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ABSTRACT 

Resistance training causes hypertrophy, however, the magnitude of muscle 

growth varies along the length of the muscle (i.e. proximo-distally).  For 

running based athletes and those dependent on movement about the hip, 

preferential proximal hypertrophy of the quadriceps femoris (the primary knee 

extensor) shifts the center of mass (CoM) of the thigh closer to the hip which 

provides a direct biomechanical advantage by decreasing the moment of 

inertia of the high about the hip (I).  This in turn can increase movement 

velocity and economy and has been observed in studies using mathematical 

modeling and when comparing elite national level sprinters.  Recent studies 

have reported that the pattern of quadriceps hypertrophy differs between 

different types of training (plyometrics vs traditional heavy resistance training) 

or when different types of contractions (eccentric vs concentric) are performed. 

However, no study to date has explored how exercise selection affects 

patterns of hypertrophy. Therefore, the purpose of the present study was to 

compare the effects of open kinetic chain (OKC) and closed kinetic chain 

(CKC) exercises on quadriceps patterns of hypertrophy and to determine if 

patterns of hypertrophy differ and if so does this result in a significant effect on 

CoM and I. Given pilot data from our lab, we hypothesized that CKC would 

result in similar proximal hypertrophy but less distal hypertrophy of the 

quadriceps compared to OKC, thus shifting CoM proximally and decreasing I 

about the hip. To test our hypothesis, 12 untrained participants (male =7; 

female = 5) aged 18-35 years participated in an 8 week resistance training 



 

intervention where each participant trained by performing both unilateral CKC 

(squat) and OKC (knee extension) exercises on separate legs. Before and 

after the training program MRI of the quadriceps femoris was performed in 

order to measure changes in muscle cross sectional area in the proximal-thigh 

(1/3 thigh length), mid-thigh (1/2 thigh length) and distal-thigh (2/3 thigh 

length). Regional cross sectional area of the quadriceps femoris was 

compared between exercises and over time using a 2 x 2 mixed model 

ANOVA with Bonferoni post-hoc corrections.  Results revealed that both 

conditions resulted in an increase in muscle volume which was similar 

between conditions (CKC Δ 60.2 ± 110.5 cm3, OKC Δ 79.5 ± 87.9 cm3, p = 

0.285).  However, the pattern of hypertrophy differed along the length of the 

thigh and between conditions with CKC experiencing a significant increase in 

cross sectional area in only the distal-thigh region (p = 0.044) and OKC 

experiencing a significant increase in both the mid- and distal-thigh regions (p 

= 0.003-0.004).  Additionally, a significant interaction effect of exercise and 

time was observed for CoM (p < 0.001) and I (p < 0.001), where CKC resulted 

in CoM shifting proximally and I reducing about the hip when compared to 

OKC. Given running and other athletes can benefit from a proximal shift in 

CoM of the thigh and reduced I of the thigh about the hip, our results suggest 

that running based athletes should preferentially select CKC exercises over 

OKC exercises during their resistance training program.  
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CHAPTER 1 

 

INTRODUCTION 

 

Resistance training that involves active knee extension results in hypertrophy 

of the quadriceps femoris muscle group (1–4). This hypertrophy can be 

beneficial to athletic performance given that greater cross sectional area of 

muscle yields greater force production potential during many common 

movements in sport such as sprinting, jumping and changing direction (2, 4–

8). However, hypertrophy also negatively affects such movements, as 

hypertrophy results in an increase in mass, which is the primary form of 

resistance that must be overcome in these movements in the form of inertia 

(linear motion) and moment of inertia (for angular motion: 9). Therefore, the 

positive benefits of the added force production are balanced between the 

negative effects of the added mass.  In response to this, a growing area of 

research has focused on means by which athletes can increase force 

production potential of muscles while minimizing the negative effects of mass 

related to hypertrophy. Selective or targeted regional hypertrophy is one such 

solution. 

 

When considering the quadriceps femoris, the largest muscle group in the 

body by mass, hypertrophy provides a direct benefit to force production at the 

knee but this added mass increases the resistance that needs to be overcome 
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for hip motion to occur.  This resistance is referred to as the moment of inertia 

of the thigh about the hip (or I).  Movement around the hip joint is important for 

athletic performance given many sports rely on hip dominant movements such 

as running (8, 10).  As the moment of inertia (I) of the hip is the product of the 

mass of the hip multiplied by the location of the center of mass squared of the 

hip (I = m r2) the location at which hypertrophy occurs is exponentially more 

important mathematically than simply how much mass is 

increased.  Therefore, hypertrophy that is more proximal to the hip will 

minimize the resistance the athlete needs to overcome while running thereby 

increasing how fast the limb can be moved (angular acceleration = torque / 

moment of inertia) decreasing energy costs more so than when the same 

amount of hypertrophy occurs closer to the knee / distally (1, 2, 6, 10). 

 

As distribution of hypertrophy along a muscle may have important implications 

for athletic performance, creating resistance training practices that provide this 

direct biomechanical benefit may be of great importance for running athletes. 

Recent research has suggested that it is possible to manipulate changes in 

the location of mass along the length of a muscle via manipulation of various 

acute programming variables in exercise prescription (2, 11–14).  However, it 

is presently unknown how exercise selection affects patterns of 

hypertrophy.  Specifically, it is of interest to determine if training with open 

chained exercises (in which the foot moves freely around the knee, e.g. a knee 

extension) compared to closed chain exercises (where the feet are fixed and 
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the body is moved, e.g. a squat) results in meaningful changes in muscle 

mass distribution, center of mass (CoM), and moment of inertia (I) about the 

hip as these are variables within a training program that can be easily 

manipulated and controlled. 

 

Given CoM is a function of morphological conditions within muscle (i.e. the 

shape of the muscle), the overall distribution of mass will alter the location of 

CoM  (2, 10, 15, 16). Changes in the location of CoM will subsequently alter I 

about the hip (I =mr2, where I = I about the origin, m = mass, and r2 = radius of 

CoM squared) (See figure 1).  This is important as a smaller I increases the 

speed at which the hip can be moved (α = T I-1 , where α  = angular 

acceleration, T = the maximum torque that can be produced by the hip 

muscles and I = moment of inertia).  Therefore by reducing I the hip can attain 

higher angular velocities during a variety of motions such as running, thus 

improving athletic performance (6–8). This is most evident when considering 

rotation about the hip joint given its role in common athletic movements such 

as general locomotion, sprinting, jumping, and kicking (8).  For example, 

figures 2 & 3 depict the effect of shifting CoM of the thigh proximally by 2 cm 

on I at the two extreme positions of the leg during swing phase of running for 

an average US male using Dempster anatomical models to determine 

predicted anthropometrics.  These figures illustrate that the 2 cm shift in CoM 

would reduce I between 2.0% and 4.9% throughout the stance phase of 

running. 
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Figure 1. The Influence of Thigh CoM on I About the Hip 

 

Figure 2. Resistance During Early-Swing Phase of Running Gait
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Figure 3. Resistance During Mid-Swing Phase of Running Gait

 

Figures 1,2,3. The above figures model the effects of a 2 cm proximal shift in 

CoM of the thigh shank on I about the hip during various phases of running 

gait. Original position is depicted in blue and post-adaptation position is 

depicted in red. Given the exponential relationship between CoM and I, minor 

changes in CoM result in more profound changes in I. 

 

 A smaller I also reduces the amount of torque necessary to move at a given 

velocity (T = I α, where T is the torque necessary to complete the movement, I 

= moment of inertia, and α = the acceleration necessary to complete a task) 

(8, 10, 16). The equation for I  the location of CoM is squared unlike the mass 

therefore I encountered is more greatly influenced by location of changes in 

mass than magnitude of the change in mass (15, 16). Thereby movement 

efficiency can also be increased by proximally shifting CoM given less muscle 

force will be required to generate movement about the hip with a reduced thigh 
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resistance moment, potentially limiting and mitigating accumulated muscular 

fatigue during performance. 

 

Being able to  run faster and more efficiently can improve performance in a 

meaningful way for diverse groups of athletes. Thus, training that results in a 

more proximal shift in CoM of the thigh would be most preferable for those 

populations. Given CoM of the thigh is primarily influenced by the mass and 

shape of the quadriceps femoris muscle, and that muscle can undergo 

significant and inhomogeneous hypertrophy, controlling that pattern can result 

in directly improving athletic performance. (2, 10, 11, 15, 16).  

 

Until recently, skeletal muscle hypertrophy had been assumed to be 

homogenous, with hypertrophy distribution occurring proportional to the 

muscle thickness of a region in response to muscle-growth inducing stimuli (3, 

12, 17). This assumption thus implied relative hypertrophy was consistent, 

though absolute hypertrophy differed by muscle region. Recent published 

works have contested this, suggesting that muscles may experience 

hypertrophy in an inhomogeneous fashion along the length of a muscle (2, 

11–14). For instance, it has been demonstrated that hypertrophy occurs in an 

inhomogeneous manner following 12 week of isokinetic knee extension 

training, with mass distribution varying between the proximal and distal regions 

of the quadriceps femoris (2). This notion is further supported by the work of 

Wakahara et al. (17),  who reported that hypertrophy occurs in an 
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inhomogeneous fashion along the length of the triceps brachii, which 

experiences greater proximal hypertrophy from closed chain exercise. 

However, as the proximal portion of the triceps brachii (the long head) has a 

role at both the shoulder and elbow, the authors assumed this selective 

activation of this part of the muscle due to its role at the shoulder was the 

driving mechanism for their results and therefore their results may apply to the 

biarticular rectus femoris muscle of the quadriceps femoris. 

 

Inhomogeneity may also be influenced by manipulation of acute programming 

variables for exercise prescription. A study by Earp et. al (11) found that 

manipulating training load and movement velocities in the back squat exercise 

changed the pattern of hypertrophy of the quadriceps femoris. The authors 

reported that slow-speed heavy-load training resulted in greater proximal 

hypertrophy and moderate-load high-velocity training resulted in more distal 

hypertrophy. This suggests that muscle mass distribution induced by a 

hypertrophy-causing stimulus may vary dependent on varied prescription 

parameters. Given patterns of hypertrophy may be influenced by training, it 

may be the case that altering other training parameters can alter these 

patterns as well.  The alterable patters of inhomogeneity of hypertrophy within 

the quadriceps femoris may be influenced via both OKC (knee extension) and 

CKC (back squat) exercises. 
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Differences between OKC and CKC exercises on hypertrophy localization can 

be reasonably expected (1, 3, 18). Previous research evaluating electrical 

activity of the quadriceps femoris during various knee extensor and hip flexor 

exercises suggests that the rectus femoris muscle may experience 

hypertrophy in an inhomogeneous manner in response to a single exercise 

due to its biarticular nature (13). The rectus femoris portion of the muscle is 

located more proximally than the vastus lateralis, vastus intermedius, and 

vastus medialis aspects of the muscle (3). Rectus femoris activation has been 

suggested to be less than that of the other quadriceps muscles when the hip is 

flexed, resulting in greater distal quadriceps femoris muscle activation and 

similar activation in the proximal and middle sections of the quadriceps femoris 

(4, 10, 13). The degree of hip flexion at different points in the range of motion 

during an exercise involving knee extension joint action may alter involvement 

of the rectus femoris and as such result in varied hypertrophy of the proximal 

quadriceps femoris. This may therefore result in differing hypertrophy 

localization along the length of the quadriceps femoris muscle.  

 

Given OKC exercises involving the quadriceps femoris such as the knee 

extension involve the hip being positioned in a fixed location and CKC 

exercises involving the hip moving through a full range of motion, it is 

reasonable to expect there to be observable differences in induced 

hypertrophy between interventions involving one of the two types of exercises. 

Importantly, the degree of hip flexion at the point where resistance torque is 
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greatest for each exercise differs and as such the rectus femoris would receive 

differing stimulus for growth (18–20). However, further changes may be driven 

by inter and intramuscular architectural differences that elicit different training 

responses under the conditions of different imposed demands. The actual 

manifestation of changes however is currently unknown given no past study 

had explored the differences between OKC and CKC exercise training on 

quadriceps femoris muscle morphology. 

 

Conversely, past research has supported that the most distal fibers of the 

vastus medialis, the vastus medialis oblique (commonly called the VMO) 

cannot be preferentially activated by altering hip joint position, and thus the 

vastus lateralis experiences similar hypertrophy to the vastus medialis oblique 

independent of orientation of the hip (21). This suggests that differences in 

hypertrophy localization between the vastus lateralis and vastus medialis 

oblique may be attributed to internal factors rather than hip position. It has 

been suggested that differences in muscle architecture exist between the 

vastus lateralis, vastus medialis, rectus femoris, and vastus intermedius (3). 

These differences manifest in muscle thickness along the muscle’s length, 

fascicle length, and fascicle angle, which may result in differing muscle 

activation and thereby hypertrophy localization differences between open and 

closed chain exercises (3, 12, 22, 23). Furthermore, recent work has 

supported that the recruitment of mechanically favorable motor units, which 

best address task specific demands, may differ within and between regions of 



10 
 

a muscle dependent upon the task being executed (24). The recruited task 

specific motor units may circumnavigate the size principle of motor neuron 

recruitment, allowing for higher order neurons to be recruited at lower 

intensities than their typical force threshold during certain tasks. This suggests 

that motor unit recruitment and thereby location of hypertrophy in the 

quadriceps femoris may differ between OKC and CKC exercise tasks given 

they are mechanically different. This suggested mechanism for adaptation 

may drive inhomogeneity and provide a basis for controlling patterns of it.The 

actual manifestation of changes however is currently unknown given no past 

study had explored the differences between OKC and CKC exercise training 

on quadriceps femoris muscle morphology.  

 

Manipulating patterns of hypertrophy may also benefit physical therapy and 

rehabilitation practices in addition to athletic performance. Conditions such as 

patellofemoral syndrome have been shown to lead to localized atrophy in 

either the proximal or distal aspect of the quadriceps femoris muscle group 

(25). Manipulation of programming variables to more effectively target 

hypertrophy localization may further support these practices. It has been 

demonstrated that CKC and OKC exercises are not equally effective in 

treating patellofemoral pain syndrome (1, 26).  A basis for the differing benefit 

of different types of exercises on treating patellofemoral syndrome has already 

been developed, though developing an understanding of the effects of OKC 
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and CKC exercise intervention may help target exercise prescription 

treatments for other quadriceps femoris atrophy related issues.  

 

Pilot data for the current study supports that closed chain exercise involves 

greater proximal regional activation of thigh musculature and similar distal 

activation when contrasted with open chain exercise. Unpublished pilot data 

from our lab collected by Andrew Sherman M.S., compared regional activation 

of the hamstring muscle group during open and closed chain exercises using 

near-infrared spectroscopy. In this study it was observed that open chain lying 

leg curls resulted in significantly more activation in the distal portion of the 

hamstring muscle than the closed kinetic chain Nordic hamstring exercise 

(See figure 4).  Though the involved muscle group differs from the quadriceps 

femoris, this supports that imposing different task specific demands in the form 

of OKC and CKC exercise may elicit different hypertrophy responses in 

skeletal muscle. Differences in regional muscle activation have been 

supported to shift hypertrophy localization during a training intervention to the 

region with the greatest activity  (2, 12, 13). This is in line with the findings of 

Wakahara et al. (17), whose research supported closed chain exercise 

inducing greater proximal hypertrophy in the triceps brachii, but whose results 

were attributed to activation of the long head of that muscle, which is known to 

have separate activation pathway to the rest of the triceps brachii muscle.  
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Figure 4. Pilot data collected by Andrew Sherman M.S. suggesting differences 

between proximal (left) and distal (right) regional activation of hamstring 

muscles between OKC and CKC exercises as measured via near-infrared 

spectroscopy, as represented by change in oxygen saturation % of 

Hemoglobin (Hb O2). Differences in activation were recorded acutely and were 

not reflective of an observed training adaptation in the pilot data. 

 

The current study is the first to directly explore the effects of OKC and CKC 

extension exercises on quadriceps femoris muscle morphology via a training 

intervention. Developing a successful training model for influencing 

inhomogeneous hypertrophy and muscle mass distribution within the 

quadriceps will allow for more targeted and effective exercise prescription in 

both the athletic and rehabilitative sectors. Development of an intervention 

training model allows for both an exploration of mechanisms and effects as 

well as a template for evidence-based professionals to utilize in their own 
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practices. Therefore, the purpose of the current study was to determine if 

regional hypertrophy of the quadriceps femoris and mechanical parameters 

differ between OKC and CKC knee extensor exercises. We hypothesized that 

CKC knee extensor training will result in similar proximal quadriceps femoris 

hypertrophy but less hypertrophy of the distal quadriceps femoris when 

compared to OKC knee extensor training, thus shifting CoM more proximally 

and decreasing I about the hip. 
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CHAPTER 2  

REVIEW OF LITERATURE 

 

Inhomogeneous Hypertrophy 

 

A study conducted by Miyamoto et al. (13) explored differences in hypertrophy 

localization (proximal vs. distal) within the rectus femoris muscle of the 

quadriceps femoris. Participants were inactive and had not engaged in 

habitual resistance training within the most recent 6 months. Participants 

performed unilateral knee extension and hip flexion only tasks at varying 

intensities while EMG probes were positioned at 30%, 50%, 70%, and 90% 

lengths of the thigh over the rectus femoris, vastus lateralis, and vastus 

medialis muscles, the vastus intermedius was excluded because it was too 

deep to accurately measure via EMG. Hip flexion tasks were performed in 

addition to knee extension tasks to evaluate differences in rectus femoris 

muscle activation and explore passive insufficiency in the biarticular muscle. It 

was observed that rectus femoris activity ratio of activation (hip flexion task: 

knee extension task) were 55.5 ± 17.0% (distal region), 73.7 ± 16.1% (middle 

region), and 80.1 ± 17.2% (proximal region), with activation being greater 

during knee extension than hip flexion. Rectus femoris activation did not differ 

significantly between regions during the knee extension trials, however 

differed significantly during the hip flexion trials, with distal activation being 

smaller than both proximal and middle regions of the rectus femoris (P < 0.05). 
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A potential limitation of this study relates to the use of EMG given the 

measurement tool records signals from motor unit endplates and the distance 

between the receiver and the end plate may result in a lapse in time between 

the occurrence of muscle activity and its recording. This delay may have 

confounded findings given points of peak activation may have been assessed 

to occur later in the range of motion of a given exercise than they had actually 

occurred. The findings however, support the hypothesis of the present study. 

 

A separate study conducted by Mitchell et al. (27) explored anatomical 

differences between proximal and distal portions of the vastus medialis 

muscle. A dissection of 50 cadavers (age = 61 ± 21 years old) was conducted 

on cadavers with no history or evidence of musculoskeletal pathology, or 

osteoarthritis. Left thighs were fully dissected and muscle fiber orientation, 

nerve supply, fascicle planes between fibers were assessed separately in both 

the proximal and distal portions of the vastus medialis muscle. It was found 

that the angular orientation of proximal fibers significantly differed from that of 

distal fibers (11.46 ± 2.96° : 52.20 ± 6.20° ; p < 0.001). The authors concluded 

that this finding suggests the proximal portion of the vastus medialis has a 

greater role in performing knee extension, and the distal portion is more 

involved in stabilizing the patella. These differences in function between 

proximal and distal portions of the vastus medialis support inhomogeneity of 

hypertrophy along its length. Thus, these findings are important given they 

support the existence of inhomogeneity across the length of a muscle. 
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A 12 week intervention study conducted by Ema et al. (12) explored the 

morphological changes to the quadriceps and each of its four regions in 

response to a seated knee extension resistance training program. The 

protocol involved a range of motion between 20° and 110° of flexion during 

each knee extension rep and intensity was set to a constant 80% one 

repetition maximum for each working set, with one repetition maximum being 

retested each two weeks for prescription purposes. Ultrasound and MRI 

imaging were performed at 15%, 35%, 50%, 55%, and 70% the length of the 

thigh as a basis for analysis of regional hypertrophy of the quadriceps femoris 

and its patterns. Hypertrophy occurred in an inhomogeneous manner along 

the length of the quadriceps femoris with relative change in cross sectional 

area of the vastus lateralis and rectus femoris differing between proximal and 

distal regions after the resistance training intervention (p < 0.05). It was found 

that overall greater hypertrophy occurred within the rectus femoris than the 

vastus lateralis and medialis muscles. However, greater distal hypertrophy 

occurred than proximal in all regions of the quadriceps femoris via the seated 

knee extension protocol. This supports the present study’s hypothesis. 

 

Another study conducted by the lab of Wakahara & Ema et al. (14) explored 

the association between regional muscle activation as assessed by EMG and 

regional hypertrophy caused by a 12 week knee extension intervention as a 

follow up to their previous study on inhomogeneity of hypertrophy in the 
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quadriceps femoris. MRI scans were used pre and post intervention to assess 

volume and muscle cross sectional area of the quadriceps femoris and each of 

its muscles at differing percentages of the total length of the thigh.  EMG 

measurements were taken at each site during working sets of knee extension 

to assess muscle activation differences. The researchers found that muscle 

activation has a strong association with training induced hypertrophy 

localization and quadriceps femoris morphology (p < 0.05), suggesting that 

activated tissue results in hypertrophy. This supports the ability of acute 

quadriceps femoris activation studies to provide valid insight into hypertrophic 

responses in longitudinal training studies over a duration of up to 12 weeks, as 

well as the influence of task specific motor unit recruitment on driving 

inhomogeneity of hypertrophy.  

 

Morphological changes within the quadriceps femoris induced by a knee 

extension training program were further supported by a  10 week intervention 

trial conducted by Hakkinen et al. (2), and supported induced inhomogeneity 

of hypertrophy in both old (61 ± 4 years) and young (29 ± 5 years) populations. 

Vastus medialis, vastus lateralis, vastus intermedius, and rectus femoris 

regional cross sectional area of muscle increased significantly for both age 

groups (average regional cross sectional area increase of quadriceps femoris 

muscles of 8-40 cm2; p <0.05), with no significant differences between age 

groups for cross sectional area changes in any of the regions of the muscle. 

This suggests that meaningful hypertrophy was induced in each region of the 
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quadriceps femoris, however inhomogeneity of hypertrophic responses to an 

exercise stimulus was not a function of age, according to this research study.  

This is important when considering and evaluating participant selection criteria 

of a study. 

 

A study by Blazevich et al. (3) investigated internal architectural factors within 

each muscular compartment of the quadriceps femoris and the potential for 

differential muscle fascicle strain encountered by each region dependent upon 

its individual architecture. Thirty-one sedentary non-habitually resistance 

trained participants of both genders were recruited to undergo MRI imaging of 

each compartment of their quadriceps femoris. Muscle architecture was 

imaged in vivo to identify muscular thickness at differing lengths of each 

region, fascicle length, and fascicle angle of each region. The researchers had 

found that architecture differed between the vastus lateralis, vastus medialis, 

and rectus femoris (p < 0.05). These differences in architecture along with 

fascicle length and angle suggest that fascicle strain would differ between 

muscular compartments depending on the resistance training stimulus used in 

an intervention, suggesting hypertrophy localization may differ between open 

and closed chain knee extension exercises, supporting the premise of the 

present study.  

 

A study by Earp et al. (11) has explored differences in proximal and distal 

hypertrophy within the quadriceps femoris in response to different exercise 
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prescriptions. The study included 3 training conditions and a control condition 

for participants (n = 36) who do not habitually resistance train over an 8 week 

period. All training conditions involved the CKC back squat movement pattern 

and participants were assigned to either a parallel depth heavy squat, parallel 

depth jump squat, volitional depth jump squat or no resistance training 

program condition. The researchers found that hypertrophy was 

inhomogeneous as a function of the specific exercise prescription used. 

Specifically, high velocity parallel jump squatting was the only condition to 

experience a significant proximal increase in quadriceps femoris muscle cross 

sectional area (p < 0.05), and heavy squatting to parallel depth was the only 

condition that induced significant hypertrophy at the mid thigh (P < 0.05). The 

authors concluded that heavy squat intervention at a parallel depth increases 

proximal quadriceps femoris cross sectional area greater than jump squatting 

to parallel, which experienced greater distal increases in muscle cross 

sectional area. The current study supports the role of exercise type selection 

in influencing muscle architecture and morphology of the quadriceps femoris 

during a resistance training intervention. This is important to the present study 

given differences are hypothesized to be observed by manipulation of exercise 

type, an acute exercise programming variable. 

 

OKC and CKC Exercises and Movement Mechanics 
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An investigation by Wilk et al. (28) compared tibiofemoral joint forces and 

muscle activity between OKC and CKC movements about the hip and knee 

joint. This investigation aimed to determine functional differences between the 

two categories of movements in application to the muscles of the thigh, 

inclusive of the quadriceps femoris, and associated joints. The study had 

involved 3 exercise conditions performed with a load equivalent to each 

participant’s (n = 10; 11 or more years of regular resistance training 

experience) 12 repetition maximum. Participants performed either the seated 

leg extension, back squat, or leg press exercise with a full range of motion. 

EMG electrodes were placed on the participants’ quadriceps femoris and 

hamstring muscles, while external loads were measured by an external force 

plate and motion analysis software developed three dimensional video 

recordings for data analysis. It was found that maximal compressive force 

(Squat: 6139 ± 1709N at 91 ± 15° Knee flexion; Knee extension: 4598 ± 

2547N at 75 ± 13° Knee flexion, P < 0.05 ), maximal posterior shear force 

(Squat: 1783 ± 634 N at 90 ± 17° Knee flexion; Knee extension: 1178 ± 594 N 

at 91 ± 9° Knee flexion, P < 0.05), maximum anterior shear force (Squat: 0.00 

N; Knee extension: 248 ± 259N at 14 ± 2° Knee flexion, P < 0.05) , and 

maximal external torque  (Squat: 150 ± 40 N at 78 ± 12° Knee flexion; Knee 

extension: 200 ± 120 N at 63 ± 12° Knee flexion, P < 0.05) occur at 

significantly different angles and with significantly different N and Nm 

resistance forces encountered at those angles while training at the same 

intensity. Quadriceps femoris activity  as a percentage of maximum voluntary 
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contraction significantly differed between the squat and the knee extension 

exercises in the vastus medialis (Squat: 61 ± 12%; Knee extension: 46 ± 14%, 

P < 0.05) but not the rectus femoris or vastus lateralis, the vastus intermedius 

was not assessed because it is a deep muscle. This study conveys that OKC 

and CKC exercises involving movement about the knee joint result in the 

encountering of differed joint forces at different portions of the range of motion, 

with magnitude of forces varying. This difference in the location of this 

encountered torque will also influence angular momentum and movement 

velocity. Differing movement velocities induce muscle fascicle strain 

differentially dependent on fascicle angle and length, which differ in each 

muscular compartment and region of the quadriceps femoris (3). Resultantly, 

quadriceps femoris muscle activation may differ by execution of CKC vs. OKC 

exercise.  

 

A study by Stensdotter et al. (18)  further supported differences in muscle 

activation of the quadriceps femoris during execution of OKC vs. CKC lower 

body exercises. The study explored differences in the activation of each of the 

four quadriceps femoris regions and the time at which each muscle activates 

during OKC and CKC exercises.  Healthy untrained participants (n = 10 males 

and females; age = 28.5 ± 0.7 years) performed various OKC and CKC knee 

extension tasks with electromyography probes recording muscle activation. 

The study found that in CKC knee extension joint action there were no 

significant differences in time of activation for the vastus medialis, vastus 
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intermedius, vastus lateralis, or rectus femoris. This suggests that the muscles 

act simultaneously in CKC conditions. In OKC conditions the rectus femoris 

activates initially, followed by the vastus lateralis and vastus intermedius 

simultaneously and the vastus medialis activating later (7 ± 13 ms after rectus 

femoris activation, P < 0.05). Muscle activation amplitude as a percent of 

maximal voluntary contraction was found to be significantly different for the 

vastus medialis between the closed chain (46 ± 4.3% vs. 40 ± 3.0%, P <0.05). 

This work further suggests that activation patterns of regions of the quadriceps 

femoris muscle differ with differing movement type conditions, thus suggesting 

hypertrophy localization may differ from a CKC vs OKC training program.  

 

A novel investigation by Azizi (29) into the occurrence of variable muscle 

gearing explored changes in muscle fascicle length and angle due to different 

training stimuli. Participants performed contractions of varying velocities and 

forces, resulting in changes in fascicle length, angle, and muscle thickness in 

each condition. It was found that greater fiber rotation occurs in low force high 

velocity movements, and lesser fiber rotation occurs in high force low velocity 

movements (P < 0.05). This suggests that the internal environment of a 

muscular compartment is dynamic and may be influenced by the type of 

stimuli encountered. If an OKC or CKC exercise results in increasing the 

amount of muscle force produced within muscles of the quadriceps femoris 

differentially, then they will experience different muscle fascicle orientations 

and architecture intraset. Thus, they will be differentially susceptible to muscle 
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fascicle strain, a known driver of hypertrophy. This may result in driving 

inhomogeneous hypertrophy across the length of the quadriceps femoris.    

 

An investigation by Browning et al. (15) had explored the biomechanical and 

energetic effects of increasing thigh and leg mass. The investigation aimed to 

understand the differences between net metabolic rate, movement kinematics, 

muscle activity and net muscle moments during gait with different magnitudes 

and locations of mass added to the legs using a within-subjects design. 

Participants (n = 5 males) walked on a treadmill with a built in force plate at a 

constant velocity of 1.25 m*s-1. External loads of 0 kg, 2 kg, 4 kg, and 8 kg 

were placed on different parts of the thigh and lower leg, with 16 kg being 

placed on the waist of participants. Loads prescribed and the location of loads 

varied by testing condition following randomization. A strong predictor was 

found between how distal external mass was placed and the I about the hip for 

that leg (r2 = 0.43) and it was found that net metabolic expenditure during 

walking increased similarly. Though energy expenditure differed, the study did 

not find significant differences in muscle moments, activation, or movement 

kinematics during the swing phase. This suggests that movement efficiency 

may increase with more distal loading of the lower body without compromising 

learned movement mechanics or muscle activation patterns during locomotion. 

 

A study by Cavanagh & Kram (15)  had explored the movement kinematic and 

gait impacts of adding mass to the lower body during distance running within a 
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fixed velocity range (3.15 to 4.12 miles per hour). The authors also explored 

the influence of anthropometric factors on these outcome variables, including 

location of limb mass distribution across the lower body. Participants were 

accustomed to regular treadmill running and aerobically trained prior to 

recruitment (VO2max > 54 ml * kg-1 * min-1. Participants performed a series of 

running trials on a treadmill at various velocities with external mass (1.1 kg) 

present or absent on the lower body.  It was observed that the addition of 

external mass did not alter stride frequency or stride length of participants. It 

was additionally observed that anthropometric variables such as mass 

distribution did not significantly influence stride frequency or length. This 

suggests that a manipulation of mass distribution within the lower body will not 

result in unfavorable alteration of movement mechanics or kinematics resulting 

in a decrease in run performance, supporting the practical application of the 

present study in that movement mechanics may be altered by a redistribution 

of mass along an axis.  

 

An investigation by Kumagai et al. (6)  explored muscle morphology and the 

influence of associated movement mechanics on sprint performance by cross-

sectionally evaluating  elite male 100 meter sprinters (n = 37, sprint 

experience: 7.8 ± 1.9 years). Participants underwent measurements of limb 

length, fat free mass, skeletal muscle distribution, and morphology. It was 

found that sprinters with faster record times had greater muscle fascicle length 

in all quadriceps muscle regions and that these lengths which resulted in 
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greater proximal muscle thickness were significantly related to record 100 

meter sprint performance (r = 0.40 to 0.57). This suggests that those with 

longer fascicles and mass distributed proximally with the same amount of 

overall mass in their thigh will experience greater athletic performance. This 

may be due to an associated proximal shifting of CoM resulting from the 

proximal hypertrophy localization these sprinters experienced in past training. 

This further supports the practical application of the present study in 

consideration of sports performance. 

 

Localized Atrophy of the Quadriceps Femoris and Treatment 

 

A systematic review by Giles et al. (25) explored the role quadriceps femoris 

atrophy takes in patellofemoral syndrome and evaluated the effectiveness of 

current quadriceps femoris strengthening treatments utilized by physical 

therapy practitioners. The reviewers’ criteria resulted in inclusion of ten other 

studies and had performed several meta-analyses on various subsets of these 

studies dependent on outcome variables explored. Quadriceps atrophy was 

found within the limb affected by patellofemoral pain syndrome (P = 0.036), 

however no significant difference was found in atrophy between the vastus 

medialis oblique and the vastus lateralis (P = 0.179).  The review found that 

quadriceps strengthening of some type would be beneficial in rehabilitating 

patellofemoral pain syndrome associated quadriceps femoris atrophy. This 

supports that strengthening the quadriceps femoris is some way may be 
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beneficial to managing patellofemoral syndrome, however a limitation of this 

review is that there was no differentiation between magnitude of improvement 

encountered by different types of knee extension exercises.  

 

A separate review by Peters & Tyson (30) investigated differences in location 

of strengthening along the length of the quadriceps in treating patellofemoral 

pain syndrome. Randomized controlled trials (n = 3), cohort studies (n = 3), a 

clinical controlled trial (n = 1), and a case series (n = 1) were included in the 

review. It was found that proximal strengthening of the quadriceps femoris 

resulted in reduction in pain associated with patellofemoral pain syndrome 

(65.1 ± 22.9%) and an increase in function involving the patella (37.5 ± 37%). 

Proximal strengthening was performed by isolating the rectus femoris via hip 

flexion tasks. The results of this review and the associated meta-analysis 

suggest that targeted strengthening of specific regions of the quadriceps 

femoris may facilitate rehabilitation and recovery more than others. 

 

Witvrouw et al. (26) had explored the specific application of OKC and CKC 

exercises on patellofemoral pain. If these exercises differentially induce 

hypertrophy localization within the quadriceps femoris, and if proximal 

strengthening is more rehabilitative than distal, then one should preferentially 

facilitate patellofemoral pain reduction greater than the other. Participants (n = 

60) were randomly assigned to either an OKC or CKC five week knee 

extension program. Participants were evaluated for pain associated with their 
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condition immediately prior to beginning the intervention, immediately following 

the intervention, and 3 months after the conclusion of the intervention. It was 

found that both OKC and CKC training resulted in pain relief immediately post 

intervention and 3 months following the intervention (P < 0.05). However, CKC 

training resulted in greater lower extremity functioning and pain reduction 3 

months following the intervention when compared to OKC training. These 

variables include nighttime pain (P = 0.024), frequency of knee locking (P = 

0.03), pain during isokinetic testing (P = 0.028), and clicking sensations (P = 

0.041). The findings of this study suggest that both training methods are 

effective at treating patellofemoral pain syndrome, but are differentially so, with 

closed chain being preferential. Longer term effects are not known however.  

 

Inhomogeneity, OKC and CKC Exercises, Movement Mechanics, and 

Atrophy Conclusion 

 

There is strong evidence supporting the existence of hypertrophic 

inhomogeneous muscle morphological changes in the quadriceps femoris 

induced by exercises involving knee extension joint action. These changes 

may vary with specific exercise type given relative muscle activation of the 

quadriceps and its four muscular compartments vary with different hip position 

and exercise typing. According to previous research, inhomogeneity of 

hypertrophy appears to occur longitudinally across the length of the 

quadriceps femoris rather than laterally with localization being preferentially 
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proximal or distal depending on exercise condition. This carries implications 

for movement mechanics and performance given mass distribution along the 

thigh will shift CoM thereby shifting I. This shifting may result in altered 

movement efficiency from a net energy expenditure standpoint and alter 

resistance to angular acceleration along with resistance torque encountered 

during hip flexion tasks, but it is not supported to significantly impact 

movement kinematics or mechanics in a unfavorable way. Proximal mass 

distribution and by extension CoM along the thigh have been supported to 

result in improved performance within elite sprinters supporting the practical 

importance of hypertrophy localization. It has been additionally supported by 

numerous reviews and independent studies that atrophy of the quadriceps 

femoris is related to patellofemoral syndrome and the treatment of localized 

atrophy can both reduce pain and improve lower extremity function. 

Differences have been found between proximal and distal strengthening of the 

quadriceps femoris and OKC and CKC interventions to treat patellofemoral 

pain syndrome, suggesting that targeting hypertrophy induction and muscle 

strengthening to specific regions of the quadriceps femoris via selection of 

exercise type may facilitate rehabilitation, with proximal strengthening and 

CKC training supported to be most effective. This supports the present study’s 

assumption of practical application in that adaptation occurs differentially 

between open and closed chain exercises and that this adaptation results in 

differently effective treatment for patellofemoral syndrome. 
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CHAPTER 3 

METHODOLOGY 

 

Experimental Design 

The present study was a randomized control trial utilizing a within subjects 

repeated measures design (See Figure 5). Participants (n = 12) were recruited 

via email outreach campaign, in-class announcements, and local flier using 

IRB approved recruitment methods and designs. Initially, 15 participants were 

recruited, however only 12 were able to successfully complete the study and 

were thus the only participants included in all data and calculations. Of the 

three participants, one was removed for failure to adhere to study protocols 

and another two were unable to continue due to reasons outside of the study’s 

control. Participants were allowed to participate upon completing a health 

history questionnaire and an informed consent document, which participants 

were required to convey their understanding using the teach-back method. 

Participants of either gender between the ages of 18 and 35 were recruited. 

Participants were eligible for inclusion if, within the most recent 6 months, they 

resistance trained their lower body less than 2 days per week or performed no 

resistance training at all. If participants were previously regularly performing 

light to moderate aerobic activity, they were allowed to continue provided no 

alterations be made to their habits. Participants were excluded if they had any 

clinical contraindications to lower body exercise or have experienced 

significant lower body muscle, joint, or tendon injury that may inhibit data 
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collection or administration of the training intervention. During the duration of 

the intervention and data collection periods participants were not allowed to 

engage in other lower body resistance training activities, start any other new 

exercise regimen, or begin participating in any new sport. Data collection 

occurred in the University of Rhode Island Department of Kinesiology Body-

Composition Lab, Human Performance Lab, the South County Hospital 

Diagnostic Imaging Center Lab, and a special lab designed for the current 

study to perform strength testing and administer the training intervention: 

Research lab #120.  

Figure 5. Study Flowchart 

 

The above figure depicts the design of the present study. Originally 15 

participants were recruited, but only 12 completed the entirety of the study. 
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Following recruitment, participants underwent MRI imaging of their lower 

extremities. On a separate occasion, participants then performed an exercise 

familiarization and muscular strength testing session for the unilateral smith 

machine back squat and unilateral knee extension. Following this, participants 

completed a minimum of 21 (maximum of 24) resistance training sessions 

over an 8 week intervention period where one of the two exercises was 

assigned to each leg dependent on preconstructed block randomization tables 

(See Table 1). Resistance training occurred on 3 non-consecutive days per 

week and periodization was used to facilitate muscular hypertrophy dependent 

on guidelines set forth by the National Strength and Conditioning Association 

(31). Following the completion of the intervention, further muscular strength 

testing and MRI imaging took place, repeating the earlier protocols.  

 

Table 1: Randomization 

 

Participant Number(s) Limb Assignment Exercise Order 

2,  5, 12    . Dominant – Non Dominant Closed Chain –  
Open Chain 

1,  7, 10, 13 Non Dominant – Dominant Closed Chain –  
Open Chain 

3,  8,   9, 14 Dominant – Non Dominant Open Chain –  
Closed Chain 

4,  6, 11, 15 Non Dominant – Dominant Open Chain –  
Closed Chain 

The above table depicts study randomization, where participants were 

assigned to performance exercises in a fixed order each training day and with 

a fixed leg assigned to each exercise. This was done to control for the effects 

of leg dominance and exercise order. 
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The training intervention took place exclusively in a specially set up lab in the 

Department of Kinesiology at the University of Rhode Island. IRB approval 

was achieved on 8/23/2019 and data collection occurred between 10/7/19 and 

12/13/19. Compensation of $250 was awarded to participants upon 

completion of the study, with compensation prorated for study dropouts. 

 

Experimental Descriptors 

Demographics: Participant gender, leg dominance, training status, 

medication use, and age were assessed via Health History Questionnaire.  

 

Height and Weight: Participant height was assessed via stadiometer (Seca 

213, Chino, CA). Participant height was assessed once participants performed 

an exhalation while standing completely still without wearing shoes (32). 

Weight and % body fat were assessed via Bioelectrical Impedance Analysis 

(InBody 770 scanner, Seoul, Korea) with shoes removed and pockets 

emptied. Body composition through BIA testing has been supported to be both 

valid and reliable, utilizing a two component model of body composition (33). 

The calculated ratio of these two tissues was affected by hydration status 

when using the BIA device so body composition testing validity was supported 

by participant hydration status testing (34, 35). Hydration status was assessed 

via refractometer upon collection of a urine sample inserted mid-stream 

(ATAGO USA, Inc.). Euhydration was defined as having a urine specific 
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gravity  ≤ 1.025. If urine specific gravity was greater than this value, 

participants were asked to consume an appropriate amount of water and urine 

specific gravity was assessed again every 90 minutes until euhydration status 

was achieved, in accordance with past validated research practices and the 

approximate time of the full absorption rate of fluid in the human body (34–36). 

This had occurred one time and no participants were found to be 

hyperhydrated. Other controls for body composition analysis such as limiting 

pre-testing exercise and caffeine consumption were enacted. 

 

Pre and Post Intervention Data Collection Procedure 

Exercise Familiarization and Technique:  

 

Prior to the intervention and muscular strength testing, participants were 

familiarized with each of the exercises they would be performing during the 

study. Participants began by performing a 2.5 minute warm up on a stationary 

cycle (Monark 915E, Monark Exercise AB, Sweden) at a cadence of 60 

revolutions per minute and resistance of 0.5 kp. Intensity, duration, and 

cadence were selected to facilitate performance and minimize injury while 

simultaneously minimizing localized and whole body fatigue (37, 38). Seat 

height was set to allow for a 5-15o bend at the knee when a knee was fully 

extended on the cycle. Seat height was recorded and replicated in all future 

sessions. Following this, participants performed the following dynamic 

stretches for the agonist muscles used in both the unilateral smith machine 
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back squat and unilateral leg extension: knee hugs, quad pulls, and leg swing. 

One set of eight repetitions were performed for each leg for all three 

stretches.  Participants were then familiarized with the unilateral knee 

extension exercise and machine (Valor Fitness, 2COO41BM CC-4 Leg 

Machine) as well as the Smith machine that the unilateral back squat was 

performed on (Body-Solid Powerline, PSM144X Smith Machine). The knee 

extension machine was adjusted so that participants were positioned in such a 

way that the lateral epicondyle of their femur was in line with the axis of 

rotation of the machine. The pad of the machine was oriented on the anterior 

aspect of the lower limb. Back rest was positioned so that participants’ femoral 

lateral epicondyles were in line with the axis of rotation of the leg extension 

machine.  Consistency in exercise range of motion was ensured by reference 

gauge (a target string was positioned at the end of range of motion) and range 

of motion was maintained between 90° and 180° of knee extension. The target 

string was transfixed parallel to the floor between a tripod and nearby wall, 

which allowed it to be adjusted dependent on the height at which 180° of knee 

extension was reached for each respective participant. When participants 

made contact with the string in a given repetition, 180° of knee extension was 

reached. All extension occurred with toes in a neutral position / anterior 

orientation (See Figure 6)(39). All squatting took place in front of a mirror. 

Unilateral Smith machine squat technique required participants experience the 

same range of motion at the knee joint as the unilateral knee extension 

exercise of 90°of motion between 90° and 180°. Reliability between reps was 
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ensured via assigned foot position, indicated by tape positioned on the floor. A 

measuring stick was oriented and fixed on the side of the Smith machine to 

track and standardize bar displacement with each rep to ensure the 

appropriate depth of squat was reached consistently. Participants placed the 

leg assigned to the training condition underneath the hip and immediately 

anterior to the bar path. Toe angle had a 0°deviation from the anterior 

direction (39). Rear foot remained elevated to isolate the quadriceps of the 

anterior leg (See Figure 7).  
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Figure 6. Unilateral Leg Extension 

 

The above figure depicts the OKC movement being performed within the 

present study. 
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Figure 7. Unilateral Squat 

 

The above figure depicts the CKC movement being performed within the 

present study.  
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Muscular Strength Testing: Participants performed muscular strength testing 

for each exercise condition on its randomly assigned leg before and after the 

training intervention (40). Pre-intervention strength testing took place after a 

familiarization session and MRI session and at a minimum 48 hours prior to 

the beginning of the first training session.  Post-intervention strength testing 

took place 48-96 hours after the completion of the final intervention training 

day. Multiple repetition max testing was performed to determine muscular 

strength and assign training loads as the participant population was not 

habitually trained and testing parameters more directly carried over to 

intervention training parameters for repetition prescription. Participants 

performed a warm up on a stationary cycle for 2.5 minutes at 20 W of 

resistance, maintaining a cadence of 60 revolutions per minute, followed by 

the previously described dynamic warmup. Past research has supported that 

inclusion of a specific warm up following a general and dynamic warm up 

increases repetition maximum performance in muscular strength testing (38). 

Participants then performed 1 warm up set at 50% of their predicted one 

repetition maximum in accordance with National Strength and Conditioning 

Association standards (31). Participants were then provided up to 2 attempts 

to achieve a 4-12 repetition maximum, which is in accordance with National 

Strength and Conditioning Association Guidelines (31). After identifying their 

repetition maximum for a movement, their one repetition maximum was 

calculated and participants then began a specific warm up for the other 
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exercise and repeated the strength testing procedure on the other leg with the 

untested exercise (See Table 2). The order in which exercises and legs were 

tested was dependent on the block randomization table participants were 

assigned to at the start of the study.  

 

Table 2: RM Testing Protocol 

Set Estimated 
Intensity 

Duration / 
Repetitions 

Rest (min) 

Cycling (60rpm) 0.5 kp 2.5 min N/A 

Knee Hug N/A 8 N/A 

Quad Pull N/A 8 N/A 

Leg Swing N/A 8 N/A 

Bodyweight Squat* N/A 8 1 

1 50%   5-6 1 

2 65%-90% 4-12 2-3 

3 65%-90% 4-12 2-3 

The above table depicts the multiple repetition maximum protocol used 

in the present study. Set 2 and 3 were used to determine one repetition 

maximum. Set 3 was only performed if one repetition maximum could not be 

determined dependent on set 2 performance. 

*This warmup exercise was only included in the strength testing day and not 

included in the training intervention.  

 

MRI Imaging and 3D modelling Open Bore MRI (Magnetom Aera T-1.5, 

Siemans, USA, 36) was used to capture the whole lower extremity, from 2 cm 
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superior to the greater trochanter of the femur to the most distal portion of the 

thigh. Thigh length was defined as the distance from the most superior aspect 

of the femoral head to the most inferior aspect of the femur. This imaging took 

place once prior to and once following the intervention to assess intervention 

induced changes in localized hypertrophy and associated parameters. Prior to 

imaging participants completed a 48 hour diet recall log to support reliability 

between pre and post intervention MRI scans and image analysis. This recall 

log was only used to record dietary intake once immediately prior to pre-

intervention MRI testing. Participants then replicated that diet to the best of 

their ability prior to post-intervention MRI testing to limit the influence of 

carbohydrate consumption and water retention on MRI results, further isolating 

the training effect in analysis. Logs were not entered into a nutrient data base 

and compared. Progressive transverse scans were taken throughout the lower 

extremities in 1.2 cm slices. Muscle cross sectional area was measured in the 

quadriceps femoris within its four compartments (the rectus femoris, vastus 

lateralis, vastus medialis, and vastus intermedius) along with total thigh length 

and volume using the OsiriX Dicom Viewer image analysis software. The 

software was also used to assess compartmental and total muscle cross 

sectional area of the quadriceps femoris at positions equal to 33% (proximal), 

50% (middle), and 66% (distal) of thigh length to allow for calculations of I 

about the hip via location of thigh CoM (42). To standardize length, clear 

anatomical landmarks were identified on each set of scans. The first 

appearance of the femoral head denoted the most proximal aspect of the 
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femur, and the portion most immediately superior to the patella denoted the 

most distal aspect. To account for user identification error, pre intervention and 

post intervention scans for the same participants were used to ensure 

consistency in anatomical landmark and muscular compartment identification. 

Whole quadriceps femoris and individual muscular compartmental volumes 

were calculated using cubic spline interpolation methods (11, 43). These 

methods mathematically model the cross sectional area and volume of the 

quadriceps femoris derived from a fixed number of known points with known 

cross sectional area at those points. The area under the curve of the modeled 

quadriceps femoris was multiplied by a known mass constant, which allowed 

the position of CoM to be identified and used in calculating I. These values 

measured CoM and I of the quadriceps and not the entire thigh.  

 

Intervention 

Periodization: The 8 week training period with 3 non-consecutive training 

days per week involved 6 hypertrophy microcycles and 2 strength microcycles 

to facilitate the end goal of muscular hypertrophy. Participants were required 

to complete a minimum of 21 of the 24 training sessions. The acute program 

variables of intensity, duration (repetitions), volume (sets), and progression 

were manipulated using the 4x2 and 2x2 rules (See Table 3). Initial 

prescriptions of intensity was dependent on initial one repetition maximums for 

each exercise as determined by the muscular strength testing protocol. In 

accordance with the 2 for 2 rule, absolute training loads increased alongside 
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increases in participant muscular strength to maintain desired training intensity 

(31).The training frequency of 3x per week, set and rep ranges, and 

prescribed intensities reflected recommendations for a novice trainee pursuing 

hypertrophy during the hypertrophy microcycles and strength during the 

strength microcycles (See Tables 4, 5, and 6) (31). Participant diet, hydration, 

and caffeine intake were not tracked during the duration of the 8 week 

intervention. 

 

 

 

 Table 3: 8 Week Intervention Periodization 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

1 Hypertrophy 3 12 65 90 

2 Hypertrophy 3 10 75 90 

3 Hypertrophy 3 8 80 90 

4 Strength 4 6 85 120 

5 Strength 4 6 85 120 

6 Hypertrophy 3 12 67 90 

7 Hypertrophy 3 10 75 90 

8 Hypertrophy 3 8 80 90 

The above table depicts the exercise prescription used in the present study’s 8 

week intervention. 

Table 4. NSCA Guidelines for Resistance Training Status 

 

Training Status Training Experience To Classify 

Beginner <2 Months 

Intermediate 2-6 Months 

Advanced >12 Months 

The above table depicts the NSCA’s guidelines for resistance training status of 

individuals. 
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Table 5. NSCA Guidelines for Resistance Training Frequency 

 

Training Status Frequency Per Week 

Beginner 2-3 

Intermediate 3-4 

Advanced 4-7 

The above table depicts the NSCA’s guidelines for resistance training 

frequency. 

Table 6. NSCA Guidelines for Resistance Training Targeted Workout 

Prescription 

 

Goal Intensity Sets Repetitions Rest 

Muscular 
Hypertrophy 

67-85% 1RM 3-6 6-12 30-90 seconds 

Muscular 
Strength 

≥85% 1RM 2-12 ≤6 60-300 seconds 

The above table depicts the NSCA’s guidelines for exercise prescription 

geared towards specific training goals. 

Statistical Approach To The Problem 

Power Analysis: Sample size (n=15) was calculated via an a-priori power 

analysis using G-Power software, comparing means for matched pairs for a 

two tailed test. A statistical power of 0.8 and alpha of 0.05 were used. The 

anticipated effect size of 0.8 (large) was selected following pilot muscle activity 

data previously presented comparing CKC and OKC exercises. In context of 

pilot data, an effect size of 0.8 is conservative. 

 

Statistical Analysis: A completers analysis was used rather than an intent to 

treat analysis given all 3 participants who had dropped out of the study had 
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done so within the first 4 weeks and as such it was unlikely adequate time was 

provided for them to experience a significant hypertrophy effect, especially 

given the more neurologically focused adaptations during the earliest weeks of 

training (31, 44). Descriptive statistics (mean ± SD) were reported to 

characterize the cohort. Normal distribution was assumed and a condition by 

time 2x2 mixed model MANOVA was used to assess the effects of the training 

intervention on the measured dependent variables of regional muscle cross 

sectional area, volume, I about the hip, CoM of the thigh, and movement-

specific muscular strength. Muscle volume, I, and CoM were derived from 

mathematical modeling and muscular strength was derived from performance 

on a condition-specific multiple rep max test. The analysis of variance for all 

dependent variables was conducted between conditions and over time 

(condition X time). Significant difference was set at an α of 0.05. MANCOVA 

was not used to account for confounders given significance was found through 

the MANOVA with Bonferroni post hoc corrections alone. 
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CHAPTER 4 

RESULTS 

 

Participant Descriptors: 

The 8 week intervention and all associated testing was successfully completed 

by 12  of the 15 recruited participants (see table 7). Results were not 

calculated separately by gender given participants acted as their own controls 

and patterns of hypertrophy should not have been influenced by gender. All 

participants were considered to have successfully completed the intervention if 

they attended a minimum of 21 out of 24 scheduled training sessions during 

the 8 week intervention period. When comparing the legs used for the 

intervention no differences were observed in leg lengths, as measured via 

DICOM MRI analysis, between conditions (CKC: 46.67 cm ± 2.36 cm & OKC: 

46.08 cm ± 2.53 cm, p = 0.565) or regional quadriceps femoris volume in the 

proximal (CKC: 53.21 cm2 ± 15.99 cm2 & OKC: 56.89 cm2 ± 26.81 cm2, p = 

0.365), middle (CKC: 75.98 cm2 ± 18.64 cm2 & OKC: 75.18 cm2 ± 20.86 

cm2,  p = 0.726), or distal (CKC: 61.06 cm2 ± 17.87 cm2 & OKC: 62.89 cm2 ± 

16.16 cm2, p = 0.256) locations. 
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Table 7. Cohort Characteristics 

 All (n = 12) Male (n = 7) Female (n = 5) 

Completed sessions 23.67 ± 0.49 23.57 ± 0.53 23.8 ± 0.44 

Age (yrs) 21.25 ± 3.52 22.28 ± 4.38 19.8 ± 0.83 

Height (cm) 171 ± 7.60 171 ± 7.63 163.81 ± 4.25 

Weight (kg) 66.46 ± 9.48 66.46 ± 9.48 58.63 ± 6.25 

Body fat (%) 18.47 ± 6.53 14.21 ± 4.58 24.44 ± 3.12 

OKC leg length (cm) 46.08 ± 2.53 46.71 ± 2.62 45.2 ± 2.36 

CKC leg length (cm) 46.67 ± 2.36 47.21 ± 2.967 45.9 ± 0.89 

The above table depicts characteristics of the cohort of participants that 

completed the intervention successfully with data pooled and separated by 

gender. 

 

Strength Assessment: 

Following completion of the intervention, a significant increase in both absolute 

and relative one repetition maximum (1RM) was observed for both the CKC 

(Absolute 1RM: Δ 32.39 kg ± 14.48 kg, p < 0.001; Relative 1RM: Δ 0.48 x 

body mass  ± 0.20 x body mass, p < 0.001) and OKC (Absolute 1RM: Δ 17.61 

kg ± 9.74 kg, p < 0.001; Relative 1RM: Δ 0.27 x body mass  ± 0.14 x body 

mass, p < 0.001) conditions (Figure 8). As the CKC exercise involved muscles 

both at the knee and hip no direct comparisons were made between 
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exercises.  However, rating of perceived exertion, as measured via the Borg 

CR-10 scale of perceived exertion, was similar (p>0.05) between conditions 

and did not change over time for either CKC (Δ 0.83 ± 2.2,  p = 0.226) or OKC 

(Δ 0.83 ± 1.4, p = 0.845) conditions indicating similar exertion between testing 

.  

 

Figure 8. Absolute (left) and relative (right) 1RM. Significant differences (p ≤ 

0.05) from pre to post intervention are indicated via *.  

 

Muscle Volume & CSA: 

 

Whole quadriceps femoris volume significantly increased for both the CKC (Δ 

60.23 cm3 ± 110.52 cm3, p = 0.020) and OKC (Δ 79.47 cm3 ± 87.89 cm3, p = 

0.020) conditions (Figure 9).  Furthermore, the magnitude of increase was 

similar between conditions for the whole quadriceps femoris (p = 0.285) 
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indicating that both groups experienced a similar magnitude of hypertrophy 

(Figure 9). 

 

Figure 9.  Quadriceps femoris volume. Significant differences (p ≤ 0.05) from 

pre to post intervention are indicated via *.  

 

When comparing changes in quadriceps femoris CSA (CSA) between the 3 

regions of interest (proximal-, mid- and distal-thigh), a significant main effect of 

time was observed for quadriceps femoris CSA change at the middle (Δ 3.572 

cm2 ± 1.3 cm2, p  = 0.020) and distal (Δ 7.02 cm2 ± 2.45 cm2, p = 0.015) 

locations, but not proximal (Δ 0.3 cm2 ± 1.43 cm2, p = 0.836) location. Post-hoc 

analysis revealed that, that the CKC condition experienced a significant 

increase in CSA at the distal location (Δ 6.777 cm2 ± 2.99 cm2, p = 0.044) but 

not in either the proximal (Δ 0.3 cm2 ± 1.56 cm2, p = 0.849) or middle (Δ 1.95 

cm2 ± 1.64 cm2, p = 0.259) locations (Figure 10). In contrast, the OKC 
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condition experienced a significant increase in CSA at both the mid (Δ 5.2 cm2 

± 1.39 cm2, p = 0.003) and distal (Δ 7.260 cm2 ± 2.029 cm2, p = 0.004) 

locations but not the proximal (Δ -0.910 cm2 ± 1.9 cm2, p = 0.643) location 

(Figure 10).   

 

Figure 10. Changes in quadriceps femoris CSA following CKC (left) and OKC 

(right) training at the proximal (Pros), middle (Mid) and distal (Dis) thigh. 

Significant differences (p  ≤ 0.05) from pre to post intervention are indicated 

via *.  

 

CoM & I:  

The location of the CoM of the quadriceps femoris was similar between 

exercise conditions prior to the exercise intervention (p = 0.457). After the 

exercise intervention the CoM remained unchanged in the CKC exercise 

condition (Absolute: Δ -2.17 cm ± 2.04 cm ; Relative: Δ -4.67% leg length ± 
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4.41 % leg length, p>0.05) but shifted distally in the OKC condition (Absolute: 

Δ 1.32 cm ± 1.87 cm ; Relative: Δ 2.81% leg length ± 4 % leg length, p < 

0.001) and a significant interaction effect (exercise over time) was observed 

(Absolute: Δ 4.38 % leg length ± 0.387 % leg length; Relative: Δ 2.41 cm ± 

0.35 cm, p <  0.001: Figure 11) 

 

Accompanying changes in location of CoM, similar changes in I were 

observed as an interaction effect of exercise over time was observed (Δ 0.022 

kgm2 ± 0.003 kgm2, p < 0.001) and I was increased in the OKC condition (Δ 

0.017 kgm2 ± 0.014 kgm2, p < 0.001 ) but remained unchanged in the CKC 

condition (Δ -0.022 kgm2 ± 0.020 kgm2, p > 0.05: Figure 11).  

 

Figure 11. CoM (left) and I (right). Significant differences (p ≤ 0.05) in change 

from pre to post intervention between conditions are indicated via #.  
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CHAPTER 5  

DISCUSSION 

 

The present study was the first to investigate the differing effects of CKC and 

OKC knee extension exercises on patterns of quadriceps femoris hypertrophy 

and their effect on CoM and I of the muscle relative to the hip. Our findings 

indicated that patterns of hypertrophy differed between CKC and OKC knee 

extension exercises and that these patterns differentially shifted CoM and thus 

differentially altered I about the hip. The OKC knee extension training resulted 

in an increase in quadriceps femoris CSA both at the middle of the femur and 

the distal aspect, while the CKC knee extension training only resulted in an 

increase in quadriceps femoris CSA at the distal aspect. This resulted in a 

more proximal bias in mass allocation following CKC training than OKC 

training and thus caused the CoM of the thigh to shift proximally while 

reducing I about the hip, supporting our hypothesis. Given proximal 

hypertrophy is beneficial to performance during running as the thigh moves 

about the hip (15, 45, 46), these findings suggest that running athletes should 

skew exercise selection towards CKC knee extensions exercises over OKC, 

while making these decisions in conjunction with other best standards of 

practice for exercise prescription and within necessary training parameters. 

These findings are important as they carry implications for performance and 

can be used to inform exercise prescription for specific sports performance 

needs.  
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The present study had initially recruited 15 untrained participants and 3 had 

failed to complete the study. Of the original 15 recruited, selection bias may 

have occurred given a majority of recruitment had taken place via word of 

mouth in Kinesiology classrooms. However, all participants were untrained 

and not all participants were recruited via this method. Of the participants that 

reached out to the research team, those invited were randomly invited to be 

screened and if they met study criteria they were recruited. It stands to reason 

that selection bias would not have altered the results of the study given 

training status was controlled for and there are no reasonable physiologic 

differences between the quadriceps of untrained Kinesiology students and 

untrained students of other majors. Of the 3 participants who had been 

removed from the study, the bias in removal was arbitrary and unique to each 

case and should not have skewed the remaining population’s data in any way.  

 

It is unlikely that patterns of hypertrophy would have manifested differently in a 

trained population. Mechanics of OKC and CKC movements do not vary 

based on an individual’s training status so would be expected to elicit similar 

results if performed within the context of a larger resistance training program. 

However, those who are well trained adapt at a slower rate than individuals 

who are untrained. Additionally, athletes who are very well adapted may 

experience a detraining effect if they are limited to training one movement 

several times per week. Due to this, repeating the present study in an 8 week 
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period with an athletic population may not convey the same clinical 

significance as the present study and may suggest unfavorable changes in 

muscle volume and strength. However, if a part of a larger comprehensive 

program that is maintained habitually athletes should experience similar 

benefits to the population tested over time. Additionally, at an elite level slight 

changes in performance make clinically significant impact on sports 

performance and the exponential effect CoM has on I supports the benefit for 

athletic populations, even if the total shifting is minimal due to resistance to 

hypertrophy. 

 

The present study’s findings suggest that exercise selection can influence 

training outcomes in meaningful ways, which may mean that resistance 

training program design practices should account for exercise selection in 

ways that have not been previously recommended. Doing so will allow more 

precise control over the resulting adaptations from training and thereby 

improve resistance training efficacy. However, more research is needed to 

support specific programming recommendations within a comprehensive 

resistance training program. 

 

Patterns of Hypertrophy: Following completion of the 8 week training 

intervention, patterns of hypertrophy differed between conditions. Patterns of 

hypertrophy for both exercises were inhomogeneous with proximal, middle, 

and distal aspects of the quadriceps femoris undergoing differing degrees of 
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hypertrophy. The CKC training only resulted in significant distal hypertrophy 

while the OKC condition resulted in significant hypertrophy at both the mid and 

distal quadriceps femoris. Differences in patterns of hypertrophy may be 

attributed to task specific motor unit recruitment favoring mechanically 

favorable muscle fiber activation during one condition over the other, though 

limited research has been conducted on task specific motor unit recruitment to 

date (24).  

 

Past work by Blazevich et al. (2006) supports that muscular compartments of 

the quadriceps femoris differ architecturally along their length and thus have 

mechanically different regional properties regarding their force transmission 

potential (3). This has been supported to be partly attributable to differences in 

muscle thickness, which positively relate to differences in muscle fascicle 

angle (3).  Past research by Mitchell et al. (1997) had provided additional 

support for the existence of the regional differences noted by Blazevich et al. 

(2006) across the length of muscular compartments of the quadriceps femoris 

by specifically investigating the vastus medialis (3, 27). Mitchell et al. (1997) 

identified mechanical differences within the vastus medialis muscular 

compartment’s proximal and distal aspects which suggests that within-

compartment muscle fiber recruitment may have been task specific in the 

vastus medialis  (24, 27). Given motor unit recruitment has been demonstrated 

to be task specific and that architectural differences along the length of the 

individual muscular compartments of the quadriceps femoris have been 
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demonstrated to be mechanically dissimilar, it is reasonable to conclude that 

recruitment within the quadriceps femoris specifically may be task specific. 

CKC and OKC exercises are discrete tasks which place different demands on 

the body and thus may have resulted in differences in motor unit recruitment. 

Differences in muscular compartment involvement, quadriceps morphology at 

the point of peak resistance torque, and differences in motion at the hip joint 

may have driven this (3, 10, 18). The greatest muscular hypertrophy has been 

reported to occur in recruited motor units and active tissue, with magnitude of 

hypertrophy varying by specific motor unit recruited, thus explaining the 

differential hypertrophy localization between CKC and OKC conditions 

reported in the present study (47). Due to co-contraction of other agonists to 

drive hip extension during the CKC movement that was not present in the 

OKC movement, the absolute load used for the CKC movement was greater 

than the OKC movement. However, the relative loading of the quadriceps 

femoris itself should not have differed between conditions given its force 

production capacity would not have been altered with the involvement of other 

muscles, and by extension relative hypertrophy should not have differed 

dependent on loading (48) . The effects on patterns of hypertrophy of these 

CKC and OKC knee extension movements should reasonably translate to 

other variations of CKC and OKC knee extension movements. 

 

The quadriceps femoris may have experienced differences in task specific 

demands, and thus hypertrophy localization, between performing CKC and 
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OKC exercises due to inherent differences between exercise type. CKC 

exercises result in peak torque on the knee joint being reached when the knee 

is maximally flexed and the quadriceps are maximally lengthened (19). 

However, OKC exercises result in peak torque on the knee joint being reached 

when the knee is maximally extended and the quadriceps are maximally 

shortened (20). Given fascicle angle changes with muscle length, peak torque: 

a meaningful driver of hypertrophy, was applied to the quadriceps femoris 

under mechanically different conditions between exercises (47). Fiber angle 

has been reported to alter muscle fiber force and shortening velocity, thus 

imposing different mechanical demands on the tissue (29). Furthermore, 

active muscle tissue has been reported to variably gear, altering muscle fiber 

angle dependent on task-specific demands to best meet those demands (29). 

Differences in fascicle length and angle have been demonstrated to have 

implications for sports performance and facilitate performance differentially in 

sprinters and runners (6, 22). It is reasonable that differences in torque-related 

demands on the knee joint resulted in differences in muscle gearing and thus 

different localized hypertrophy responses dependent on the regions that were 

more suited to the gearing required to meet task demands. However, more 

research is needed to investigate this.  

 

Differences in patterns of hypertrophy may have also been driven by 

differences in rectus femoris involvement and subsequent hypertrophy. 

Though rectus femoris hypertrophy did not significantly differ between the 
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CKC and OKC condition (p = 0.376), it may have had a greater role in 

extending the knee during the CKC exercise, which is in line with past 

research due to its biarticular nature (13). This may have partially shifted 

emphasis away from the other compartments of the quadriceps femoris during 

training and in having done so reduced the overall amount of hypertrophy in 

those compartments due to differences in muscle activation (17, 49). Those 

compartments may have been disproportionately responsible for mid-thigh 

hypertrophy, explaining the lack of significant hypertrophy in that region 

following the CKC intervention, but more research is needed to conclude this. 

Thus, the middle of the thigh may have not received as much of a hypertrophy 

stimulus in the CKC condition.  

 

CoM and I: Significant hypertrophy was observed at two regions distal to this 

point in the OKC condition and one region beyond this point in the CKC 

condition, which resulted in CoM being significantly shifted more distally in 

response to OKC training. Though non-significant proximal hypertrophy was 

observed in the CKC condition, the non-significant change was large enough 

to induce a significant proximal shift in CoM. Given the location of CoM has an 

exponentially greater impact on I than mass as I =mr2, this shift resulted in 

significantly increased I about the hip in the OKC condition and reduced I 

about the hip in the CKC condition (8, 10, 16). The significant difference in I 

about the hip between conditions suggests that resistance torque of the thigh 

is lowered and any given amount of angular acceleration about the hip will 
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occur with less muscle force following CKC training, and OKC training would 

result in the opposite (50, 51). These changes were measured in the 

quadriceps exclusively and not the thigh in its entirety because differences in 

patterns of hypertrophy were expected in the quadriceps specifically while the 

mass of other aspects of the thigh such as the femur were not expected to 

meaningfully change in response to the training intervention. However, it 

stands to reason that a shift in CoM and I in the quadriceps would result in a 

shift in the thigh itself given the quadriceps muscle is positioned along the 

longitudinal axis of the thigh shank (4). Though, the effect of the observed 

patterns of hypertrophy on the CoM and I of the whole thigh is lesser, but still 

clinically meaningful, than that of the quadriceps alone because the whole 

thigh is heavier.  

 

Muscular Strength and Size: Despite significance being found in change in 

muscular size and strength, large standard deviations were observed due to 

the participant population being comprised of various genders and individuals 

of varied heights. Absolute muscular strength was reported to have increased 

for both conditions, supporting that both conditions may benefit sports 

performance, given greater absolute muscular force production is associated 

with greater performance in many common sports activities such as running 

and jumping (52, 53). Differences in muscular strength change between 

conditions were not assessed given the inherent differences in absolute load 

between the CKC and OKC conditions. During the CKC condition coactivation 
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of the gluteus maximus contributes to muscular force production and 

increases the absolute load used at a given relative intensity contrasted to the 

OKC condition where the quadriceps femoris is the only large agonist involved 

in muscular force production. RPE during muscular strength testing was 

similar from pre to post intervention for the CKC and OKC conditions, 

suggesting that the strength tests were reliable measures for participants and 

that the technical difficulty of either movement did not limit pre intervention 

strength testing performance. Similar reported RPE from pre to post 

intervention also suggests that perceptions of exercise intensity and ability to 

exert force were not altered by changes in menstruation status, which have 

been previously linked to RPE (54). Given the duration of the 8 week 

intervention period, female participants were likely to have undergone strength 

testing in similar menstrual cycle phases if their cycles were of a normal length 

(55). However, given that significant increases in muscular strength and 

volume from pre to post intervention were observed in both conditions it is 

reasonably supported that both training conditions result in favorable 

adaptation in that CKC and OKC training both result in the development of 

more muscle mass and increased muscular strength. Though increased 

muscle mass makes a limb harder to move around a joint due to effectively 

increasing I, increasing its size can facilitate greater muscle force production 

and increase muscular strength, facilitating high performance(52, 53, 56). 

Coupling this increase in mass with a favorable shift in CoM, the increase in I 

about a joint caused by increased mass can be negated by a decrease in I 
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and performance predicated on movement around that joint may have 

meaningfully improved. 

 

Performance and Therapeutic Applications: Given both conditions resulted 

in favorable adaptation in terms of muscular strength and size, difference in 

training efficacy was defined by shift in CoM and the resulting change in I. 

Thus it is supported that CKC training is more beneficial for performance than 

OKC training during movements where the thigh moves about the hip, such as 

the swing phase of running, which has been demonstrated to be an important 

movement in sports performance (45, 57). In movements requiring the thigh to 

move about the knee, OKC training would be more beneficial for performance. 

It is favorable for athletes to require less muscle force to achieve any given 

angular acceleration around the hip joint as well as increase peak angular 

acceleration around the hip joint during a maximal power contraction of the 

quadriceps femoris (11, 22, 58, 59). Reducing the muscle force required to 

achieve a given angular acceleration (T = Iꭤ, where T = effort torque, I = I 

about the origin, and ꭤ = angular acceleration) of the thigh about the hip is 

beneficial given it will reduce muscular fatigue and prolong the duration of high 

performance (59). Increasing peak angular acceleration is beneficial in many 

sports given greater angular acceleration is associated with greater propulsion 

which increases linear velocity of the whole body and greater linear velocity of 

the whole body is associated with greater success in many sports (7, 60–62).  
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The current study supports the use of CKC knee extension movements for 

athletes, which has been supported by the literature for reasons other than 

those presented in this study, such as strengthening multiple muscles involved 

in running action as opposed to just one (57, 64–66). Due to this, the current 

work can be used to inform evidence-based practice and strengthen support 

for and use of CKC knee extension movements over OKC as it supports 

current best practices.  However, optimal exercise prescription within the 

context of a full periodized program with appropriate volume for a highly 

trained athlete is currently unknown. Due to this, skewing training towards 

prescription of CKC knee extension exercises can be recommended for 

evidence-based training, however exact prescription parameters are currently 

unknown. 

 

Therapeutic applications of this research are promising but will vary and 

require further investigation. Given exercise selection has been suggested to 

influence hypertrophy localization, targeting hypertrophy induction in injured 

tissues in specific regions of the quadriceps may be possible and allow for 

case-specific and condition-specific rehabilitation practices (25, 67). Those 

with general atrophy of the quadriceps femoris may benefit from CKC training 

as it would facilitate ease of activities of daily living such as standing from 

sitting and walking by making it easier for movement of the thigh about the hip 

(46, 68).  However, this would require further investigation to confirm.  
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These results are also informative and useful for the non-athletic general 

population, as improving I results in an improved running economy, and thus 

can increase duration of aerobic activity, which can contribute to helping 

regular individuals meet physical activity guidelines for aerobic exercise more 

readily (9, 63).  

 

Limitations: The present study had multiple limitations. Range of motion for 

both exercises was fixed to the range of 90 to 180 degrees of knee extension 

which does not comprise the entire range of motion of knee extension 

activities of 70 to 180 degrees of knee extension. Due to mechanical 

limitations in our method of performing a single legged squat, most 

participants were unable to travel further than 90 degrees without resting their 

back leg on the floor. If a fuller range of motion were used it is plausible that 

the magnitude of hypertrophy and thereby effect of the training protocol may 

have been greater in both conditions due to increased time under tension (47). 

Due to logistical limitations and time constraints, MRI slices were analyzed at 

fixed points along the length of the femur and cubic spline interpolation was 

used to model the rest of the quadriceps femoris derived from the analyzed 

slices CSA, and their location. Though this method has previously been used 

by other researchers to model the quadriceps femoris, having every slice 

analyzed may have allowed for a more comprehensive understanding of 

differences in hypertrophy localization between conditions (11, 43). 
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During the duration of the intervention period, protein consumption habits were 

not tracked for any participants. However, participant protein consumption 

habits may have influenced results. Given underconsumption of protein has 

been linked with lesser hypertrophy following resistance training and high 

consumption has been linked with increases in muscular hypertrophy and 

strength, it is plausible that the magnitude of change in muscle volume and 

strength may have differed based on participant consumption patterns (69, 

70). This may have resulted in either a blunted observed effect of the 

intervention. Of additional note, the cohort of participants involved in the study 

did not have any unusual characteristics that would limit generalizability of the 

present study’s findings. 

 

Conclusion:  The present study was the first to investigate differences in 

regional hypertrophy of a muscle following CKC and OKC training. An 

untrained population was used, but results are generalizable to larger athletic 

populations. Both training interventions had resulted in significant and similar 

hypertrophy of the quadriceps femoris and significant increases in muscular 

strength. However, localization of hypertrophy varied with CKC training 

producing significantly distal hypertrophy and OKC training producing 

significant hypertrophy at the middle and distal aspects of the quadriceps 

femoris. This resulted in a CoM being shifted distally following OKC training 

when compared to CKC training and a greater increase in I about the hip after 

OKC compared to CKC. As a more proximal CoM and lower I provides a 



64 
 

mechanical advantage when running, and faster sprinters have been observed 

to have more funnel shaped thighs (greater proximal muscle mass and less 

distal muscle mass) these results suggest the CKC exercises are more 

favorable to choose over OKC for runners and athletes who could benefit from 

faster running speeds or improved running economy. These findings should 

translate from unilateral CKC and OKC movements to bilateral CKC and OKC 

movements when put into practice in the field. Though current understanding 

of the effects on athletic performance are derived from simple mathematical 

modeling and not direct observation, therefore further investigations into the 

direct impact that exercise selection has on patterns of quadriceps 

hypertrophy and subsequently on athletic performance is required.  
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APPENDIX I 

Consent Form for Research 

 

We hope that you consider taking part in our study examining how exercise 

affects quadriceps muscle growth, shape, blood flow, and functional 

performance.  We believe that this study (detailed below) has the potentially to 

significantly improve the effectiveness of sports medicine, athletic, and 

physical therapy programming by providing important knowledge on what 

specific types of exercises do to the quadriceps. 

 

STUDY TITLE- Effects of open and closed kinetic chain exercises on 

proximal vs. distal hypertrophy of the quadriceps.  

 

PRINCIPAL INVESTIGATOR 

 

Principal Investigator: Jacob Earp, Ph.D.  Office (401) 874-7845 

       Email: jacob_earp@uri.edu 

 

 

KEY INFORMATION 

 

Important information to know about this research study: 
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● The purpose of the study is to determine if the exercises a person uses 

to train causes their muscle to hypertrophy (grow in thickness) at 

different locations. 

● If you choose to participate, you will be asked to take part in 8 weeks of 

resistance training in which you will train using the squat exercise on 

one leg and the leg extension exercise on the other leg for.  You’ll be 

asked to train 3 days per week and each training session should last 

~30 min.  

● In addition to the training you will also be asked to take part in 2 days of 

testing before and after the training.  As part of this testing you will have 

an MRI scan (imaging) of your legs taken at South County Hospital and 

be asked to perform a strength test. 

● The total time commitment to take part in this study is approximately 

13.5 hours.   

● Risks or discomforts from this research include mild muscle soreness 

from performing the leg extension exercises. 

● The study will be used to determine what aspects of a resistance 

training or physical therapy program should be emphasized to promote 

growth in different regions of the quadriceps (a muscle group in your 

upper leg).  This can help people to target their training for specific 

parts of the muscle which are 1) injured, 2) at risk of injury or 3) 

important for sport performance. 

● You will be provided a copy of this consent form. 
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● Taking part in this research project is voluntary. You don’t have to 

participate and you can stop it any time.  

 

INVITATION 

 

You are invited to take part in this research study. The information in this form 

is meant to help you decide whether or not to participate. If you have any 

questions, please ask.  

 

Why are you being asked to be in this research study?  

 

You are being asked to be in this study because you may be interested in 

participating in research related to kinesiology, physical therapy or sports 

medicine.  To take part you must be between the  

ages of 18-35 and currently free from any current injury or illness or any 

other lower leg injury which might prevent you from being able to safely 

perform leg extension or squat exercises. Additionally you must not have 

engaged in regular resistance training exercise (using weights for your 

lower body 2 or more days per week) for your lower body within the last 6 

months. 

 

What is the reason for doing this research study?  
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The way in which certain types of exercises (open and closed kinetic chain) 

affect the way the quadriceps muscle grows and its mechanics are not yet 

fully known. There is reason to believe that regions of the quadriceps will 

grow differently depending on whether open and closed chain exercises 

are performed. If the way that these exercises influence quadriceps growth 

becomes known then practitioners (in both physical therapy and strength 

and conditioning) will be better able to design programs for their respective 

patients and clients. Specific parts of the quadriceps that need to be 

strengthened and rehabilitated by therapists can be more efficiently 

targeted, and coaches can train their athlete’s quadriceps to better 

optimize performance.  

 

What will be done during this research study?  

 

After signing this informed consent document we will ask you to complete a 

health history questionnaire and physical activity survey to ensure that you 

are free from any lower body injury, which might interfere with your ability 

to take part in testing and should your testing session and provide 

descriptive information (this should take about 10 min). 

 

During the pre-training testing, you’ll be met at the South County Hospital 

to undergo a lower body MRI scan. Before undergoing MRI testing you’ll 

complete a food recall log where you’ll have to recall what you’d eaten over 
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the past day to the best of your ability from memory. You will additionally 

be asked to provide a urine sample in a specimen collection cup to be 

analyzed and then immediately discarded before undergoing body 

composition testing of your entire body via BIA, which is a noninvasive 

measurement tool that simply requires you stand on a scale. Afterwards 

you’ll perform a standardized warm-up consisting of 5 min of low intensity 

aerobic exercise followed by a series of low intensity lower body exercises 

& stretches.  Afterwards, a small probe will be placed on the skin over your 

quadriceps muscle that will record muscle activity.  Once this set-up is 

completed you’ll be asked to perform a series of two different types of leg 

exercises.  One will be a single leg squat and the other a single leg leg 

extension. Afterwards, you will be asked to participate in 8 weeks of 

resistance training (3 days per week), in which you’ll perform, these two 

different exercises on different legs. Once the intervention concludes you 

will undergo one final MRI scan. The entire study should take 

approximately 9 weeks and approximately 10.5 hours. 

 

 

How will my data be used? 

 

Your data will coded so that you cannot be identified and results from 

analysis of your data will 
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presented at scientific conferences and published in scientific journal 

without any individual identifiers. 

 

 

What are the possible risks of being in this research study? 

 

There are minimal risks to you from being in this research study such as 

delayed muscle soreness from exercise or mild skin agitation from 

adhesives used to secure equipment to your skin. There are risks 

associated with MRI use, however the risks of MRI testing will be 

minimized via screening, however MRI use is contraindicated if pregnant or 

with certain other implantations or conditions. To ensure you are eligible to 

undergo MRI testing a pre-screening form will be administered to you.  

 

What are the possible benefits to you? 

 

You may experience increased muscle size and strength of your 

quadriceps muscles on both legs, as would be expected during an 8 week 

training intervention. 

 

What are the possible benefits to other people? 
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The results from this study will provide information that can potentially be 

used to improve the effectiveness of exercise programs that are designed 

to help people to prevent or recover from tendon injury. 

 

What are the alternatives to being in this research study?  

 

Instead of being in this research study you can decide not to take part in 

this study without any repercussions. 

 

What will being in this research study cost you?  

 

There is no cost to you to be in this research study.  

  

Will you be compensated for being in this research study?  

 

You will receive $250 for the time commitment associated with the study. 

Several payments will be made during the duration of the intervention to 

equal this amount for your time investment. 

 

What should you do if you have a problem during this research study? 

 

Your welfare is the major concern of every member of the research team. If 

you have a problem as a direct result of being in this study, you should 
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immediately contact one of the people listed at the beginning of this 

consent form.  

 

How will information about you be protected?  

 

Reasonable steps will be taken to protect your privacy and the 

confidentiality of your study data.  The data will be stored electronically 

through a secure server and will only be seen by the research team during 

the study.  The only persons who will have access to your research records 

are the study personnel, the Institutional Review Board (IRB), and any 

other person, agency, or sponsor as required by law. The information from 

this study may be published in scientific journals or presented at scientific 

meetings but the data will be reported as group or summarized data and 

your identity will be kept strictly confidential. 

 

What are your rights as a research subject?  

 

You may ask any questions concerning this research and have those 

questions answered before agreeing to participate in or during the study. 

 

For study related questions, please contact the investigator(s) listed at the 

beginning of this form. 
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For questions concerning your rights or complaints about the research contact 

the Institutional Review Board (IRB) or Vice President for Research and 

Economic Development:   

 

• IRB: (401) 874-4328 / researchintegrity@etal.uri.edu.  

• Vice President for Research and Economic Development: at (401) 

874-4576 

 

What will happen if you decide not to be in this research study or decide 

to stop participating once you start?  

 

You can decide not to be in this research study, or you can stop being in 

this research study (“withdraw’) at any time before, during, or after the 

research begins for any reason. Deciding not to be in this research study or 

deciding to withdraw will not affect your relationship with the investigator or 

with the University of Rhode Island (list others as applicable). 

 

You will not lose any benefits to which you are entitled. 

 

Documentation of informed consent 

 

You are voluntarily making a decision whether or not to be in this research 

study. Signing this form means that (1) you have read and understood this 

mailto:researchintegrity@etal.uri.edu
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consent form, (2) you have had the consent form explained to you, (3) you 

have had your questions answered and (4) you have decided to be in the 

research study. You will be given a copy of this consent form to keep.  

 

 

Participant Name: 

 

 ______________________________________ 

          (Name of Participant:  Please print) 

 

 

Participant Signature: 

 

 ______________________________________  

 _______________ 

         Signature of Research Participant             

Date 

 

 

Investigator certification: 

 

My signature certifies that all elements of informed consent described on 

this consent form have been explained fully to the subject. In my judgment, 
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the participant possesses the capacity to give informed consent to 

participate in this research and is voluntarily and knowingly giving informed 

consent to participate. 

 

 

 ______________________________________  

 _______________ 

         Signature of Person Obtaining Consent           

Date 
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APPENDIX II 

Health History Questionnaire 
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APPENDIX III 

Two Day Food Record 

Write down everything you ate yesterday. Include all meals and 

snacks and the amount eaten. 

Day 1 

Meal & 

Time 

Food or 

Beverage 

Item 

Amount Method of 

Preparation 

Do not write in 

this space 

Breakfast     

     

     

Snack     

     

     

Lunch     

     

     

Snack     

     

Dinner     
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Evening     

     

     

 

Day 2 

Meal &  

Time 

Food or 

Beverage 

Item 

Amount Method of 

Preparation 

Do not write in 

this space 

Breakfast     

     

     

Snack     

     

     

Lunch     

     

     

Snack     
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Dinner     

     

     

     

     

Evening     
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APPENDIX IV 

Data Collection Sheet 

Squat limb: ___________ 

Leg Extension Limb: ___________ 

Exercise Order: (1) ______________ (2)_______________ 

Descriptors/DV’s: 

Age  

Gender  

Training Status (Starting)  

Height cm in 

Weight kg lb 

BMI Kg/m2 

Body Fat % % 

Thigh length (Left) cm in 

Thigh length (Right) cm in 

PRE Squat 1RM kg lb 

PRE Leg Extension 1RM kg lb 

POST Squat 1RM kg lb 

POST Leg Extension 1RM kg lb 



82 
 

 

APPENDIX V 

Intervention and Strength Testing Data Collection Sheets 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

1 Hypertrophy 3 12 50 90 

2 Hypertrophy 3 10 75 90 

3 Hypertrophy 3 8 80 90 

4 Strength 4 6 85 120 

5 Strength 4 6 85 120 

6 Hypertrophy 3 12 67 90 

7 Hypertrophy 3 10 75 90 

8 Hypertrophy 3 8 80 90 

 

1RM Testing Protocol (Date: ______________ to __________) 

Set Estimated Intensity Repetitions Rest 

Cycling 

(60rpm) 

0.5 kp 2.5 minutes N/A 
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Knee Hug N/A 8 N/A 

Quad Pull N/A 8 N/A 

Leg Swing N/A 8 N/A 

Bodyweight 

Squat 

N/A 8 1 

1 50%  (Assume this is 

the bar weight) 

5-6 1 

2  %-90% 4-12 2-3 

3 65%-90% 4-12 2-3 

 

Bike Height: ___________ 

Squat limb: ___________  Squat bar depth: ______________ Heel 

Placement: __________ (In) 

Leg Extension Limb: ___________  Tripod height: _____________  

Backrest holes visible in front (towards person): ______ (0-3)  

Backrest holes visible in back (away from person): ______ (0-2) 

Limb Order: (1) ____________(D or ND) (2) ______________ (D or ND) 

Limb Order:  (1)____________(L or R) (2) ______________ (L or R) 

Exercise Order: (1) ______________ (2)_______________ 
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Squat 

Load: __________, Rep Number Hit: ___________ 1RM: _________  

(From Chart) 

 

Leg Extension 

 

Load: __________, Rep Number Hit: ___________ 1RM: _________ 

 (From Chart) 

 

Squat: 

 

First 1RM: _______________________________ 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 
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New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

 

Leg Extension: 

 

First 1RM: _______________________________ 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 
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New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 

New 1RM*: _____________________________ (Date increase begins: 

______________)** 
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New 1RM*: _____________________________ (Date increase begins: 

______________)** 

 

* 5% greater than previous 1RM (rounded up), only increase following 2 for 2 

rule. Only update during training, NOT on 1RM testing day 

** This is the date training load calculations become based off of the new 1RM 

value as determined by the 2 for 2 rule. 

 

WEEK 1 (Date: ______________ to ______________)    1RM for 

week:_________________ 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

1 Hypertrophy 3 12 50 90 

 

Squat Load: __________ (1RM x 0.50) 

Leg Extension Load: ________ (1RM x 0.50) 

 

SQUAT 

Da

y 

Set 1 Reps Set 2 Reps Set 3 Reps 
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1  XXXXXXXXXXXXXX

X 

XXXXXXXXXXXXXX

X 

XXXXXXXXXXX

XXXX 

2     

3    

 

Squat Notes: 

 

 

 

 

Leg Extension 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1  XXXXXXXXXXXXXX XXXXXXXXXXXXXX XXXXXXXXXXXX

XX 

2     

3    
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Leg Extension Notes: 

 

 

 

 

 

WEEK 2 (Date: ______________ to ______________)    1RM for 

week:_________________ 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

2 Hypertrophy 3 10 75 90 

 

Squat Load: __________ (1RM x 0.75) 

Leg Extension Load: ________ (1RM x 0.75) 

 

SQUAT 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     
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2     

3    

 

Squat Notes: 

 

 

 

 

Leg Extension 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     

2     

3    

 

Leg Extension Notes: 
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WEEK 3 (Date: ______________ to ______________)    1RM for 

week:_________________ 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

3 Hypertrophy 3 8 80 90 

 

Squat Load: __________ (1RM x 0.80) 

Leg Extension Load: ________ (1RM x 0.80) 

 

SQUAT 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     

2     

3    
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Squat Notes: 

 

 

 

Leg Extension 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     

2     

3    

 

Leg Extension Notes: 
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WEEK 4 (Date: ______________ to ______________)    1RM for 

week:_________________ 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

4 Strength 4 6 85 120 

 

Squat Load: __________ (1RM x 0.85) 

Leg Extension Load: ________ (1RM x 0.85) 

 

SQUAT 

Day Set 1 Reps Set 2 Reps Set 3 Reps Set 4 Reps 

1      

2      

3     

 

Squat Notes: 
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Leg Extension 

Day Set 1 Reps Set 2 Reps Set 3 Reps Set 4 Reps 

1      

2      

3     

 

Leg Extension Notes: 

 

 

 

 

WEEK 5 (Date: ______________ to ______________)    1RM for 

week:_________________ 
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Week Training Goal Sets Reps Load (%1RM) Rest (s) 

5 Strength 4 6 85 120 

 

Squat Load: __________ (1RM x 0.85) 

Leg Extension Load: ________ (1RM x 0.85) 

 

SQUAT 

Day Set 1 Reps Set 2 Reps Set 3 Reps Set 4 Reps 

1      

2      

3     

 

Squat Notes: 

 

 

 

 

Leg Extension 
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Day Set 1 Reps Set 2 Reps Set 3 Reps Set 4 Reps 

1      

2      

3     

 

Leg Extension Notes: 

 

 

 

 

WEEK 6 (Date: ______________ to ______________)    1RM for 

week:_________________ 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

6 Hypertrophy 3 12 67 90 

 

Squat Load: __________ (1RM x 0.67) 

Leg Extension Load: ________ (1RM x 0.67) 
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SQUAT 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     

2     

3    

 

Squat Notes: 

 

 

 

 

Leg Extension 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     

2     

3    
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Leg Extension Notes: 

 

 

 

 

WEEK 7 (Date: ______________ to ______________)    1RM for 

week:_________________ 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

7 Hypertrophy 3 10 75 90 

 

Squat Load: __________ (1RM x 0.75) 

Leg Extension Load: ________ (1RM x 0.75) 

 

SQUAT 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     
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2     

3    

 

Squat Notes: 

 

 

 

Leg Extension 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     

2     

3    

 

Leg Extension Notes: 
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WEEK 8 (Date: ______________ to ______________)    1RM for 

week:_________________ 

 

Week Training Goal Sets Reps Load (%1RM) Rest (s) 

8 Hypertrophy 3 8 80 90 

 

Squat Load: __________ (1RM x 0.80) 

Leg Extension Load: ________ (1RM x 0.80) 

 

SQUAT 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     

2     

3    

 

Squat Notes: 
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Leg Extension 

Day Set 1 Reps Set 2 Reps Set 3 Reps 

1     

2     

3    

 

Leg Extension Notes: 

 

 

 

Post Testing 1RM Testing Protocol (Date: ____________ to 

____________) 

Set Estimated Intensity Repetitions Rest 
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Cycling (60rpm) 0.5 kp 2.5 minutes N/A 

Knee Hug N/A 8 N/A 

Quad Pull N/A 8 N/A 

Leg Swing N/A 8 N/A 

Bodyweight 

Squats 

N/A 8 1 

1 50%  (Assume this is 

the bar weight) 

5-6 1 

2 65%-90% 4-12 2-3 

3 65%-90% 4-12 2-3 

 

Only count sets where failure occurs between 8-12 reps: 

 

Squat 

Load: __________, Rep Number Hit: ___________ 1RM: _________ 

 (From Chart) 

 

Leg Extension 

Load: __________, Rep Number Hit: ___________ 1RM: _________  

(From Chart) 
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APPENDIX VI 

Borg CR-10 Scale of Perceived Exertion 

 While exercising we want you to rate your perception of exertion, i.e., 

how heavy and strenuous the exercise feels to you.  The perception of 

exertion depends mainly on the strain and fatigue in you muscles and on your 

feeling of breathlessness or aches in the chest. Look at this rating scale; we 

want you to use this scale from 1 to 10, where 1 means “no exertion at all”  

and 10 means “maximal or very, very strong exertion.” For most people this 

 is the most strenuous resistance exercise they have ever experienced.  

Try to appraise your feeling of exertion as honestly as possible, without 

thinking about what the actual physical load is.  Don’t underestimate it, but 

don’t overestimate it either.  It’s your own feeling of effort and exertion that’s 

important, not how it compares to other people’s. What other people think is 

not important either. In addition, this scale has no anchor.  That is, if after 

giving a “10” on a previous rating, you decide that the current exercise is 

more strenuous, you may  give a higher number (i.e. “11”0.  Look at the  

scale and the expressions and then give a number. 

 Any questions?  
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APPENDIX VII 

Email Recruitment Script 

Dear [name], 

 

 A new and exciting research study is being conducted by the 

Department of Kinesiology at the University of Rhode Island! This study is 

currently seeking willing participants of any gender between the ages of 18-35 

who do not regularly resistance train their lower body to engage in lower body 

resistance training. The study will last approximately 10.5 hours over 9 weeks 

and compensation of $250 will be awarded to any participants that attend all 

training and testing sessions.  

 Eligible participants will not have regularly resistance trained their lower 

body for 2 or more days per week over the most recent 6 months.   

 If you are interested in learning more and potentially participating in this 

study, please reach out to the research team at 

URIQuadricepsStudy@gmail.com.  

Sincerely,  

The URI Quadriceps Study research team 

Principle Investigator Jacob Earp PhD, CSCS 

Jacob_earp@uri.edu  

401-874-7845 

 

mailto:URIQuadricepsStudy@gmail.com
mailto:Jacob_earp@uri.edu
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APPENDIX VIII 

Recruitment Flyer 
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