produced.  Two females 

subjects did suffer an ACL injury following the initial screening, and their RFD H:Q 

ratios were 37% and 48% lower than the mean female group.10  Noncontact ACL 

injuries were observed to usually occur between 17-50ms after initial group 

contact,9 which would suggest that these two female soccer players were not able to 

develop enough force to help protect their knee during that functional movement. 

This supports a training regimen that would increase the rate of force developed for 

the hamstring within that short functional movement.  

Several studies52, 53, 56-58 have measured RFD following resistance-training.  

These studies52, 53, 56-58 observed that training reduce the time needed for a muscle 

to reach maximum force production.  Hakkinen et al.57 observed an increase in 

muscle RFD and that they correlated with an increase in fast twitch-to-slow twitch 



 
 

107 

muscle fiber area ratio following explosive strength training (jump-training).  RFD 

increased every 4 weeks until the end of the program at 24 weeks.  Trained subjects 

were able to reach 500N of force in ~23.4ms, which was significantly faster than the 

pre-training baseline.  There was also significantly greater force produced during 

each of the different time periods.  A increased force during multiple points of 

torque development reflect increased muscle strength through all phases of 

contraction to MVC.57  

In contrast, Andersen et al.56 observed significant increase in the RFD in the 

late phase, but did not observe a significant change in the early phase of the slope 

during their14-week resistance-training program.  The late phase RFD was 

correlated with increased MVC following training.  There was not a significant 

increase in RFD before 140ms but was significantly increased at 250ms.56  

In contrast to Andersen et al.56, Gruber and Gollhofer58 saw increased RFD 

before 50ms following training. Increased RFD was observed following only 4-

weeks of sensorimotor (i.e. balance, stability) training.  Changes in RFD were 

significant at 0-30ms and 0-50ms but not at 0-100ms.52, 58  This training changed 

RTD response during the early phase of force development.  More dynamic stability 

has an effect on neuromuscular adaptations.58 

 Overall, these programs utilized different training durations with programs 

lasting 4,52, 58 14,53, 56 and 24-weeks.57  In addition, there were variations in the type 

of training, including jumps,57 postural (sensorimotor),58 isometric,52 and resistance 

training.53, 56  Despite all of the variations between the different formats of the 

programs, positive changes in RFD were consistently observed.52-54, 56-58 
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Plyometric training is designed to modulate the rate of force that is produced 

during a functional task.  Plyometric training programs have been proven to provide 

increased RFD in subjects who were active in strength training activities.57  In 

addition, various types of training programs have shown increases in RFD.52, 53, 56, 58 

Furthermore, increased RFD was observed following different durations of 

training.52-54, 56-58 RFD is an appropriate measure to observe changes in force 

production over time.  



 
 

109 

REFERENCES 
 
1. Arendt E, Dick R. Knee Injury Patterns Among Men and Women in Collegiate 

Basketball and Soccer. The American Journal of Sports Medicine 

1995;23(6):694-701. 

2. Agel J, Arendt E, Bershadsky B. Anterior Cruciate Ligament Injury in National 

Collegiate Athletic Association Basketball and Soccer: A 13-Year Review. The 

American Journal of Sports Medicine 2005;33(4):524-30. 

3. Myklebust G, Maehlum S, Holm I, Bahr R. A prospective cohort study of 

anterior cruciate ligament injuries in elite Norwegian team handball. Scand J 

Med Sci Sports 1998;8:149-53. 

4. Griffin L, Albohm M, Arendt E, Bahr R, Beynnon B, DeMaio M et al. 

Understanding and Preventing Noncontact Anterior Cruciate Ligament 

Injuries. The American Journal of Sports Medicine 2006;34(9):1512-32. 

5. Griffin L, Agel J, Albohm M, Arendt E, Dick R, Garrett W et al. Noncontact 

Anterior Cruciate Ligament Injuries: Risk Factors and Prevention Strategies. J  

Am Acad Orthop Surg 2000;8:141-50. 

6. Hanson A, Padua D, Blackburn J, Prentice W, Hirth C. Muscle Activation 

During Side-Step Cutting Maneuvers in Male and Female Soccer Athletes. 

Journal of Athletic Training 2008;43(2):133-43. 

7. Landry S, McKean K, Hubley-Kozey C, Stanish W, Deluzio K. Gender 

Differences Exist in Neuromuscular Control Patterns During The Pre-contact 

and Early Stance Phase of An Unanticipated Side-cut and Cross-cut Maneuver 



 
 

110 

in 15-18 Years Old Adolescent Soccer Players. Journal of Electromyography 

and Kinesiology 2008;19(5):370-9. 

8. Zebis M, Andersen L, Bencke J, Kjaer M, Aagaard P. Identification of Athletes 

at Future Risk of Anterior Cruciate Ligament Ruptures by Neuromuscular 

Screening. The American Journal of Sports Medicine 2009;37:1967-73. 

9. Krosshaug T, Nakamae A, Boden B, Engebretsen L, Smith G, Slauterbeck J et 

al. Mechanisms of Anterior Cruciate Ligament Injury in Basketball: Video 

Analysis of 39 Cases. The American Journal of Sports Medicine 2007;35:359-

67. 

10. Zebis M, Andersen L, Ellingsgaard H, Aagaard P. Rapid 

Hamstring/Quadriceps Force Capacity in Male vs. Female Elite Soccer 

Players. Journal of Strength and Conditioning Research 2011;25(7):1989-93. 

11. Gilchrist J, Mandelbaum B, Melancon H, Ryan G, Silvers H, Griffin L et al. A 

Randomized Controlled Trial to Prevent Noncontact Anterior Cruciate 

Ligament in Female Collegiate Soccer Players. Am J Sports Med 

2008;36:1476-83. 

12. Hewett T, Lindenfeld T, Riccobene J, Noyes F. The Effect of Neuromuscular 

Training on the Incidence of Knee Injury in Female Athletes: A Prospective 

Study. Am J Sports Med 1999;27:699-706. 

13. Mandelbaum B, Silvers H, Watanabe D, Knarr J, Thomas S, Griffin L et al. 

Effectiveness of a Neuromuscular and Proprioceptive Training Program in 

Preventing Anterior Cruciate Ligament Injuries in Female Athletes: 2-Year 

Follow-up. Am J Sports Med 2005;33:1003-10. 



 
 

111 

14. Yoo J, Lim B, Ha M, Lee S, Oh S, Lee Y et al. A meta-analysis of the effect of 

neuromuscular training on the prevention of the anterior cruciate ligament 

injury in female athletes. Knee Surg Sports Traumatol Arthrosc 2010;18:824-

30. 

15. Lephart S, Abt J, Ferris C, Sell T, Nagai T, Myers J et al. Neuromuscular and 

Biomechanical Characteristic Changes in High School Athletes: A Plyometric 

Versus Basic Resistance Program. British Journal of Sports Medicine 

2005;39:932-8. 

16. Myer G, Ford K, McLean S, Hewett T. Effects of Plyometric Versus Dynamic 

Stabilization and Balance Training on Lower Extremity Biomechanics. The 

American Journal of Sports Medicine 2006;34:445-55. 

17. Chimera N, Swanik K, Swanik C, Straub S. Effects of Plyometric Training on 

Muscle-Activation Strategies and Performance in Female Athletes. Journal of 

Athletic Training 2004;39(39):24-31. 

18. Hewett T, Ford K, Myer G. Anterior Cruciate Ligament Injuries in Female 

Athletes: Part 2 A Meta-analysis of Neuromuscular Interventions Aimed at 

Injury Prevention. Am J Sports Med 2006;34:490-8. 

19. Asmussen E, Bonde-Petersen F. Storage of Elastic Energy in Skeletal Muscles 

in Man. Acta Physiol Scand 1974;91:385-92. 

20. Anderson F, Pandy M. Storage and Utilization of Elastic Strain Energy During 

Jumping. Journal of Biomechanics 1993;26(12):1413-27. 

21. Bosco C, Komi P. Potentiation of the mechanical behavior of the human 

skeletal muscle through prestretching. Acta Physiol Scand 1979;106:467-72. 



 
 

112 

22. Bosco C, Ito A, Komi V, Luthanen P, Rahkila P, Rusko H et al. Neuromuscular 

function and mechanical efficiency of human leg extensor muscles during 

jumping exercises. Acta Physiol Scand 1982;114:543-50. 

23. Aagaard P. Training-Induced Changes in Neural Function. Exerc Sport Sci Rev 

2003;31(2):61-7. 

24. Saez-Saez  de Villarreal E, Requena B, Newton R. Does Plyometric Training 

Improve Strength Performance? A Meta-Analysis. Journal of Science and 

Medicine in Sport 2010;13:513-22. 

25. Ebben W, Simenz C, Jensen R. Evaluation of Plyometric Intensity Using 

Electromyography. Journal of Strength and Conditioning Research 

2008;22(3):861-8. 

26. Myer G, Ford K, Brent J, Hewett T. Differential Neuromuscular Training 

Effects on ACL Injury Risk Factors in "high-risk" versus "low-risk" athletes. 

BMC Musculoskeletal Disorders 2007;8:39-45. 

27. Noyes F, Barber-Westin S, Fleckenstein C, Walsh C, West J. The Drop-Jump 

Screening Test: Difference in Lower Limb Control by Gender and Effect of 

Neuromusuclar Training in Female Athletes. The American Journal of Sports 

Medicine 2005;33(2):197-207. 

28. Herrington L. The Effects of 4 Weeks of Jump Training on Landing Knee 

Valgus and Crossover Hop Performance in Female Basketball Players. Journal 

of Strength and Conditioning Research 2010;24(12):3427-32. 

29. Lim B, Lee Y, Kim J, An K, Yoo J, Kwon Y. Effects of Sports Injury Prevention 

Training on the Biomechanical Risk Factors of Anterior Cruciate Ligament 



 
 

113 

Injury in High School Female Basketball Players. Am J Sports Med 

2009;37(9):1728-34. 

30. Hewett T, Stroupe A, Nance T, Noyes F. Plyometric Training in Female 

Athletes: Decreased Impact Forces and Increased Hasmtring Torques. The 

American Journal of Sports Medicine 1996;24(6):765-73. 

31. Wilkerson G, Colston M, Short N, Neal K, Hoewischer P, Pixley J. 

Neuromuscular Changes in Female Collegiate Athletes Resulting From a 

Plyometric Jump-Training Program. Journal of Athletic Training 

2004;39(1):17-23. 

32. Hugon M. Methodology of the Hoffmann Reflex in Man. New Development in 

Electromyography and Chimical Neurophysiology 1973;3:277-93. 

33. Misiaszek J. The H-reflex as a tool in neurophysiology: its limitations and uses 

in understanding nervous system function. Muscle & Nerve 2003;28(2):144-

60. 

34. Schieppati M. The Hoffmann reflex: a means of assessign spinal reflex 

excitability and its descending control in man. Progress in Neurobiology 

1987;28(4):345-76. 

35. Earles D, Dierking J, Robertson C, Koceja D. Pre- and post-synaptic control of 

motoneuron excitability in athletes. Medicine & Science in Sports & Exercise 

2002;34(11):1766-72. 

36. Upton A, McComas A, Sica R. Potentiation of 'late' responses evoked in 

muscles during effort. J Neurol Neurosurg Psychiat 1971;34:699-711. 



 
 

114 

37. Avela J, Finni J, Komi P. Excitability of the soleus reflex arc during intensive 

stretch-shortening cycle exercise in two power-trained athlete groups. Eur J 

Appl Physiol 2006;97:486-93. 

38. Eccles J, Rall W. Effects Induced in a Monsynaptic Reflex Path by Its 

Activation. J Neurophysiol 1951;14:353-76. 

39. Curtis D, Eccles J. Synaptic Action During and After Repetitive Stimulation. J 

Physiol 1960;150:374-98. 

40. Earles D, Morris H, Peng C, Koceja D. Assessment of Motoneuron Excitability 

Using Recurrent Inhibition and Paired Reflex Depression Protocols: A Test of 

Reliability. Electromyography and Clinical Neurophysiology 2002;42:159-66. 

41. Sefton J, Hicks-Little C, Koceja D, Cordova M. Modulation of soleus H-reflex by 

presynaptic spinal mechanisms during varying surface and ankle brace 

conditions. Clinical Neurophysiology 2007;37:15-21. 

42. Sefton J, Hicks-Little C, Hubbard T, Clemens M, Yengo C, Koceja D et al. 

Segmental Spinal Reflex Adaptations Associated With Chronic Ankle 

Instability. Arch Phys Med Rehabil 2008;89:1991-5. 

43. Sefton J, Yarar C, Hicks-Little C, Berry J, Cordova M. Six Week of Balance 

Training Improves Sensorimotor Function in Individuals with Chronic Ankle 

Instability. J Orthop and Sports Phys Ther 2011;41(2):81-9. 

44. Knikou M. The H-reflex as a probe: Pathways and pitfalls. Journal of 

Neuroscience Methods 2008;171:1-12. 

45. Katz R, Pierrot-Deseilligny E. Recurrent Inhibition in Humans. Progress in 

Neurobiology 1998;57:325-55. 



 
 

115 

46. Solstad G, Fimland M, Helgerud J, Iversen V, Hoff J. Test-Retest Reliaibilty of 

V-wave Respones in theSoleus and Gastrocnemius Medialis. J Clin 

Neurophysiol 2011;28:217-21. 

47. Pensini M, Martin A. Effect of voluntary contraction intensity on the H-reflex 

and V-wave responses. Neuroscience Letters 2004;367:369-74. 

48. Duclay J, Martin A. Evoked H-reflex and V-wave Responses during Maximal 

Isometric, Concentric, and Eccentric Muscle Contraction. J Neurophysiol 

2005;94:3555-62. 

49. Steffen K, Myklebust G, Olsen O, Holme I, Bahr R. Preventing Injuries in 

Female Youth Football - A Cluster-randomized Controlled Trial. Scand J Med 

Sci Sports 2008;18:605-14. 

50. Aagaard P, Simonsen E, Andersen J, Dyhre-Poulsen P. Neural Adaptation to 

Resistance Training: Changes in Evoked V-wave and H-reflex reponses. J Appl 

Physiol 2002;92:2309-18. 

51. Nordlund Ekblom M. Improvements in dynamic plantar flexor strength after 

resistance training are associated with increased voluntary activation and V-

to-M ratio. J Appl Physiol 2010;109:19-26. 

52. Del Balso C, Cafarelli E. Adaptations in the activation of human skeletal 

muscle induced by short-term isometric resistance training. J Appl Physiol 

2007;103(402-411). 

53. Aagaard P, Simonsen E, Andersen J, Magnusson P, Dyhre-Poulsen P. 

Increased Rate of Force Development and Neural Drive of Human Skeletal 

Muscle Following Resistance Training. J Appl Physiol 2002;93:1318-26. 



 
 

116 

54. Andersen L, Aagaard P. Influence of maximal muscle strength and intrinsic 

muscle contractile properties on contractile rate of force development Eur J 

Appl Physiol 2006;96:46-52. 

55. Mirkov D, Nedeljkovic A, Milanovic S, Jaric S. Muscle strength testing: 

evaluation of tests of explosive force production. Eur J Appl Physiol 

2004;91:147-54. 

56. Andersen L, Andersen J, Zebis M, Aagaard P. Early and late rate of force 

development: differential adaptive responses to resistance training? Scand J 

Med Sci Sports 2010;20:162-9. 

57. Hakkinen K, Komi P, Alen M. Effect of explosive type strength training on 

isometric force-and relaxation-time, electromyographic and muscle fibre 

characteristics of leg extensor muscles. Acta Physiol Scand 1985;125:587-

600. 

58. Gruber M, Gollhofer A. Impact of Sensorimotor Training on the Rate of Force 

Development and Neural Activation. Eur J Appl Physiol 2004;92:98-105. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 



 
 

117 

Appendix B:  Plyometric Training Program 

 
Exercise             Repetitions or Time 

Phase I: Technique 
1. Wall Jumps 
2. Tuck Jumps 
3. Broad Jumps (Stick Landing) 
4. Squat Jumps 
5. Double Leg Cone Jumps (side-

to-side; back-to-front) 
6. 180° Jumps 
7. Bounding (In Place) 

 

Week 1 
 20 sec 
 20 sec 
 5 reps 
 10 sec 
 30 sec/30 sec 

 
 20 sec 
 20 sec 

 

Week 2 
 25 sec 
 25 sec 
 10reps 
 15 sec 
 30 sec/30 

sec 
 

 25 sec 
 25 sec 

 

Phase II: Fundamentals 
1. Wall Jumps 
2. Tuck Jumps 
3. Jump, Jump, Jump, Vertical 

Jump 
4. Squat Jumps 
5. Bounding for Distance 
6. Double Leg Cone Jumps 
7. Scissor Jump 
8. Hop, Hop, Stick 
 

Week 3 
 30 sec 
 30 sec 
 5 reps 
 20 sec 
 1 run 
 30 sec/30 sec 
 30 sec 
 5 reps/leg 

 

Week 4 
 30 sec 
 30 sec 
 8 reps 
 20 sec 
 2 runs 
 30 sec/30 

sec 
 30 sec 
 5 reps/leg 

 

Phase III: Performance 
1. Wall Jumps 
2. Step, Jump Up, Down Vertical 
3. Mattress Jumps 
4. Single-legged Jumps Distance 
5. Squat Jumps 
6. Jump into bounding 
7. Single-legged Hop, Hop Stick 

Week 5 
 30 sec 
 5 reps 
 30 sec/30 sec 
 5 reps/leg 
 25 sec 
 3 runs 
 5 reps/leg 

 

Week 6 
 30 sec 
 10 reps 
 30 sec/30 

sec 
 5 reps/leg 
 25 sec 
 4 runs 
 5 reps/leg 

 

* Plyometric component from Jump-Training program 
* Hewett T, Stroupe A, Nance T, Noyes F. Plyometric Training in Female Athletes: 
Decreased Impact Forces and Increased Hamstring Torques.  The American Journal 
of Sports Medicine.  1996(6):756-73. 
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Appendix C: IRB documents 

RESEARCH PROTOCOL 
January 14, 2013 

 

 Protocol Title: The Effects of Plyometrics on Neuromuscular Control 

PERSONNEL 

 Principal Investigator: Mark Hoffman PhD, ATC  

 Student Researcher(s): Jeffrey Doeringer MS, ATC  

 Co-investigator(s): Sam Johnson PhD, ATC, Marc Norcross PhD, ATC 

 Study Staff: Eunwook Chang MS, ATC, Philip Tolley, Ruben Banuelos,  

 Investigator Qualifications: 

 Drs Hoffman, Johnson, and Norcross are published scholars in the area of 
neuromuscular control with expertise in all data collection techniques. Graduate 
student: Jeffrey Doeringer has conducted studies in the Sports Medicine 
Laboratory under the supervision of Dr Hoffman. Jeffrey Doeringer will assist in: 
recruiting, consenting, training sessions, and data collecting as well as data 
analysis. At no time will he collect data using a technique in which he has not been 
trained. The graduate student (Chang) will assist in: data collecting, and in training 
sessions, but at no time will he collect data using a technique in which he has not 
been trained. The undergraduate students (Tolley and Banuelos) will assist in: 
recruiting, subject preparation, and in the training sessions, but at no time will be 
the primary person responsible for collection of any data.   

 Student Training and Oversight 

 The PI will ensure that an individual specifically trained for that technique is 
collecting all data. In the absence of the PI, the co-investigators, Drs Johnson or 
Norcross will be responsible for oversight of all issues related to the project 
including the protection of human subjects. 

DESCRIPTION OF RESEARCH 

 Description of Research 

 Knee injuries, particularly noncontact anterior cruciate ligament (ACL) injuries, are 
a common problem in some female sports. Prevention programs have been 
developed to reduce these ACL injuries. One component of these prevention 
programs is plyometrics, also known as jump training, is a type of exercise 
commonly used. While some researchers have studied the effects of jump training 
on dangerous movement patterns, there is limited understanding as to how jump 
training affects neuromuscular control (muscle contraction). Therefore, the 
purpose of this study is to determine the effects of jump training on muscle 
contraction.  
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 This study will be used for Jeffrey Doeringer’s Dissertation research project.  

 At the conclusion of this study, we plan to analyze the data and submit 
manuscripts for publication.   

 The aim of this study is to: 

 Determine the effects of jump training on variables of muscle 
contraction.  

o We hypothesize that, following jump training, the expected 
outcome will reflect changes to the variables of muscle 
contraction (i.e. greater spinal motor control, greater maximal 
strength, and reaction time).  

 Background Justification 

 In the past, jump training programs have been utilized for enhancing athletic 
performance. Jump training is a safe set of exercises utilized for different forms of 
physical activities. Recently, this type of exercise is incorporated into noncontact 
anterior cruciate ligament (ACL) injury prevention programs. These programs 
reduce dangerous movement patterns and noncontact ACL injuries. However, 
there is limited evidence on how it affects muscle contraction. This type of 
exercise is designed to have positive changes to variables of muscle contraction in 
athletes. This study will use different muscle contraction measurements (spinal 
motor control, maximal strength, and reaction time) to determine the effects from 
jump training. This study will provide information on baseline measurements of 
muscle contraction to aid in making ACL injury prevention programs more efficient 
and effective for future development.  

 Subject Population 

 A description of participant characteristics:   

o In this study, we plan to test healthy females between the ages of 18 and 30, 
and participate in physical activity (workout) at least 30 minutes, 3 times a 
week. 

o This study is investigating the effects of a type of ACL injury prevention 
program on physically active individuals. The highest prevalence of this injury 
is in females between the ages of 15 and 30 years. Therefore we are limiting 
our recruitment to females under the age of 30. 

 Total target enrollment number:   

o There will be 40 subjects enrolled in the study. The target is 15 subjects per 
group (30 subjects). This number was determined by a power analysis, with a 
power of 0.80. We are requesting a higher enrollment anticipating some 
subjects either may fail the screening or may not be compliant with attending 
at least 14 of the 18 training sessions during the intervention. Subjects need to 
attend 14 training sessions to continue to the second data collection.  

 Inclusion and exclusion criteria:   
o Inclusion criteria:  

 If subject is between the ages of 18-30 years old  
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 If subject is a female 
 If the subject participates in physical activity at least 30 minutes, 3 

times a week (such as weight training, running, and/or other sports).  
o Exclusion criteria:  

 If subject has any known neurological disorder  
 If subject had an injury to the leg (foot, ankle, knee, or hip) in the 

previous 6 months (i.e. strain, sprain, or fracture requiring the use of 
crutches for 3 days or longer)  

 If subject has a current injury (e.g. strain, sprain, or fracture) 
 Individuals who have completed a season of volleyball or basketball 

within the past 12 months. 
 If subject has ever been involved in an ACL prevention program or a 4-

week or longer jump training program 
 If subject plans to change her personal workouts during the course of 

the study 

 Recruitment:  

o Flyers will be placed in areas of high student traffic (i.e. dorms, dining halls, 
academic buildings) and around the community in Corvallis and Albany. 
Additionally, recruitment will take place from multiple classes in the College of 
Public Health and Human Sciences. During the classroom recruitment, a 
member of the study team will briefly describe the study and its purpose, the 
inclusion and exclusion criteria will be explained, and contact information for 
the study will be provided.   

o Recruitment will not take place in any research team member’s classroom. 
Recruitment will not be restricted to Oregon State University students or 
employees.  
 

 Recuitment flyer will include the following information: (Also see attached 

Recruitment Flyer) 

Participants needed for a Jump Training study 

STUDY TITLE: The Effects of Plyometrics on Neuromuscular Control 

PURPOSE: The purpose of this research study is to determine the effects of plyometrics (jump) 
training on variables of muscle contraction in healthy females. 
 
INCLUSION CRITERIA: 

 If you are between the ages of 18-30 years old 

 If you are a female 

 If you participate in physical activities (workouts) at least 30 minutes, 3 times a week 
 
EXCLUSION CRITERIA: 

 If you have any known neurological disorder 

 If you had an injury to the leg (foot, ankle, knee, or hip) in the previous 6 months (i.e. 
strain, sprain, or fracture requiring the use of crutches for 3 days or longer) 
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 Individuals who have completed a season of volleyball or basketball within the past 12 
months. 

 If you ever were involved in an ACL prevention program or a 4-week or longer 
plyometric training program 

 If you plan to change your personal workouts during the course of the study 
 
PRIMARY INVESTIGATOR: Mark Hoffman PhD, ATC 
 
LOCATION: Women’s Building Room #24 
 
CONTACT: Jeffrey Doeringer MS, ATC at doerinje@onid.orst.edu 
 
***YOU WILL BE COMPENSATED FOR YOUR TIME.*** 
 

 Consent Process 

 The consent process will be as follows: 

o Recruitment will take place either in a classroom or with flyers. The flyer 
(see attached) or a member of the research team will provide a contact for 
the interested subject to inquire about the study.  

o During the first conversation, the subject will be asked if they generally 
believe they meet the inclusion criteria as posted or explained to them 
during word of mouth recruitment. No personal or sensitive data will be 
collected or recorded before screening. If they believe they do qualify, 
they will be scheduled for an appointment to be tested. 

o Subjects will arrive at the Women’s building and be greeted by one of the 
study team members. They will be given a copy of the informed consent 
document and be seated in a quiet area where they can read and consider 
the information on the form. A study team member will be available 
during this process to answer questions. During the process, the study 
team member will be available to answer questions but also to have a 
conversation with the subject to ensure she understands the scope of the 
study and the details of the procedures. 

o If the subject signs the informed consent document, she will be offered a 
copy of the signed document. If she chooses not to enroll, then we will ask 
if she has any other questions and then she will be dismissed. (Estimated 
amount of time 15 minutes) 

 

 Eligibility Screening 

 Comprehensive screening for inclusion and exclusion criteria will take place after 
the consent process. A screening document will be completed jointly by a study 
team member and the subject to ensure that the subject qualifies for the study 
(see attached Participant Screening Survey). If an individual screen-fails, her file 
will be closed and the information will be retained with all study documents, but 
her individual data will not be used for study purposes. The subject will be notified 
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of this process. (Estimated amount of time 5 minutes) 

 

 Methods and Procedures 

There will be two testing sessions. The consenting session will be a separate session that 
will include consenting, the Participant Screening Survey, obtaining subject information 
and determining the subjects group assignment. Then subjects will be scheduled for their 
first testing session. Both testing sessions will include the warm-up, vertical jump testing, 
spinal motor control, and maximal strength testing. The subject will come back for the 
second testing session after the 6-week training or control intervention.  

CONSENTING SESSION 

 Following the Participant Screening Survey, subjects will be split into two groups, 
a training group or a control group. Subjects will pick their group assignment out 
of a bag. The randomization of subjects will involve them picking their group 
assignment out of a bag. The research team will ask the subject to pick a piece of 
paper out of the bag. The group that is picked will be the subject’s assignment. 
There will be an even number of group assignments in the bag.  

 Leg dominance will be determined by asking the subject which leg she would 
normally use to kick a ball.  

 The measurement of the subjects height and body mass (weight) will be 
measured.  

 Estimated amount of time 10 minutes 

 The subject will be scheduled for the first data collection session. 

TESTING SESSIONS 

Warm-up 

 The subject will perform a warm-up to prepare them for the vertical jump test and 
muscle strength testing. This will help reduce the chance of a muscle strain.  

 Subjects will perform 15 body weight squats, 15 body weight lunges, and 15 
jumping jacks for the warm-up. (Estimated amount of time 5 minutes) 

Vertical Jump Testing 

 The subject maximum vertical jumps will be measured on a Vertec Jump System 
(see figure 1). This system measures an individuals vertical jump height. We will 
measure the height of the subject’s straight-arm reach above their head first with 
the Vertec Jump System. To perform the test, the subject will stand with their feet 
shoulder width apart and when she is ready, she will lower into a squat position 
and jump straight up to reach as high as she is able on each jump trial. During her 
jump, she will reach with one hand to touch and move the measurement markers 
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on the Vertec Jump System. The subject will perform three maximum vertical 
jumps.  (Estimated amount of time 5 minutes) 

 

Figure 1. Vertec Jump System 

 

 

 

Spinal Motor Control 

 One way in which the body controls movement (spinal motor control) is 
commonly assessed by testing spinal reflexes. This is done by stimulating the 
nerve at the back of the knee with a small shock or a pair of small shocks and 
measuring the resulting muscle contraction. The series of shocks will be of varying 
intensities; some so small that the subject may not even notice them to larger 
shocks that will feel like a small pinch or thump at the back of the knee. Testing 
will include the following: 

 Electrode placement: Five lubricated bipolar (Ag/AgCl) surface electromyography 
(EMG) electrodes will be placed on the subject’s dominant leg. These electrodes 
are similar to those used for EKG assessment. Additionally, two electrodes will be 
placed for the stimulation of the leg muscles.The skin will be shaved and cleaned 
with an alcohol prep pad when necessary to achieve electrode adhesion.  
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o The five EMG electrodes will be placed in the following positions: 

 One electrode will be placed on the subject’s lateral malleolus (ankle 
bone). 

 Two electrodes will be placed on the soleus muscle (located just above 
the ankle in the back of the leg). 

 Two electrodes will be placed on the tibialis anterior muscle (on the 
outside part of the shin).    

o The two electrodes to stimulate the leg muscles will be placed in the following 
positions: 

 One stimulating electrode will be placed behind the knee just over the 
tibial nerve. 

 One electrode (disperser pad) will be placed just above the knee cap 
on the front of the knee .  

o Stimulus intensity will vary between subjects, but will not be higher than 50 
mA.   

o When finding the nerve location in the back of the knee and collecting 
baseline measurements for spinal motor control, the subject will be lying face 
down on a treatment table.  

o Spinal motor control testing will be conducted while the subject stand on both 
feet as well as while the subject balance on one foot. A total of approximately 
75 – 100 stimuli will be delivered during these conditions. (Estimated amount 
of time 50 minutes) 

Maximal Strength Testing 

 The strength assessment will be completed on the Biodex System III 
Dynamometer. Maximal strength will be assessed for the Calf muscles (back of the 
lower leg), Quadriceps muscles (front of the thigh) and the Hamstrings muscles 
(back of the thigh) of the dominant leg. Subjects will be in a seated position on the 
Biodex dynamometer with the knee at ~60 degrees (see figure 4). This will be the 
testing position for the Calf muscles. The subject will be secured in the device with 
a series of straps. When testing Quadriceps and Hamstrings muscles the subjects 
will be seated with the test leg’s hip at ~90 degrees of flexion and knee at ~60 
degrees (See figure 5).  (Estimated amount of time 5 minutes) 
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Figure 4. Subject in a position to perform Calf muscle maximal strength testing. 
 
 

 

Figure 5. Subject in a position to perform the Quadriceps and Hamstrings muscle maximal 
strength testing. 

 The testing will consist of having the subject provide a maximal strength effort as 
quickly as possible in response to a light stimulus. This will happen three times for 
each muscle group with at least 60 seconds of rest between contractions. 
(Estimated amount of time 30 minutes) 

 Following the Calf muscle strength testing, the subjects will perform three more 
trials of the strength testing but when the subject reach 90% of their maximal 
contraction they will receive a stimulus to the tibial nerve in the back of their leg. 
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This will look at maximal strength testing and spinal motor control together. This 
will only be conducted during the Calf muscle strength testing. See below the 
order of testing for the maximal strength testing. (Estimated amount of time 10 
minutes) 

 
Maximal Strength Testing Order 

 
 
 
 
 
 
 

Clean-up 

 Following the data collection segment, the subject and the investigators will 
remove the electrodes. All electrodes will be disposed. The subject will then wipe 
off lubrication gel with a clean towel. (Estimated amount of time 5 minutes) 

 
 

Control Intervention 

 The control group will continue their normal physical activities during the 6-week 
intervention. 

Jump Training Intervention 

 The training group will participate in the jump training intervention for 6-weeks 
(See attached Plyometric Training Program). 

 Subjects will report to the Women’s Building to perform all of their training 
session under direct supervision of the research team.  

 Subjects will perform 15 body weight squats, 15 body weight lunges, and 15 
jumping jacks for the warm-up. 

 Each session will involve a series of seven or eight jumping exercises. For each 
exercise, you will either perform a low number of repetitions (e.g. 5-10 
repetitions) or complete as many jumps in a short duration (e.g. 20-30 seconds). 
The jumps will be in multiple directions (forward-to-back, side-to-side, vertical, 
and 180° rotation). It is expected that you perform these jumps with maximum 
effort while maintaining proper jumping and landing form. Members of the 
research team will provide feedback on proper technique of the exercises. The 
jumps can be moderately challenging and the first priority is to have you perform 
these exercises with the proper jumping and landing technique, rather than 
maximum effort with poor technique. 

 The subject will be able to choose a time slot for the training session with the 
research team. The research team will have designated time slots for training on 
three alternating days (i.e. Monday, Wednesday, Friday; or Tuesday, Thursday, 
Saturday). 

 The training intervention will be performed three times a week with a duration 
less than 30 minute a session.  
 

 

1. Calf muscle strength testing 3 trials 

2. Calf muscle strength testing and spinal 
motor control 

3 trials 

3. Quadriceps muscle strength testing 3 trials 

4. Hamstrings muscle strength testing 3 trials 
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Description of Exercises 
 
 
Study Duration 

 There will be a consenting session and two data collection sessions.  

 Subjects will come in for the second session about 6-7 weeks later at the same 
time of day and repeat the same process. 

 Total time will be  30 minutes for consenting session, and 115 minutes for each of 
the data collection sessions. 
 

Compensation 

 Due to the length of our study, we want to compensate the participants for their 
time. We will compensate the training intervention group to receive $30 and the 
control group to receive $10 following the completion of the study. The training 

Exercise Description 

180° Jumps Two-footed jump. Rotate 180° in midair. Hold landing 2 seconds, 
then repeat in reverse direction. 

Bounding for 
distance 

Start bounding in place and slowly increase distance with each step, 
keeping knees high. 

Bounding in place Jump from one leg to the other straight up and down, progressively 
increasing rhythm and height. 

Broad jumps-stick 
landing 

Two-footed jump as far as possible. Hold landing for 5 seconds. 

Cone jumps Double leg jump with feet together. Jump side-to-side over cones 
quickly. Repeat forward and backwards. 

Hop, hop stick Single-legged hop. Stick second landing for 5 seconds. Increase 
distance of hop as technique improves. 

Jump into 
bounding 

Two-footed broad jump. Land on single leg, then progress into 
bounding for distance. 

Jump, jump, jump 
vertical 

Three broad jumps with vertical jump immediately after landing the 
third broad jump 

Mattress jumps Two-footed jump on foam surface. Perform side-to-side/back–to-
front. 

Scissors jump Start in stride position with one foot well in front of other. Jump up, 
alternating foot positions in midair.  

Single-legged 
jumps distance 

One-legged hop for distance. Hold landing (knees bent) for 5 
seconds. 

Squat jumps Standing jump raising both arms overhead, land in squatting 
position touching both hands to floor. 

Step, jump up, 
down, vertical 

Two-footed jump onto 6-8-inch step. Jump off step with two feet, 
then vertical jump. 

Tuck jumps From standing position jump and bring both knees up to chest as 
high as possible. Repeat quickly. 

Wall jumps With knees slightly bent and arms raised overhead, bounce up and 
down off toes.  
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intervention will receive a higher compensation because they will be asked to 
come to the Women’s Building to perform the intervention 3 times a week for 
30-minute sessions over 6 weeks. Already enrolled participants will receive 
compensation at the completion of the study. Participants who already 
completed the study will be called back in to receive their compensation.  Due to 
a limited budget, there is only enough funding for the number of subjects needed 
to complete the study and there is no additional funding to prorate the 
compensation if a subject withdraws or is withdrawn from the project.  

Costs 

 There are no foreseeable costs. 

 

Anonymity or Confidentiality 

 All information stored on computers for spinal motor control and maximal 
strength measurements will be subject coded and not individually identifiable.   

 There will be a code sheet in a hard copy form that will include the subject code, 
date of consenting, and initials of the participant. This document will be separate 
from the informed consent documents in a locked file cabinet.  We will add their 
information following the consent of the subject and then put the document back 
into the locked file cabinet.  

 All identifiable subject data (such as informed consent document) will be kept in a 
locked file cabinet where access will be limited to sports medicine laboratory 
researchers. The data will be kept for a minimum of 3 years after the close of the 
IRB file.    

 Computers are not password protected because there are no identifiable data on 
the hard drive.  

 This information is only accessible to members of the research team.  

Risks 

 Due to the use of electrical stimulation, there may be a slight level of discomfort 
associated with the testing. The subject will receive a series of electric stimuli that 
will gradually increase in strength until maximum muscle contraction is achieved. 
An electric stimulation could make an individual feel dizziness, nausea, and feel 
faint.  If this occurs, the subject will discontinue the study and be monitored until 
their symptoms are alleviated. Individuals vary in their ability to tolerate the 
discomfort associated with this procedure. Subject will be encouraged and 
reminded to alert the investigator if any of these symptoms appear.  If any of 
these symptoms do occur, the testing will be discontinued immediately and the 
subject will be monitored until symptoms diminish.  
At any time, they may inform the researcher if the stimulus becomes 
uncomfortable for their tolerance and/or they want the procedure to be 
discontinued.  
 

 Although the possibility of a harmful stimulation is possible anytime electrical 
stimulation is being used, we are unaware of any injuries that have occurred due 
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to this type of testing.  To our knowledge, there has never been an instance where 
a research subject has received a harmful stimulation with this type of testing. To 
reduce the chance of receiving a harmful shock, two devices (stimulation isolation 
unit and constant current unit) are placed in the circuit between subject and the 
stimulator. The stimulus can reach a maximum of 50 millamps. This type of nerve 
stimulation is used in clinical testing and is considered to be safe for human 
subjects. There is a minimal risk of the subject falling or becoming unstable after 
receiving the low intensity electrical stimulation. In the unlikely event the subject 
receives a harmful shock, immediate steps will be taken to assist her.  The testing 
will be discontinued immediately and vital signs will be evaluated.  The condition 
of the subject will be monitored and the emergency system will be contacted 
immediately.  The investigators are CPR certified and the emergency system will 
be activated via phone in the lab.   

 

 As with any physical activity, participation in the jump training carries a risk of 
bodily injury such as muscle strain, ligament sprain, or (in rare instances) a 
potentially disabling injury. The motions that the subjects will be asked to perform 
are common to typical physical activity. Following a training session, the subject 
may experience muscle soreness and/or fatigue. To minimize these risks, the 
subject will have at least a day rest between each training session. Also the 
subject will be instructed to warm up to prepare for training and will be provided 
with 30 seconds of rest between each set of jump exercises. In the unlikely event 
the subject gets hurt during the training, immediate steps will be taken to assist 
her. All research study members except for the undergraduate students are 
certified athletic trainers (health care professionals). The training will be 
discontinued immediately and the subject will be advised to seek additional 
medical attention (i.e. student health center or family doctor). If the subject is 
advised by a medical professional (i.e. doctor) that they should not participate or 
to rest for three days or longer than they will not continue with the study. At 
anytime, the subject may inform the researcher if they do not want to continue 
the training.  

 During strength testing portion of the study, there is a minimal chance of the 
subject experiencing a muscle strain. In order to decrease the risk of a muscle 
strain, subjects will perform a warm-up before the vertical jump testing and will 
have a minute rest between each trial for both vertical jump and muscle strength 
testing. Although, we have never encountered a subject suffering from a muscle 
strain performing this test in the past, if this does occur the testing will be 
discontinued and the subject will be advised to seek additional medical attention 
(i.e. student health center or family doctor). At anytime, the subject may inform 
the researcher if they do not want to continue the testing session.  

 

 There is a risk that we could accidentally disclose information that identifies the 
subject. 

 

Benefits 



 
 

130 

 There are no direct benefits to the subjects participating in this study, but the 
potential contribution of these findings to active people in the future is 
substantial.  

Assessment of Risk:Benefit ratio 

 The risk to the subject is minimal and there is no direct benefit to the subject. 
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Participants needed for a Jump Training 
study 

 
STUDY TITLE: The Effects of Plyometrics on Neuromuscular Control 
 
PURPOSE: The purpose of this research study is to determine the effects of plyometrics 
(jump) training on variables of muscle contraction in healthy female 
 
INCLUSION CRITERIA: 
 If you are between the ages of 18-30 years old 
 If you are a female 
 If you participate in physical activities (workouts) at least 30 minutes, 3 times a week 
 
EXCLUSION CRITERIA: 
 If you have any known neurological disorder 
 If you had an injury to the leg (foot, ankle, knee, or hip) in the previous 6 months (e.g. 

strain, sprain, or fracture requiring the use of crutches for 3 days or longer) 
 If you have a current injury (e.g. strain, sprain, or fracture) 
 Individuals who have completed a season of volleyball or basketball within the past 12 

months 
 If you ever were involved in an ACL prevention program or a 4-week or longer jump 

training program 
 If you plan to change your personal workouts during the course of the study 
 
PRIMARY INVESTIGATOR: Mark Hoffman PhD, ATC 
 
LOCATION: Women’s Building Room #24 
 
CONTACT: Jeffrey Doeringer MS, ATC at doerinje@onid.orst.edu 
 
***YOU WILL BE COMPENSATED FOR YOUR TIME. *** 
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Participant Screening Survey 

 

  

Age: ________             Height: _______      Weight: _______ 

 

 

This screening tool will help the research team determine if you are an appropriate subject 

for participation in this study. If you do not qualify for this study, your information will be 

confidential, and your file will be closed and the information will be retained with all 
study documents, but your individual data will not be used for study purposes. 
 

Answer the following questions by circling YES or NO 

 

1. Do you have any known neurological disorder? 

(If Yes, excluded from the study) 

 

YES  NO 

2. Do you have an injury to the leg (foot, ankle, knee, or hip) that 
required surgery or the use of crutches for 3 days or longer 
in the past 6 months? 
(If Yes, excluded from the study) 

 
3. Do you have any current injury (e.g. strain, sprain, or 

fracture)? 
     (If Yes, excluded from the study) 

    
4. Did you ever participate as a jumping athlete for one entire 

season of basketball or volleyball (e.g. high school or 
college)? 
(If Yes, exclude from the study) 

 

YES 

 

 

 

 

YES  

 

 

YES 

 NO 

 

 

 

 

NO 

 

 

NO 

5. Have you ever been involved in an ACL prevention program or a 4-

week or longer jump training program? 

(If Yes, excluded from the study) 

 

6. Are you planning to change your personal workouts during the study? 

(If Yes, excluded from the study) 

 

7. Do you currently participate in at least 30 minutes of physical activity 3 

times a week?  

(If No, excluded from the study) 

 

8. What type of physical activities do you participate on a regular 
basis?   

 

 

 
 

YES 

 

 

 

  YES 

 

 

 

 YES 

 

 

 

 

 

NO 

 

 

 

NO 

 

 

 

NO 

Office Use 

Subject ID: ___________ 
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Appendix D: Chapter 2 Manuscript 1 Data 

H:M ratios data 
 
Code Group PREHMratio PostHMratio 

1 1 0.63 0.59 

2 2 0.21 0.49 

3 1 0.84 0.84 

4 1 0.85 0.78 

5 1 0.77 0.69 

6 1 0.34 0.24 

7 2 0.33 0.40 

8 1 0.47 0.39 

9 1 0.27 0.46 

10 1 0.38 0.38 

11 1 0.71 0.58 

12 2 0.23 0.49 

13 1 0.77 0.63 

14 2 0.90 0.71 

15 2 0.72 0.55 

16 1 0.51 0.56 

17 1 0.44 0.35 

18 1 0.63 0.54 

19 1 0.72 0.70 

20 2 0.63 0.51 

21 2 0.42 0.69 

22 1 0.84 0.96 

23 2 0.58 0.81 

24 2 0.74 0.68 

25 1 0.74 0.59 

26 2 0.85 0.79 

27 2 0.47 0.99 

28 2 0.66 0.69 

29 2 0.75 0.66 

30 2 0.73 0.69 

31 2 0.53 0.41 

Overall AVE 0.60 0.61 

  SD 0.20 0.18 

PLYO AVE 0.62 0.58 

  SD 0.19 0.19 

CON AVE 0.58 0.64 

  SD 0.21 0.16 

 

 
 



 
 

142 

 
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

PRE POST

R
a

ti
o

 

Session 

H:M RATIOS 

PLYO

CON



 
 

143 

Paired Reflex Depression – Double-legged (DL) and Single-legged (SL) stances 
 Subject 2, 12, and 17 were removed for being an outlier 
 
Code GROUP PREPRDDL POSTPRDDL PRDPRESL PRDPOSTSL 

1 1 86.74 89.21 -49.80 32.75 

3 1 79.37 93.24 88.82 79.57 

4 1 78.49 99.08 -5.87 91.24 

5 1 78.37 94.44 90.39 91.55 

6 1 71.53 22.46 41.74 95.35 

7 2 47.02 61.12 -41.90 26.75 

8 1 67.48 87.63 35.76 19.53 

9 1 87.76 90.19 93.42 97.28 

10 1 89.93 64.13 28.92 65.05 

11 1 90.87 94.82 82.29 80.61 

13 1 65.85 89.93 33.20 75.20 

14 2 93.88 98.08 22.66 81.63 

15 2 85.07 81.33 55.54 59.43 

16 1 95.90 94.66 90.31 79.19 

18 1 43.69 92.49 11.01 48.72 

19 1 90.00 93.44 62.24 61.69 

20 2 95.39 74.75 29.84 5.77 

21 2 63.06 32.55 62.34 -35.51 

22 1 83.96 97.24 88.87 -29.72 

23 2 34.38 30.36 -28.17 25.32 

24 2 49.98 68.19 11.16 -10.95 

25 1 74.90 93.34 72.61 74.32 

26 2 58.48 49.42 -19.58 -78.35 

27 2 97.22 92.77 63.94 79.62 

28 2 79.21 64.08 5.02 -97.35 

29 2 81.79 6.59 64.66 56.94 

30 2 73.93 87.99 88.66 66.22 

31 2 96.71 84.85 -30.99 5.78 

OVERALL AVE 76.46 76.01 37.40 40.99 

  SD 17.23 25.71 44.62 52.29 

PLYO AVE 78.99 86.42 50.93 64.16 

  SD 13.24 19.43 42.64 34.38 

CON AVE 73.55 64.01 21.78 14.25 

  SD 21.12 27.49 43.18 57.69 
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Recurrent Inhibition – Double-legged (DL) and Single-legged (SL) stances 
 Subject 25 was removed for being an outlier 
 
Code GROUP PRERIDL POSTRIDL PRERISL POSTRISL 

1 1 42.76 70.01 34.44 60.42 

2 2 80.65 34.28 81.63 53.89 

3 1 84.36 91.43 96.47 96.83 

4 1 40.08 90.28 -1.90 91.70 

5 1 60.10 81.13 73.05 82.19 

6 1 63.85 75.33 54.21 84.91 

7 2 47.98 86.02 -43.02 89.90 

8 1 74.45 78.65 89.79 88.46 

9 1 55.55 43.92 69.68 72.96 

10 1 32.26 16.11 48.01 66.67 

11 1 11.23 53.43 47.61 74.84 

12 2 60.26 58.06 76.68 82.42 

13 1 -18.79 75.91 -2.83 69.52 

14 2 65.67 88.35 49.55 92.06 

15 2 68.43 77.20 81.65 79.20 

16 1 74.68 78.66 89.33 92.97 

17 1 43.08 47.41 41.23 49.84 

18 1 35.17 64.25 1.38 76.97 

19 1 59.42 89.63 86.59 95.59 

20 2 46.18 22.34 -7.03 45.38 

21 2 80.71 76.04 79.14 86.64 

22 1 92.51 91.28 96.65 92.69 

23 2 -29.48 81.32 -39.11 91.20 

24 2 -2.09 66.41 22.55 78.02 

26 2 70.41 78.97 35.72 81.37 

27 2 90.25 55.68 90.96 21.79 

28 2 87.25 67.65 66.79 51.53 

29 2 64.96 86.19 86.96 94.92 

30 2 11.73 49.19 63.65 84.82 

31 2 90.66 81.95 87.88 87.75 

OVERALL AVE 52.81 68.57 51.92 77.25 

  SD 32.02 20.37 40.31 17.95 

PLYO AVE 50.05 69.83 54.91 79.77 

  SD 28.76 21.46 35.41 14.04 

CON AVE 55.57 67.31 48.93 74.73 

  SD 35.78 19.88 45.75 21.37 
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V:M ratios  
Plantar flexion 
N = 26 subjects – subject 6, 10, 16, 20, 28, and 30 were removed because of data 
collection error 
 

Subject Group PreV:M PostV:M 

1 1 0.25 0.12 

2 2 0.08 0.21 

3 1 0.19 0.47 

4 1 0.12 0.15 

5 1 0.11 0.25 

7 2 0.07 0.07 

8 1 0.13 0.17 

9 1 0.14 0.02 

11 1 0.66 0.35 

12 2 0.39 0.31 

13 1 0.34 0.22 

14 2 0.21 0.12 

15 2 0.40 0.15 

17 1 0.43 0.79 

18 1 0.20 0.11 

19 1 0.21 0.13 

21 2 0.56 0.69 

22 1 0.06 0.15 

23 2 0.18 0.11 

24 2 0.41 0.24 

25 1 0.31 0.36 

26 2 0.05 0.04 

27 2 0.12 0.09 

29 2 0.25 0.24 

31 2 0.02 0.02 

Overall Ave 0.24 0.22 

  SD 0.16 0.19 

PLYO AVE 0.24 0.25 

  SD 0.16 0.20 

CON AVE 0.23 0.19 

  SD 0.17 0.18 
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Appendix E: Chapter 2 Manuscript 1 SPSS Output 

H:M Ratios - 2 x 2 Mixed Model ANOVA 
 Group – (Plyometric training and Control) 
 Session – (Pre-intervention and Post-intervention) 
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PRD - 2 x 2 x 2 Mixed Model ANOVA 

 Group – (Plyometric training and Control) 

 Session – (Pre-intervention and Post-intervention) 

 Stance – (Double-legged [DL] and Single-legged [SL]) 
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RI - 2x2x2 Mixed Model ANOVA 

 Group – (Plyometric training and Control) 

 Session – (Pre-intervention and Post-intervention) 

 Stance – (Double-legged [DL] and Single-legged [SL]) 
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V:M ratios – 2 x 2 Mixed Model ANOVA 

 Group – (Plyometric training and Control) 

 Session – (Pre-intervention and Post-intervention) 
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Appendix F: Chapter 3 Manuscript 2 Data 

RTD Plantar Flexion Pre intervention 
S Group PFRTD050 PFRTD0100 PFRTD0150 PFRTD0200 PFRTD0250 

1 1 15.60 21.44 22.44 19.66 17.60 

2 2 20.62 28.79 27.49 21.98 16.65 

3 1 10.39 13.12 13.45 12.24 10.46 

4 1 11.37 12.89 12.09 10.73 10.22 

5 1 13.08 17.35 18.58 18.01 17.00 

6 1 29.38 41.33 42.67 39.79 35.86 

7 2 9.62 13.36 13.61 11.28 9.16 

8 1 9.11 13.21 14.75 12.67 9.90 

9 1 13.77 17.99 17.53 13.82 10.44 

10 1 9.70 13.44 13.67 12.59 11.01 

11 1 13.43 14.63 13.67 12.49 11.75 

12 2 14.05 20.17 19.04 15.72 13.53 

13 1 11.01 11.96 11.32 10.16 8.95 

14 2 14.86 17.99 15.15 11.67 9.57 

15 2 15.87 24.16 25.27 21.58 16.65 

16 1 8.59 11.53 12.26 11.73 11.03 

17 1 15.22 17.28 17.05 15.77 14.51 

18 1 8.76 8.87 8.26 7.00 6.00 

19 1 14.13 19.19 20.95 18.84 15.61 

20 2 8.47 12.92 12.20 9.76 9.02 

21 2 28.04 27.12 22.68 22.05 21.83 

22 1 10.86 11.26 9.79 8.08 6.34 

23 2 9.68 12.42 12.32 10.74 9.02 

24 2 15.86 15.49 13.10 10.97 9.08 

25 1 16.96 17.81 17.49 17.16 16.84 

26 2 4.36 4.49 4.39 3.82 3.47 

27 2 18.88 22.05 19.43 15.64 12.99 

28 2 10.86 12.57 12.74 11.79 10.66 

29 2 13.61 17.52 18.86 18.40 17.71 

30 2 28.21 37.17 33.33 26.19 21.34 

31 2 9.84 12.39 12.24 10.97 9.57 

ALL AVE  14.01 17.48 17.03 14.95 13.02 

  SD 5.92 7.78 7.57 6.77 6.09 

PLYO  AVE 13.21 16.46 16.62 15.05 13.34 

  SD 5.02 7.45 7.97 7.55 6.98 

CON  AVE 14.85 18.57 17.46 14.84 12.68 

  SD 6.83 8.24 7.38 6.08 5.19 
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RTD Plantar Flexion Post intervention 

S Group PFRTD050 PFRTD0100 PFRTD0150 PFRTD0200 PFRTD0250 

1 1 27.35 41.46 41.84 34.17 27.55 

2 2 32.40 40.84 38.07 31.59 25.95 

3 1 13.75 14.42 13.64 13.06 12.85 

4 1 16.80 15.50 12.91 10.83 9.76 

5 1 12.64 15.06 15.47 15.12 14.43 

6 1 32.01 41.02 42.72 39.75 35.39 

7 2 15.26 17.09 15.75 13.82 11.78 

8 1 18.10 24.54 25.36 22.75 19.46 

9 1 13.05 15.02 12.64 9.26 6.96 

10 1 18.36 24.42 25.18 21.54 17.46 

11 1 12.19 13.24 12.61 11.83 11.69 

12 2 16.61 21.92 21.96 19.39 16.76 

13 1 16.57 18.46 16.87 15.24 13.73 

14 2 29.51 35.64 30.94 24.15 19.66 

15 2 21.37 25.54 21.88 16.30 12.03 

16 1 25.13 32.02 31.79 28.47 24.87 

17 1 25.22 30.64 30.65 29.45 27.72 

18 1 16.45 17.76 15.51 12.89 11.02 

19 1 22.65 27.09 26.91 22.78 18.67 

20 2 19.28 22.69 20.15 17.55 17.08 

21 2 47.03 49.78 51.98 48.24 42.47 

22 1 13.64 13.49 13.39 11.95 10.39 

23 2 7.73 8.67 9.46 9.22 8.18 

24 2 16.79 16.40 13.85 11.43 9.52 

25 1 31.71 33.43 32.01 29.78 27.70 

26 2 4.71 5.35 5.39 5.11 4.76 

27 2 26.40 33.29 31.53 26.97 22.61 

28 2 8.73 9.38 9.22 8.31 7.23 

29 2 6.76 6.88 5.54 4.48 4.11 

30 2 14.17 19.99 24.17 25.63 25.38 

31 2 12.52 13.98 12.95 11.01 9.03 

ALL  AVE 19.19 22.74 22.01 19.42 16.97 

  SD 9.13 11.35 11.61 10.47 9.21 

PLYO  AVE 19.73 23.60 23.09 20.55 18.10 

  SD 6.73 9.73 10.44 9.44 8.27 

CON  AVE 18.62 21.83 20.86 18.21 15.77 

  SD 11.37 13.14 13.01 11.68 10.27 
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RTD Knee Extension Pre intervention 

S Group KERTD050 KERTD0100 KERTD0150 KERTD0200 KERTD0250 

1 1 35.00 54.50 56.55 49.87 41.69 

2 2 20.32 35.47 29.21 21.89 17.56 

3 1 21.19 31.68 31.75 26.13 20.96 

4 1 29.54 43.20 42.80 37.95 31.97 

5 1 17.55 31.13 36.44 30.27 24.94 

6 1 46.61 67.16 67.13 59.97 52.88 

7 2 30.87 49.01 46.71 39.60 32.01 

8 1 22.84 40.35 44.54 39.54 32.49 

9 1 53.29 83.68 68.66 48.61 36.57 

10 1 21.17 34.94 37.76 35.10 31.55 

11 1 24.07 39.46 41.35 38.33 34.36 

12 2 31.03 45.41 43.85 40.17 36.60 

13 1 21.55 33.28 34.30 30.59 26.93 

14 2 84.84 106.42 79.99 57.59 43.17 

15 2 58.26 82.42 74.55 58.17 47.55 

16 1 29.93 45.93 40.06 33.34 28.84 

17 1 23.52 38.02 43.17 38.78 33.72 

18 1 17.50 31.93 33.16 26.19 20.91 

19 1 55.43 68.35 58.96 49.14 40.86 

20 2 27.07 38.55 41.19 45.67 48.37 

21 2 83.29 110.22 96.06 76.62 60.69 

22 1 38.30 52.82 46.50 38.56 33.63 

23 2 19.82 22.14 21.82 19.90 18.68 

24 2 40.73 40.13 34.18 33.49 29.21 

25 1 31.84 42.85 42.72 40.75 38.57 

26 2 10.63 12.48 17.93 18.89 19.50 

27 2 45.17 66.34 63.81 52.77 43.29 

28 2 17.16 25.26 25.62 23.20 21.23 

29 2 21.03 27.43 29.28 29.17 28.33 

30 2 42.57 76.35 72.72 59.91 48.63 

31 2 29.49 50.89 49.50 40.26 32.68 

ALL  AVE 33.92 49.28 46.85 40.01 34.14 

  SD 18.01 23.35 18.26 13.53 10.70 

PLYO  AVE 30.58 46.21 45.37 38.95 33.18 

  SD 12.18 15.38 11.50 9.24 8.13 

CON  AVE 37.48 52.57 48.43 41.15 35.17 

 SD  22.58 29.87 23.83 17.26 13.13 
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RTD Knee Extension Post intervention 

S Group KERTD050 KERTD0100 KERTD0150 KERTD0200 KERTD0250 

1 1 51.53 67.41 67.80 60.59 50.32 

2 2 31.55 54.35 44.62 35.50 28.78 

3 1 21.95 35.06 30.63 21.38 15.95 

4 1 42.32 50.26 40.61 33.70 29.18 

5 1 13.68 19.89 24.00 21.33 17.28 

6 1 53.24 69.49 62.49 51.66 45.83 

7 2 11.74 22.89 27.36 25.67 24.01 

8 1 41.97 67.17 65.15 56.95 47.70 

9 1 48.85 73.71 68.57 45.66 33.86 

10 1 23.64 41.92 52.17 50.51 44.35 

11 1 19.50 32.95 35.16 33.77 31.92 

12 2 41.33 64.04 56.82 47.91 40.27 

13 1 26.99 43.47 44.21 39.30 34.81 

14 2 58.12 86.34 65.97 42.56 33.33 

15 2 55.04 76.14 60.92 43.68 36.59 

16 1 44.37 51.07 42.86 33.99 27.69 

17 1 57.39 92.42 84.15 71.67 60.45 

18 1 24.57 49.65 42.78 32.60 27.86 

19 1 43.59 55.59 50.05 37.81 30.57 

20 2 22.84 36.05 37.54 35.45 34.18 

21 2 91.78 108.78 87.04 66.19 52.26 

22 1 27.80 41.95 41.42 40.31 37.80 

23 2 17.11 19.77 19.90 19.00 17.31 

24 2 50.37 52.58 46.58 40.63 34.33 

25 1 34.03 45.79 41.77 37.75 34.92 

26 2 7.64 9.34 12.28 12.67 12.15 

27 2 62.67 84.86 78.84 67.74 56.81 

28 2 17.68 26.90 23.88 18.81 16.01 

29 2 23.66 33.52 35.50 34.98 33.65 

30 2 58.58 73.79 65.70 53.29 43.10 

31 2 22.32 39.92 42.04 33.66 28.50 

ALL AVE  37.03 52.49 48.35 40.22 34.25 

  SD 18.95 23.57 18.83 14.75 12.05 

PLYO  AVE 35.96 52.36 49.61 41.81 35.65 

  SD 13.58 18.06 16.03 13.70 11.82 

CON  AVE 38.16 52.62 47.00 38.52 32.75 

  SD 23.86 28.99 21.92 16.10 12.53 
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RTD Knee Flexion Pre intervention 

S Group KFRTD050 KFRTD0100 KFRTD0150 KFRTD0200 KFRTD0250 

1 1 21.07 25.55 28.10 27.03 23.45 

2 2 15.72 21.51 20.23 17.10 13.66 

3 1 13.76 15.61 14.52 13.60 12.80 

4 1 16.63 19.62 23.10 24.92 23.82 

5 1 12.10 14.95 14.67 13.35 11.74 

6 1 16.61 18.74 24.64 27.75 26.60 

7 2 17.39 20.33 14.97 14.08 12.16 

8 1 25.41 32.81 33.94 32.63 28.12 

9 1 14.16 15.74 21.88 19.75 16.31 

10 1 7.79 10.23 13.53 14.08 13.93 

11 1 7.19 11.05 13.80 14.99 15.55 

12 2 12.93 19.56 22.73 22.93 21.33 

13 1 10.17 14.07 14.33 13.89 12.54 

14 2 34.32 26.94 23.74 18.75 14.09 

15 2 27.72 30.63 27.22 23.66 20.09 

16 1 16.93 21.79 18.22 17.41 16.01 

17 1 9.55 18.52 20.21 19.19 17.01 

18 1 10.06 12.85 14.79 13.57 11.27 

19 1 29.09 24.31 21.52 20.31 16.84 

20 2 29.15 31.94 23.72 26.28 21.74 

21 2 24.11 31.63 29.26 26.18 21.30 

22 1 10.53 14.98 17.49 17.39 15.16 

23 2 9.32 12.07 13.55 13.97 12.90 

24 2 17.47 20.95 18.84 17.87 15.01 

25 1 16.06 22.00 23.05 21.71 19.50 

26 2 4.83 6.04 6.79 7.11 7.64 

27 2 13.40 21.48 23.87 23.41 20.56 

28 2 9.18 10.85 10.25 9.42 8.21 

29 2 10.14 15.36 19.91 22.22 22.40 

30 2 25.24 25.88 21.72 19.54 15.99 

31 2 12.77 14.38 15.17 14.54 13.36 

ALL  AVE 16.16 19.43 19.67 18.99 16.81 

  SD 7.47 6.92 5.95 5.81 5.09 

PLYO  AVE 14.82 18.30 19.86 19.47 17.54 

  SD 6.19 5.93 5.85 5.94 5.29 

CON  AVE 17.58 20.64 19.46 18.47 16.03 

  SD 8.62 7.87 6.26 5.82 4.93 
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RTD Knee Flexion Post intervention 

S Group KFRTD050 KFRTD0100 KFRTD0150 KFRTD0200 KFRTD0250 

1 1 21.07 19.91 23.09 22.30 18.39 

2 2 12.61 19.62 20.69 17.89 14.28 

3 1 16.23 19.18 16.29 15.44 14.42 

4 1 18.56 20.08 21.26 20.95 18.60 

5 1 10.24 10.65 11.27 10.88 10.74 

6 1 14.62 16.82 20.45 22.31 20.04 

7 2 22.08 18.22 16.60 15.54 12.92 

8 1 32.67 30.11 26.71 21.80 16.33 

9 1 27.10 23.86 24.86 23.69 19.43 

10 1 19.39 25.82 26.66 23.86 19.80 

11 1 9.41 17.01 19.29 18.52 17.68 

12 2 12.30 15.26 14.88 14.14 13.78 

13 1 10.71 14.49 15.67 15.86 15.43 

14 2 33.68 40.69 30.48 21.80 16.62 

15 2 35.37 43.31 34.71 29.66 24.26 

16 1 29.93 38.03 25.72 22.61 17.57 

17 1 28.75 28.53 22.17 21.98 18.03 

18 1 12.39 20.31 18.52 16.62 14.37 

19 1 23.96 30.22 24.74 22.22 18.92 

20 2 21.84 25.97 23.39 22.68 19.21 

21 2 23.69 26.48 24.76 20.68 16.57 

22 1 12.11 18.33 22.68 21.84 19.17 

23 2 12.20 17.59 17.49 15.60 14.15 

24 2 15.16 20.17 17.42 16.75 13.96 

25 1 13.91 17.36 18.56 19.26 18.08 

26 2 4.75 5.31 5.87 6.41 6.65 

27 2 12.23 19.00 22.72 22.01 19.64 

28 2 6.49 8.49 9.26 8.97 8.30 

29 2 13.47 19.85 20.46 19.51 16.98 

30 2 22.13 27.02 19.85 18.18 15.01 

31 2 15.52 20.49 20.18 18.57 16.52 

ALL  AVE 18.21 21.88 20.54 18.99 16.32 

  SD 8.14 8.51 5.86 4.74 3.58 

PLYO  AVE 18.82 21.92 21.12 20.01 17.31 

  SD 7.65 7.03 4.36 3.63 2.49 

CON  AVE 17.57 21.83 19.92 17.89 15.26 

  SD 8.85 10.10 7.24 5.62 4.29 
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Vertical Jump Pre Intervention 

Subject Group PreReach preVertT1 preVertT2 preVertT3 PreVertDiff 

S01 1 215.90 240.03 252.73 251.46 36.83 

S02 2 214.63 243.84 245.11 247.65 33.02 

S03 1 213.36 241.30 242.57 241.30 29.21 

S04 1 205.74 236.22 237.49 240.03 34.29 

S05 1 208.28 241.30 242.57 242.57 34.29 

S06 1 215.90 248.92 247.65 248.92 33.02 

S07 2 215.90 234.95 246.38 247.65 31.75 

S08 1 187.96 222.25 222.25 222.25 34.29 

S09 1 218.44 251.46 252.73 254.00 35.56 

S10 1 207.01 236.22 236.22 238.76 31.75 

S11 1 218.44 246.38 246.38 242.57 27.94 

S12 2 198.12 226.06 233.68 232.41 35.56 

S13 1 215.90 248.92 251.46 252.73 36.83 

S14 2 198.12 236.22 236.22 238.76 40.64 

S15 2 200.66 222.25 222.25 222.25 21.59 

S16 1 229.87 261.62 267.97 269.24 39.37 

S17 1 233.68 267.97 270.51 270.51 36.83 

S18 1 228.60 257.81 259.08 259.08 30.48 

S19 1 218.44 257.81 259.08 259.08 40.64 

S20 2 219.71 247.65 248.92 247.65 29.21 

S21 2 208.28 247.65 248.92 246.38 40.64 

S22 1 208.28 243.84 248.92 250.19 41.91 

S23 2 223.52 262.89 259.08 262.89 39.37 

S24 2 223.52 254.00 254.00 251.46 30.48 

S25 1 214.63 250.19 254.00 255.27 40.64 

S26 2 195.58 223.52 231.14 232.41 36.83 

S27 2 208.28 233.68 237.49 241.30 33.02 

S28 2 223.52 257.81 260.35 261.62 38.10 

S29 2 215.90 250.19 254.00 254.00 38.10 

S30 2 214.63 254.00 257.81 257.81 43.18 

S31 2 214.63 242.57 245.11 245.11 30.48 

ALL AVE 213.40 244.82 247.49 247.98 35.03 

  SD 10.28 11.97 11.66 11.68 4.85 

PLYOS AVE 215.03 247.02 249.48 249.87 35.24 

  SD 10.85 11.24 12.07 12.09 4.16 

CON AVE 211.67 242.49 245.36 245.96 34.80 

  SD 9.70 12.66 11.22 11.27 5.63 
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Vertical Jump Post Intervention 

Subject Group Reach VertT1 VertT2 VertT3 VertDiff 

S01 1 215.90 251.46 255.27 257.81 41.91 

S02 2 214.63 243.84 243.84 248.92 34.29 

S03 1 213.36 236.22 242.57 245.11 31.75 

S04 1 205.74 233.68 238.76 240.03 34.29 

S05 1 208.28 242.57 245.11 247.65 39.37 

S06 1 215.90 250.19 254.00 254.00 38.10 

S07 2 215.90 238.76 242.57 241.30 26.67 

S08 1 187.96 219.71 227.33 226.06 39.37 

S09 1 218.44 252.73 256.54 256.54 38.10 

S10 1 207.01 241.30 243.84 245.11 38.10 

S11 1 218.44 246.38 248.92 250.19 31.75 

S12 2 198.12 232.41 232.41 234.95 36.83 

S13 1 215.90 246.38 251.46 252.73 36.83 

S14 2 198.12 241.30 242.57 242.57 44.45 

S15 2 200.66 224.79 224.79 224.79 24.13 

S16 1 229.87 274.32 273.05 273.05 44.45 

S17 1 233.68 271.78 273.05 273.05 39.37 

S18 1 228.60 256.54 259.08 260.35 31.75 

S19 1 218.44 251.46 255.27 255.27 36.83 

S20 2 219.71 248.92 248.92 250.19 30.48 

S21 2 208.28 246.38 250.19 250.19 41.91 

S22 1 208.28 247.65 250.19 251.46 43.18 

S23 2 223.52 262.89 262.89 262.89 39.37 

S24 2 223.52 254.00 252.73 255.27 31.75 

S25 1 214.63 254.00 256.54 257.81 43.18 

S26 2 195.58 222.25 231.14 236.22 40.64 

S27 2 208.28 237.49 241.30 243.84 35.56 

S28 2 223.52 260.35 262.89 261.62 39.37 

S29 2 215.90 247.65 254.00 256.54 40.64 

S30 2 214.63 256.54 257.81 255.27 43.18 

S31 2 214.63 242.57 243.84 243.84 29.21 

ALL AVE 213.40 246.34 249.12 250.15 36.99 

  SD 10.28 12.62 11.58 11.21 5.27 

PLYOS AVE 215.03 248.52 251.94 252.89 38.02 

  SD 10.85 13.26 11.56 11.49 4.08 

CON AVE 211.67 244.01 246.13 247.23 35.90 

  SD 9.70 11.89 11.20 10.50 6.27 
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Appendix G: Chapter 3 Manuscript 2 SPSS Output 

 
RTD – 2 x 2 Mixed Model ANOVA 

 Group – (Plyometric training and Control) 

 Session – (Pre-intervention and Post-intervention) 
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Vertical Jump – 2 x 2 Mixed Model ANOVA 

 Group – (Plyometric training and Control) 

 Session – (Pre-intervention and Post-intervention) 
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Appendix H: Soleus Background EMG 

All background EMG was reduced through Labview for every trial, subject, 

and dependent variable for each stance.  All soleus background EMG (bEMG) was 

sampled at 2000 Hz, and a DC Bias was used to correct the signal.  All EMG signals 

were low-pass-filtered using a 4th -order recursive cutoff frequency of 350 Hz and 

high-pass-filtered with the cutoff frequency of 10 Hz.  Initially, bEMG was 

normalized to the same subject’s maximal voluntary isometric contraction (MVIC), 

which was obtained during the plantar flexion rate of torque development.  A 

subject by trial repeated measures ANOVA was used to assess the consistency of the 

bEMG for each subject.  The data used for this analysis was the Paired Reflex 

Depression bEMG during the double-legged (DL) and single-legged (SL) stance.  The 

within subject ANOVA revealed that there were no significant differences across 

trials for each subject (p >0.05).  

 When reviewing the normalized bEMG data means and standard deviations, 

some of the subjects portrayed an abnormal amount of soleus muscle activity while 

performing either the DL or SL stance for Paired Reflex Depression and Recurrent 

Inhibition.  The bEMG was variable between subjects, which were determined by 

Intraclass Correlation Coefficients (ICC).  The double-legged stance  for bEMG had an 

ICC2,1 = 0.66 and single-legged stance for bEMG had an ICC2,1 = 0.28.  We needed to 

determine if this inconsistent data affected the spinal motor control measurements.  

To determine a variable to normalize the bEMG, peak torque and MVICs were 
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considered for some of our options.  The peak torque and MVICs were first analyzed 

to determine if the two values were consistent across trials.  Intraclass correlations 

(ICC) were used to assess the consistency across trials.  The peak torque for plantar 

flexion was consistent across trials for both pre (ICC2,1 = 0.87) and post (ICC2,1 = 

0.94).  The (2,1) model was used because it was a two-way fixed model with one 

dependent variable.  When exploring the bEMG for outliers, several subjects were 

identified further investigated  (See Figure 1).  The mean MVIC for the identified 

subjects revealed that some had higher activation during the pre-testing session 

compared to the post-testing session (i.e. S02 - pre = 0.17, post = 0.066).  

 Since we were unable to determine if the subjects were truly reaching the 

MVIC during plantar flexion peak torque we used Mmax to standardize bEMG.  We 

chose Mmax because it is a stable measurement of a subject’s maximal motoneuron 

pool and is commonly used to standardize other variables.  Pearson correlations 

were run to determine if bEMG was influencing the same dependent variable during 

different stances.  Soleus bEMG was obtained and normalized to each subjects Mmax 

during that testing session to determine if bEMG was influencing dependent 

variables.  Pearson correlations were used to determine the relationship between 

each dependent variable and the dependent variable’s bEMG.  Pearson correlations 

identified weak relationships (p > 0.05) between each dependent variable and its 

normalized bEMG for the pre-testing session.  The RI SL and bEMG had a moderate 

relationship with all subjects included (r = -0.443; P = 0.013) but when the three 

extreme outliers of the bEMG for RI SL were removed there was a weak correlation 

(r = -0.141; P = 0.475) (See Results 1: Pearson Correlation Results below).  After 
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determining that the bEMG was not influencing dependent variables, we did not 

account for bEMG.  

 

 

 

 

Figure 1: Sol bEMG normalized to MVIC 
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Results 1: Pearson Correlation Results 
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RI SL and Sol bEMGRISL without 3 extreme outlier subjects 
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