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ABSTRACT 
Muscular power is highly regarded as being one of the key variables in sport 

performance (Wilson, Newton, Murphy, & Humphries, 1993), and traditionally power 

has been trained using a low load/high velocity loading strategy, whereas strength 

training has traditionally used a high load/low velocity loading strategy. The purpose of 

this research was to investigate the neural, power, strength, and performance adaptations 

associated with power and strength loading methodologies. Sixteen males and one female 

(23.3 ± 3.4 yrs.; 178.5± 8.2 cm, 80.7 ± 9.6 kg) were randomly assigned to two groups: a 

maximum strength group; and a maximum peak average power group. Each participant 

group completed an eight-week training program. Assessments of muscular force, power, 

neural adaptations, body composition and rate of force development were performed at 

the beginning and end of the eight-week training period.  

Significant differences from pre-to-post training were observed in both groups (P 

< 0.05). There were no significant differences between groups for any variable. Variables 

included one-repetition maximum back squat, body fat percentage, thigh area, lean body 

mass, squat peak average power, squat peak power, ten-meter sprint, counter-movement 

jump, and rate of force development from 0 to 50ms and from 50 to 100ms of isometric 

knee extension. No significant differences were observed in maximal voluntary 

contraction of isometric knee extension, peak average velocity in the squat, peak velocity 

in the squat, central activation, or hamstring to quadriceps co-activation ratio.  

It can be concluded from this research that there are no significant differences 

between these two loading methodologies in the aforementioned variables, and that 

strength and peak average power loading methodologies produce statistically similar 

results following an eight-week training period.   
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Chapter 1: Introduction  

1.1 Background Information 

Muscular power is highly regarded as being one of the key variables in sport 

performance, and is linked to increased performance in activities such as sprinting, 

jumping, and throwing (Fatouros, Jamurtas, Leontsini, Taxildaris, Aggelousis, 

Kistopoulos, Buckenmeyer, 2000). As such, a muscle’s ability to produce power and the 

athletes ability to utilize that power in an athletic environment is critical in sport 

performance (Wilson, Newton, Murphy, Humphries, 1993). In the strength and 

conditioning field, a practitioner’s ability to prescribe exercise and training programs that 

will develop and maximize power is of key importance. Resistance training is the most 

widely used method to increase muscle strength and power (Adams, O'Shea, O'Shea, 

Climstein, 1992). Power development has been obtained utilizing various training 

methods such as plyometric, resistance training or a combination of plyometric and 

resistance training (Adams et al., 1992; Fatouros et al., 2000). High-load low-velocity 

resistance exercises (strength training) are recommended for maximum strength 

improvement while low-load high-velocity resistance exercise (power training) have been 

recommended for power production augmentation (Kraemer & Ratamess, 2004). 

Research indicates that loads of 80-100% of one repetition maximum (1RM) are ideal to 

increase the force component of the power equation; whereas loads of 0-60% of 1RM are 

ideal for the enhancement of rate of force development in the lower body during power 

training, and the velocity component of the power equation (Cronin & Sleivert, 2005). 

There have been conflicting reports from numerous authors (Harris, Stone, O’Bryant, 

Proulx, & Johnson, 2000; McBride, Triplett-McBride, Davie, & Newton, 2002), as well 
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as reports indicating that there are no differences in power production  following dynamic 

resistance strength or power training programs (Jones, Bishop, Hunter, & Fleisig, 2001) . 

There is no agreement on the effects of strength and power training on maximal strength 

improvements, suggesting that both methods can lead to increases in strength 

performance (Crewther, Keogh, Cronin, & Cook, 2006).  

 

 Mathematically, power can be defined as: 

Equation 1: Power= (Force x Distance)/ Time 

This equation is commonly simplified to: 

Equation 2: Power= (Force x Velocity), 

Where muscle power is determined by the force and the velocity of muscle 

shortening (Loturco et al., 2013). It has also been found that whilst training for power, it 

is important to use a load that maximizes mechanical power output for each individual, 

and should be determined and consequently used for power enhancement (Wilson, 

Newton, & Murphy, 1993). It is also important to differentiate between mechanical 

power and muscular power. Mechanical power is power exerted on an object, such as a 

barbell in the back squat exercise, whereas muscular power is measured in an isolated 

muscle (Baker et al., 2001) . For the remainder of this paper, the term power will be used 

in reference to mechanical power.  

It has been suggested that maximal power training is an effective strength 

development stimulus (Mastropaolo, 1992). Masterpaolo (1992) assessed these 

adaptations using a group that was trained for strength (75-95% of pre-training strength) 

while a matched group was trained for maximum power, lifting at “one weight” heavier 
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than the weight in which they produced their maximum power output. Both groups 

completed five sets of five repetitions, adding weight if they could complete all 

repetitions for the strength group. The power group had no progression, but were 

instructed to lift the weight as fast as possible.  The results indicated that the strength 

group experienced a significant increase in maximum power, while the power group 

gained significantly in both strength and maximum power. A significant, consistent 

correlation of R=0.98 between strength and maximum power existed between groups. It 

was also found that at the start of the experiment, the strength group was stronger than 

the power group, but after training, the power group gained 1.6 times the maximum 

power that the strength group did and a velocity increase three times greater than the 

strength group. The results of this study lend support to the fact that dynamic resistance 

training using a power loading methodology can result in strength gains and could 

produce greater strength gains than traditional strength training.  

Another study conducted by Smilios, Sotiropoulos, Christou, Douda, Spaias, and 

Tokmakidis (2013a) analyzed the effect of jump squats on 43 moderately trained men 

over the course of six weeks. The study consisted of four different training groups each 

using different loads throughout training: 90% of 1RM, 48-58% 1RM, 20-37% of 1RM, 

and body weight only. The subjects were encouraged to perform the exercises as fast as 

possible. After training there were no significant differences between groups for the half-

squat 1RM. Smilios et al. (2013a) suggests that this result is due to higher forces and 

muscle activation associated with high acceleration of the movement during power 

training. This finding has also been demonstrated by Moss, Refsnes, Abildgaard, 

Nicolaysen, and Jensen (1997), who provided the rational that “It is possible to obtain 
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high tension and recruitment of high threshold motor units even during training with 

lighter loads, provided that load acceleration is sufficiently high” (Moss et al., 1997). 

This was demonstrated by Van Cutsem, Duchateau and Hainaut (1998), where subjects 

trained the dorsiflexors of one leg for a period of 12 weeks, 5 times per week. The 

subjects were instructed to perform ten sets of ten contractions as fast as possible, against 

a load of 30-40% of their 1RM. EMG amplitude increased by 19.6% over the course of 

12 weeks. 

Peak average power training can be defined as the highest average power that can 

be achieved over the course of an entire repetition, or throughout the entire range of 

motion, and is a form of moderate- load high-velocity training (de Vos et al., 2005). This 

loading methodology has also been referred to as the “optimal load”. Loturco, Pereira, 

Kobal, Zanetti, Gil, Kitamura, Abad and Nakamura., (2013), tested this method with 45 

Brazilian elite special operations soldiers, to verify if substituting a regular maximum 

strength-oriented training regimen by a power oriented one at the optimal power load in 

the first phase of a traditional periodization model produces similar performance 

improvements later in the training period. The authors generalized optimal load to be 

65% for squats and 45% 1RM for jump squats. The results demonstrate similar 

improvements at 3, 6, and 9 weeks in maximum strength between the intervention group 

and the strength training control group. Training at the optimal load did not produce 

faster performance improvements in power related tests or improve functional tests 

(countermovement jump and 20m sprint test) between groups after the 9-week training 

period. Traditional strength training and optimum load groups increased similarly for 

both performance and strength measures.  This study shows that similar performance 
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adaptations can be gained from the two different methodologies for performance 

variables such as back squat 1RM, 20m sprint test (speed) and the countermovement 

jump height. They also observed similar improvements in the mean power of the jump 

squat, which supports that moderate-load high-velocity can elicit similar performance and 

strength gains as can traditional strength training.  

 Similarly, Brandon, Howatson and Hunter (2014) conducted an analysis of eight 

elite track and field athletes. The aim of the research was to establish the acute 

neuromuscular responses during explosive resistance exercise at three different loads to 

produce different power outputs in an elite athletic population. The magnitude of 

neuromuscular fatigue was assessed via the interpolated twitch technique, and muscle 

activation via dynamic surface electromyography (EMG) of an isokinetic squat. 

Moderate and heavy loaded sessions were utilized, which results in the loads of 85% of 

1RM for heavy, and 50% of the heavy session load for the moderate session. Moderate 

loading would be in the 65-85% of 1RM range. Mean power increased significantly from 

heavy to light loads, dynamic EMG increased significantly from sets 5-10 on heavy and 

moderate loads (10 sets of 10), while maximal isometric voluntary contraction (MIVC) 

and peak torque (Pt) significantly declined from the pre, mid and post sessions for heavy 

and moderate. Isolated vastus lateralis EMG increased for the heavy and moderate loads, 

but not the lighter load, which signifies greater motor unit recruitment for both the heavy 

load and moderate loading groups. The increase in EMG root mean squared (RMS) 

amplitude and decline in Pt shows that we can attain similar acute neuromuscular 

responses from power training as strength training, as long as the load and acceleration 

are sufficient.   
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 Tillin & Folland (2014) investigated the effects of short term (4 weeks) maximal 

vs. explosive strength training on force production and neural characteristics, using a 

unilateral isometric training program. They found that maximal strength training 

improved voluntary force output greater than explosive strength training. No differences 

in EMG amplitude occurred between programs, and explosive strength training improved 

rate of force development in the early phase of contraction significantly more than 

maximal strength training, as measured by force normalized to the participant’s body 

weight during three maximal voluntary contractions. These differences seem to be due to 

an increase in EMG amplitude at maximal voluntary force output following maximal 

strength training. This study offers insight into neural adaptations following a fixed 

motion and isometric training, although does not provide insight into the more dynamic 

functional tasks and gym-based training programs that could be used by strength and 

conditioning professionals (Tillin & Folland, 2014).  

 In an earlier study conducted by Tillin, Pain and Folland (2012), researchers 

examined the effects of 4 weeks of isometric training on neural and muscle architecture 

characteristics. It was discovered that training for rapid rate of force development (RFD) 

rather than maximal force production at a slow velocity improves voluntary and 

involuntary explosive force. This was measured by evoked twitches, maximal strength 

testing, and muscle-tendon-unit stiffness before and after the training period. It was 

demonstrated that increased neural drive to the agonist musculature increased force 

output and the rate of force development in the late and early phases of muscular 

contraction. Increases in muscle thickness in the trained leg also showed evidence of 
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architectural adaptations within the muscle that could have contributed to increased force 

production after training (Tillin et al.,  2012).  

 Lamas, Aoki, Ugrinowitsch, Campos, Regazzini, Moriscot and Tricoli (2010) 

conducted an experiment with a similar methodology for the upper body to compare 

strength and power training regimens on structural adaptation within the muscle (via 

muscle biopsy) and strength gains over an eight-week periodized training protocol in the 

elbow flexors. The strength group trained between the ten and four-repetition maximum 

range, while the power group trained with intensities between 30-60% of 1RM. The 

research showed significant increases in strength for both groups; no significant 

differences between groups; and an increase in muscle fiber cross-sectional area for both 

training regimens (type 1, type 2a, type 2b fibers) while no significant differences were 

found between groups. Similarly, Moss, Refsnes, Abildgaard, Nicolaysen and Jensen 

(1997) compared a maximal strength group (90% 1RM), a maximal power group (35% 

1RM) and a light load group (15% 1RM) over a nine-week training period and reported 

significant hypertrophy in the elbow flexors in only the maximal power group (2.8%). 

They also reported that the maximal power group and maximal strength group increased 

power at all tested loads (10-90%). The light load group increased power only at loads 

between 10-50%. Each group significantly increased their 1RM, with no significant 

differences between any group (Moss et al.., 1997). Similarly, Earp, Newton, Cormie, & 

Blazevich..,(2015) reported that after eight-weeks of strength training (up to 85% of 

1RM) and eight-weeks of power training (heaviest load was 30% of 1RM) both training 

methods were equally effective at producing hypertrophy in the mid-thigh region. It was 

reported that hypertrophy differed in region along the quadriceps femoris between the 
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two methods, which indicates that selective hypertrophy could be occurring. Earp et al. 

(2015) suggest that this could be due to differing parts of the musculature being activated 

during high intensity or high velocity contractions (Earp et al.., 2015) Although the 

different regions of musculature show these changes, there is no doubt that power 

training can act as a potent stimulus for hypertrophy.  These reports show that both 

training methods (strength and power) are effective in producing muscle fiber 

hypertrophy.  

  The previous literature indicates that a moderate-load high-velocity method of 

power development appears to be a viable method for developing mechanical power and 

strength. It has also been demonstrated that it produces similar adaptations to strength 

training in variables such as: strength, performance measures such as 20m sprint and 

vertical jump tests, muscular hypertrophy, and power. Currently, studies that have 

investigated neural adaptations have shown that power training can induce neuromuscular 

fatigue, peripheral adaptations in single joint, isolated movements, and induce muscle 

architectural adaptations.  

1.2 Limitations of the Present Research 

 Although it has been demonstrated that the loading strategy of moderate-load 

high-velocity training will elicit similar gains in strength, power, and performance tests 

(Cormie, McCaulley, & McBride, 2007; Jones et al., 2001; Loturco et al., 2013), as well 

as produce similar muscle structure adaptations such as increases in  muscular CSA 

(Lamas et al., 2010); it is unclear if the neural adaptations are similar between strength 

and power training programs during dynamic isotonic resistance training scenarios. 

Factors such as motor unit recruitment, firing frequency, motor unit synchronization, and 
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inter-muscular coordination have been shown to improve after high-load low-velocity 

(strength) training (Cormie, McGuigan, & Newton, 2011a), but little is known about 

these adaptations following moderate-load high-velocity (power) training. Brandon et al. 

(2014) has addressed the acute neuromuscular fatigue following one session of strength 

vs. power training, and found no significant differences, but a gap exists in the literature 

as to whether components such as muscular activation, co-activation, central activation, 

rate of force development, half relaxation time, and time to peak differ between the 

chronic stimulus of strength or power training.  

1.3 Statement of the Problem 

 The ability to produce power is important for many sports and is a predictor of 

athletic performance. Strength and power have been improved using various 

methodologies with success, but it is still unclear and debated as to which methodology 

produces the best results for strength, performance, muscle structure and neural 

adaptations. Typically, high-load low-velocity training is used to develop strength, while 

power has been developed using a low-load high-velocity loading strategy. Strength 

training has often been thought of as the foundation of power training and should be 

employed prior to power training. Fröhlich et al. stated that “maximal strength is the 

overall most important factor in power output when the movement duration is longer than 

250 milliseconds” (Fröhlich, Emrich, & Schmidtbleicher, 2010). It has also been stated 

that “the greater the external load that power must be produced against, the greater the 

relative relation of maximal strength to that power output”(Moss et al., 1997). This was 

confirmed by Baker and Nance (1999), where they found that the correlation between 

bench press 3RM and incline bench press throw indicated that 80% of the power output 
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could be attributed to bench press performance, while 62% of jump squat power could be 

attributed to 3RM squat performance in elite rugby players (Baker & Nance, 

1999).However,  a method has emerged using a load that optimizes mechanical power 

output, and has been shown to increase strength, improve performance measures, increase 

muscle hypertrophy, and shows similar neuromuscular fatigue properties acutely as 

compared to strength training, yet neural adaptation after a short-term chronic stimulus 

has yet to be investigated. Therefore, it is worth investigating whether the period of 

strength training is needed to gain the same adaptation as without. This type of research 

would provide insight on specific adaptations between strength and power training 

regimens that could be used in the exercise prescription for general fitness populations 

and elite athletes.  

 Many types of power training that have been used in the literature involve 

ballistic and plyometric exercises that would not be safe or effective to perform in a 

commercial or practical athletic training facility (i.e. barbell loaded jump squats), have 

been studied on untrained individuals, and therefore need to be revamped to utilize 

equipment and testing that increases the applicability of laboratory-based research. This 

method of resistance training which uses the load that maximizes average mechanical 

power output is a practical form of dynamic resistance training that can be used within 

athletic training facilities. It is also important to test individuals after an isotonic training 

program in an isotonic manner, in order to gather information on strength and power 

improvements in a functional manner that can be used in field-based testing. Research 

has supported the muscular adaptations and performance adaptations of this training 

methodology, but the neural adaptations remain unknown, as outlined in Figure 1.1. 
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Figure 1.0.1: Equation outlining research performed in regards to power training methodology. 

	
	
	
	
	

1.4 Purpose of the study 

The purpose of this study was: 

1. To determine if there was a difference in central activation ratio between the 

strength and power groups after an eight-week training intervention. 

2. To determine if there was a difference in EMG amplitude of the quadriceps 

between the strength and power groups after an eight-week training intervention. 

3. To determine if there was a difference in co-activation ratio of the rectus femoris 

and biceps femoris between the strength and power groups after an eight-week 

training intervention. 

1.5 Statistical Hypotheses 

Hypothesis 1: 
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H0= There will be no significant difference in central activation ratio (CAR) 

between groups after the training period as measured via interpolated twitch 

technique (ITT). 

H1= There will be a significant difference in central activation ratio (CAR) 

between groups after the training period as measured via interpolated twitch 

technique (ITT). 

 

Hypothesis 2: 

H
0
= There will be no difference between groups after the training period in 

maximal EMG amplitude during a isometric knee extension MVC in the 

quadriceps. 

H
1
=There will be a significant difference between groups after the training period 

in maximal EMG amplitude during a isometric knee extension MVC in the 

quadriceps. 

 

Hypothesis 3: 

H0= There will be no significant difference between groups after the training 

period in co-activation ratio of the quadriceps and hamstrings during an isometric 

knee extension MVC. 

H1= There will be a significant difference between groups after the training period 

in co-activation ratio of the quadriceps and hamstrings during an isometric knee 

extension MVC. 
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1.6 Assumptions 

1. The participants were already well trained and had experienced foundational 

neural and muscular adaptations prior to commencing the study. 

2. The participants were honest when answering all screening questionnaires and     

exclusion criteria.  

1.7 Limitations 

1. Participants may not have answered all questionnaires truthfully and honestly. 

2. Participants may not have pushed themselves to ensure full effort was produced 

during  each training session.  

3. Participants may not have performed maximal volitional effort when they were 

asked to do so.  

1.8 Delimitations 

1. All participants were screened according to the exclusion criteria to ensure they 

were resistance trained individuals.  

 

 

A comprehensive literature review has been included at the end of the thesis document 

and can be found in Appendix A.	  
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Chapter 2: Methods 

2.1 Experimental Design 

In order to assess the performance and neuromuscular adaptations associated with 

peak average power training and traditional strength training, all participants were 

provided with an eight-week experimental training plan and were stratified based on their 

1RM squat performance. They were then assigned to either a peak average power training 

group (PAP) or a traditional strength training group (TST). Both the PAP and TST 

groups were trained four times per week for a period of eight-weeks. Each group utilized 

the same isotonic exercises with equated repetition volume, with the difference being the 

PAP group trained at their peak average power load (50-85% 1RM), while the TST group 

trained at 87.5 % of their one repetition maximum (1RM) for all exercises. This research 

study was approved by the University Research Ethics Board (REB# 2016-035). 

2.2 Participants 

A flyer campaign on the campus of UNB Fredericton and word of mouth were 

utilized to acquire participants for the study. Each participant was evaluated according to 

a specific criterion to determine their eligibility to partake in the study (see 

Inclusion/Exclusion criteria below). Seventeen participants volunteered to participate in 

the study (PAP: n=9) and (TST: n=8). Recruitment Poster and informed consent forms 

can be found in Appendix G and Appendix H; respectively. 
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Inclusion Criteria: 

1.  Participants who had been actively and consistently resistance training at least 

three times per week for a period of three months prior to the commencement of 

the training period. 

2. The ability to perform a back squat with correct technique with an external load 

equal to or greater than 1.5 times their body weight. This is a relative strength 

commonly found in the literature denoting trained weight-lifter status. Back squat 

depth was determined as when their thigh (femur) was parallel to the floor. To 

ensure standardization a plyometric box was used as a reference for all 

participants, descending until they could gently feel the box on their thighs, and 

then completing the concentric portion of the exercise. Box height was 

determined during the first testing session.  

3. The participant is a male or female between the ages of nineteen and thirty-five 

years old.  

 

Exclusion Criteria: 

1. The participant was on an elite athletic team in which the competition period 

would conflict with the completion of the training period. 

2. The participant reported having utilized performance-enhancing supplements. 

3. Failure to pass the Physical Activity Readiness Questionnaire Plus (Par-Q+) 

prescreening assessment tool. Individuals with musculoskeletal injuries, heart 

conditions, or high blood pressure will be excluded. 
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Prior to the training period, each participant was provided a familiarization and 

screening session, where they received detailed information about the performance 

and laboratory testing procedures and were then be asked to provide informed consent 

to partake in the study. Following the attainment of their informed consent, the 

participants were evaluated based on the inclusion and exclusion criteria.  

2.3 Experimental Protocol 

Each participant was tested for performance measures, neural variables; including 

central activation ratio, rate of force development at 50 and 100ms of isometric knee 

extension and EMG amplitude of the hamstrings and quadriceps during isometric knee 

extension MVC; ITT and body composition variables prior to commencement of the 

training period. The participant was required to perform traditional strength testing in the 

form of a 1RM back squat to determine maximal isotonic strength of the lower body, as 

well as the bench press to determine maximal isotonic strength of the upper body. At 

least forty-eight hours later, participants were required to perform power profiles for the 

back squat exercise. Participants were evaluated on three repetitions at 50,60,70,80, and 

90% of their 1RM back squat in order to determine their peak power, peak velocity, 

average power and average velocity for each load. The highest recorded value of the 

three repetitions was used for training progression and analysis. Participants performed a 

countermovement jump test and a ten-meter sprint test. Laboratory testing took place 

forty-eight hours after the after the performance testing session. This included body 

composition, the EMG protocol, and the ITT procedure.  For the duration of the training 

period, the participants were required to follow the prescribed training program four days 

per week, with each session lasting around one hour.  
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The training period began with the assignment of participants to one of the two 

training groups. Participants were assigned to each group using a serpentine method 

based on their maximal isotonic back squat strength (as measured by 1RM) to body 

weight ratio. They were assigned from the highest strength/body weight ratio in a 1,2,2,1 

fashion to ensure the groups had homogeneous strength levels prior to beginning the 

training period. The TST group performed exercises at an intensity of 87.5% (~ 5 

repetitions per set) of their one repetition maximum, as determined by the testing session 

the week prior to commencement of the training period, at a tempo of three seconds 

eccentric, 1 second isometric and 1 second concentric (3:1:1:0). The PAP group 

performed exercises at an intensity of their peak average power load, which was 

determined in the testing prior to commencement of the training period. Instantaneous 

feedback was given to the participants of the PAP group during training for each 

repetition of the back squat by the Tendo PSA310 Weightlifting Analyzer (Tendo Sports 

Machines, Trencin, Slovak Republic). Participants in the PAP group were instructed to 

perform the concentric phase of all exercises as fast as possible (3:1:0:0). Strong verbal 

motivation was provided to each group. Participants from each group were not permitted 

to perform training sessions at the same times to eliminate the potential of the TST group 

trying to perform the concentric phase of the exercise as fast as possible. All weight 

training sessions were supervised by a Certified Strength and Conditioning Specialist 

(CSCS) and Certified Exercise Physiologist (CEP) to ensure that all sessions were 

completed and recorded in the appropriate fashion. Supervision of the participants also 

ensured proper technique was followed, which decreased the risk of injury throughout the 

duration of the training period.  
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2.3.1 Training Programs 

All participants were required to perform a progressive resistance training 

program for the training period. In order to provide the participants with a full workout 

that would meet their needs and reduce attrition the training programs targeted all major 

movement patterns and include energy systems training at the end of each workout. 

Training intensities for assistance exercises were determined during the initial 

familiarization session and were adjusted throughout the training program to ensure 

intensity remained at 87.5 %, based on recommendation from the NSCA (Ransone, 2008) 

of capacity for each muscle group for the TST group. The training intensity for the PAP 

group was based on their peak average power load for lower body, and the bench press 

for the upper body.  

2.3.1.1 Intensity 

Participants in the TST group trained at an intensity of 87.5% of 1RM, while the 

PAP group trained at the intensity where they produced their peak average power for 

lower and upper body exercises within the training program. Assistance exercises were 

trained at an intensity of 87.5% of muscular capacity for the TST group, and the peak 

average power load for PAP, as determined by assessment within during the PRE-testing 

session. Assistance exercise loading were determined from an estimated three repetition 

maximum (3RM) to determine 1RM.  The intensity determined for this protocol followed 

the relationship between load and repetitions. The recommendations were set forth by 

Baechle et al. (2008) and are presented in Table 2.1: 
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Table 2.0.1: Percent of the 1RM and repetitions allowed (%1RM-repetition relationship), adopted 

from Baechle et al. (2008). 

% 

1RM 

Number of repetitions 

allowed 
100 1 
95 2 
93 3 
90 4 
87 5 
85 6 
83 7 
80 8 
77 9 
75 10 
70 11 
67 12 
65 15 

2.3.1.2 Volume 

Participants were required to perform a warm-up set on each exercise at a sub-

maximal intensity (50-70% of 1RM). Following the warm-up set the participants were 

required to perform four sets of five repetitions for their main exercises (squat and bench 

press) and three sets of five repetitions for their accessory exercises. Participants also 

completed progressive energy systems training at the end of the workout, where volume 

of the energy system training will increase on a weekly basis by one set. Refer to 

Appendix D for specifics about metabolic training methods.  Volume assignments were 

based on the training goal and follow a recommendation set forth by Baechle et al. 

(2008). The table is presented in table 2.2.  

Table 2.0.2: Volume assignments based on the training goal, adopted from Baechle et al. (2008). 

Training goal Goal 

repetitions 

Sets 

Strength <6 2-6 
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Power 3-5 3-5 

Hypertrophy 6-12 3-6 

Muscular 

Endurance 

>12  2-3 

 

2.3.1.3 Rest Periods 

Participants were required to rest for two to five minutes between each set for 

main exercises, and between two and five minutes for all accessory exercises. 

Participants always followed the same order for exercises. These rest periods were 

selected because trained individuals who seek to perform maximal power repetitions or 

repetitions with a heavy load need long rest periods. The rest periods were selected based 

on the recommendations of Baechle et al. (2008), and are presented in Table 3.3. 
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Table 2.0.3: Rest period length assignments based on the training goal. Adopted from Baechle et al. 

(2008). 

Training goal Rest period length 
Strength 2-5 minutes 
Power 2-5 minutes 
Hypertrophy 30 seconds-1.5 

minutes 
Muscular 

endurance 

< 30 s 

2.3.1.4 Progression 

Progression was based on the two for two principles described by Baechle & 

Earle (2000). If the participants could perform an additional two repetitions on their last 

two training sets, intensity was increased for the next session (TST group). The PAP 

group followed a modified two for two principle, where if they could produce a higher 

peak average power output higher than their testing values for all repetitions on their last 

two sets, intensity was increased for the next session. The peak average power group 

increased five pounds if their power outputs on their final set were above or equal to 

100w more than their power output from their previous session, as measured by the 

Tendo Weightlifting Analyzer. The progression was as presented in Table 2.4: 

Table 2.0.4: Progression of intensity for two for two principle for trained individuals (Baechle et al.., 

2008) 

  Lbs Kg 
Upper Body 5-10 2-4 
Lower Body 10-15 4-7 

2.3.1.5 Exercise Selection 

 Participants were required to perform specific exercises aimed at increasing their 

muscular strength and power for the duration of this study, as prescribed in a supervised 

resistance training program. The program encompassed a full body comprehensive 
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resistance training program. It included a general movement preparation. Resistance 

exercises are included in the training program (refer to appendix C).  

2.3.2 Activity Log 

 Participants were asked to refrain from physical activity outside of the training 

program. Due to the duration of the study, it is recognized that refrainment from all 

external activity is likely not realistic and therefore; participants were asked to record any 

additional physical activity at the beginning of each training session. This information 

was used to determine if their external activities are having a detrimental effect on the 

training programs. Participants were asked to maintain the same activity level throughout 

the experimental protocol. Participants were required to record any additional physical 

activity that they completed outside of the prescribed training program.  

 It was found that no external activities were reported throughout the training 

program as all participants found the training program to be sufficient.  

2.3.3 Testing Protocol 

 Laboratory and performance testing sessions were divided into three separate days 

to minimize muscular fatigue that could potentially influence the results of the testing. 

The testing sessions were separated by a minimum duration of 48 hours. On performance 

testing day one, isotonic muscular strength 1RM was assessed for the back squat, as well 

as body composition using the BodPod and testing of thigh girth and skin folds. On 

performance testing day two, peak and average power at the loads of 50,60,70,80, and 

90% of 1RM maximum were tested for the back squat, as well as the countermovement 

jump. On the laboratory testing day (day three), isometric force/power, co-activation ratio 



	

23	
	

between the biceps femoris and rectus femoris, and central activation ratio were 

collected, along with a 10m sprint time. All tests were performed in the order stated in 

table 3.6.  

Table 2.0.5: Testing and training intervention timeline. Anthro = Anthropometric testing: BodPod 

and Thigh girth measurement, 1RM = one repetition maximum back squat, Power = power profile 

for back squat, CMJ= countermovement vertical jump, Sprint = 30m sprint, Int. Twitch= ITT/ EMG 

of isometric leg extension 

 

Table 2.0.0.6: Pre and Post Testing day, order, and estimated time. 

Test Day Order Time 

One repetition maximum (back squat) 1 1 30 min.  

Anthropometric + Body Composition 1 2 30 min.  

Vertical jump  2 1 15 min.  

Power Profile (Back Squat) 2 2 30 min 

10m Sprint 3 1 15 min.  

MVC, ITT+ EMG 3 2 20 min. 
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2.3.1 Performance Measures Testing 

2.3.1.1 Muscular Strength 

  The participants were evaluated on isotonic strength measurements to determine 

maximal strength for the large muscle groups (lower body) determined by the back squat 

1RM. This measure was used to validate the individual’s training status to that of a 

trained individual. The 1RM testing guidelines that were set forth by the National 

Strength & Conditioning Association (NSCA) were utilized in this study (Baechle et al., 

2008). For assistance exercises, 1RM maximum tests are inappropriate, therefore 

participants were asked to select a load that they could only perform for five repetitions. 

This method was used to minimize the isolative stress on the involved joint and 

connective tissue associated with 1RM testing (Baechle et al.., 2008). 

2.3.1.2 One Repetition Maximum (1RM) Testing 

 The participants underwent the protocol proposed by the NSCA (Baechle et al., 

2008). The participants were asked to warm up with a resistance that allows five to ten 

repetitions, followed by a one-minute rest period. The participant was then asked to 

estimate a warm-up load that allowed the completion of three to five repetitions by 

adding ten to twenty pounds for upper body testing, or thirty to forty pounds for lower 

body testing. Following these three to five repetitions, they were provided with a two- 

minute rest period. They were then asked to provide a conservative estimate of a near 

maximal load that will allow the completion of two to five repetitions by adding ten to 

twenty pounds for upper body testing or thirty to forty pounds for lower body testing. 

They were then provided with a two to four-minute rest period, at their discretion. They 
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were asked to make another load increase of ten to twenty pounds for upper body testing 

and thirty to forty pounds for lower body testing, and then attempt a one repetition 

maximum. If the participant was successful, they were provided with a two to four-

minute rest period, and asked to increase the load and attempt another one repetition 

maximum. This process repeated itself until muscular or technical failure occurs. This 

process was completed within three to five sets (Baechle et al., 2008).  

2.3.1.2.1 Back Squat Testing Technique 

 Back squat testing commenced with the participant grasping the bar with a closed, 

pronated grip, in a high bar position. This position entails resting the bar above the 

posterior deltoids at the base of the neck. To un-rack the barbell, the participant extended 

the hips and knees to lift the bar. The participants were instructed to take two steps 

backwards, and positioned their feet shoulder width apart. The repetition began from this 

position. During the downward movement, they were required to maintain a position with 

the back flat, elbows high, with the chest up and out. They then allowed the hips and 

knees to flex simultaneously while keeping the torso-to-floor angle constant. They 

continued flexing the hips and knees until the thighs (femur) were parallel to the floor, 

and then reversed the motion by extending the hips and knees to return to the starting 

position while keeping the back flat and chest up. They then took two steps forward and 

re-rack the barbell (Baechle et al., 2008). A plyometric box was used to ensure proper 

depth was reached at every repetition. Participants descended until they could gently feel 

the box with their thighs, and then reversed the motion and returned to the starting 

position.  
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2.3.1.2 Power Profile Testing 

  Peak average power and peak power were determined for the back squat 

following the technique detailed above. Participants completed three repetitions at 50, 60, 

70%, followed by three non-consecutive repetitions at 80 and 90% of their measured 

1RM for the back squat. Participants were asked to descend in a controlled fashion for the 

eccentric portion of the lift, followed by the concentric phase being performed as fast as 

possible to maximize power output (3:1:0). They were instructed to not leave the ground 

during any portion of the movement. The Tendo PSA310 Power and Speed Analyzer 

(TENDO Sports Machines, Trencin, Slovak Republic) was used to obtain values of 

interest. The Tendo unit consists of a linear position transducer that will be attached to 

the end of the barbell which measures linear displacement and time. It was positioned on 

the floor next to the squat rack, in such a way that valid readings were obtained without 

impeding squat technique and performance. Test- retest reliability of the TENDO unit has 

shown to consistently be R>0.90 (Hoffman et al.., 2010).  

2.3.1.3 Vertical Jump Power Testing and Ten Meter Sprint Time 

 A Vertec (Quessttek Corp., Northridge, CA) was used to measure peak power of 

the lower body from jump height of a countermovement jump with arm swing. 

Participants were instructed to dip to a self-selected depth and then jump with his/her 

preferred hand to displace the marker on the Vertec. Three trials were given and the 

highest jump was used in the statistical analysis. Vertical jump power was calculated as 

detailed in equation 2.1 (Sayers, 1999): 

 

Equation 2.1: 
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Vertical Jump (inches) = Jump height (in) - standing reach height (in).  

Equation 2.2: 

Peak Power (Watts) = 60.7 x jump height (cm) + 45.3 x body mass (kg) - 

2055 

  

 Participants then performed a ten-meter sprint test. Two pairs of Brower TC-

System timing gates (Brower Timing Systems, Draper, UT, USA) was used to time the 

sprints.  Participants were given a standardized starting position 0.5 meters behind the 

line to prevent any early triggering of the timing gates, and no countermovement was 

permitted. Participants were given a three-minute rest between each sprint and were 

instructed to perform the test at maximal effort. Three trials were given, and the fastest 

time was used for statistical analysis. This method is consistent with previous literature 

(Kirkpatrick, Comfort, 2013; Turner, Tobin & Delahunt, 2015).  

2.4.2 Physiological Measures Testing 

2.4.2.1 Interpolated Twitch Technique (ITT) 

 The interpolated twitch technique was employed to determine the maximal 

voluntary motor unit activation of the quadriceps muscle group (central activation ratio). 

The participants were positioned in a custom-built force chair and secured with straps at 

the chest, hip, thigh, and lower shank of the dominant leg. Their knee was positioned to 

sixty degrees of flexion. The strap was positioned around the lower shank of the 

dominant leg just above the ankle. The strap was attached to a PT4000-500 lbs force 

transducer (Precision Transducers, Auckland, New Zealand) that was amplified and 

digitally converted through a multifunctional DAQ board (National Instruments, Austin, 
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Tx), which was housed in a personal computer. The data was collected at a frequency of 

1024 Hz. Electrodes that are ten centimeters in length were coated in conducting gel and 

placed on the distal and proximal regions of the quadriceps muscle on the participant’s 

dominant leg. These electrodes were used to deliver two 200 µs width square wave pulses 

from a constant current stimulator, separated by 10ms to stimulate the body of the 

muscle. Peak twitch torques were evoked through the electrodes by the connection to a 

high voltage stimulator. The stimulus was provided at 250 mA at the beginning of the 

session and was progressively increase by 50 mA until maximum twitch torque was 

achieved based on visual inspection on the recording software.  

 Following the maximum twitch torque, the participants were provided with a two-

minute rest period. The participant was then asked to perform a maximal isometric 

voluntary contraction of the quadriceps (knee extension) for a duration of five seconds. 

Once maximal isometric voluntary contraction was achieved the stimulus was applied to 

the quadriceps. Then, the participant was asked to fully relax. During this relaxation 

stage, another stimulus was applied to the relaxed quadriceps (control twitch). The 

participant was then required to repeat the procedure for a maximum of three successive 

attempts with a two-minute rest period between them.  

 The analysis of the data collected from the interpolated twitch technique (ITT) 

was performed using custom Labview software (LabVIEW 2009, National Instruments, 

Austin, TX). The data was smoothed using a 4th order Butterworth filter with a cut-off 

frequency of 3 Hz. The smoothed data was then used for analysis of neuromuscular 

characteristics. The characteristics that were evaluated were: maximal isometric 

voluntary contraction (MVC), central activation (CA), and rate of force development at 
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50ms and 100ms (RFD50 and RFD100).  RFD was calculated using the maximal 

derivative value calculated for the force curve from the beginning of the stimulus until 

either 50ms or 100ms of control twitch. CA will be calculated using the following 

equation (Enoka, 2002): 

 

Equation 2.2:  

CA = (1-(ITTforce / Itforce)) *100) 

 

ITTforce= interpolated twitch force 

ITforce= control twitch during relaxation 

2.4.2.2 Electromyography 

 sEMG was collected during an MVC prior to the ITT. The EMG signals were 

collected from the rectus femoris and biceps femoris. Electrode placement was 

determined on the first day of data collection, according to SENIAM guidelines (refer to 

Appendix A). The participants performed the MVC as previously described in the ITT 

protocol. The skin was prepared by being abraded and using a conductive gel prior to 

electrode placement, according to SENIAM guidelines (refer to Appendix B). Electrodes 

were placed on the musculature of the dominant leg.  The electrodes were connected to a 

BIOPAC MP36 (Biopac Systems Canada Inc, Montreal, Canada), electromyography 

processing system. The signal was rectified and smoothed, then digitally converted for 

analysis. The data analysis was performed using a custom Matlab code (Matlab 2014R, 

The Mathworks, Natick, MA) that was designed to assess the enveloped absolute value 

based on an average of a five-second window during the maximal contraction. Co-
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activation ratio was calculated by taking the average of a five-second window and 

dividing the activation level of the rectus femoris (agonist) to the biceps femoris 

(antagonist) during the concentric portion of the knee extension MVC at a sampling 

frequency of 1024 Hz, smoothed with a 2nd order butterworth filter, and a cut off 

frequency of 3 Hz.  

2.4.2.3 Land marking of EMG and ITT 

 In order to ensure test-retest reliability, transparency sheets were used to ensure 

electrode placement was consistent for the pre and post evaluations. The transparency 

sheet was used to land mark the position of the electrodes using freckles or moles on the 

participant’s skin. Two or more land marks were required to ensure reliability in the 

electrode placement.  

2.4.2.4 Body Composition Measurements 

2.4.2.4.1 Height and Body Mass 

 Participants were weighed upon entry to the laboratory during each testing 

session. They were required to stand barefoot and remove excess clothing on a calibrated 

scale. Their body mass was measured to the nearest 0.1 kg. They were tested the same 

time each day in an effort to establish control of the fluctuations that could occur 

throughout the day. They had their height measured before and after completing the 

training programs.  
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2.4.2.4.2 Thigh Girth Measurements 

Thigh girth measurements were taken as an estimation of general muscular 

hypertrophy of the thigh. Three girth measurements were taken of the thigh of the 

dominant leg. These measurements were taken at: the 50% length-point between the 

greater trochanter of the femur and the mid-point of the patella, the 25% length-point 

between the greater trochanter of the femur and the mid-point of the patella, and the 75% 

length-point between the greater trochanter of the femur and the mid-point of the patella.  

Skin folds were taken on the anterior aspect of the thigh at each site of the girth 

measurement to verify if differences are due to fat mass increases or decreases. 

 To ensure an accurate measurement of the girth and estimation of the underlying 

tissues a calculation was used to account for subcutaneous fat mass. Several equations 

were used for this. First, the circumference of the thigh was taken. The diameter of the 

thigh was then calculated using equation 2.3: 

Equation 2.3:  D = C/ π   

Second, the skin fold was taken. The skin fold measurement was then divided by 

2 (to account for the folding of the subcutaneous layer). This measurement was 

subtracted from the diameter that was previously calculated to derive a new diameter that 

did not include the subcutaneous fat layer and was assumed to represent the diameter of 

the lean body mass of the thigh.  

Equation 2.4:  D(LBM) = D – SF 

Lastly, the diameter of the inner thigh was divided by two to get the radius. The 

radius was then used to calculate the area by multiplying Pi by R (LBM)2.  

Equation 2.5:  R = D/2 
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Equation 2.6:  A = π x R x R  

2.4.2.4.3 Body Composition Measurement 

The BOD POD Body Composition System (Life Measurement Instruments, 

Concord, California) is a system that uses air-displacement plethysmography to estimate 

body fat percentage. The BOD POD is based on the application of Boyle’s Law, which 

states that volume and pressure vary inversely with one another. The BOD POD produces 

volume changes inside the chamber and measures the response to these volume changes, 

including the volume of the empty chamber, and then the volume of the chamber with the 

subject seated inside. Therefore, the volume of the subject can be determined by 

subtraction. The BOD POD measures body volume by the amount of air that is displaced, 

and then calculates body density (BD). Body density is calculated as equation 2.7: 

 Equation 2.7:  BD (kg/l) = Body Mass (kg)/ Body Volume (l);  

Where BV= body volume calculated by the BODPOD Percent body fat will be calculated 

using the Siri equation (Siri, 1956) (Equation 3.8)  

Equation 2.8: Percent Fat = ((4.95/Db) – 4.50) x 100.  

Once percent fat was obtained, the percent of lean body mass could be calculated as 100 

(total system) minus percent fat, as outlined in equation 3.9: 

Equation 2.9: Percent Lean Body Mass = 100 – Percent Fat 

 In order to calibrate the BOD POD, the lung volume must be determined. During 

the measurement, relaxed tidal breathing is used.  For ease of operation, the standard 

predictive equations based on gender, age and height that are provided in the user manual 

were used. Before testing, the BOD POD was warmed up at least 30 minutes prior to 

testing, the room temperature was checked to ensure there are no fluctuations, and the 
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electronic scale was calibrated using the two gold calibration weights. If the scale was off 

by 0.02 kg or more, the scale was re-calibrated.  

 The BOD POD itself was then calibrated by establishing a “zero” baseline, 

followed by a calibration of a white cylinder that was used as the calibration volume. 

This ensured the machine is calibrated and ready to use.   

 The subject was instructed to wear minimal clothing (such as a speedo) and wear 

a swim cap during testing. This minimized error. The subject was also instructed not to 

eat or exercise three hours before testing.  

 The subject was then weighed on the previously calibrated electronic scale. They 

were instructed to stand as still as possible. The BOD POD took their weight. Following 

this step, the body volume of the subject was taken by asking the participant to step 

inside the BOD POD and sit comfortably with their hands in their lap. The door was then 

closed, and the test commenced. The computer prompted the user to open and close the 

door to continue with a second test. Following the second test, if the results were 

inconsistent, a third test was conducted. If none of the tests are consistent, it was 

necessary to complete the process again from the beginning (BOD POD Operators 

Manual, 2004).  

2.4.3 Data Security 

 Each individual that participated in the study was given a participant 

identification number (PIN) that substituted for their name, which increased the 

anonymity of their data. Their names were not recorded on any data sheets and were only 

identified by their participant’s identification number. The PIN was stored in a locked 

office inside a locked cabinet only allowing access to the primary researcher.  
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2.4.4 Data Analysis 

 Data analysis was conducted using five separate mixed model two-way between-

within groups ANOVA (analysis of variance) models. Tests of normality were conducted 

prior to analysis. The within groups factor was time (pre/post) with the between group 

factor being the training method (PAP/TST). One model was run on the performance 

measures, one model for the body composition measures, one model for the force 

measures, one model for the power measures, and the other model was run on the neural 

measures. The analysis determined if there were any main or interaction effects to 

determine if there were significant adaptations that occurred following the eight-week 

experimental training program. Significance level will be accepted at (p<0.05). Further 

pairwise comparisons were made on all measures. They were assessed if significant main 

effects were observed, and were completed using Bonferonni post-hoc analyses. 

Statistical analyses were completed using IBM SPSS Statistics version 25.0 (SPSS, INC, 

Chicago, IL).  

 One ANOVA was used to analyze differences in force variables (One-repetition 

maximum squat (1RM) and max voluntary contraction of the quadriceps (MVC), one for 

power variables (Peak Power (PPP), Peak average velocity (PAV) and Peak velocity 

(PPV), one for performance variables (countermovement jump (CMJ)), one for rate of 

force development variables (rate of force development of the quadriceps during a 

isometric knee extension at 50ms (RFD50) and rate of force development during a 

isometric knee extension at 100ms (RFD100), and the other for body composition 

variables (Lean body mass (LBM), Thigh girth area (ThighArea) and Body fat percentage 
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(BF). Non-parametric tests for peak average power and ten-meter sprint as the data was 

found to be not normally distributed.  

 

Table 2.0.7: Dependent and Independent Variables to be used in data analysis. 

 

Independent Variables Primary Dependent Variables 
Training Group (power or 

strength) 

Peak Power EMG Amplitude 
Time (pre or post) Central Activation Ratio 
  Co-Activation Ratio 
  Secondary Dependent Variables 
  One Repetition Maximum Strength 
  Peak Average Power 
  Maximum Voluntary Contraction 
  Ten meter sprint Time 
  Vertical Jump Power 
  MVC (isometric knee extension) 
  Rate of force development 
  Half relaxation time 
  Time to peak  
  Peak Power 
  Anthropometric + Body Composition 

 

	  



	

36	
	

Chapter 3: Results 

3.1 Constraints during Data Collection 

 Due to methodological constraints and errors that occurred during the data 

collection process, neural variables that were collected (EMG and ITT) may not be 

reliable or valid. During the ITT testing, there was clear trepidation on behalf of some of 

the participants during the MVC. This resulted in their control twitch producing higher 

force than their MVC, despite strong encouragement during their MVC. Due to this 

trepidation, reliability and validity of these measures could not be guaranteed. Based on 

the procedures outlined in the methods section, the EMG data that was collected has 

limited utility due to a methodological constraint where the hamstring MVC was not 

collected, therefore the data could not be normalized. All data is presented below, but 

caution should be used when interpreting the results.  Further discussion of the limitations 

will be presented in the limitations and future directions of research sections.  

3.2 Participants  

 Twenty-one individuals volunteered to participant in the study.  Seventeen out of 

21 participants (16 males and 1 female) (23.3 ± 3.4 yrs.; 178.5± 8.2 cm, 80.7 ± 9.6 kg) 

completed the eight-week training program. Four participants withdrew from the study; 

one withdrew due to a pre-existing injury that was aggravated during the training 

program, one withdrew due to an injury sustained outside of the training program, and 

two withdrew due to time commitments. Due to only having one female participant 

volunteer and complete the study, the data was analyzed twice to determine whether any 

differences in statistical interpretation occurred due to the inclusion, versus exclusion of 

the female participant.  Both statistical analyses resulted in the same significant main 
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effects for times and insignificant main effects for group and interaction effects. 

Therefore, the data was analyzed including the female participant’s data.  Participant data 

can be found in Table 3.01 for the traditional strength training group (TST) and Table 

3.02 for the peak average power training group (PAP). Means and standard deviations are 

presented for both groups. For the PAP group, means and standard deviations are 

presented for males only, and as a group.   

Table 3.01: Participant data with Mean and Standard Deviations for the TST group. 

ID Group Age Height (cm) Weight (kg) Strength to 

Weight Ratio 
3 TST 21 171.5 80.9 1.68 
4 TST 24 180.0 88.5 1.54 
5 TST 28 173.0 83.3 1.50 
6 TST 33 189.0 86.2 1.50 
7 TST 22 181.0 85.1 1.73 
10 TST 27 175.0 76.9 1.50 
11 TST 19 170.0 75.4 1.78 
12 TST 23 176.0 68.2 1.63 
15 TST 24 190.5 85.8 1.50 
      
 Mean 25.1 179.2 80.1 1.59 
 SD 4.6 7.8 6.8 0.12 

 

Table 3.02: Participant data with means and standard Deviations for the PAP group. 

ID Group Age Height (cm) Weight (kg) Strength to 

Weight Ratio 
1 PAP 24 185.0 89.5 1.80 
2 PAP 25 187.5 81.9 1.58 
8 PAP 22 181.0 81.0 1.96 
13 PAP 21 183.5 82.6 1.73 
14 PAP 21 183.5 92.4 1.50 
16 PAP 21 180.0 68.2 2.10 
17 PAP 22 170.5 91.1 1.52 

9 (F) PAP 20 158.0 55.1 1.53 
      
 Mean 22.0 178.69 80.2 1.71 
 SD 1.7 9.7 12.8 0.23 
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3.3 Compliance 

 The compliancy rate was determined by assessing the number of completed 

training sessions versus the number of total training sessions for each participant.  All 

training sessions (24 sessions) were completed by each participant resulting in a 

compliancy rate of 100%. 

3.4 Assumptions Assessment for Mixed Model ANOVA 
	

Tests for normality were conducted for all six models (Force, Power, Performance, 

Rate of Force Development, Neural, and Body Composition) using the Shapiro-Wilk test 

for normality. The data was deemed normally distributed, aside from the pre-intervention 

values of Peak Average Power for the PAP group (PAP-Pre) W (8) = 0.773, p = 0.015, 

and the post-intervention for the Ten-Meter sprint for the TST group W (8) = 0.749, p = 

0.008. All other data was found to be normally distributed. A table with detailed values 

can be found in Appendix E.  

Levene’s Test of Equality of Variance was used to determine if data violated the 

assumption of homogeneity of variance between groups for all variables.  All data passed 

this assumption indicating that there was homogeneity of variance between both groups 

for all variables. A table with detailed values can be found in Appendix E.  
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3.5 Results from Statistical Analyses for Primary and Secondary Variables 

	 The	data	were	analyzed	as	described	in	the	data	analysis	section	of	the	methods.		

In	Table	3.03,	find	a	summary	of	the	significant	main	effects	and	interaction	effects	

observed	during	the	training	study.	

Table 3.03 Table of Statistical Analyses  

 

* Denotes significant difference at P < 0.05. 

Figures referenced in the table are included in the following pages for reference. These 

figures can be referred to for all means and standard deviations. Raw data can be found in 

Appendix E. 
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3.6 Force 

3.6.1 One repetition maximum back squat (1RM) 

 

Figure 3.1: Pre vs. Post 1RM for PAP and TST groups. * indicates a significant change at a p-value 

<0.05. 
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3.6.2 Max Voluntary Contraction isometric knee extension (MVC) 

 

Figure 3.1: Pre vs. Post Maximal Voluntary Contraction of the Quadriceps for PAP and TST groups. 

* indicates a significant change at a p-value <0.05. 

3.7.1 Body Fat 

 

Figure 3.2: Pre vs. Post Body Fat % for PAP and TST groups. * indicates a significant change at a p-

value <0.05. 
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3.7.2 Lean Body Mass 

 

Figure 3.3: Pre vs. Post Lean Body Mass for PAP and TST groups. * indicates a significant change at 

a p-value <0.05. 

3.7.3 Thigh Area 

 

Figure 3.4:Pre vs. Post Thigh Area in PAP and TST groups. * indicates a significant change at a p-

value <0.05. 
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3.8 Power 

3.7.1 Peak Average Power 

 

Figure 3.5: Pre vs. Post Peak Average Power for PAP and TST groups. * indicates a significant 

change at a p-value <0.05.  

3.8.2 Peak Power 

 

Figure 3.6: Pre vs. Post Peak Power for PAP and TST groups. * indicates a significant change at a p-

value <0.05.  

678.38

773.13

638.78
715.00

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

800.00

900.00

1000.00

PAP	Pre PAP	Post TST	Pre TST	Post

Po
w
er
	(w

)

Time

*

1746.25

2211.88

1554.44
1810.33

0.00

500.00

1000.00

1500.00

2000.00

2500.00

3000.00

PAP	Pre PAP	Post TST	Pre TST	Post

Pe
ak
	P
ow

er
	(w

)

Time



	

44	
	

3.8.3 Peak Average Velocity 

 

Figure 3.7: Pre vs. Post Peak Average Velocity for PAP and TST groups. * indicates a significant 

change at a p-value <0.05. 

  

3.8.4 Peak Velocity 

 

Figure 3.8: Pre vs. Post Peak Velocity for PAP and TST groups. * indicates a significant change at a 

p-value <0.05. 
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3.9 Performance 

 3.9.1 Ten-meter Sprint 

 

Figure 3.10: Pre vs. Post Ten-Meter Sprint Times for PAP and TST groups. * indicates a significant 

change at a p-value <0.05. 

 3.9.2 Counter-movement Jump  

 

Figure 3.9: Pre vs. Post Counter Movement Jump Power for PAP and TST groups. * indicates a 

significant change at a p-value <0.05. 
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3.10 Rate of Force Development 

3.10.1 Rate of Force Development at 50ms of Isometric Knee Extension (RFD50) 

 

Figure 3.10: Pre vs. Post Rate of Force Development at 50ms for PAP and TST groups. * indicates a 

significant change at a p-value <0.05. 

3.10.2 Rate of Force Development at 100ms of Isometric Knee Extension (RFD100) 
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Figure 3.11: Pre vs. Post Rate of Force Development at 100ms for PAP and TST groups. * indicates a 

significant change at a p-value <0.05. 

3.11 Neural 

During data analysis it was determined that the data from one participant was 

unusable due to the participant’s trepidation during the MVC and therefore was excluded 

from the data analysis. A table with the raw neural data can be found in Appendix F. 
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3.11.1 Central Activation Ratio 

 

 

Figure 3.12: Pre vs. Post Central Activation Ratio for PAP and TST groups. * indicates a significant 

change at a p-value <0.05. 

3.11.2 Electromyography 

 

Figure 3.13: Pre vs. Post Electromyography amplitude for PAP and TST groups. * indicates a 

significant change at a p-value <0.05. 
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3.11.3 Quadriceps to Hamstring Co-Activation Ratio 

 

 

Figure 3.14: Pre vs. Post Quadriceps to Hamstring Co-Activation Ratio for PAP and TST 
groups. * indicates a significant change at a p-value <0.05.	
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No significant differences were observed for the following variables: 

• Max voluntary contraction of the quadriceps during isometric knee extension (p = 

0.579) 

• Peak average velocity (p = 0.894) 

• Peak velocity (p = 0.212) 

• Central activation ratio (CAR) (p = 0.941) 

• EMG RMS (p = 0.089) 

• Co-activation ratio between quadriceps and hamstrings (p = 0.199) 

 

Further discussion of these results can be found in chapter four. 
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Chapter 4: Discussion 

4.0 Hypotheses 

It was hypothesized that after the training period there would be: 

1. No significant difference in central activation ratio (CAR) between groups 

after the training period as measured via interpolated twitch technique (ITT). 

2. No difference between groups after the training period in maximal EMG 

amplitude during an isometric knee extension MVC in the quadriceps. 

3. No significant difference between groups after the training period in co-

activation ratio of the quadriceps and hamstrings during an isometric knee 

extension MVC. 

 

Based on the results of this research, it is shown that there were no significant 

differences in central activation ratio between group after the training period as measured 

by the interpolated twitch technique, maximal EMG amplitude during an isometric knee 

extension MVC in the quadriceps, and no significant differences in co-activation ratio of 

the quadriceps and hamstrings during an isometric knee extension MVC. 

 Although this data does support the three main hypotheses, the reliability and 

validity of the data cannot be guaranteed due to methodological concerns. There was 

clear trepidation on behalf of the participants during the ITT protocol in which the MVC 

data was collected, as well as the hamstring EMG data could not be normalized as a 

hamstring MVC was not collected. In order to truly answer the research hypotheses, these 

methodological limitations need to be overcome.  
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Although the hypotheses cannot be answered with valid and reliable data, I 

believe that these results could be rectified in future studies if: 

1. The knee extension MVC be collected as a separate measure outside of the 

ITT protocol, to ensure trepidation is not a factor in collection of the MVC. 

2. A hamstring flexion MVC be collected as a separate measure, allowing the 

hamstring EMG data to be normalized.  

3. During the ITT protocol, a familiarization session be used to ensure each 

participant is aware of the protocol and understands the feeling of the ITT to 

eliminate trepidation, as well as a comparator be used to ensure the twitch is 

delivered consistently and 300-400ms following maximal contraction to 

ensure test-retest reliability.  

4.1 Limitations 

 As previously mentioned, there were methodological constraints and errors that 

occurred during the data collection process for the neural variables that were collected 

(EMG and ITT) potentially influencing the validity and reliability of the data. It was 

found that although most participants did not have any trepidation during the ITT 

protocol, some participants were not able to overcome their trepidation, which led to their 

control twitch producing more force they voluntarily produced during their MVC. This 

led to their data not being able to be analyzed as the data could not be used in 

aforementioned Equation 2.2. It was also determined that due to the lack of collection of 

a hamstring MVC, isometric or dynamic, the hamstring sEMG data could not be 

normalized, and therefore could not be deemed reliable in analysis in comparison to the 

EMG of the quadriceps. Unfortunately, the original hypotheses proposed in this research 
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study could not be answered robustly due to these methodological constraints. However, 

the secondary findings in this study help to bolster previous findings in the literature 

related to force and power production, and open the door for future research in the field. 

4.3 Major Findings 

 The results of this research show that out of the 13 variables that were tested, 10 

of those variables resulted in significant improvements from pre-to-post for both training 

groups, TST and PAP. Three of those variables (peak velocity, peak average velocity, 

and knee extension MVC) resulted in having no significant changes from pre-to-post 

testing. The most interesting finding of this study is that there were no statistical 

differences in the results between the groups even though the PAP group utilized a 

notably lower training intensity (TST intensity averaged: 65-80% of 1RM (Avg= 99.8kg; 

SD= 24.4kg), PAP intensity averaged: 87.5% of 1RM (Avg= 112.9kg, SD= 9.1kg)). This 

shows that out of the thirteen variables that were tested in each category, force, body 

composition, power, and rate of force development, both loading methodology are viable 

means of producing statistically significant improvements.  

4.4 Force 

4.4.1 One-Repetition Maximum (1RM) Back Squat 

Both the PAP group and the TST group saw a significant increase in back squat 

1RM, with the PAP group increasing 16.2 ± 7.4 kg and the TST group increasing 25.2 ± 

39.9 kg over an eight-week training period. Both groups showed a significant increase 

over time, with no significant differences between groups. The results show that even 

with a well trained individual (i.e. initial strength to weight ratio of >1.5 kg/kg), it is 
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possible to experience significant strength gains while using loads of only 60-80% of 

1RM. Similar results in back squat improvement were observed in a 12-week supervised 

training program that utilized a 3RM training protocol, where 1RM back squat was 

improved by 32.6kg over the 12-week period (Coutts et. Al, 2004). Comfort et al. in 

2002, used a strength mesocycle followed by a power mesocycle with similar volume to 

the current study, with 4 sets of 6 repetitions at 85-90% of 1RM for 12 weeks, and 

showed an improvement of 30.2kg. Jones et al. (2001) reported improvements in 1RM 

squat in a similar population where a low load resistance group (40-60% 1RM) improved 

similarly as a high-load resistance group (70-90% 1RM), increasing squat 1RM by 

16.1kg and 22.8kg, respectively over a ten-week training period. (Jones et al., 2001). 

Smilios et al., (2013) also reported having similar adaptations in 1RM back squat after 

six-weeks in moderately trained subjects, after having one group train three sessions per 

week with loads of 48-58% 1RM, and the other group train the same volume with 90% of 

1RM (Smilios, 2013). During both of these studies, participants were encouraged to 

perform the exercises as fast as possible during the concentric portion of the lift.  To the 

authors knowledge, this is the first study to follow a modified progression of peak 

average power loading, where the load was increased for the PAP group if their power 

outputs on their final set were 100w above their previous best power output. This appears 

to be a viable progression method as significant increases in 1RM back squat were found 

(16.2 ± 7.4 kg).  It is noteworthy that peak average power training produced statistically 

similar results as traditional strength training, while utilizing lighter loading in the 

process. In a similar study to the current study, Cronin et al. (2008) had subjects train 

with either 80% loading in the jump squat or the loading where they produced the most 
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power in the jump squat. In the higher loading group, the 1RM was improved by 50kg, 

while in the power group, 1RM was increased by 30kg. It appears that ballistic training at 

the optimum power load, dynamic resistance training at the highest peak average power 

load, and traditional strength training are all potent stimuli for strength development.  

4.4.2 Max Voluntary Contraction Knee Extension 

 There were no significant differences over time for either group for knee 

extension MVC. The PAP group showed a slight decline from the start of the training 

period to the end of 24.2 N from 696.8±187.9 N to 672.63±191.4 N, while the TST group 

had a similar decline of 11.6 N from 736.2±208.4 N to 724.6±254.9 N at the end of 

training. These differences could be the result of normal variance from trial to trial. 

Similar results were found in a study by Kyrolainen et al. (2005) where no differences 

were observed in knee extensor MVC after fifteen weeks of power training. They 

theorized that this could be due to neuromuscular adaptation (as knee extensor RFD 

increased until week 10), and power training not being a high enough stimulus to 

promote muscular force adaptation. In the present study, this could be the result of 

unfamiliarity with the testing procedure and trepidation due to the MVC being included 

in the ITT procedure. The pattern of the knee extension MVC was also not included in 

the training program whatsoever, as all the exercises reflected more global muscle 

recruitment patterns which may have led to no significant improvements in the more 

isolated knee extension. The results in the present study contradict a study done by Paoli 

et al. in 2017, where single joint exercises (machine knee extensions) were compared to 

multi-joint exercises (barbell squat) for a period of eight-weeks, training three days per 

week. This study showed that the multi-joint group experienced greater increases in 
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machine knee extension than the single joint group (18.9% vs 12.4%), although the multi-

joint group had not trained the machine knee extension (Paoli et al. 2017). This could 

have been due to the fact that the participants had no previous experience in resistance 

training. With that being said, specificity of movement pattern and contraction velocity 

while training have been linked to improvements in performance (Cronin, McNair, & 

Marshall, 2001b; Harris, Cronin, & Keogh, 2007; Tillin & Folland, 2014; Young, 2006). 

This could lead to the discrepancy in back squat strength improvements and thigh area 

increases with no increases in knee extension MVC. It could also be due to the fact that 

the knee-extension was in the interpolated twitch protocol and was therefore skewed due 

to the participants trepidation during that portion of the testing protocol. Improvements 

observed during the back squat exercise may be the result of other musculature such as 

the gluteus and hamstrings and other supporting musculature, or the overall neural 

improvement in the motor pattern which lead to the gains in strength and power.  

5.5 Body Composition  

4.5.1 Body Fat Percentage 

 Both the PAP and TST groups showed a significant decrease in body fat 

percentage over the eight-week training period, with a decrease of 1.7±3.1 % from 14.7% 

to 13.0% for the PAP group and a decrease of 1.5±2.0% from 17.6% to 16.1% for the 

TST group. There were no significant differences between groups. Kraemer et al. (2002) 

reports that body fat percentage reductions of one-to-nine percent are possible following 

resistance training programs of various durations and could be attributed to increases in 

lean body mass and daily metabolic rates, as well as greater energy expenditure while 

exercising, which could lead to reductions in body fat percentage (Kraemer, 2002).  
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These results could be due to the fact that although the participants were 

considered to be well-trained based on their lower-body maximum strength levels, they 

may not have been accustomed to a rigorous training program that included four sessions 

per week for eight weeks, with imbedded energy systems training. They may also not 

have been accustomed to having supervised rest periods, which may have changed the 

metabolic outputs that they had been accustomed to during their regular training before 

the research study. In the study by McBride et al. (2002), there were no changes in body 

fat percentage from pre-to-post training, although they only had the participants train 

twice per week, where in the current study they were training four times per week, with 

two lower body sessions and two upper body sessions. Interval training with either the 

prowler sled or shuttle runs (1:00 on/1:00 off) were performed at the end of each session, 

which could have led to a higher metabolic demand on the participants. Gerson et al. 

(2002) also reported that there were no changes in body fat % over an 8-week training 

period, with a program that followed three exercises per session (leg press, squat and 

knee extension) with loads of around 85% in a group of healthy male untrained subjects 

with an average age of 22.5 years (Gerson, 2002). Gerson (2002) did not include any 

form of metabolic conditioning in the training program, which differs from the training 

program utilized in this study; where interval training was included at the end of each 

session to ensure a comprehensive training program. These intervals may have led to an 

increased metabolic strain on the participants and caused them to expend more energy, 

therefore potentially leading to a decrease in body fat percentage. This increase in energy 

expenditure coupled with the increased volume and training frequency may have lead 

participants to expend more energy during the training period than they had been before 
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the training period, therefore causing them to lose body fat as a result of the increased 

demand.  

4.5.2 Lean Body Mass 

 Lean body mass increased significantly for the PAP group from 68.3 kg to 69.3 

kg and increased significantly for the TST group from 66.9 kg to 68.3 kg, showing 

increases of 0.9±2.2 kg and 1.3±1.5 kg from pre-to-post training for the PAP and TST 

groups respectively. The increases in lean body mass observed in this study are 

accompanied with the decrease in body fat percentage and bolstered by the increases in 

thigh area that were observed in the participants. It is well documented that lean body 

mass can be increased following resistance training (Powers & Howley, 2008). It appears 

that both traditional strength training and peak average power training produce similar 

results in increases in lean body mass.  

4.5.3 Thigh Area 

 Significant increases in thigh area were observed for both groups, resulting in an 

average increase of 0.03 ± 0.05 cm2 for the PAP group from 0.62 to 0.65 cm2, and an 

average increase of 0.06 ± 0.09 cm2 from 0.57 to 0.63 cm2 for the TST group. McBride et 

al. (2002) conducted a study where they trained subjects twice a week for a duration of 

ten weeks, one group with jump squats at 30% of their 1RM squat and one group with 

80% of their 1RM squat. They found significant increases in thigh area in only the 80% 

group, but not in the 30% group (McBride et al. 2002). Similar increases were found in 

this study in both groups with the same training frequency and duration, with similar 

loading protocols. In a study by Earp et al. (2015) they examined the effect of high load 
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back squats (75-90% 1RM)), low load jump squats (0-30% 1RM) three times per week 

for a period of eight weeks on thigh area hypertrophy (rectus femoris) in 36 untrained 

males aged 18-35. They found that mid-thigh area increased by 14.7% in the 75-90% 

group, and similarly in the jump squat group by 14.3%. The disparity in percentage 

between the current study and the one by Earp et al. (2015) could be due to the fact that 

the participants in the current study were trained prior to entering the study, and the 

loading was 30% of their 1RM jump squat, whereas during the current study, loads of 60-

85% were used in a dynamic back squat exercise. Nonetheless, the study by Earp et al. 

(2015) reinforces the fact that both heavy load strength training and power training are 

valid stimuli for muscular hypertrophy in the thigh region. It appears that peak average 

power training produces a similar adaptation as traditional strength training based on the 

current results.  

4.6 Power 

4.6.1 Peak Average Power 

 Significant increases in peak average power were observed for both groups over 

the training period, with the PAP group increasing by an average of 94.7±60.8 W from 

678.4±132.8 W during pre-testing to 773.1±156.5 W at the end of the training period, and 

the TST group increasing by 76.2±86.5 W from 638.8±103.8 W to 715.0±99.6 W. 

Loturco et al. (2013) showed similar improvements in mean power after a three-week 

period where they trained special operations soldiers in either traditional strength training 

or optimum power loading. They showed that there were no differences between groups 

in mean power at 60% 1RM in the back squat or the jump squat after nine-weeks of 

training (six weeks of periodization followed the initial three-week period). To the 
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author’s knowledge this is the closest study to the current study to observe increases in 

peak average power in the dynamic back squat. It appears that peak average power 

training does elicit similar adaptations in PAP as traditional strength training over a 

period of eight-weeks.  

4.6.2 Peak Power 

 Significant increases in peak power were observed for both groups over the 

training period, with the PAP group increasing by an average of 465.6±209.8 W from 

1746.3±366.5 W during pre-testing to 2211.9±450.9 W at the end of the training period, 

and the TST group increasing by an average of 255.9±349.0 W from 1554.4±496.6 W to 

1810.3±291.3 W. Jones et al. (2001) reported that in a high resistance training group (70-

90%) and low resistance training group (40-60% 1RM) over a nine-week training period 

that similar increases in peak power production were observed in the depth jump, set 

angle jump, 30% 1RM jump and 50% 1RM jump, but that all four tests had trends 

favoring the low-resistance training group over the high-resistance training group. Peak 

power was also reported to improve similarly after an eight-week training program 

performing either 30% 1RM or 80% 1RM jump squats (McBride et al., 2002). Although 

there were no statistical differences in peak average power outputs between groups, the 

PAP group showed a trend for higher increases, increasing by 210 W more than the TST 

group. Although not statistically significant, these increases could be useful in the 

practical application of these loading protocols for athletic performance.  
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4.6.3 Peak Average Velocity 

 There were no significant differences observed from pre-to-post training for either 

group, and no differences between groups. The PAP group showed no change, staying at 

0.92±0.6m/s at both testing points, while the TST group showed a slight increase from 

0.88±0.07m/s to 0.89±0.07 m/s. It appears that increases in peak power and peak average 

power were due to the increases in load, and although peak average velocity or peak 

velocity did not increase, it is important to note that they did not decrease with an 

increase in load. The result of the participant’s ability to increase load and maintain the 

same velocity output resulted in significantly higher peak power and peak average power 

outputs. A possible explanation for the lack of increase in velocity measurements could 

be due to the dynamic resistance training, where the load needs to be controlled and 

decelerated at the end of each repetition, as the participants were instructed not to leave 

the ground. In the literature, Gonzalez-Badillo et al. (2010) showed that in the bench 

press exercise, one-hundred and twenty young male participants (24.3±5.2 yrs) with 1.5-4 

years of strength training experience were trained for six-weeks. Participants trained the 

free-weight bench press exercise 2-3 times per week (3-5 sets, 4-12 repetitions, 60-85% 

1RM) and were instructed to perform the concentric portion of the lift at maximal 

velocity. They found that the average 1RM improved by 9.3±6.7 %, from 86.9±15.2 kg to 

94.5±15.2 kg, with a change in velocity of only -0.01±0.05 m/s. It was determined from 

this study that the mean velocity that was attained with any given absolute load can be 

used as a reliable estimate of the relative load, or percentage of 1RM, that that load 

represents (Gonzalez-Badillo et al. 2010), meaning that the velocity of the repetition at 

60% of a pre-training 1RM will be consistent with the velocity of a repetition at 60% if a 
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post-training 1RM, although the absolute load may be higher in the post-training 1RM. 

This study reflects those findings, where there were no significant differences in velocity 

following the training program, although the absolute loads were significantly increased.    

 In a study by Conceição et al. (2016), fifteen participants aged 21±3.6 years, all  

	national or international track and field athletes performed a 1RM in three different 

exercises: the full-squat, half-squat, and leg press. The 1RM was followed by a session 

for each exercise in which they worked up to achieve the load in which they produced the 

highest maximum instantaneous velocity. The results of this study demonstrated that 

there is a strong relationship between the maximum instantaneous velocity and the 1RM 

% for the three exercises, the full-squat, half-squat, and leg press (Conceição et al. 2016).  

4.6.4 Peak Velocity 

 Similar to peak average velocity, there were also no significant differences 

observed in peak velocity for either group over the training period, with no significant 

differences between groups. The peak velocity showed a slight increase for the PAP 

group, increasing from 1.58±0.2m/s to 1.59±0.2m/s, while the TST group remained the 

same as the pre-testing period with a peak velocity of 1.47±0.1m/s. In the study by Jones 

et al. (2001), there were also no differences between the low-load and high-load group in 

peak velocity measures in the depth jump, set angle jump, 30% 1RM jump and 50% 1RM 

jump (Jones et al. 2001). Peak velocity was also reported to improve after an eight-week 

training program performing either 30% 1RM or 80% 1RM jump squats (McBride et al. 

2002). Similar to the peak average velocity, a potential reason that we did not see the 

improvements in peak velocity is due to the nature of dynamic resistance training, where 

the load must be decelerated at the end of the repetition to avoid injury, as the 
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participants was instructed not to leave the ground during any repetitions, as well as the 

literature that supports that velocity remains consistent as a percentage of 1RM, even if 

the absolute load increases (Conceição et al. 2016; Gonzalez-Badillo et al. 2010) .  

4.7 Performance 

4.7.1 Ten-Meter Sprint 

 Ten-meter sprint times significantly decreased for both groups, showing an 

increase in performance for both groups. The PAP group decreased the time from 

1.77±0.08s to 1.70±0.08s at the end of the training period, showing an improvement of 

0.07±0.12s, while the TST group showed a decrease from 1.79±0.08s to 1.75±0.10s, an 

improvement of 0.04±0.14s. Cormie et al. (2010) reported that after ten weeks of either 

heavy strength training (90% 1RM) or ballistic strength training (optimum power load), 

40-meter sprint times improved significantly after the training period, and there were no 

differences between ballistic training or strength training. In the current study, traditional 

strength training significantly improved ten-meter sprint time as well as peak average 

power while training with a dynamic resistance training method. It appears that peak 

average power training can have the same effect as heavy strength training, while using a 

lighter load. In a similar study to the current research, Cronin et al. (2008) reported that in 

a study where they had one group train with 80% of 1RM with jump squats, and one 

group train jump squats with the load that they produced the highest power output. Ten-

meter and thirty-meter sprint times were both significantly decreased.  
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4.7.2 Counter-Movement Jump 

 Both groups showed a significant improvement in counter-movement jump 

power, with the PAP group increasing by 138.1±127.3 W from 5511.3±958.6 W at the 

beginning of the training period to 5649.4±925.7 W at the end of the training program, 

while the TST group showed a gain of 214.3±167.0 W, from 5113.2±811.9 W  to 

5327.5±786.6 W. Smilios et al. (2013) reported no differences between an optimum 

power group (48-58% 1RM) and a high-load group (90% 1RM) over a period of six-

weeks in the countermovement jump, although significant improvements were noted in 

each group (Smilios, 2013). Jump height was also reported to improve similarly after an 

eight-week training program performing either 30% 1RM or 80% 1RM jump squats 

(McBride et al. 2002). Cormie et al. (2010) reported that after ten-weeks of either heavy 

resistance training (90% 1RM) or ballistic training (optimum load) peak power was 

improved in the counter-movement jump in both peak power output as well as average 

power output.  

4.8 Rate of Force Development 

4.8.1 Rate of Force Development from 0 to 50ms  

 Significant increases over time were observed for both groups, with no 

differences between groups, as the PAP group increased by 31.6±127.7 N/s from 

773.5±215.1 N/s to 805.1±246.1 N/s from pre to post, respectively. The TST group 

increased by 114.1±114.6 N/s, from 685.9±181.9 N/s to 800.0±182.2 N/s at the end of 

the training period. Tillin et al. (2014) trained 19 male subjects for a period of four weeks 

and divided them into either a max voluntary force group (MST), where they contracted 
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progressively up to 75% MVC in the knee extension, or an explosive strength training 

group (EST), where they were instructed to contract as hard and fast as possible in the 

knee extension. It was found that the maximal force group produced greater increases in 

max voluntary force (21%) over 11% improvements in the EST group. Significant 

increases were observed in the EST group at 50ms of knee extension, where no 

differences were observed in the MST group (Tillin, 2014) 

4.8.2 Rate of Force Development from 50 to 100ms  

 Significant increases over time were observed for both groups, with no 

differences between groups, as the PAP group increased by 162.6±563.8 N/s, from 

3319.6±949.7 N/s to 3482.3±1068.8 N/s. The TST group showed an increase of 

484.6±500.4 N/s, from 2913.3±732.6 N/s at the onset of training to 3397.9±747.6 N/s at 

the end of the training period.  

4.9 General Conclusions  

 It has been shown that PAP and TST training in the present study yielded 

statistically similar improvements in the areas of body composition adaptations, strength, 

power, and performance. The current research supports prior work that have yielded 

similar results, although the other studies have mainly used ballistic power training (i.e. 

light load jump squats) in comparison to a heavy loading strategy (Cronin et al.., 2008; 

Loturco et al.., 2013; Cormie et al.., 2010). In the present study, there were no statistical 

differences between groups in any of the measures. Although the current study failed to 

fill the gap in knowledge in relation to the underlying neuromuscular adaptations that are 

occurring in the musculature, it adds another viable training method that has not been the 
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subject of much research. Dynamic resistance training with a peak average power load 

produces statistically similar results to traditional strength training based on the results of 

this study. Other studies have demonstrated that ballistic power training at the optimum 

power loading (which is similar to PAP) has been shown to produce similar benefits as 

TST (Cormie et al. 2010; Loturco et al.., 2013; Cronin at al.., 2008). This could lead to 

the comparison of these two methods to determine if PAP produces similar results as 

ballistic power training. Dynamic resistance training differs from ballistic training in the 

fact that the load needs to be decelerated at the end of the movement and involves 

antagonist musculature to stabilize the joint at the end of the range of motion. Normally, 

increased co-activation of the antagonist musculature is thought to add stability to the 

joint, and it is thought that the central nervous system will try to optimize this interplay in 

co-contraction during movement (Newton, 1996). Although ballistic resistance training 

allows the athlete and musculature to accelerate throughout the entire range of motion, 

which possibly leads to a higher velocity, force, power and muscle activation, it also 

means that the athlete must use a lighter load during training and could possibly lead to 

an increased risk of injuries during training due to jumping with a bar on your back.  

4.10 Limitations of the Current Research 

1. Neuromuscular adaptations that were collected could not ensure their 

reliability and validity as previously discussed. 

2. The current study only had 17 participants, 16 males and 1 female. Future 

studies should aim to have a larger sample size and an equal number of males 

and females in each group. 
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3. Due to the nature of the training program and the schedules of the participants, 

it was difficult to ensure that each participant completed the training sessions 

at the same time each day. 

4. Familiarization sessions should be included in all testing protocols and the use 

of a comparator should be used to ensure the repeatability of the ITT protocol.  

4.11 Directions for Future Research 

Future research should aim to answer the purpose that was set out in this study, in 

order to determine the neuromuscular adaptations after a long-term training program with 

peak average power loading, in order to determine the underlying neuromuscular 

characteristics between power training and strength training. The improvements to the 

methods would mainly include utilizing a familiarization session with the ITT protocol, 

collecting a baseline MVC in order to normalize the data from an MVC of the 

hamstrings, and collecting a quadriceps MVC outside of the ITT protocol to ensure 

maximum validity of these measures. Furthermore, use of a comparator to ensure the 

accurate and repeatable timing of the interpolated twitch during the ITT protocol would 

ensure accurate timing during the protocol which would lead to more reliable results. It 

would also be a great addition to the literature if PAP training and Ballistic training could 

be compared, although total load-volume would need to be equated as well as intensity of 

the repetitions. It would also be beneficial to replicate the current study to determine what 

percentage of each fiber type are being recruited during this style of training, and if the 

percentage changed from pre-to-post.  

As a result of this research, it is now determined that using a moderate load, high-

velocity approach produces statistically similar results as high load, low velocity training 
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programs. These results offer another viable training method to Strength and 

Conditioning coaches for athletic populations that already face high training volumes due 

to their competitive seasons. Use of this method, as it puts less load on an athlete’s body, 

could decrease an athletes risk of injury and allow them to perform at higher levels 

throughout their competitive seasons.  

This is also a viable method for aging adults, and adds to the body of literature 

showing that significant gains in strength and power can be achieved whilst using lighter 

loads that will place less stress on an aging persons joints and musculature. 

The results of this study also open the door to a comparison between dynamic 

peak average power loading methods and ballistic power training methods. 
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2.1 Muscle Structure 

The human body contains more than 600 skeletal muscles, which constitute 40 to 

50% of the total body weight (Powers, Scott, Howley, 2012). They are responsible for 

three important functions: force production needed for locomotion and breathing, force 

production for postural support, and heat generation during periods of cold stress 

(Powers, Scott, Howley, 2012). Skeletal muscles attach to bones via tendons, through an 

origin and insertion. Muscles that decrease joint angles are known as flexors, and muscles 

that increase joint angles are called extensors (Powers, Scott, Howley, 2012). Individual 

muscles are separated from each other, and the system is linked together via connective 

tissue called fascia. The outermost layer that surrounds the entire muscle is called the 

epimysium. Moving further into the cell, the perimysium surrounds individual bundles of 

muscle fibers, which are called fascicles. Each muscle fiber within the fascicle is 

surrounded by connective tissue which is called the endomysium.  Surrounding each 

muscle fiber, just below the endomysium, there is another layer of connective tissue 

called the basement membrane (Powers, Scott, Howley, 2012).  

Myofibrils are small threadlike structures that are composed of two major types of 

protein filaments: thick filaments composed of myosin, and thin filaments composed of 

actin. On the actin molecule, there are two more proteins, which are troponin and 

tropomyosin. Myosin is directly involved in force production, yet another protein, titin, 

can be found between the z-line and myosin within a sarcomere. It is thought that titin 

has elastic effects and provide the elastic characteristics of muscle fibers (Kyröläinen et 

al., 2005). Myofibrils can be divided further into small units called sarcomeres. These 

units are divided by proteins referred to as a Z-line. Inside the muscle cell there are 
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membranous channels that surround each myofibril, which is called the sarcoplasmic 

reticulum. This releases calcium, which ultimately triggers muscular contraction (Powers, 

Scott, Howley, 2012).  

 This process is dependent on the ability of the nervous system to activate the 

motor end plate. The signal is conducted through nerve cells called motor neurons, which 

extend from the spinal cord. The motor neuron and all of the muscle fibers it innervates is 

called a motor unit. The motor unit and muscle cells meet at the neuromuscular junction, 

where the sarcolemma forms a pocket that is known as the motor end plate. There is a 

small gap in the pocket called the synaptic cleft. The generation of an action potential in a 

motor neuron causes the release of acetylcholine into the synaptic cleft of the 

neuromuscular junction,  which results in depolarization called the end plate potential, 

which initiates the contractile process (Powers, Scott, Howley, 2012).  

2.2 Muscular Contraction 

The depolarization is conducted down the transverse tubules into the muscle fiber, 

which causes calcium to be released from the sarcoplasmic reticulum, into the 

sarcoplasm. The calcium then binds to troponin, which causes a shift in the position of 

tropomyosin in order to expose active binding sites on the actin. Then, the breakdown of 

ATP results in a cocking of the myosin cross-bridge, which then forms a strong bond at 

the active site on actin. At this step, inorganic phosphate is released from the myosin 

cross bridge and the cross bridge then pulls the actin molecule. Cross-bridge movement is 

completed by the release of ADP from the myosin cross-bridge, which releases ADP 

when the cross-bridge movement is complete, while the myosin cross-bridge remains 

bound with actin. When the ATP attaches to the myosin cross-bridge, it allows the 
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myosin cross-bridge to break the strong binding state and form a weak binding state. 

Here, ATP is broken down in ADP and Pi, and then is released in order to cock the 

myosin cross-bridge. This contraction cycle is repeated many times during muscular 

contraction and as long as calcium and ATP are present. The contraction cycle is broken 

when there is no longer a neural stimulus and the sarcoplasmic reticulum actively 

removes calcium from the sarcoplasm (Powers, Scott, Howley, 2012).  

2.3 Resistance Training 

Resistance training is an exercise modality that is based on the premise of improving 

athletic performance by increasing muscular force production, power and speed, local 

muscular endurance, motor performance, balance and coordination, and hypertrophy 

(Behm, 1995) . Hypertrophy is one adaptation that provides increases in force, whilst the 

other variables are a consequence of the increase in force production. Hypertrophy 

increases force production due to the increases in myofibrillar cross-sectional area, thus 

creating more contractile fibers, to produce greater force (Andersen & Aagaard, 2010). 

Local muscular endurance is brought about by adaptations in the size and number of 

mitochondria, as well as increased myoglobin content. These adaptations allow more 

oxygen to be transported in the cell, and produce more ATP via oxidative processes 

within the musculature.  One of the key factors in determining success is appropriate 

program design, exercise instruction, a method of evaluation of training progress toward 

training goals, the correct prescription of the acute program variables (volume, intensity, 

frequency, duration), and the inclusion of specific methods of progression targeting 

particular areas of muscular fitness (Kraemer et al., 2002). It is important that resistance 
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training is supervised by qualified professionals for the prevention of injury and for 

maximizing health and performance benefits (Kraemer & Ratamess, 2004).  

2.3.1 Program Design 

Program design consists of acute variables that include: muscle actions used, 

resistance/load used, volume (total number of sets and repetitions), exercises selected and 

workout structure (number of muscle groups trained), the sequence of exercise 

performance, rest intervals between sets, repetition velocity, and training frequency. 

Altering these variables affect the training stimuli, and it is therefore paramount to 

manipulate these variables in order to target specific adaptations (Kraemer & Ratamess, 

2004).  

2.3.2 Exercise Selection 

Free-weight or exercise machine exercises can be divided into two categories: single 

joint or multi-joint. Single-joint exercises stress one joint or major muscle group, while 

multi-joint exercises stress more than one joint or major muscle group. Single joint 

exercises have been shown to increase muscular strength, and target specific muscle 

groups, whereas multi-joint exercises require a more complex level of neural activation, 

coordination, and due to the larger amount of muscle mass involved. Multi-joint exercises 

are considered to be the most effective exercises for increasing muscle strength and 

power (Kraemer & Ratamess, 2004). Differences can also be found within multi-joint 

exercises by classifying them as closed-chain or open chain. Closed-chain can be defined 

as having both ends connected to an immobile framework, where movement at one joint 

produces movement at all other joints in a predictable manner. Open-chain is defined as 



	

93	
	

having the peripheral joint of the extremity able to move freely, such as the swing of a 

foot during gait (Wilk, Arrigo, & Andrews, 1996). It has been recommended that closed-

chain exercises be used due to the involvement of multiple muscle groups simultaneously 

to perform them, such as jumping (Blackburn & Morrissey, 1998). There are also 

common recommendations as to the sequencing of these exercises within a workout 

program, with varying recommendations between full-body workouts and upper/lower 

split routines. Both routines have been found to show similar improvements while using 

multi-joint movements in relation to strength and power training (Aagaard et al., 2002; 

Calderet al., 1994; Hakkinen et al., 2001). Certain guidelines are recommended when 

training in either routine, such as performing large muscle group exercises before small 

muscle group exercises, performing multi-joint exercises before single-joint exercises, 

rotating agonist and antagonist muscle groups, and performing higher-intensity exercises 

before lower intensity exercises (Kraemer & Ratamess, 2004).  

 2.3.3 Load 

When designing training programs it is also important to consider the load 

prescribed, and it has been postulated that load prescription depends on the adaptation 

that is sought. It also varies between trained and untrained individuals. It is shown that 

greater loading (80-85% of 1RM) is needed to increase maximal strength because the 

higher loads are important to induce neural adaptations such as recruitment, rate coding 

synchronization, and are needed to continually recruit higher threshold motor units 

(Häkkinen, Alén, & Komi, 1985). However, seeing as force and time components must 

be addressed, load prescription for muscular power development should follow light-to-

moderate loading if there is adequate acceleration during the movement, and is performed 
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at an explosive velocity. A study by Siegel et al. (2002) recommended a load of 40-60% 

1RM for bench press and a load of 50-70% 1RM for the back squat while performing 

dynamic weight training for the improvement of muscular power (Siegel, Gilders, Staron, 

& Hagerman, 2002). Others have recommended training loads varying between 0-90% of 

1RM (Baker et al., 2001; Crewther et al., 2006; Kawamori & Haff, 2004). Research 

shows that the load application should utilize many points along the force-velocity curve 

to ensure optimal results for power development (Fatouros et al., 2000).   

 2.3.4 Volume 

Training volume is determined by multiplying the total number of sets by the total 

number of repetitions performed during a training session. Exercise prescription can be 

manipulated via altering either factor. It is recommended for both strength and dynamic 

power training includes sets of six repetitions or less, while performing between three and 

six sets per exercise. This allows adequate training volume to be performed while 

maintaining exercise intensity (Ransone, 2008). Fröhlich et al. (2010) analyzed seventy-

two studies in which comparisons were made between multiple-set training (MST) and 

single-set training (SST). The outcome effect was found to be 27.2% greater for MST 

than SST. It was also stated that “low-volume training resulted in substantial 

improvements in strength, albeit not to the same level as the multi-set regimens”(Fröhlich 

et al., 2010). Therefore, to yield the optimal results, it is shown that MST leads to more 

optimal results than SST.   
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2.3.5 Rest 

On the topic of intensity, it is also important to consider recovery between sets to 

allow optimal output on subsequent sets. It is shown that individuals who seek to perform 

maximal or near-maximal repetitions with a heavy load usually need long rest periods, 

especially for lower body or full-body multi-joint exercises (Weir, Wagner, & Housh, 

1994). It has therefore been recommended that rest periods for developing strength and 

power should be between two and five minutes, in order to replenish ATP  and force 

production capability (Larson & Potteiger, 1997).  

2.3.6 Frequency 

Frequency can be defined as the total number of sessions performed for each muscle 

group per week. It is important to consider the individuals training status when 

prescribing exercise, as more advanced resistance trained individuals will recover faster 

than untrained individuals. The general guideline is performing three sessions per week, 

to allow at least one rest or recovery day between sessions. For more advanced lifters, an 

upper-lower split can be used, where the individual will train the lower body and the 

upper body on consecutive days, followed by a rest day (Ransone, 2008). This allows the 

individual to recover each body segment whilst training another. A study conducted by 

Carroll et al. (1998) showed that there were no differences found in 1RM squat strength 

between a training frequency of two times per week versus three times per week, 

although the two time per week training group showed significant improvements in 

isokinetic and isometric strength as compared to the control group, while the three time 

per week group showed no significant improvement as compared to the control group. 

The two time per week group also showed significant improvements in myosin heavy 
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chain profile (Carroll, Abernethy, Logan, Barber, & McEniery, 1998). These results have 

been replicated many times, with the most common training frequency to be three times 

per week (Wernbom, Mathias, Augustsson, Jesper, Thomeé, 2007). Training three times 

per week has also showed to induce the greatest increases in muscular cross-sectional 

area per day for the quadriceps during dynamic external resistance training (Rhea, Alvar, 

Burkett, Ball, 2003). A meta-analysis conducted by Rhea et al. (2003) also shows that the 

effect size for frequency of training affected by training status, where untrained 

individuals see a consistent dose response up to three times per week per muscle group. 

In trained individuals, two days per week per muscle group elicited the greatest increases 

in strength (Rhea et al., 2003). Based on this literature, if the population is untrained, a 

frequency of three days per week of full-body workouts will provide the ideal stimulus, 

while a trained population may adapt better to an upper-lower split routine, where each 

muscle group is trained twice per week.  

 

2.4 Training Progression 

The musculature must be progressively stimulated in order for it to adapt to the 

training stimulus. The tissues will continue to adapt until it can tolerate the stresses that 

are being placed upon it (Kraemer & Ratamess, 2004). Therefore, as the systems adapt to 

the stimulus, it is important to apply a continually progressive stimulus. This concept is 

known as progressive overload, and refers to the gradual increase of stress placed upon 

the body during resistance training (Kraemer et al., 2002).  Progression is also affected by 

training status, in which untrained individuals have been reported to show faster rates of 

improvement (40%), while moderately trained (20%), trained (16%), advanced (10%), 
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and elite athletes (2%) all progress at a slower rate (Kraemer et al., 2002). It is thought 

that this is due individuals becoming increasingly closer to their genetic potential, based 

on the law of diminishing returns (Ransone, 2008).  

The tolerance of this increased stress-related overload needs to be monitored 

carefully, as it is important to place an adaptive stimulus while concurrently not causing 

the body too much stress which could lead to over training syndrome (Souza, Aguiar, 

Vechetti-Junior, 2014). Progressive overload can be applied through the manipulation of 

multiple acute program variables, such as increasing the load, increasing volume by 

adding repetitions to the current load, altering repetition velocity according to the training 

goal, shortening or lengthening rest periods, or a combination of these variables. 

Application of these variables will also be dependent on the outcome goal of the training 

period (Kraemer & Ratamess, 2004). Progression can also be manipulated through 

variation, which allows different stimuli to be applied in conjunction with one another, to 

achieve the desired training effect. This process has become known as periodization 

(Buford, Rossi, Smith, & Warren, 2007). 

 2.4.1 Specificity 

Training progression also depends on specificity. The body will adapt to the specific 

stimulus that is applied. This includes the type of muscle action involved, speed of 

movement, range of motion, muscle groups trained, energy systems involved, the 

intensity of the activity and volume. Specificity of movement pattern and contraction 

velocity while training have been linked to improvements in performance (Cronin, 

McNair, Marshall, 2001b; N. Harris, Cronin, Keogh, 2007; Tillin & Folland, 2014; 

Young, 2006).  
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2.5 Utility of Muscular Power  

One of the most important considerations in human exercise performance is the 

ability to produce power (Wilson et al., 1993), and is considered as an important 

parameter for success in many sports (Smilios, 2013). Because of the limited time frame 

for force application in most sports, an often desired result of  the athletic training  

process is increased power (Baker, 2001). Performance variables such as sprinting, 

throwing and jumping are critical elements linked to athletic performance, and also 

carrying out daily activities and functional tasks (Markovic, 2007). They have been found 

to be highly related to high levels of power output (Young, 2006). Studies have found 

that many sports are power dominated and thus the nature of their training stimulus 

should be directed at the enhancement of power output as opposed to load lifted or speed 

of execution alone, and that athletes should train using a load that maximizes the 

mechanical power output of a lift (Wilson et al., 1993). Other studies have also found that 

the overall impact of power training on load-power, load-velocity and load-force 

relationships indicate a superior transference to a wide variety of on-field demands that 

are associated with strength-power sports, as opposed to traditional strength training.  

 

2.6 Power 

2.6.1 Definition 

Power is the combination of force and velocity. It has also been reported as the 

rate at which mechanical work is performed (Harris et al., 2007), and as the amount of 

work produced per unit time (Equation 1 & 2) (Cronin & Sleivert, 2005). There is a lack 
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of common definitions throughout the literature as many researchers have referred to 

power as “explosive strength” (Linnanio, Häkkinen, & Komi, 1998), “speed strength” 

(Young & Bilby, 1993), and “dynamic strength” (Moss et al., 1997). Peak power will be 

defined as the highest instantaneous power output during the concentric phase of a 

muscular contraction, while peak average power will be defined as the highest average 

power output during the concentric phase of a muscular contraction (Baker, 2001).  

2.6.2 Power Velocity Relationship 

There is a lack of consensus within the sport performance community on the 

importance of velocity specificity, and whether one exercise speed is optimal for 

improving functional performance with relation to power output (Kawamori & Haff, 

2004; Loturco et al., 2013; Toji, 2004; Wilson et al., 1993). High-load and high-velocity 

resistance training affect different parts of the force-velocity curve, and it has been 

suggested that combining the slow and fast movements can optimize adaptation within 

the nervous system (Cronin et al., 2001b). The power-velocity relationship also 

characterizes the dynamic capability of the neuromuscular system to function under 

various loading conditions and therefore has considerable significance in the performance 

of movement (Cormie et al., 2011a; Cronin, McNair, & Marshall, 2001a).  This 

relationship dictates that the faster the velocity of a concentric muscle action, the lower 

the force that can be produced. This is caused by the increased rate of cross-bridge attach-

detach cycling, which equates to less time to generate tension for force production, as 

well as greater internal resistance or viscosity that equates to loss of force (Cormie et al., 

2011a). It is suggested that the optimal compromise between force and velocity results in 

the development of maximum power, and is achieved at loads between 30-50% of 
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maximum force, or one repetition maximum (1RM) for any given exercise (Cronin, 

McNair, & Marshall, 2001a).  

 Muscles can achieve high velocities of shortening, however, strength capacity at 

slow movement velocity has a reduced impact on the ability of the muscle to produce 

high force at rapid shortening velocities (Cronin & Sleivert, 2005).  

 

2.7 Power Training Methodologies 

Load, contraction type, and technique all have an effect on power production.  

Conflicting results have been found in the literature as to the method which produces the 

best result. Some research suggests that maximal power output occurs at 30% of 

maximum isometric strength and 30% of maximum shortening velocity (Linnanio et al., 

1998), while other research suggests that heavier loads (80-100% of 1RM) provided a 

greater stimulus for the development of power (de Vos et al., 2005), provided that the 

contractions were performed as explosively as possible. It has been reported that 

intermediate loads (50-70% 1RM) maximize power output using isonertial equipment, 

and that heavy loads and light loads were inferior to this method (Cronin & Sleivert, 

2005) . While there is no clear method to what is the best way to develop maximal power, 

there are numerous methods that have been implemented in the past. Each of these 

methods will be discussed in the following section: 

2.7.1 Dynamic Resistance Training 

Dynamic resistance training comprises movements which involve a distinct 

acceleration and deceleration phase, where the implement is not released or the body does 
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not leave the ground. These movements include traditional exercises such as back squats 

and bench press. After the concentric phase of the movement, there is a substantial period 

where the load is decelerated towards the end of the range of motion. The athlete must 

decelerate the weight at the end of each repetition in order to stop the load at the end of 

the range of motion (Newton, Kraemer, Hakkinen, Humphries, & Murphy, 1996).  It has 

been reported that during a bench press, this could be as little as 24% of the total 

repetition using a maximal load, and can vary depending on the load such as from 45-

52%  at a load of 81% of 1RM (Wilson et al.., 1993). This deceleration often results in 

movement velocities lower than those which are typically found in sporting movements 

such as jumping and throwing. The deceleration phase is also associated with decreased 

muscle activation of the agonist muscle groups, and the increased possibility that the 

antagonist muscles must activate in order to stop the load at the end of the range of 

motion (Elliott, Wilson, & Kerr, 1989; Newton et al., 1996). Although there are some 

downfalls to this method, it has also been reported that this method has been successfully 

used to improve maximal power output in dynamic, sports-specific movements (Cormie 

et al., 2011a) . These improvements may have been due to physiological changes to the 

structure of the muscle or could be due to increased neural drive. Peak power and average 

power training are categorized within dynamic resistance training. Peak power is the 

maximal power output that can be produced during one repetition at the optimal load for 

the athlete. Average power is the average of the power during the entire repetition at the 

optimal load for the athlete. In a study by Moss et al. (1997) 31 well-trained male college 

students were divided into three groups: a group that trained at 15% of 1RM (G15), a 

group at 35% (G35) and a group at 90% (G90) of elbow flexion, in order to determine the 
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effect of dynamic strength training with different loads on maximal strength, muscle 

cross-sectional area (CSA), load-power and load-velocity relationships. They participated 

in training 3 times per week for 9 weeks. It was found that 1RM increased significantly 

for all groups, while G90 increased significantly more than G15. G90 and G35 showed a 

significant increase in power at all loads, while G15 showed an increase in power at loads 

equal to or less than 50% 1RM. It was also shown that there was a high correlation 

between 1RM and maximal power pre-training (r=0.93, p<0.001), but there was no 

significant correlation between the increase in power and the increase in 1RM (r=0.13). 

There was also no significant difference in muscle CSA of the elbow flexors for any 

group from pre-to-post training. The results of this study show that high forces and 

recruitment of high threshold motor units can be obtained while using lighter loads, 

provided that load acceleration is sufficiently high, and can produce strength and power 

improvements across of variety of sub-maximal loads. Seeing as there was no increase in 

muscle CSA, it can be postulated that neuromuscular adaptations (recruitment strategies, 

voluntary activation, motor unit synchronization) or muscle architecture (fiber 

orientation, angle of pennation) led to the improvements noted in the study (Moss et al., 

1997).  

   

2.7.2 Ballistic Power Training 

 Ballistic exercises such as the jump squat or medicine ball throw release the 

implement at the end of the range of motion, and therefore eliminate the need to 

decelerate the object that is being released (Newton et al., 1996). This allows acceleration 

throughout the entire range of motion, and has been found to allow higher concentric 
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velocity, force, power and muscle activation when compared to dynamic weight training 

(Newton et al., 1996). The exercises are commonly overloaded by increasing the load of 

the implement being used for the exercise (Cormie et al., 2011a). These exercises are 

usually performed with loads ranging anywhere between 0-80% of 1RM, and are 

sometimes replicates of a motor pattern that is commonly used within the sport that is 

being trained. It is possible that the adaptations are brought about by increases in neural 

drive, the rate of neural activation and inter-muscular coordination that are specific to 

movements that are typically found within the sport (Cormie, McGuigan, & Newton, 

2011b). Ballistic power training can be very effective at enhancing maximal power 

output in sports specific movements as well as power production capabilities under a 

variety of loading conditions (Cormie et al.., 2011a). 

 A study done by Winchester et al. (2008) showed significant improvements in 

peak power and rate of force development in a group of untrained males after 8 weeks of 

periodized ballistic training when compared to a control group, while no changes in 

strength and muscle fiber type expression were observed. The results of this study show 

that neuromuscular adaptations are potentially responsible for the improvements in 

performance following ballistic training.  

Similarly, a study conducted by Newton et al. (1999) compared 8 weeks of squat 

jump training in elite volleyball players compared to traditional strength training. The 

research showed significant improvements from pre- to post- training in the squat jump 

training group (30, 60, and 80% of 1RM back squat) in the standing and approach jump 

test. No improvements were observed in the strength training group. Neither group 

showed significant improvements in 1RM strength as measured by a concentric only back 
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squat. There were no significant differences between groups (Newton, Kraemer, & 

Häkkinen, 1999). 

 A study comparing different loads used during the jump squat over a period of 8 

weeks with 26 athletic men divided the subjects into a light (30% squat 1RM) or heavy 

(80% squat 1RM) training group. The groups were tested pre- and post- training on 1RM 

back squat, agility t-test, 20m sprint, and jump squats with 30, 55 and 80% of their 1RM 

back squat. Peak force (PF), peak velocity (PV), peak power (PP), and average EMG 

were calculated for the jump squats. The light group (30%) showed significant 

improvements in peak power and peak velocity in all jump squat loads, and significantly 

increased 1RM back squat. The heavy group (80%) demonstrated significant 

improvements in peak force and peak power in the 55 and 80% jump squat, and increased 

1RM back squat. Percent increase in average EMG activity in the vastus lateralis during 

the jump squat in both training groups significantly differed from the control group from 

pre- to post- testing. The 30% group significantly increased PP, PV and JH during the 

30% jump test, which was significantly higher in comparison to the 80% group, who only 

significantly improved peak force during the 30% jump test. During the 55% jump test, 

the 30% group significantly increased peak force, peak power and peak velocity, where 

the 80% group significantly increased only peak force and peak power. In the 80% jump 

test, the 30% group increased PF, PP and PV, while the 80% group only increased in PF 

and PP. There were no significant differences between group for PF, PV, PP, or jump 

height at the pre or post testing sessions. The results of this study demonstrate that 

training with light-and heavy-load jump squats can lead to improvements in peak power, 
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peak force, peak velocity, and maximum strength, and can partially be attributed to 

increased muscle activity (McBride et al., 2002).  

Similarly, Cormie et al. (2007) trained a power group (PG) with jump squats 

(body mass only) and a strength-power group (SPG) (body mass only+ 3x3 90% 1RM 

back squats) for a 12 week period. It was shown that PG increased their peak power at 

body mass and 20kg load, while the SP group significantly increased peak power output 

across loads of 0, 20, 40, 60, and 80kg. Jump height was also significantly increased in 

the power group at lighter loads (0, 20, and 40kg), but the SP group improved jump 

height at all loads. The results of this study show that combined lower-body strength-

power training is more effective than unloaded jump squats for improving maximum 

jump height and maximum power output in the jump squat. It is also more effective than 

unloaded jump squats for producing all-around improvements in the load-power 

relationship of the jump squat.  

2.7.3 Plyometric 

 Plyometric exercises are characterized by rapid stretch-shorten cycle (SSC) 

muscle actions, similar to ballistic exercises, but are differentiated by the load that is 

used. Plyometrics are commonly used with little to no external loading (Villarreal,  

Kellis, Kraemer, Izquierdo, 2009). They are commonly overloaded by increasing the rate 

of stretch or decreasing the duration of the stretch, whereas ballistic exercises increase the 

external load (Cormie et al., 2011b). The SSC is categorized as a preparatory movement 

which places the agonist muscles in a lengthened position prior to the subsequent 

concentric action, and has been shown to enhance the concentric muscle action due to 

recovery of stored elastic energy and increased agonist muscle activation as a result of the 
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stretch reflex (Newton et al., 1997).  These exercises are specific to a variety of 

movements that are typically encountered in sport, and have been shown to improve 

maximal power output during sports-specific movements (Cormie et al., 2011a). They 

have been thought to elicit specific adaptation in neural drive, the rate of neural activation 

and intramuscular control, which results in an increase in rate of force development 

(RFD). Plyometrics are commonly used as a power element in conjunction with strength 

training.  

A study conducted by Fatouros et al. (2000) used 41 trained men who were able 

to squat 1.5 times their bodyweight in the back squat exercise, and assigned them to 

either a control group, conventional weight training group, plyometric group, or a 

combination group. They completed traditional strength training and plyometric training. 

Each group trained 3 days per week over a 12-week period. Vertical jump height, leg 

power, 1RM squat and 1RM leg press were used to analyze performance adaptations pre- 

and post- training. Although all training protocols elicited significant increases in all 

tested variables, the combination training group produced improvements in vertical jump 

and leg strength that were significantly greater than the other two groups. The results of 

this study indicate that the combination of strength and plyometric training was 

significantly more beneficial than strength or plyometric training alone (Fatouros et al., 

2000).  

Similar results were found in a study conducted by Adams et al. (1992) who 

trained 48 untrained males 2 times per week over a period of only 7 weeks. One group 

performed only the back squat exercise at loads between 50-100% of their 1RM, one 

group performed only plyometric training, incorporating exercises such as the depth 
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jump, double leg hop, and split squat, while the last group performed squats and 

plyometric exercises. While both the back squat (strength) and plyometric groups showed 

significant improvements over the control group, the squat and plyometric combination 

group showed significant improvements over the strength only and plyometric only 

training groups (Adams et al., 1992). While it is shown that plyometric training alone and 

strength training alone can significantly improve vertical jump performance, the 

combination of strength and plyometric exercises can improve performance significantly 

more than one each modality performed by itself.  

A study by Wilson et al. (1993) tested 64 trained participants. They were divided 

into four groups: traditional weight training, plyometric training (body weight only), 

maximal mechanical power output training, and a control group. The participants were 

trained two times per week over a 10-week period. Prior to commencement of training, 

the participants were tested on maximum height of the countermovement jump (CMJ), 

static jump (SJ), 30m sprint time, peak power output on a 6 second cycle test, peak torque 

on an isokinetic leg extension at 5.2 rad/s, and a maximum isometric squat.  The 

traditional weight training group performed the back squat for 3-6 sets at a load that 

allowed between 6-10 repetitions. The plyometric group performed depth jumps for 

maximal height using body weight as the load, and the height of the depth jump was 

progressively increased from 0.2m to 0.8m throughout the training period. The optimal 

power group performed weighted jump squats with a load that maximized mechanical 

power output, as measured by force plates. The control group was asked to maintain their 

daily activities. After the training period, there were significant differences from pre to 

post for all training conditions on CMJ height, while there were only significant 
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differences in SJ height for the traditional strength training group and maximum power 

group. For the isokinetic leg extension test, the only significant improvements were 

observed in the maximum power group from pre to post. No significant differences were 

observed in the 30m sprint test for any training condition. The maximum power group 

and the traditional weight training group significantly improved their peak power output 

during the 6s maximal cycling test. The maximum power group had significantly greater 

improvements than the traditional group in this test.  The results from this study outline 

support the notion that training using a hybrid between of traditional strength training and 

plyometric training, which would be to perform dynamic weight training at a load that 

maximizes mechanical power output, may be an effective means of improving strength 

and power performance. Although this study utilized plyometric exercises where the bar 

did not have to be decelerated at the end of the lift, it shows that training at a load that 

maximizes mechanical power output can yield greater performance results when 

compared to traditional strength training and plyometric training only (Wilson et al., 

1993).  

2.8 Measurement of Power Output 

2.8.1 Ballistic testing 

 Seeing as the majority of sports involve movements such as throwing, jumping, 

kicking, or propelling the body into free space, isoinertial, isometric and isokinetic testing 

methods do not offer the same insights into variables such as rate of force development, 

acceleration, and high power output movements which characterize most athletic 

movements. It is therefore important for athletes to be tested over a range of loads so 

their performance can be monitored throughout the force and power-velocity 
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relationships. This will allow for the determination of the “optimal load” and can be used 

to prescribe training loads based on the athletes training goal. These methods can also be 

used to monitor the progress that an athlete is making throughout a training program. 

Commonly used testing movements include: jump squats, concentric only jumps, and 

concentric only jump squats (Stone, Plisk, & Collins, 2002).  

2.8.2 Equipment for Power Testing 

 Ballistic or power testing often requires the use of advanced equipment. This 

could include force plates and linear position transducers, and often requires an apparatus 

which will decelerate the load at the end of the movement, in order to protect the athlete 

from injury. (Stone et al., 2002). Linear position transducers, such as the Tendo 

Weightlifting Analyzer (Tendo Sports Machines: Trencin, Slovak Republic), are being 

used more commonly throughout the literature due to their ease of use, accuracy, and 

functionality in a gym-based setting (Hoffman et al., 2010; Hompson, Rennan, Conchola, 

2015; States, Committee, & Springs, 2008). Linear position transducers use inverse 

dynamics to determine power output based on displacement data, and normally have an 

extendable cable that can be attached to the athlete or to an implement such as a barbell.  

They calculate velocity as (velocity= displacement/time), which allows for the 

determination of acceleration (acceleration= velocity/time), which is in turn used to 

determine force (force= system mass/ (acceleration+ acceleration due to gravity)) (M. 

Stone et al., 2002).  
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2.9 Strength 

2.9.1 Definition 

Strength is defined as the ability to produce force (Crewther et al., 2006). It is 

believed that maximum strength is related to power production and that increases in 

maximum strength can lead to increases in power production. This rationale is supported 

by Stone et al. (2003) who investigated the relationship of the 1RM squat to power output 

during countermovement and static weighted vertical jumps. Twenty-two male subjects 

with various training backgrounds performed a back squat 1RM test and weighted jumps 

at 10, 20, 30,40,50,60,70,80,90 and 100% of 1RM back squat. Strong correlations were 

found (r = 0.77-0.94) between the 1RM countermovement parallel squat and power 

output generation during both countermovement and statically performed weighted 

jumps, which suggests that jumping power is related to 1RM squat strength (Stone et al., 

2003). Training for muscle strength involves lifting heavier loads (80-100% of 1RM) at a 

slower velocity, for relatively few repetitions (1-5) (Ransone, 2008). The premise behind 

strength training is that it is necessary to use these heavier loads to recruit high-threshold 

fast-twitch motor units on the basis of the size principle (Henneman, 1957). Strength 

training can induce structural changes that increase the contractility of the muscle, or 

induce neural changes that increase the neural drive (Blazevich, Gill, Bronks, & Newton, 

2003; Oliveira, Oliveira, Rizatto, & Denadai, 2013; Pareja-Blanco, Rodríguez-Rosell, 

Sánchez-Medina, Gorostiaga, & González-Badillo, 2014).  
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2.9.2 Force Velocity Relationship 

The force velocity relationship demonstrates the characteristics of a muscle that 

dictates its force production. There is an inverse relationship between the force and 

velocity during concentric muscle contraction. When the velocity of concentric muscle 

action is increased, less force is capable of being generated during that contraction. This 

is due to the fact that the total number of cross-bridges attached decreases with increasing 

velocity of muscle shortening (Cormie et al., 2011a). Because the amount of force than 

can be generated by a muscle depends on the number of attached cross-bridges, force 

production decreases as the velocity of the contraction increases. This allows power to be 

maximized at the ideal combination of submaximal force and velocity values (Cormie et 

al.., 2011a).  

 

Figure A.1:  Force-Velocity Curve (Peret Farell, Michael Joyner, 2012). 

  

A muscle’s force potential is proportional to the number of active sarcomeres in 

parallel and its velocity potential is proportional to the number of active sarcomeres in 

series, therefore sarcomere arrangement influences force and power production 

capabilities of certain muscle and muscle groups at various velocities of shortening ( 

Kraemer & Newton, 2000).  
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2.9.3 Traditional Strength Training Methodologies 

Strength can be defined as the maximal voluntary force that the musculature can 

produce (Tillin et al., 2012; Tillin & Folland, 2014). Increased strength and skeletal 

muscle hypertrophy are adaptations brought about from functional overload. It has been 

shown that the most effective training regime to produce strength is one in which 

maximal contractions are used and the total volume of the training program is substantial 

(Ransone, 2008). It is thought that these adaptations are brought about through basis of 

the size principle (Henneman, 1957).  If high levels of force are need to be produced 

against heavy external loading, motor units will be activated according to the level of 

force that is required. In very strong contractions, high threshold motor units are fully 

recruited and fully activated and hence subjected to a training stimulus (McDonagh & 

Davies, 1984). It is understood that adaptations in strength come about by both structural 

changes within the muscle. These could be shown as increases in muscle cross-sectional 

area, or architectural changes such as fascicle length and pennation angle. These 

adaptations facilitate force production. Adaptations are also brought about in the neural 

system, such as increased neural drive, which will ultimately result in greater ability to 

produce force (Blazevich et al., 2003; Blazevich & Sharp, 2005; Brandon, Howatson, 

Strachan, & Hunter, 2014; Tillin et al., 2012; Tillin & Folland, 2014).  

2.9.4 Measurement of Strength Parameters 

2.9.4.1 Isoinertial strength testing 

 Isoinertial refers to the constant mass of the resistance being used. This type of 

strength testing is very common and utilizes readily available equipment in gym settings 
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such as barbells, dumbbells or weight-resistance machines (Stone et al., 2002). It has high 

transfer to many sports due to its nature, where a free-moving mass must be moved 

against gravity. Free weight testing can be easily standardized, but must be closely 

monitored to ensure proper form is being used at all times.  

 The most common forms of isoinertial testing is one-repetition maximum testing 

(1RM) and multiple repetition maximum testing. These tests are often used in training 

facilities because equipment is readily available and easily standardized throughout 

facilities. 1RM testing is a more direct measure of maximal strength than multiple 

repetition maximum testing. Multiple repetition maximum testing involves using lighter 

weights for 3-10 repetitions, in order to fatigue the neuromuscular system to the point 

where the last repetition that is completed is a maximal effort (Ransone, 2008; Stone et 

al., 2002). It is believed that using multiple repetition maximum testing with lighter loads 

leads to a decreased risk of injury, but may not correlate directly to maximal strength and 

could underestimate or overestimate the true value ( LeSuer, McCormick, 1997).  Also, 

testing using multiple repetitions involves considerable more total work performed by the 

athlete, therefore 1RM testing is often preferred (Stone et al., 2002).  

2.9.4.2 Isometric strength testing 

 Isometric strength testing involves the athlete performing maximal contractions 

against a resistance that is immovable. Isometric testing can be performed for single or 

multi-joint exercises, but is suggested to lack transfer to sports, where most actions are 

dynamic in nature. This type of testing needs specialized equipment such as force 

transducers, force plates, amplifiers and computers. Variables such as rate of force 

development, peak force, and time to peak force may also be measured using these 



	

114	
	

methods. A limitation of isometric testing is that it is difficult to prescribe loads from the 

collected data, as isometric force production is specific to joint angles and joint velocity 

produced through a range of motion. It can still be used as a valid measure of force output 

in a pre-to post testing format. Isometric testing allows for an understanding of the force 

capacity of a single muscle, whereas dynamic isonertial testing is relatable to a movement 

pattern or group of muscles  (Stone et al., 2002).  

2.9.4.3 Isokinetic strength testing 

 Isokinetic strength testing involves relatively sophisticated equipment that 

controls the speed of movement to a preset linear of angular velocity, in either a 

concentric, eccentric, or concentric and eccentric motions. Most systems, such as 

isokinetic dynamometers, are designed to test unilateral, single-joint movements. These 

motions offer little specificity to sporting movements, which require coordinated 

movement of several joints and muscle groups simultaneously. It is often used to garner 

information about a single muscle adaptations in controlled environments  (Stone et al., 

2002).  

2.10 Current State of Knowledge for Power and Strength Development 

 Strength and power training methods have been developed over time in order to 

improve an athlete’s capacity to rapidly produce force. Power output has been trained at 

numerous loads and velocities, with the reported “optimal load” being within the  wide 

range of 10-90%, depending on which method is used, whether it be dynamic weight 

training, ballistic weight training, or through the use of plyometric exercises (Wilson et 

al., 1993). These methods have also been used in combination, in an effort to stimulate 
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adaptation at all points along the power-velocity curve. Studies have also shown that the 

combination of strength and power loading within the same session causes greater overall 

adaptation as compared to one methodology alone (Cormie et al., 2007). Research also 

shows that light loads performed at a high velocity can elicit similar improvements as 

higher loads at a slower velocity (Moss et al., 1997). Although strength has been highly 

correlated to peak power (Stone et al., 2003), it has been shown that power can be 

improved independently of strength and muscle structural adaptation (Winchester et al., 

2008). Current literature has not provided insight into the chronic neuromuscular 

adaptation to a power training stimulus.  Strength training has also been shown to 

produce similar results to ballistic power training in untrained men with regards to peak 

power adaptation, although they used a light load (0-30% 1RM) (Cormie, McGuigan, & 

Newton, 2010). Current literature does not provide insight into neuromuscular and force 

output adaptation to traditional strength training at the optimal load in trained athletes.  

2.11 Neural Adaptations of Strength and Power Training Methods 

2.11.1 Central Activation 

It has been discussed that increased central drive of the cerebral cortex plays a 

role in the large initial increase in voluntary strength upon commencing a strength 

training routine. The resistance load in strength and power training will play a major role 

in dictating how many muscle fibers are activated depending on how many motor units 

are needed to produce the force (Farell & Joyner, 2012).  

 The increased descending activity from the cerebral cortex allows for increased 

strength of muscle contraction by increasing the excitatory output to prime mover muscle 

and synergist musculature, meanwhile increasing the inhibition of the antagonistic 
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musculature. Muscular strength and power could be limited by the central inhibition of 

the renshaw cell and the peripheral inhibition of the GTO, which impede neural input and 

limit force production. Therefore, the ability to disinhibit these mechanisms by exposing 

them to increasing levels of tension and loads and consequently reducing their sensitivity, 

is an important adaptation of strength and power training (Häkkinen & Komi, 1983).  

 

A study performed by Narici et al. (2008) showed that after 60 days of isolated 

strength training, anatomical increases in cross-sectional area only accounted for 40% of 

the increase in force production. The remaining 60% could be attributed to an increase in 

neural drive or architectural changes within the muscle, such as changes in pennation 

angle. There was an EMG increase of 42.4%, compared to an increase of only 8.5% in 

muscle CSA. It was found that the increase in muscle CSA would account for only 40% 

of the observed increase in MVC. The MVC increase found in this study was 20.8% over 

the course of the training period. The findings from this study are in agreement with other 

studies who hypothesize that the increase in neural factors resides in the facilitatory and 

inhibitory synaptic pathways, acting to disinhibit the higher cortical centres or to inhibit 

renshaw cells and Golgi tendon organs (Häkkinen & Komi, 1983).  

 2.11.2 Rate Coding 

The force that a muscle can exert depends on the rate at which motor neurons 

discharge action potentials. Increases in discharge rate have a linear relationship with 

increases in muscle force (Van Cutsem, Duchateau, & Hainaut, 1998). Increasing the 

signal frequency can result in greater strength and power production because of an 

increase in the firing rate of motor units and a continual increase in a stepwise fashion of 
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force (Kraemer & Looney, 2012). Each concurrent contraction results in a stronger and 

more forceful contraction, due to the size principle. The size principle shows that there is 

a relation between the size of the motor neuron and the order in which it is activated. This 

principle says that smaller motor units will be activated before larger motor units based 

on their recruitment thresholds (Henneman, 1957, 1985).  There is a positive correlation 

between motor unit twitch force and motor unit recruitment threshold, and as such, as the 

strength of contraction increases, larger units are recruited.  

 

Figure A.2: Correlation between motor unit twitch force and muscular contraction force (Digby G 

Sale, 1987). 

 

 Motor units have also been classified into types based on the fiber types they 

innervate. Motor units large twitch forces have fast contraction times and low endurance, 
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and therefore innervate type 11X muscle fibers. Motor units with small twitch forces 

have long contraction times and high endurance, and innervate type 1 muscle fibers. The 

intermediate twitch force motor units innervate type 11a muscle fibers. This relationship 

is shown in the graph above detailing how different motor units, and therefore fiber types, 

are recruited based on the force production required (Sale, 1988; Sale, 1987).  

  2.11.3 Antagonist Co-Activation  

 Muscle co-contraction is characterized by simultaneous contractions of two or 

more muscles around a joint, and is important for joint stabilization, minimizing the 

effects of potential internal and external disturbances, and regulating joint load (Rocha, 

Silva, & Aragão, 2014). Agonist muscle activity results in limb movement in the desired 

direction, while antagonist activity opposes that motion. There can be both increased and 

decreased activity (co-activation) of the antagonist musculature. A reduced co-activation 

allows for an increased expression of agonist muscle force, while an increased co-

activation is beneficial for maintaining integrity of the joint. In response to training, it has 

been found that decreases in antagonist muscle co-activation allows agonist muscle force 

to manifest itself with less interference by the contraction of the opposing muscle group. 

Antagonist co-activation is counterproductive to movements where maximal force needs 

to be generated due to the fact that co-activation produces torque around the joint acting 

in the opposite direction of the desired movement, especially when the movements are 

ballistic in nature (Cormie et al., 2011a). Although these adaptations occur to enhance 

agonist force output, it is thought that the CNS will attempt to optimize the interplay 

between force production and joint integrity, by allowing enough antagonist co-activation 

in order to ensure joint integrity by increasing joint stiffness in situations of uncertainty 
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about the motor task and during unstable movement conditions (Gabriel, Kamen, & 

Frost, 2006).  

These results were supported in a study by Carolan et al. (1992) who found a 

reduction in antagonist co-activation in response to an 8-week strength training regimen 

during MVC of the knee extensors and simultaneous analysis of sEMG of the vastus 

lateralis and biceps femoris. They found that there was a 32.8% increase in MIVC of the 

knee extensors, with no concurrent rise in vastus lateralis sEMG activity. There was a 

decrease in sEMG activity of the biceps femoris from 14.9% to 11.5%. These findings 

show that there was an increase in agonist muscle force due to a reduction in antagonist 

co-contraction (Carolan & Caferelli, 1992).  

2.12 Measurement of Neural Adaptation 

2.12.1 Interpolated Twitch Technique 

The ability to voluntarily activate and recruit all available muscle fibers during a 

maximal voluntary contraction (MVC) has been a point of contention among many 

researchers. Merton et al. (1953), developed a technique to determine whether the force 

being exerted voluntarily is limited by the capacity of the nervous centers and conducting 

pathways that deliver motor impulses to the muscle fibers, or if the intrinsic contractile 

properties of the fibers themselves could be bettered by a maximal tetanic stimulation of 

the muscle through electrical impulse.  

The superimposed electrical stimulation (twitch) was used by Merton to observe 

possible muscle inactivation with a fatiguing protocol of the adductor pollicis, in order to 

detect the presence of muscle fibers that were not activated during a voluntary 

contraction (Merton, Hospital, & Square, 1953), and has been used to assess muscle 
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activation in a variety of fatigued, non-fatigued, and athletic populations since (Anderson, 

Behm, 2004; Brandon et al., 2014; Power et al., 2010). Conflicting results have been 

found as to whether the use of the ITT can ensure subjects demonstrate full activation of 

the quadriceps (Behm & St-Pierre, 1997b) or could not fully activate their quadriceps 

(Behm & St-Pierre, 1997a). Maximal voluntary activation is assessed by interpolation of 

an electrical stimulus to all or part of the nerve supply to a muscle during a voluntary 

isometric contraction to the force levels also elicited from a similar electrical stimuli to 

the muscle at rest. If the stimulus fails to evoke an increment of higher force output, then 

all of the motor neurons that innervate the stimulated muscle were recruited and were 

discharging at or above the rate required to achieve tetanic fusion of motor unit twitches 

(Allen, McKenzie, & Gandevia, 1998; Gandevia & Mckenzie, 1988). The main 

characteristics that are assessed by the interpolated twitch technique (ITT) are central 

activation, time to peak force, half relaxation time, rate of force development, and rate of 

relaxation.  
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Figure A.3: Visual representation of a muscular twitch via the ITT process. Time to peak twitch, 

peak twitch, and half relaxation time of a single twitch elicited during rest. Adapted from Robbins et 

al. (2010). (Robbins, D, Behm, 2010). 

2.12.2 Procedure Theory 

 

 A muscle is activated voluntarily when force is produced through the recruitment 

of motor neurons through increased descending drive that is sent from the motor cortex. 

This is brought about voluntarily and requires effort. Descending drive from the motor 

cortex is a major determinant of the timing and strength of voluntary contractions (de 

Haan, Gerrits, & de Ruiter, 2009). Therefore, voluntary activation of a muscle can be 

defined as the recruitment of its motor units by increased descending drive during an 

effort (Gandevia, 2001). Twitch interpolation will measure the drive by the motor 

neurons to the muscle and how this ultimately translates into force. The measured 
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voluntary activation is the proportion of maximal possible muscular force that is 

produced during the voluntary contraction (de Haan et al., 2009).  

 When a muscle produces force voluntarily, motor units are recruited progressively 

based on their recruitment thresholds. The theory of interpolated twitch is to stimulate the 

peripheral nerve during a voluntary contraction to add, in most motor axons, an 

additional action potential to those that are produced voluntarily (Merton et al., 1953). If 

any motor unit is not firing fast enough to produce maximal force, the evoked action 

potential will evoke an increment of force from the muscle fibers of the motor unit, which 

produces a twitch like increment in force from the targeted muscle. If all the motor units 

were firing at their maximal rate, the twitch would not evoke an increase in force.  

 The principle of twitch interpolation is supported by an inverse relationship 

between the amplitude of the twitch evoked by the interpolated stimulus and the 

voluntary force that is produced at the moment of stimulation (as voluntary force 

increases twitch force becomes increasingly occluded), therefore the fraction of the 

control twitch that remains superimposed on a maximum voluntary contraction (MVC) 

indicates the proportion of non-activated muscle (Folland & Williams, 2007).  

When no extra force is produced on a superimposed stimulus, it means that full 

activation has been achieved (Shield & Zhou, 2004). There have been methodological 

issues in the past related to the timing of, potentiation of, and type of the superimposed 

stimulus (single, doublet, multiple pulses), intermuscular differences, the method of 

extrapolation used to determine maximal muscle capacity, and synergistic and antagonist 

activation (de Haan et al., 2009; Folland & Williams, 2007). Most ITT measurements of 

voluntary activation are carried out under isometric conditions, and as such cannot be 
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extrapolated to other conditions (de Ruiter, Kooistra, Paalman, & de Haan, 2004), where 

joint angles and muscle lengths are different, due to the stimulation frequency-force 

relation shifting to the right at different muscle lengths, and therefore requiring higher 

levels of excitation to obtain maximal force (Becker & Awiszus, 2001). This is a 

limitation with regards to assessment of dynamic activity, but is still a useful 

measurement of isolated muscle central activation.  

2.12.3 Methodological Considerations 

2.12.3.1 Form of Extrapolation 

 Merton (1953) described a negative linear relation between evoked and voluntary 

force, and described how the extent of inactivation of musculature can be quantified by 

expressing the interpolated twitch as a percentage of the twitch evoked in a relaxed 

muscle, and that the muscles maximum force can be determined on the basis of a single 

interpolated twitch ratio, quantified by the linear equation: 

VA%= [1- (Superimposed twitch / Control twitch)] * 100 

This linear equation requires a linear relationship between evoked force and activation of 

the stimulated muscle and a non-linear relationship between evoked and voluntary force 

does not invalidate the equation, although careful experimental design can eliminate the 

issues that cause non-linearity (Merton et al., 1953; Shield & Zhou, 2004).  

 Three factors can affect the linearity of the evoked-voluntary force relationship. 

First: it is difficult to detect small increments in force superimposed over near-maximal 

contraction. Second is the inadvertent stimulation of antagonistic muscle. Third: the 

myograph may cause the evoked-voluntary force relationship to become linear at 

considerably submaximal forces. It is therefore very important to prevent muscles from 
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shortening during superimposed responses and failures to do so will impact upon 

estimates of voluntary activation, regardless if it is a linear equation or a polynomial or 

exponential function (Shield & Zhou, 2004).   

 Mechanical factors such as muscle length are not the only factors that influence 

the relationship between evoked and voluntary force. Twitch amplitude can also be 

influenced by collisions between orthodromic (normal conduction direction) and 

antidromic (opposite of normal) action potentials and by the spinal effects of stimulation 

which create the subsequent electrical silent period. Both consequences will affect the 

force generated by low threshold motor unit that are already firing at rates which are 

sufficient for the fusion of successive twitches, and consequently, as soon as the un-

recruited motor units and those firing at suboptimal rates start to develop extra force, 

those that are already firing and activated begin to relax and the amplitude of the 

superimposed response is diminished (Shield & Zhou, 2004).  

2.12.3.2 The site of stimulation 

 Electrical stimulation is typically applied via electrodes that are placed over the 

nerve trunk that innervates the muscle, or over the muscle belly, where the stimulus 

activates the muscle via intramuscular nerve fibers (Shield & Zhou, 2004). With either 

technique there is the possibility that the studied muscles and their antagonists will be 

activated. In this care, the appropriate muscles are more selectively stimulated using the 

electrodes that are placed over the muscle belly, near the motor points (Behm et al., 2011; 

Shield & Zhou, 2004). With this method, it is important to consider that placing the 

electrodes too far apart, too close to antagonists, using excessively large electrodes or 

intensities of stimulation which may lead to the activation of antagonists. This could be 



	

125	
	

checked by utilizing EMG to ensure only the musculature targeted is being activated. 

During near maximal and maximal voluntary efforts the activation of antagonists could 

completely mask the small force increments that are produced by the agonists (Shield & 

Zhou, 2004).  

 It has been recommended to use two or more supramaximal stimuli (50-100 Hz) 

separated by 10ms, the use of two or more will ensure that the evoked force increments 

are larger and more readily detected. It was also observed that there no was significant 

difference in the assessment of voluntary activation between 2 and 5 stimuli, therefore it 

is recommended that a doublet stimulus be used between 50-100 Hz with a 10ms period 

in between (Behm, St-Pierre, & Perez, 1996; Behm, Whittle, Button, & Power, 2002). 

MVC force is expressed as a percentage of the total force produced during the 

superimposed response, and has become known as the central activation ratio (CAR).  

  

2.12.3.3 Reliability 

 The measurement of central activation via the ITT technique have shown to be 

reliable (Allen, Gandevia, & McKenzie, 1995; Allen et al., 1998; Behm et al., 2011). 

Allen et al. (1996) conducted a study to test the reliability of the ITT method while 

performing ten 2-3 second MVC’s of the biceps brachii on five separate days, as well the 

within subject MVC reproducibility. Intraclass correlation coefficients for voluntary 

activation (ICC=0.858), MVC (ICC=0.992), and twitch (ICC=0.970) show that the 

measurements are reliable and reproducible within subjects between testing sessions.  

They found that for the technique to be a valid measure of voluntary activation, the level 

of voluntary force should correlate with the level of voluntary activation. They also found 
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that the subject’s variability in maximal performance was not related to the “learning” 

effect of test-retest, and that the degree of variability within all subjects (n=5) was 

consistent from day to day. Similarly, Behm et al. (1996) conducted a study to determine 

if bi-polar stimulation of the muscle body of the quadriceps muscle group was more 

reliable than stimulation of the femoral nerve, which resulted in correlation coefficients 

of (r=0.96) for the bi-polar, compared to (r=0.78) with the femoral nerve stimulation. It is 

also recommended to ensure nerve-stimulating electrodes are placed properly to ensure 

the same proportion of muscle is stimulated with all contractions.  

 It is also important to familiarize subjects with the experimental protocol, because 

it has been observed that subjects who are unfamiliar with the technique consistently 

perform weaker contractions when stimulation is expected, because they are anticipating 

the stimuli. Therefore, it is important to allow the subjects to perform MVC while 

expecting stimuli and while they are not expecting the stimuli to ensure that they produce 

the same values (Shield & Zhou, 2004).  

 2.12.3.4 Timing 

The use of a comparator can also be employed to ensure that the stimulus is not 

delayed upon peak voluntary force output, to ensure that the stimulus is not applied 

during a point of submaximal exertion. Therefore, if a subject fails to reach a pre-

determined torque from a previous MVC, the trial can be repeated (Shield & Zhou, 

2004).  

It is important to control for these methodological issues in order to ensure that this 

testing technique be used as a reliable tool to assess neuromuscular adaptation to 

resistance training.  
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2.12.3.5 Neuromuscular Characteristics tested via Interpolated Twitch 

 The interpolated twitch provides a reliable and valid measurement tool for a 

variety of neuromuscular characteristics that can be both central and peripheral in origin. 

The most common neuromuscular characteristics that are assessed are the measure of 

voluntary or central activation (CAR), time to peak twitch contraction (Pt), half 

relaxation time (HRT), maximal rate of force development (MFRD), and maximal rate of 

relaxation (MRR). Central activation is a measure of the ability to voluntarily activate 

motor units. The other twitch characteristics are markers of the peripheral system, which 

is located in the muscle itself, with components that also relate to the neuromuscular 

junction or terminal branches of the motor axons (Babault, Desbrosses, Fabre, Michaut, 

& Pousson, 2006; Williams & Bilodeau, 2004).  

2.12.4 Electromyography 

 Surface electromyography (sEMG) comprises the sum of the electrical 

contributions that are made by the active motor units as detected by electrodes placed on 

the skin overlying the muscle (Farina, Merletti, & Enoka, 2004). This information 

gathered from the sEMG represents a global measure of motor unit activity, and this 

activity depends on the membrane properties of the muscle fibers as well as the timing of 

motor unit action potentials. Therefore, sEMG represents both peripheral and central 

properties of the neuromuscular system (Farina et al., 2004). Acute neuromuscular 

responses indicated by sEMG during resistance exercises are proposed to signify greater 

motor unit recruitment, and this indicates the neuromuscular stimulus that is required for 

adaptation (Brandon et al., 2014). It has been shown that resistance training will induce 
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increases in efferent neural drive, which will result in increased signal amplitude 

(Aagaard et al., 2002).  

 

2.12.2 Reliability 

 Surface EMG is influenced by a number of physiological properties such as motor 

unit discharge rates and muscle fiber membrane characteristics, as well as electrode size, 

shape and placement (Farina et al., 2004). Minor changes in electrode application and 

electrode positioning over the muscle and differences in skin preparation could affect and 

alter the reliability of the measures derived from the EMG signal, therefore it is very 

important to ensure consistent placement and skin preparation if repeated analysis is 

used. A study investigating the day-to-day reliability of EMG amplitude found very high 

reliability across days during sustained contractions of the quadriceps (ICC=0.96) 

(Mathur, Eng, & MacIntyre, 2005), indicating that EMG is a reliable measure.  

 

2.13 Muscular Adaptations of Strength and Power Training Methods 

2.13.1 Changes in Architecture 

 Most human muscles are characterized by a pennate arrangement of the muscle 

fibres which are relative to that muscles origin and insertion (Blazevich & Sharp, 2005). 

In pennate muscles, fibres terminate at the tendon at a certain angle to the line of pull of 

the muscle, which allows more contractile materials to be attached to the limited areas. 

The direction of force that can be exerted by muscle fibres is varied compared to that of 

the tendon transmitting force to bones (Kawakami, Abe, Kuno, & Fukunaga, 1995). 
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Therefore, the pennation angle, which determines the component of force of fibers to the 

line of pull, is important with regards to muscle force production (Kawakami et al., 

1995). This geometric design in which muscle fibers are arranged in the muscle-tendon 

complex has been shown to have effects on tension development characteristics of 

muscles. Architectural changes include alterations in fiber cross-sectional area, muscle 

and fiber length, and their arrangements (Kawakami et al.., 1995). Since the cross-

sectional area (CSA) represents the maximal number of acto-myosin crossbridges that 

can be activated during muscular contraction, will also dictate the force-generating 

capacity of the muscle. It has been shown that muscle CSA increases in proportion to the 

muscle fibre pennation angle (Narici, Roi, Landoni, Minetti, & Cerretelli, 1989), and that 

the contractile force that is exerted onto the origin or insertion of the muscle will decrease 

when the pennation angle is increased.  Therefore maximal muscle force is expected to 

increase with increases in muscle fiber pennation angles to an upper limit of 45 degrees 

(Aagaard et al., 2001). Research has also shown that increases in muscle hypertrophy 

induced by resistance training are associated with an increase in fiber pennation angles 

(Kawakami et al., 1995). The increases in fiber pennation angle allow more physiological 

cross-sectional area, and therefore increase the maximum force-generating capacity of the 

musculature. This is due to the fact that as pennation angle increases, more sarcomeres 

can be arranged in parallel (more contractile tissue can attach to a given area of an 

aponeurosis or tendon), and the muscle can produce more force (Kawakami et al., 1995). 

An increased pennation angle also allows for muscle fibers to shorten less for a given 

tendon displacement because of the rotation of pennate muscle fibers during contraction. 

This increases the likelihood that a fiber with a greater pennation angle operates closer to 
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its optimum length and, based on the length tension relationship, is able to generate more 

force (Cormie et al., 2010). The length tension relationship, in relation to sarcomeres 

(basic unit of muscle composed of myofibrils), can be explained by the cross-bridge and 

sliding filament theories. The sliding filament theory assume that length changes in 

sarcomeres, fibers, and muscles are accomplished by relative sliding of the essentially 

inextensible myofilaments, actin and myosin, within a sarcomere, and that the maximal 

isometric force of a sarcomere is linearly related to the amount of actin-myosin overlap 

(Rassier, MacIntosh, & Herzog, 1999). Greater pennation angles are also associated with 

slower contraction velocities, therefore increasing a muscle’s pennation angle may 

negatively affect maximal velocity, and therefore impact power development. It has been 

shown that increases in pennation angle were found after heavy strength training 

(Aagaard et al., 2001), while sprint and jump training significantly reduced pennation 

angle (Blazevich et al., 2003). Therefore, architectural adaptations to moderate-load, high 

velocity power training remain unknown.  

2.13.2 Muscle Fiber Types  

The maximum force generated by a single muscle fiber is directly proportional to 

the number of crossbridges that are arranged in parallel in one-half of a sarcomere that is 

arranged in parallel, and that are in the force-generating phase of crossbridge cycling at 

that instant (Farell & Joyner, 2012). Larger musculature have the potential to generate 

higher forces because they have more muscle fibers in parallel (Farell & Joyner, 2012). 

Muscle fibers are generally fractionated into slow twitch type I, fast twitch type IIA, and 

fast twitch type IIX muscle fiber types. Type I fibers have been observed to have greater 

mitochondrial volume densities and capillary-fiber contract length when compared to 



	

131	
	

Type II fibers (Wilson et al., 2012), which suggests that there is a greater aerobic capacity 

in Type I muscle fibers. Conversely, is has also been found that type IIA fibers and IIX 

fibers have six and ten times greater peak power, respectively, than Type I fibers. Type II 

muscle fibers have also demonstrated four times greater contractile velocity that Type I 

fibers, with no difference in cross-sectional area (CSA). Type II fibers have a greater 

capacity for exercise-induced hypertrophy; the enlargement of muscle fibers cross-

sectional area, which is generally accomplished through strength training. The three fiber 

types are determined by the expression of the myosin heavy chain isoform (MHC) to 

which they belong (Peret Farell, Michael Joyner, 2012). In response to strength training, 

it has been found that MHC isoform expression increased in MHCIIA and IIX, with no 

change in MHCI. It is thought that the load needs to be relatively heavy (80-100%) in 

order to stimulate these changes (Kyröläinen et al.., 2005). There have been no structural 

reports of adaptations to power training, although many of the studies have only used 

plyometric or ballistic exercises as their methodology, which may not provide adequate 

loading to stimulate an adaptation (Blazevich et al., 2003; Kawakami et al., 1995; 

Oliveira et al., 2013).  

This is reinforced by the findings of Kyrolainen et al. (2005), who trained 23 

recreationally active men using various types of stretch-shortening cycle (SSC) exercises 

such as jumping, drop jumps, jump squats, one and two leg hopping and hurdle jumps for 

2 sessions per week over the period of 15 weeks. While there were significant 

improvements in vertical jump height, maximal rate of force development of the knee 

extensors, and explosive force production of the knee extensor musculature, there were 

no significant improvements in muscle activation (as measured by surface 
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electromyography), myosin heavy chain and titin isoforms, muscle fiber-type 

distributions or areas. This shows that although plyometric training can impact power 

production, the load may not be heavy enough to induce significant structural adaptation 

within the musculature (Kyröläinen et al., 2005). It has also been reported in a 2-week 

strength training program followed by a 1 week reduced training period that no changes 

were noted in maximal voluntary neural activation, cross-sectional area or maximal 

voluntary isometric force production of the leg extensors, but significant increases were 

observed in maximal neural activation and maximal force of the muscles following the 1 

week reduced training period (Häkkinen et al., 1990).  

2.14 Muscular and Neural Adaptations to Peak Average Power Training 

Peak average power training can be defined as the highest average power that can 

be achieved over the course of an entire repetition, or throughout the entire range of 

motion (Loturco et al., 2013). This loading methodology has also been known as the 

optimal load. Loturco et al., (2013), tested this theory with 45 Brazilian elite special 

operations soldiers, in order to verify if substituting a regular maximum strength-oriented 

training regimen by a power oriented one at the optimal power load in the first phase of a 

traditional periodization produces similar performance improvements later on into the 

training period. They generalized optimal load to be 65% for squats and 45% 1RM for 

jump squats. This is a flaw within the study because peak and average power can vary 

different between individuals and differ on training status. They found similar 

improvements at 3, 6, and 9 weeks for traditional strength training and optimum load 

groups. But, there was no examination of neuromuscular adaptations. This study shows 

that similar performance adaptations can be gained from the two different methodologies 
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for performance variables such as back squat 1RM, 20m sprint test (speed) and the 

countermovement jump height. They also observed similar improvements in the mean 

power of the jump squat. This study shows that peak average power training can elicit 

similar performance gains as can traditional strength training.  

 Similarly, Brandon et al., (2014) conducted an analysis of eight elite track and 

field athletes. They aimed to establish the neuromuscular responses during an explosive 

resistance exercise at three different loads to produce different power outputs in an elite 

athletic population. They assessed the magnitude of neuromuscular fatigue via the 

interpolated twitch technique, and dynamic surface electromyography of an isokinetic 

squat. They used light and heavy sessions, which results in the loads of 85% of 1RM for 

heavy, and 50% of the heavy session load for the light session. They found that mean 

power increased significantly from heavy to light loads, dynamic sEMG increased 

significantly from rep 5-10 on heavy and moderate loads (10 sets of 10), while MIVC and 

Pt significantly declined from the pre, mid and post sessions for heavy and moderate. 

Isolated vastus lateralis sEMG increased for the heavy and moderate loads, but not the 

lighter load, which signifies greater motor unit recruitment. The increase in EMG (RMS) 

amplitude and decline in Pt shows that we can get similar neuromuscular response from 

power training as strength training, as long as the load is heavy enough. Peak average 

power training (PAP) allows the use of a relatively high load (65-90% 1RM), which will 

elicit maximal power output while also being a stimulus for structural adaptation, allows 

the load to cause adaptation along all parts of the power-velocity curve, and has the 

potential to elicit chronic neuromuscular adaptation (Brandon et al., 2014).   
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 Tillin et al. (2014) compared the effects of short-term explosive strength training 

and maximal strength training, in order to identify differences in neural adaptation 

between the two protocols. Nineteen recreationally active males were recruited for the 

study. The training protocol for the maximal strength group (MST) and explosive strength 

group (EST) involved 4 sets of 10 isometric contractions of the knee extensors over the 

course of 4 weeks. The MST group was instructed to contract to 75% of their MVF, hold 

for 3 seconds, relax for 2 seconds, and then contract again. The EST group was directed 

to contract as fast as possible for 1 second, and then relax for 5 seconds before 

proceeding to the next contraction. It was found that there was no significant difference 

between groups in maximal strength or EMG activity, but the EST group significantly 

improved rate of force development while compared to the MST group. The results of 

this study demonstrate that the two training methodologies provide independent training 

adaptations (Tillin & Folland, 2014). 

 

2.15 Significance and Implications of the Literature Review 

Due to the fact that muscular power is deemed to be important in sport performance  

(Wilson et al., 1993), this study will investigate the neuromuscular, power, performance 

and strength adaptations associated with power and strength loading methodologies. 

Based on the results from Brandon et al. (2014), Loturco et al. (2013), and Tillin et al. 

(2014), we now know that power training at the optimal load can elicit neuromuscular 

fatigue and acute neuromuscular adaptation in isolated musculature, as well as increases 

in maximal strength and performance in sport specific movements, and also is a potent 

stimulus for hypertrophy. With these adaptations, the moderate-load high-velocity 
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loading methodology could prove to be a viable training method for use in general and 

athletic populations. By using peak average power training (PAP), the loads will be 

relatively high enough (65-90% 1RM), to elicit maximal power whilst also being a 

stimulus for neural and structural adaptation. Using this training method, maximal 

strength, power, and similar neuromuscular and structural adaptations may be possible 

instead of using traditional strength training, allowing for less loading on the athlete 

during the competitive season, and possibly resulting in different adaptations in 

peripheral neuromuscular adaptation.  
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Appendix B- EMG Placement for Tested Musculature (SENIAM, 2015) 
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Muscle 

 

 

Name Quadriceps Femoris 

Subdivision rectus femoris 

Muscle Anatomy 

Origin  Straight head from anterior inferior iliac 

spine. Reflected head from groove above rim 

of acetabulum. 

Insertion Proximal border of the patella and through 

patellar ligament. 

Function Extension of the knee joint and flexion of the 

hip joint. 

Recommended sensor placement procedure 

Starting 

posture 

Sitting on a table with the knees in slight 

flexion and the upper body slightly bend 

backward. 

Electrode 

size 

Maximum size in the direction of the muscle 

fibres: 10 mm. 

Electrode 

distance 

20 mm. 

Electrode 

placement 

 

- location The electrodes need to be placed at 50% on 

the line from the anterior spina iliaca superior 

to the superior part of the patella 
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- 

orientation 

In the direction of the line from the anterior 

spina iliaca superior to the superior part of the 

patella. 

- fixation 

on the skin  

(Double sided) tape / rings or elastic band. 

- reference 

electrode 

On / around the ankle or the proc. spin. of C7. 

Clinical 

test 

Extend the knee without rotating the thigh 

while applying pressure against the leg above 

the ankle in the direction of flexion. 

Remarks  The SENIAM guidelines include also a 

separate sensor placement procedure for the 

vastus medialis and the vastus lateralis 

muscle. 
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Muscle 

 

 

Name Biceps femoris 

Subdivision Long head and short head 

Muscle Anatomy 

Origin  Long head: distal part of sacrotuberous 

ligament and posterior part of tuberosity 

Short head: lateral lip of linea aspera, 

proximal 2/3 of supracondylar line and lateral 

intermuscular septum. 

Insertion Lateral side of head of fibula, lateral condyle 

of tibia, deep fascial on lateral side of leg. 

Function Flexion and lateral rotation of the knee joint. 

The long head also extends and assists in 

lateral rotation of the hip joint. 

Recommended sensor placement procedure 

Starting 

posture 

Lying on the belly with the face down with 

the thigh down on the table and the knees 

flexed (to less than 90 degrees) with the thigh 

in slight lateral rotation and the leg in slight 

lateral rotation with respect to the thigh. 

Electrode 

size 

Maximum size in the direction of the muscle 

fibres: 10 mm. 

Electrode 

distance 

20 mm. 
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Electrode 

placement 

 

- location The electrodes need to be placed at 50% on 

the line between the ischial tuberosity and the 

lateral epicondyle of the tibia. 

- 

orientation 

In the direction of the line between the ischial 

tuberosity and the lateral epicondyle of the 

tibia. 

- fixation 

on the skin  

(Double sided) tape / rings or elastic band. 

- reference 

electrode 

On / around the ankle or the proc. spin. of C7. 

Clinical 

test 

Press against the leg proximal to the ankle in 

the direction of knee extension. 

Remarks   



	

141	
	

Appendix C- Skin Preparation for EMG Electrode Sites (Seniam, 2015) 
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Preparation of the skin 

 

After selection of the sensor the skin of the patient needs to be prepared in order to get a 

good electrode-skin contact. A good electrode-skin contact is important to obtain better 

SEMG-recordings (in terms of amplitude characteristics), fewer and smaller artefacts 

(electrical interference), less risk of imbalance between electrodes (smaller common 

mode disturbance signal) and less noise (better S/N ratio). Proper skin preparation is very 

useful to improve the electrode-skin contact. Different (combinations of) skin preparation 

techniques are used and reported in literature: shaving, cleaning with alcohol, rubbing 

with gel and abrasion with sandpaper. 

 

SENIAM recommendations for preparation of the skin 

 

The SENIAM recommendations for skin preparation recommend to shave the patient if 

the skin surface at which the electrodes have to be placed is covered with hair. 

The next step is to clean the skin with alcohol and allow the alcohol to vaporise so that 

the skin will be dry before the electrodes will be placed. 
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Appendix D - Training Program for PAP and TST Groups
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45	sec
45	sec

45	sec
45	sec

3
Ham

strings
hold

-
45	sec

45	sec
45	sec

45	sec
45	sec

45	sec

4
Glutes

hold
-

45	sec
45	sec

45	sec
45	sec

45	sec
45	sec

5
Calves

hold
-

45	sec
45	sec

45	sec
45	sec

45	sec
45	sec

Energy	System
	Developm
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Stretch
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	Roll
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Foam
	Roll

M
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M
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Tem
po

Rest
W
eek	1

W
eek	2

W
eek	3

W
eek	4

W
eek	5

W
eek	6

Lower	body	focus
-

-
5	m

in
5	m

in
5	m

in
5	m

in
5	m

in
5	m

in

Tem
po

Rest
W
eek	1

W
eek	2

W
eek	3

W
eek	4

W
eek	5

W
eek	6

1a
Step	behind	to	lateral	lunge

1:1:1
-

1x6
1x6

1x6
1x6

1x6
1x6

1b
Groin	Rocker

1:1:1
-

1x6
1x6

1x6
1x6

1x6
1x6

2a
Hand	W

alkout	to	Pushup
1:1:1

-
1x6

1x6
1x6

1x6
1x6

1x6

2b
Band	Pull	Aparts

1:1:1
-

1x6
1x6

1x6
1x6

1x6
1x6

Tem
po

Rest
W
eek	1

W
eek	2

W
eek	3

W
eek	4

W
eek	5

W
eek	6

1
Toe	Grab	to	Deep	Squat

-
-

1x5
1x5

1x5
1x5

1x5
1x5

2
Lunge	to	T-Spine	Rotation

-
-

1x3/side
1x3/side

1x3/side
1x3/side

1x3/side
1x3/side

Tem
po

Rest
W
eek	1

Load
W
eek	2

Load
W
eek	3

Load
W
eek	4

Load
W
eek	5

Load
W
eek	6

Load

1
Bench	Press

X
3	m

in
4x5

4x5
4x5

4x5
4x5

4x5

2
Lat	Pull	Down

X
3	m

in
4x5

4x5
4x5

4x5
4x5

4x5

3a
DB	Shoulder	Press

1:1:X
3x5

3x5
3x5

3x5
3x5

3x5

3b
Barbell	Bent	Over	Row

1:1:X
2	m

in
3x5

3x5
3x5

3x5
3x5

3x5

Tem
po

Rest
W
eek	1

Load
W
eek	2

Load
W
eek	3

Load
W
eek	4

Load
W
eek	5

Load
W
eek	6

Load

1a
Stir	the	Pot

1:1:1
-

2x6/s
2x6/s

2x6/s
2x6/s

2x6/s
2x6/s

1b
Deadbug

1:1:1
-

2x6/s
2x6/s

2x6/s
2x6/s

2x6/s
2x6/s

1c
Side	Plank

Hold
-

2x30s/side
2x30s/side

2x30s/side
2x30s/side

2x30s/side
2x30s/side

Tim
e	on

Tim
e	off

W
eek	1

W
eek	2

W
eek	3

W
eek	4

W
eek	5

W
eek	6

M
ax

Prowler	Push
1	m

in
1	m

in
3

4
5

5
5

5

Tem
po

Rest
W
eek	1

W
eek	2

W
eek	3

W
eek	4

W
eek	5

W
eek	6

Lower	body	focus
-

-
5	m

in
5	m

in
5	m

in
5	m

in

Tem
po

Rest
W
eek	1

W
eek	2

W
eek	3

W
eek	4

W
eek	5

W
eek	6

1
Groin

hold
-

45	sec
45	sec

45	sec
45	sec

45	sec
45	sec

2
Hip	flexors

hold
-

45	sec
45	sec

45	sec
45	sec

45	sec
45	sec

3
Ham

strings
hold

-
45	sec

45	sec
45	sec

45	sec
45	sec

45	sec

4
Glutes

hold
-

45	sec
45	sec

45	sec
45	sec

45	sec
45	sec

5
Calves

hold
-

45	sec
45	sec

45	sec
45	sec

45	sec
45	sec

Strength

Foam
	Roll

M
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M
ovem

ent	Prep

Energy	System
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ent

Foam
	Roll

Stretch
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Trunk	Stability
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Appendix E – ANOVA Outputs  
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Tests of Normality 

	
Group 

Kolmogorov-Smirnova Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

OneRM_pre ConVel .254 8 .138 .825 8 .052 

Traditional .188 8 .200* .969 8 .886 

MVC_pre ConVel .187 8 .200* .944 8 .654 

Traditional .213 8 .200* .905 8 .320 

OneRM_post ConVel .307 8 .026 .839 8 .074 

Traditional .213 8 .200* .951 8 .725 

MVC_post ConVel .167 8 .200* .915 8 .389 

Traditional .141 8 .200* .955 8 .757 

BF_pre ConVel .238 8 .200* .867 8 .142 

Traditional .150 8 .200* .949 8 .704 
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ThighArea_pre ConVel .132 8 .200* .940 8 .613 

Traditional .187 8 .200* .915 8 .394 

LBM_pre ConVel .150 8 .200* .969 8 .887 

Traditional .190 8 .200* .898 8 .280 

BF_post ConVel .133 8 .200* .954 8 .750 

Traditional .224 8 .200* .909 8 .347 

ThighArea_post ConVel .181 8 .200* .972 8 .911 

Traditional .234 8 .200* .903 8 .306 

LBM_post ConVel .219 8 .200* .921 8 .436 

Traditional .172 8 .200* .914 8 .380 

PAP_pre ConVel .290 8 .046 .773 8 .015 

Traditional .246 8 .169 .918 8 .417 

PAP_post ConVel .175 8 .200* .963 8 .835 

Traditional .208 8 .200* .964 8 .851 

PPP_pre ConVel .223 8 .200* .862 8 .124 

Traditional .197 8 .200* .904 8 .311 

PPP_post ConVel .151 8 .200* .918 8 .416 

Traditional .217 8 .200* .921 8 .442 

PAV_pre ConVel .228 8 .200* .869 8 .148 

Traditional .165 8 .200* .952 8 .732 

PAV_post ConVel .142 8 .200* .925 8 .468 

Traditional .140 8 .200* .941 8 .625 

PPV_pre ConVel .170 8 .200* .942 8 .629 

Traditional .164 8 .200* .940 8 .613 

PPV_post ConVel .128 8 .200* .970 8 .900 

Traditional .225 8 .200* .917 8 .409 

TenM_pre ConVel .206 8 .200* .932 8 .531 

Traditional .252 8 .145 .865 8 .134 

CMJ_pre ConVel .231 8 .200* .929 8 .510 

Traditional .231 8 .200* .912 8 .369 

TenM_post ConVel .159 8 .200* .950 8 .713 

Traditional .321 8 .015 .749 8 .008 

CMJ_post ConVel .215 8 .200* .944 8 .647 

Traditional .211 8 .200* .924 8 .467 

RFD50_pre ConVel .194 8 .200* .948 8 .695 

Traditional .139 8 .200* .949 8 .698 

RFD100_pre ConVel .186 8 .200* .946 8 .666 

Traditional .142 8 .200* .953 8 .739 
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RFD50_post ConVel .240 8 .196 .921 8 .440 

Traditional .180 8 .200* .934 8 .551 

RFD100_post ConVel .260 8 .120 .907 8 .334 

Traditional .172 8 .200* .957 8 .782 
	

Levene's Test of Equality of Error Variancesa 
	 Levene Statistic df1 df2 Sig. 

OneRM_pre Based on Mean 1.635 1 14 .222 

Based on Median 1.345 1 14 .266 

Based on Median and with 

adjusted df 

1.345 1 8.374 .278 

Based on trimmed mean 1.417 1 14 .254 

OneRM_post Based on Mean .133 1 14 .720 

Based on Median .028 1 14 .870 

Based on Median and with 

adjusted df 

.028 1 10.986 .871 

Based on trimmed mean .080 1 14 .782 

MVC_pre Based on Mean .308 1 14 .588 

Based on Median .153 1 14 .701 

Based on Median and with 

adjusted df 

.153 1 13.981 .701 

Based on trimmed mean .252 1 14 .623 

MVC_post Based on Mean .575 1 14 .461 

Based on Median .574 1 14 .461 

Based on Median and with 

adjusted df 

.574 1 13.125 .462 

Based on trimmed mean .574 1 14 .461 
 

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.a 

a. Design: Intercept + Group  

 Within Subjects Design: Time 

	
Levene's Test of Equality of Error Variancesa 

	 Levene Statistic df1 df2 Sig. 

PAP_pre Based on Mean .045 1 15 .835 

Based on Median .022 1 15 .883 

Based on Median and with 

adjusted df 

.022 1 12.899 .884 

Based on trimmed mean .016 1 15 .900 
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PAP_post Based on Mean .766 1 15 .395 

Based on Median .770 1 15 .394 

Based on Median and with 

adjusted df 

.770 1 12.157 .397 

Based on trimmed mean .752 1 15 .400 

PPP_pre Based on Mean 1.013 1 15 .330 

Based on Median .729 1 15 .407 

Based on Median and with 

adjusted df 

.729 1 14.901 .407 

Based on trimmed mean .956 1 15 .344 

PPP_post Based on Mean .967 1 15 .341 

Based on Median .947 1 15 .346 

Based on Median and with 

adjusted df 

.947 1 13.032 .348 

Based on trimmed mean .950 1 15 .345 

PAV_pre Based on Mean 1.629 1 15 .221 

Based on Median 1.078 1 15 .316 

Based on Median and with 

adjusted df 

1.078 1 13.155 .318 

Based on trimmed mean 1.560 1 15 .231 

PAV_post Based on Mean .179 1 15 .678 

Based on Median .173 1 15 .683 

Based on Median and with 

adjusted df 

.173 1 14.604 .684 

Based on trimmed mean .186 1 15 .673 

PPV_pre Based on Mean .987 1 15 .336 

Based on Median .646 1 15 .434 

Based on Median and with 

adjusted df 

.646 1 13.604 .435 

Based on trimmed mean 1.029 1 15 .326 

PPV_post Based on Mean .793 1 15 .387 

Based on Median .793 1 15 .387 

Based on Median and with 

adjusted df 

.793 1 14.916 .387 

Based on trimmed mean .780 1 15 .391 
 

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.a 

a. Design: Intercept + Group  

 Within Subjects Design: Time 
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Levene's Test of Equality of Error Variancesa 

	 Levene Statistic df1 df2 Sig. 

TenM_pre Based on Mean .040 1 15 .844 

Based on Median .029 1 15 .868 

Based on Median and with 

adjusted df 

.029 1 13.588 .868 

Based on trimmed mean .024 1 15 .880 

TenM_post Based on Mean 1.361 1 15 .262 

Based on Median .052 1 15 .823 

Based on Median and with 

adjusted df 

.052 1 12.156 .824 

Based on trimmed mean 1.187 1 15 .293 

CMJ_pre Based on Mean .002 1 15 .969 

Based on Median .031 1 15 .862 

Based on Median and with 

adjusted df 

.031 1 14.823 .862 

Based on trimmed mean .003 1 15 .954 

CMJ_post Based on Mean .005 1 15 .946 

Based on Median .041 1 15 .843 

Based on Median and with 

adjusted df 

.041 1 14.932 .843 

Based on trimmed mean .010 1 15 .923 
 

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.a 

a. Design: Intercept + Group  

 Within Subjects Design: Time 

	
Levene's Test of Equality of Error Variancesa 

	 Levene Statistic df1 df2 Sig. 

RFD50_pre Based on Mean .022 1 15 .885 

Based on Median .036 1 15 .851 

Based on Median and with 

adjusted df 

.036 1 14.313 .851 

Based on trimmed mean .025 1 15 .877 

RFD50_post Based on Mean 1.485 1 15 .242 

Based on Median .432 1 15 .521 
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Based on Median and with 

adjusted df 

.432 1 11.897 .524 

Based on trimmed mean 1.423 1 15 .251 

RFD100_pre Based on Mean .075 1 15 .787 

Based on Median .070 1 15 .795 

Based on Median and with 

adjusted df 

.070 1 13.007 .796 

Based on trimmed mean .070 1 15 .796 

RFD100_post Based on Mean 2.257 1 15 .154 

Based on Median .597 1 15 .452 

Based on Median and with 

adjusted df 

.597 1 11.471 .455 

Based on trimmed mean 2.133 1 15 .165 
 

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.a 

a. Design: Intercept + Group  

 Within Subjects Design: Time 

	
Levene's Test of Equality of Error Variancesa 

	 Levene Statistic df1 df2 Sig. 

BF_pre Based on Mean 11.926 1 15 .004 

Based on Median 10.705 1 15 .005 

Based on Median and with 

adjusted df 

10.705 1 14.402 .005 

Based on trimmed mean 11.775 1 15 .004 

BF_post Based on Mean 1.218 1 15 .287 

Based on Median 1.193 1 15 .292 

Based on Median and with 

adjusted df 

1.193 1 14.931 .292 

Based on trimmed mean 1.213 1 15 .288 

ThighArea_pre Based on Mean 4.158 1 15 .059 

Based on Median 4.139 1 15 .060 

Based on Median and with 

adjusted df 

4.139 1 11.758 .065 

Based on trimmed mean 4.152 1 15 .060 

ThighArea_post Based on Mean 3.303 1 15 .089 

Based on Median 3.301 1 15 .089 
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Based on Median and with 

adjusted df 

3.301 1 12.244 .094 

Based on trimmed mean 3.323 1 15 .088 

LBM_pre Based on Mean 1.064 1 15 .319 

Based on Median 1.093 1 15 .312 

Based on Median and with 

adjusted df 

1.093 1 13.220 .314 

Based on trimmed mean 1.088 1 15 .314 

LBM_post Based on Mean 1.041 1 15 .324 

Based on Median .529 1 15 .478 

Based on Median and with 

adjusted df 

.529 1 12.671 .480 

Based on trimmed mean .963 1 15 .342 
 

Tests the null hypothesis that the error variance of the dependent variable is equal across groups.a 

a. Design: Intercept + Group  

 Within Subjects Design: Time 

	
	
	

	
	
	

	



	

	

Appendix F- Raw data from neural collection 
	
	
	
	
	



	

	

	
	

	
	
	

ParticipantID
GROUP

PreCA
PostCA

PreRFD50msPreRFD100ms
PreM

VC
Pre	QRM

S
Post	QRM

S
Pre	HRM

S
Post	HRM

S
Pre	Q:H	ratio

post	Q:H	ratio
PostCA

PostRFD50ms
PostRFD100ms

1
1

79
83

773
3366

605
0.0523

0.3814
0.005

0.0094
0.096

0.025
954

4135
2

1
95

82
950

3935
957

0.6727
0.7825

0.0074
0.0094

0.011
0.012

948
4097

8
1

96
91

807
3516

886
0.6088

0.5867
0.027

0.0279
0.044

0.048
877

3850
9

1
95

98
363

1506
350

0.3735
0.5749

0.0139
0.0076

0.037
0.013

407
1737

13
1

98
80

644
2749

659
0.2679

0.4075
0.0237

0.0171
0.088

0.042
583

2512
14

1
91

82
1096

4810
649

0.316
0.3767

0.1266
0.0646

0.401
0.171

1142
4888

16
1

72
58

743
3167

670
0.8047

0.3991
0.0175

0.007
0.022

0.018
926

4041
17

1
77

90
812

3508
799

0.1968
0.6065

0.0128
0.0151

0.065
0.025

604
2598

3
2

100
100

812
3363

992
0.3522

0.4525
0.028

0.002
0.080

0.004
1029

3952
4

2
92

91
638

2723
558

0.1761
0.1978

0.0098
0.0279

0.056
0.141

550
2352

5
2

76
97

444
1928

690
0.3254

0.339
0.0269

0.0204
0.083

0.060
638

2747
6

2
68

84
713

3125
682

0.2494
0.3916

0.0072
0.0086

0.029
0.022

799
3505

7
2

92
95

1035
4236

1076
0.4426

0.7029
0.0227

0.0455
0.051

0.065
1068

4682
10

2
88

86
634

2629
569

0.2178
0.1086

0.0742
0.0399

0.341
0.367

926
4016

11
2

88
91

457
1961

508
0.438

0.7444
0.0409

0.107
0.093

0.144
613

2626
12

2
60

657
2803

0.1528
0.2217

0.005
0.0102

0.033
0.046

760
3302

15
2

96
92

783
3452

815
0.2948

0.2296
0.012

0.0079
0.041

0.034
817

3399

88
83

774
3320

0.3495
0.4414

0.0271
0.0251

0.0923
0.0728

805
3482

32
163

88
88

686
2913

800
3398

114
485
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