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ABSTRACT 

The purpose of this study was to investigate the effects of postactivation potentiation 

(PAP) on the activation of a lower-extremity stabilizer muscle (gluteus medius) in female 

division 1 collegiate athletes when performing an integrative rehabilitation exercise. Ten 

female collegiate athletes actively participating in sport were recruited from the women’s 

soccer, track and cross country teams. Participants were asked to perform one set of three 

repetitions of a single leg glute bridge (SLB) rehabilitation exercise with and without a 

PAP protocol. Mean, peak and time to peak muscle activation data were obtained via 

surface electrode electromyography (EMG). Results of this study revealed a statistically 

insignificant increase in peak, mean and decrease in time to peak muscle activation when 

comparing baselines EMG values of SLB to SLB performed after a PAP protocol within 

a 10-second time interval. These results suggest a PAP protocol may be implemented in 

the rehabilitation of a lower-extremity stabilizer muscle without harm to the patient 

however, potentiation may or may not occur within the 10-second time interval between 

PAP protocol and rehabilitation exercise performance task. Future studies should 

investigate different methodologies such as PAP prescription parameters, population 

injury status and EMG data analysis.   
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CHAPTER I 

INTRODUCTION 

Injuries that occur within athletic populations can be the result of a multitude of 

factors including improper biomechanics. The ways in which the body receives and 

reacts to the forces placed upon it by the surrounding environment can lead to harmful 

adaptations such as compensatory movements, malalignments of joints and functional 

imbalances. Athletic participation offers an abundance of opportunities for biomechanical 

perturbation by often placing the body in unfavorable positions and requiring athletes to 

utilize agility, strength and power to adapt and overcome several different forces.  

Despite the effectiveness of collegiate strength and conditioning training 

programs in improving sport-specific fitness, some athletes require further intervention 

from sports medicine clinicians such as athletic trainers, team physicians and physical 

therapists in order to provide individualized interventions for the correction of inherent 

biomechanical deficiencies predisposing them to injury. These interventions can be 

categorized as injury prevention programs or corrective-maintenance rehabilitation and 

can be implemented as soon as deficiencies are identified whether this occurs before or 

after the onset of pain, dysfunction or injury.  

Corrective exercise protocols have been strategized and organized by the National 

Academy of Sports Medicine (NASM) to create the Corrective Exercise Continuum. This 

process involves four phases including inhibition, lengthening, activation and integration. 

The primary goals of this protocol are to inhibit overactive muscles or soft tissue 

structures and increase activation of underactive muscles to reclaim balance of the 

patient’s biomechanical function.  
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Many techniques exist to inhibit overactive tissues such as myofascial release, 

neuromuscular stretching, and various manual therapy techniques however, other than 

general strengthening, not many techniques exist for increasing activation and integration 

of underactive muscles. Postactivation potentiation (PAP) and postactivation 

performance enhancement (PAPE) are potentiation protocols that have been applied in 

the strength and conditioning setting to increase activation and therefore performance of 

specific muscle groups. These performance enhancing activation protocols have not yet 

been translated to sports medicine rehabilitation likely due to the lack of consensus on 

prescription parameters.  

In summary, it is widely accepted that biomechanical insufficiencies in athletic 

populations can increase injury risk. Although clinicians have identified the need for 

increasing targeted muscle activation, there is a lack of muscle activation techniques to 

elicit this effect other than general strengthening of involved musculature. More research 

on postactivation potentiation and postactivation performance enhancement protocols is 

warranted in order to determine their applicability in a sports medicine rehabilitation 

setting.  

Purpose of Study 

 The purpose of this study was to investigate the effects of postactivation 

potentiation on the activation of a lower-extremity stabilizer muscle (gluteus medius) in 

female division 1 collegiate athletes when performing an integrative rehabilitation 

exercise.  
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Hypothesis 

1. The dominant gluteus medius mean and peak muscle activation will increase and time 

to peak muscle activation will decrease during the single leg glute bridge performance 

task following the potentiation protocol compared to baseline measures of the same 

performance task.  

Delimitations 

1. The present study controlled for gender, athletic NCAA division, conference, and 

university.  

2. Participants had no history of lower extremity injury within the last six months 

requiring surgery, physical therapy, treatment and being withheld from sport for 

greater than four weeks. 

3. Participants had no history of neuromuscular disorders affecting the lower extremity.  

4. Participants had no scarring or deformity affecting the lower extremity region of the 

gluteus medius.  

Limitations 

1. It is not possible to ensure participants contracted their gluteus medius with maximum 

effort when asked to do so. 

2. The presence of true postactivation potentiation was not confirmed from a 

physiological and molecular standpoint within the scope of the current study.  

Basic Assumptions 

1. Participants performed all exercises with full effort regarding form and accuracy in 

both baseline and experimental trials.  

2. Participants were honest about recent medical history. 
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Significance of Study  

The results of the current study could serve as evidence for or against the 

implementation of a potentiation protocol in the athletic rehabilitation setting. The 

purpose of applying a potentiation protocol prior to rehabilitation exercises would be to 

enhance the muscle activation of targeted muscles in efforts to improve muscular 

imbalances and increase strength to treat chronic and acute injuries as well as improper 

biomechanics for injury prevention purposes.  
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CHAPTER II 

REVIEW OF THE LITERATURE 

Lower-Extremity Injury Prevalence in Athletic Populations 

Chronic and acute injuries to the lower extremity are common within athletic 

populations and can occur at multiple skill levels (Kakouris et al., 2021; Lambert et al., 

2021). Injuries can result in time lost from training or competition, time spent in physical 

therapy, surgical intervention, and burdensome costs of treatment interventions. In 

addition to physical pain and dysfunction, injured athletes may also endure negative 

psychological effects due to injury and being withheld from their sport, (Appaneal et al., 

2009; McGuine et al., 2012; Valovich et al., 2009) hindering progress toward recovery. 

The increased intensity and frequency of training in the collegiate or professional athletic 

settings provides more opportunities for athletic injury exposure.  

Muscular injuries account for a large amount of lower-extremity dysfunction in 

collegiate athletics. The National Collegiate Athletics Association (NCAA) reported an 

overall quadricep injury incidence rate of 1.07 per 10,000 athlete exposures (AE) during 

the 2009-2010 through 2014-2015 seasons with the majority of injury incidents occurring 

in preseason (57.8%) compared to in-season athletics (Eckard et al., 2017a). Hip adductor 

and hip flexor injuries during this same time yielded injury incidence rates of 1.29 and 

1.60 per 10,000 AE, respectively and were mostly attributed to non-contact mechanisms 

(Eckard et al., 2017b). The number of hamstring injuries was significantly greater during 

this time producing an incidence rate of 3.05 per 10,000 AE with 72.3% occurring due to 

non-contact mechanisms (Dalton et al., 2015).The highest proportion of musculoskeletal 

injury incidence in runners was found in the knee, ankle and lower leg (Kakouris et al., 
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2021) likely due to the repetitive nature of the sport (Bertelson et al., 2017). Chronic 

overuse injuries to the lower extremity have included many pathologies such as iliotibial 

band syndrome, patellofemoral stress syndrome, plantar fasciitis, medial tibial stress 

syndrome, achilles tendinopathy and stress reactions/fractures (Kakouris et al., 2012). An 

epidemiological study conducted by Bratsman et al. (2021) found the prevalence of bone 

stress injuries in the NCAA between the 2009-2010 and 2013-2014 seasons was highest 

in women’s track, cross country and gymnastics with an overall prevalence of 12.76 bone 

stress injuries per 10,000 athlete exposures (AE) for all collegiate sports.  

Patellofemoral injuries can be both acute and chronic including patellar tendinitis, 

subluxation, dislocation, fracture, bursitis, osteoarthritis and patellofemoral stress 

syndrome (Trojan et al., 2019). Between the years of 2009-2014 the NCAA reported a 

patellofemoral injury incidence rate of 16.10 per 100,000 AE with the highest prevalence 

in women’s volleyball (39.57 per 100,000 AE) (Trojan et al., 2019). Patellar subluxation 

and dislocation resulted in the greatest number of total days and mean days lost to injury, 

respectively (Trojan et al., 2019). All patellofemoral injuries reported in this study were 

found to be most common in sports requiring biomechanical efficiency to produce agile 

movements such as change of direction and jumping (Trojan et al., 2019). NCAA ankle 

and foot injuries in jumping sports were reported during the 2009-2010 through 2013-

2014 seasons resulting in an injury incidence rate of 1.85 per 1,000 AE with lateral ankle 

sprains (63.7%) being the most common (Lytle et al., 2021). Contact during jumping in 

both game and competition proved to be the most common mechanism for the ankle and 

foot injuries reported, leading researchers to conclude the implementation of proper 

landing mechanics could improve anticipatory actions to prevent these injuries from 
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occurring in the future (Lytle et al., 2021). Injury prevention programs and functional 

movement screenings in addition to incoming athlete physicals have attempted to aid in 

the process of early detection and active prevention of biomechanical insufficiency that 

could potentially lead to injury. Sports medicine clinicians, including athletic trainers and 

physical therapists, continue to search for methods to improve biomechanics in sport to 

reduce the prevalence and negative effects associated with athletic injury.  

Biomechanical Contribution to Lower Extremity Injury  

Implementing effective programs and interventions for improving biomechanics 

in athletic populations requires that clinicians gain a better understanding of the 

relationship between functional imbalances in the lower extremity and acute and chronic 

injuries. Muscular imbalance is a common topic discussed when determining 

biomechanical insufficiencies and is typically characterized by altered muscle activation 

due to tightness or weakness in agonist versus antagonist muscle groups (Matsunaga et 

al., 2021; Mills et al., 2015; Payne et al., 2020). In a study conducted by Mills et al. 

(2015) the authors investigated the effects of restricted hip flexors on the activation 

patterns of the biceps femoris and gluteus maximus muscles in female soccer players and 

the role of reciprocal inhibition and synergistic dominance. They found those with 

restricted hip flexors had significantly less gluteus maximus activation and a decreased 

gluteus maximus to biceps femoris co-activation ratio further supporting that tight or 

weakened muscles can alter movement patterns through changes in activation and 

possibly increase injury risk (Mills et al., 2015). Similar results have been demonstrated 

with gluteal muscle fatigue resulting in synergistic dominance via the increased 

contribution of the hamstring muscles rather than the gluteus maximus (Edouard et al., 
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2018; Matsunaga et al., 2021). Muscle tightness is a common biomechanical risk factor 

for lower extremity injury in athletes. However, there are many other risk factors such as 

pes planus (Rath et al., 2016), decreased lumbopelvic control (Dehcheshmeh et al., 2021; 

Letafatkar et al., 2018), and weakness of hip musculature (Dolak et al., 2011; Glaviano et 

al., 2019; Mirzae et al., 2019).  

Malalignment of the ankle joint and arches of the foot can lead to unfavorable 

changes in force distribution to the ankle, knee and hip (Rath et al., 2016). For example, 

pes planus can cause internal rotation of the tibia and lead to rotational stress of the knee 

joint and may promote knee valgus or femoral internal rotation (Coplan et al., 1989; Rath 

et al., 2016; Shultz et al., 2006). Individuals with pes planus have been found to have 

increased ground reaction forces and decreased gluteus maximus and biceps femoris 

maximal voluntary contraction (MVC%) than those without pes planus, indicating poor 

control over force attenuation throughout the lower extremity (Rath et al., 2021). Poor 

lumbopelvic control in repetitive jumping athletes has shown to increase lateral trunk 

flexion, dynamic knee valgus (Fadaei Dehcheshmeh et al., 2021) and decreased gluteus 

medius muscle activation during landing (Fadaei Dehcheshmeh et al., 2021; Letafatkar et 

al., 2018). A study conducted by Meinerz et al. (2015) investigated the neuromechanics 

of the lower extremity during unanticipated cutting in collegiate female soccer athletes 

and found an increased reliance on hip musculature, specifically the gluteus maximus, 

when quick change of direction was required. This evidence further supports the injury 

prevalence research revealing non-contact mechanisms account for most lower extremity 

injuries in collegiate athletics (Eckard et al., 2017a, Eckard et al., 2017b).  
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As previously mentioned, biomechanical changes in the lower extremity can lead 

to internal rotation of the femur and consequential lateral displacement of the patella 

(MacIntyre et al., 2006; Souza et al., 2010). Changes in the patellofemoral joint can lead 

to or be a consequence of pathologies such as patellofemoral pain syndrome (PFPS) 

(Macintyre et al., 2006; Souza et al., 2010). PFPS has been associated with decreased 

vastus medialis oblique (VMO) in males (Mirzaie et al., 2019) and increased VMO 

activity in females (Glaviano et al. 2019) during knee rehabilitation exercises. Both males 

and females with PFPS demonstrated decreased gluteus medius activation in single leg 

exercises (Glaviano et al., 2019; Mirzaie et al., 2019) with one study revealing nearly a 

40% decrease in gluteus medius activity in PFPS patients compared to healthy controls 

(Glaviano et al., 2019). Variable muscle activity during rehabilitation exercises allowed 

these studies to conclude the gluteus medius is responsible for stabilization in the 

transverse and frontal planes of the lower extremity (Glaviano et al., 2019; Mirzae et al., 

2019). These results could also explain why rehabilitation programs with early hip 

strengthening appear to reduce pain sooner in patients with PFPS than programs focusing 

on the quadricep muscles alone (Dolak et al., 2011; Ferber et al., 2015; Khayambashi et 

al., 2014). One study conducted by Jellad et al. (2021) found favorable outcomes for 

PFPS patients following a hip abductor and external rotator strengthening protocol when 

combined with hip internal rotator stretching. The above evidence further demonstrates 

that dysfunction at a single joint could be related to dysfunction of distal or proximal 

joints and the implementation of hip strengthening could benefit the biomechanical 

efficiency of lower extremity athletes and possibly reduce injury risk (Dolak et al., 2011; 

Ferber et al., 2015; Glaviano et al., 2019; Mirzaie et al., 2019).  
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Corrective Exercise Continuum 

Muscular imbalance, synergistic dominance, anatomical deficiencies and chronic 

adaptations to poor movement appear to contribute to biomechanical dysfunction in 

athletic populations. Once deficiencies are identified, sports medicine clinicians are 

tasked with implementing effective treatment protocols to correct deficiencies and 

improve kinematics. To obtain this goal, the National Academy of Sports Medicine 

(NASM) created a systematic process utilizing stretching or mobilization of  restricted 

tissues and activation of weakened muscles to improve neuromusculoskeletal deficiencies 

termed the Corrective Exercise Continuum (CEC; Clark & Lucett, 2011).  

The CEC is implemented in a three-step process beginning with an integrated 

assessment during which the patient completes a health risk appraisal and is evaluated for 

static postural habits, movement, range of motion (ROM) and strength (Clark & Lucett, 

2011). The second phase is the designing of the corrective program followed by the third 

and final step of integrating the protocol strategies (Clark & Lucett, 2011).  

Four primary phases comprise the CEC once the biomechanical insufficiencies 

have been identified (Clark & Lucett, 2011). The inhibitory phase utilizes inhibitory 

myofascial techniques such as foam rolling, ischemic compression via positional and 

active release therapy, joint mobilizations, graston and percussion to decrease the tension 

and activity in muscles considered to be overactive or tight (Clark & Lucett, 2011). 

NASM attributes the release of muscle tension to decreasing trigger points and 

decreasing sympathetic nervous system activity (Clark & Lucett, 2011). The goal of the 

second phase of the CEC process is to increase range of motion by lengthening the 

mechanically shortened muscles and corresponding connective tissue (Clark & Lucett,  
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2011). This is typically accomplished with static and neuromuscular stretching such as 

proprioceptive neuromuscular facilitation (PNF) (Clark, & Lucett, 2011). Once 

lengthening of the overactive tissues has occurred, the activation phase may begin. The 

activation phase is implemented via isolated strengthening exercises of the underactive 

muscles (Clark, & Lucett, 2011). The exercises prescribed should be intended to increase 

intramuscular coordination by increasing motor unit activation, firing rates and 

synchronization (Clark & Lucett, 2011). The fourth and final phase of the CEC process is 

the integration phase in which the clinician prescribes integrative exercises to increase 

intermuscular coordination to improve the function of muscle synergies throughout the 

targeted joints (Clark, & Lucett, 2011). The exercises should be functionally progressive 

and place the patient in an unstable environment to increase synergistic muscle strength 

and decrease injury risk (Clark, & Lucett, 2011).  

Few studies have directly investigated the Corrective Exercise Continuum and 

there is insufficient evidence of its use in athletic populations. A study conducted by 

Jellad et al. (2021) investigated an intervention for PFPS with characteristics similar to a 

CEC protocol. The rehabilitation program for the PFPS patients strengthened the hip 

abductors and external rotators similarly to other successful protocols, however the 

authors supplemented this with stretching of the internal rotators which yielded favorable 

results including decreased pain and increased function (Jellad et al., 2021). Increasing 

the activation of muscles is another important component of the CEC and is traditionally 

accomplished in clinical settings via neuromuscular re-education with electrical 

stimulation following surgical procedures. Increasing muscle activation has also been 

investigated from a performance enhancement perspective via postactivation potentiation 
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or postactivation performance enhancement (do Carmo et al., 2021; Kilduff et al., 2007; 

McCann & Flanagan 2010). General strengthening of underactive muscles as the CEC 

suggests, would seemingly increase strength however, there is currently no evidence of 

attempts to acutely increase activation of a stabilizing muscle during a functional 

movement for the purpose of correcting biomechanical insufficiencies.  

Postactivation Potentiation 

Postactivation Potentiation (PAP) vs. Postactivation Performance Enhancement 

(PAPE) 

Postactivation potentiation is a phenomenon in which it is believed performance 

characteristics and enhancements are a direct result of the recent contractile history of the 

given muscle fiber or fibers (Hodgson et al., 2005; Robbins, 2005). The controversy 

surrounding postactivation potentiation (PAP) and postactivation performance 

enhancement (PAPE) is mostly in relation to the defining characteristics and prescription 

parameters required to invoke true PAP or PAPE. Researchers struggle to agree upon 

time interval, training status, pre-conditioning stimulus, and physiological mechanisms 

among many other factors contributing to these perceived performance enhancements. A 

frequent topic of debate has been the differentiation between postactivation potentiation 

(PAP) and the more recently proposed concept of postactivation performance 

enhancement (PAPE) which can be categorized by their differing outcome measures, 

time intervals and possible physiological mechanisms.  

Post-activation potentiation (PAP) has been defined as the increase in muscular 

force and rate of force development due to previous excitation of that muscle induced by 

a potentiating initial heavy load pre-stimulus contraction (Judge, 2009; Mitchell & Sale, 
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2011; Rixon et al., 2007). Following an initial muscular contraction, a muscle enters a 

concurrently fatigued yet potentiated state. Kilduff et al. (2007) described PAP as 

muscular performance enhancement at the moment that concurrent fatigue is lowest, and 

potentiation is highest. PAP is observed via electromyography (EMG) data demonstrating 

an increase in peak twitch force or rate of force development (Blazevich & Babault, 

2019). Although a defined, consistent, and widely accepted time interval between initial 

pre-conditioning contraction and onset of PAP effects does not yet exist, preliminary 

research and numerous trial and error studies would allow one to conclude PAP effects 

are greatest immediately following the pre-conditioning stimulus contraction and begin to 

decline rapidly within the first approximately 28 seconds, and nearly disappear within 

approximately 5 minutes (Hamada et al., 2000; Macintosh & Willis, 2000; O’Leary et al., 

1997; Vandervoort et al., 1983).  

As the study of PAP continued, the large range in onset and duration of 

potentiation effects from 28 seconds to 20 minutes led researchers to believe there was 

more than one process or phenomenon contributing to the performance enhancements 

associated with PAP. Cuenca-Fernandez et al. (2017) proposed the term “postactivation 

performance enhancement” or “PAPE” when referring to performance enhancements 

with longer time intervals. PAPE has been defined as an observed improvement in 

voluntary muscular performance following a high intensity pre-conditioning stimulus 

without electromyography data confirmation (Cuenca-Fernandez et al., 2017, Blazevich 

& Babault, 2019). The performance enhancing effects of PAPE have been observed much 

later in the time course of potentiation than PAP, with an assumed onset of PAPE 

approximately 6-10 minutes following the pre-conditioning stimulus contraction with 
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effects lasting up to 20 minutes (Bevan et al., 2010; Chiu et al., 2003; do Carmo et al., 

2021; Jones & Lees, 2003; Kilduff et al., 2007; Nibali et al., 2015; Seitz et al., 2014a; 

Wilson et al., 2013).  

Researchers struggle to define and differentiate PAP from PAPE across multiple 

disciplines. In a recent opinion article written by Prieske et al. (2017), strength and 

conditioning specialists claim a primary definitive quality of PAP and PAPE is their 

category of research. Prieske et al. (2017) believe the mechanistic effects of PAP can be 

categorized as basic research while the performance effects of PAPE can be considered 

applied research. This notion supports the evidence presented in a review article written 

by Blazevich & Babault (2019) suggesting the phosphorylation of the myosin regulatory 

light chain is the primary physiological mechanism behind PAP while the physiology of 

PAPE remains unknown although likely due to concurrent effects of general warm-up 

such as increased blood flow and muscle fiber water content (Edman & Andersson, 1968; 

Gordon & Godt, 1970; Thames et al., 1974; Mansson, 1989; Sugi et al., 2013) rather than 

extension of the “classic” PAP physiological effects.  

Background & Physiology of Postactivation Potentiation (PAP) 

Although the true origin of the term “postactivation potentiation” remains unclear, 

the study of potentiation appears to have begun in the early 1870’s with staircase and 

treppe potentiation (Bowditch,1871), leading to the study of post-tetanic potentiation in 

the 1930’s (Guttman et al., 1937) which later may have evolved into “postactivation 

potentiation” in the late 1970’s as Burke et al. (1979) utilized this term when referring to 

potentiation occurring after a voluntary muscle contraction rather than involuntary, 

electrically evoked muscle contractions (Blazevich & Babault, 2019). The predominant 
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physiological mechanism of PAP appears to be the phosphorylation of the myosin 

regulatory light chain (MRLC) located on the myosin neck (Manning & Stull, 1979, 

1982; Klug et al., 1982; Moore & Stull, 1984; Vandenboom et al., 2013; Vandenboom, 

2017) which increases calcium sensitivity of the actin-myosin complex (Rassier & 

Macintosh, 2000; Sweeney et al., 1993), therefore increasing the likelihood and rate of 

actin-myosin cross-bridge formation (Metzger et al., 1989; Sweeney and Stull, 1990).  

The process of myosin regulatory light chain phosphorylation is dependent upon 

myosin regulatory light chain kinase (MRLCK), an enzyme that becomes activated by an 

accumulation of calcium ions (Sweeney et al., 1993; Persechini et al., 1984). 

Phosphorylation of the MRLC therefore increases myosin head mobility evidenced by the 

detachment of the myosin head from the myosin backbone (Levine et al., 1998), bringing 

the myosin head closer to its’ binding site on the actin filament (Alamo et al., 2008; 

Alamo et al., 2015; Brito et al., 2011; Levine et al., 1996). It is believed that this process 

not only increases the likelihood of cross-bridge formation, but also increases the rate of 

transition from weak-binding to strong-binding cross-bridge formation and therefore 

increases force generation of the muscle (Rassier et al. 2000; Sweeney & Stull, 1990). 

Phosphorylation may also increase ATPase activity within the acto-myosin complex, 

allowing for more successive and efficient cross-bridge formation and detachment 

(Szczesna et al., 2002).  

A study performed in 2009 by Greenburg et al., revealed the process of MRLC 

phosphorylation does not have a direct effect on the myosin filament alone, suggesting an 

encompassing effect on the mechanical properties of actin-myosin complex as a 

functional unit. Multiple studies have demonstrated greater PAP effects related to MRLC 
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phosphorylation in muscles with shorter twitch contraction times (Vandenboom et al., 

1995; Hamada et al., 2000; Gordon et al.,1990; Vandenboom et al., 1993) and with 

predominantly type ll fast twitch muscle fibers (Grange et al., 1993; Hamada et al., 2000; 

Young et al., 1995) due to their already naturally increased sensitivity to calcium 

(Gardetto et al., 1989; Metzger & Moss, 1990) and higher MRLCK enzyme content 

compared to type l fibers (Moore & Stull, 1984). PAP effects appear to be greater with 

concentric contractions than isometric contractions for a given level of MRLC 

phosphorylation (Abbate et al., 2000; Grange et al., 1998; Macintosh & Bryan, 2002; 

Xeni et al., 2011).  

MRLC phosphorylation is initiated rapidly and reverses rapidly, explaining the 

short time course of true PAP effects rapidly declining in 28 seconds (Hamada et al., 

2000; Macintosh & Willis, 2000; Manning & Stull, 1979; O’Leary et al., 1997; 

Vandervoort et al., 1983). Some researchers believe that successive contractions can 

maintain and potentiate the phosphorylation of the MRLC (Gossen & Sale, 2000; Sale, 

2002), explaining the effects lasting up to 5 minutes. This evidence enhances the 

argument that MRLC phosphorylation is less likely to be the physiological mechanism 

behind PAPE effects observed 6-20 minutes after an initial pre-conditioning stimulus 

contraction.  

Postactivation performance enhancement (PAPE) may be better explained via 

mechanisms of general warm-up including muscle temperature increase, muscle-tendon 

stiffness, spinal motor neuron excitability, and muscle fiber water content. Muscle 

temperature increase appears to be directly correlated to muscle metabolism (Gray et al., 

2011) by creating an environment in which ATP can be utilized more quickly and with a 
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higher rate of turnover (Gonzalez-Alonso & Calbet, 2003; Gray et al., 2008) therefore, 

increasing myosin cross-bridge formation rate (Karatzaferi et al., 2004). This increases 

rate of phosphocreatine utilization (Gray et al., 2008), muscle fiber conduction velocity 

(Gray et al., 2008), muscle glycogenolysis (Febbraio et al., 1996), glycolysis and total 

anaerobic ATP turnover (Gray et al., 2005) yielding perceived performance 

enhancements across multiple studies (Bailey et al., 2012; Gray et al., 2005; Mohr et al., 

2004). The rise in temperature within a muscle fiber also increases the influx of sodium 

ions and outward movement of potassium in each muscle cell, allowing the 

depolarization to occur more quickly and consequent muscle contractions to occur at an 

increased rate (Jenerick, 1964). Increased rate of depolarization leads to a greater calcium 

release from sarcoplasmic reticulum and increased cross-bridge formation (Gray et al., 

2005; Rutkove et al., 1997). With the speeding of these processes, there is a reduction in 

time to reach peak force development (Bobbert et al., 1996; Farina et al., 2005; Gray et 

al., 2005) and therefore an increase in power performance (Bobbert et al., 1996; 

Karvonen, 1992; Maffiuletti et al., 2001).  

Another possible mechanism for PAPE is the increase in spinal-level excitability. 

Nuzzo et al. (2016) found increased motor neuron output lasting up to 20 minutes 

following bouts of high intensity muscle contractions, fitting the timeline of perceived 

PAPE effects. Some studies have demonstrated an increased reflex amplitude following 

high intensity or high load voluntary muscle contractions, suggesting attenuated neural 

activation (Aargaard et al., 2002; Enoka et al., 1980; Folland et al., 2008; Güllich and 

Schmidtbleicher, 1996; Trimble and Harp, 1998).  
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Muscle water content increases following exercise can create a state of 

hypotonicity which has been associated with increases in muscular force (Edman and 

Andersson, 1968; Gordon and Godt, 1970; Thames et al., 1974; Mansson, 1989; Sugi et 

al., 2013). Muscle-tendon stiffness could also contribute to increase in muscular force 

due to the energy stored in elastic structures during and following successive muscle 

contractions (Blazevich & Babault, 2019). Increased titin stiffness due to calcium influx 

could also play a role in increased stiffness and force transmission during a series of 

contractions (Blazevich & Babault, 2019). Future research is warranted in order to 

confirm the physiological mechanisms of PAPE to assist in the differentiation of PAPE 

from PAP. 

PAP Prescription 

Recent literature has attempted to better understand how to properly administer a 

PAP or PAPE protocol efficiently from an evidence-based perspective. Many variables 

appear to play a role in the proper prescription of potentiation protocols to elicit ideal 

PAP or PAPE responses, as demonstrated by the varying results from articles 

investigating different genders (Rixon et al., 2007), ages (Baudry et al., 2005; Fernandes 

et al., 2020; Arabatzi et al., 2004), level of athleticism (Kilduff et al., 2007; McCann & 

Flanagan, 2010, Sue et al., 2016), type of preload stimulus contraction (Ferreira et al., 

2012; Kilduff et al., 2007; Rixon et al., 2017) and optimal rest interval (Buttifant & 

Hrysomallis, 2015; Ferreira et al., 2012; do Carmo et al., 2021; Kilduff et al., 2007; 

Morana & Perrey, 2009; Sue et al., 2016). 
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Rest Interval  

The theory of the “window of opportunity” refers to the optimal timing following 

a pre-load stimulus in which the potentiating effect is maximal, and the fatiguing effect 

has diminished, allowing for enhanced performance (Docherty & Hodgson, 2007). This 

time interval has been difficult to define and may be highly individualized based upon 

many variables (Chen et al., 2017; Golas et al., 2016; Hamada et al., 2003; Naclerio et al., 

2015). There is disagreement in the literature regarding early potentiation effects within 

the first minute post-stimulus contraction as some studies have shown performance 

enhancements in as little as 60 seconds to 4 minutes (Jensen & Ebben, 2003; Morana & 

Perrey, 2009; Seitz et al., 2014; Sue et al., 2016) while others show initial decreases in 

performance especially in the first 15 to 60 seconds (Kilduff et al., 2007). There are 

studies supporting the rest interval times of 4 minutes (Sue et al., 2016; Young et al., 

1998), 6 to 7 minutes (do Carmo et al., 2021), 5 to 9.5 minutes (Nibali et al., 2015), 8 to 

12 minutes (Bevan et al., 2010; Kilduff et al., 2007;) and 18 to 20 minutes (Chiu et al., 

2003; Jones & Lees, 2003). In a study conducted by do Carmo et al. (2021), they found a 

significant increase in PAP effects when allowing the subjects to self-select their rest 

intervals. Time interval between pre-conditioning stimulus contraction and performance 

task is the most frequently debated concept surrounding PAP and PAPE prescription 

however, pre-stimulus contraction type, age, gender, and level of athleticism are also 

argued. 

Pre-Conditioning Stimulus  

  Some research has suggested concentric contractions near 1- repetition maximum 

(1-RM) demonstrate greater PAP effects with traditional set configurations (Ferreira et 
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al., 2012; Sale et al., 2002; Siriero et al., 2021) while others state 85% of 1-RM would be 

a sufficient pre-conditioning stimulus load (Matthews et al., 2009). Ferriera et al. (2012) 

concluded 3 sets of 3- second isometric contractions would elicit PAP effects in both 

trained and untrained males and females compared to a dynamic pre-conditioning 

stimulus contraction. Similarly, Rixon et al. (2007) found isometric squat contractions of 

3-seconds produced greater PAP effects compared to a dynamic squat. Although minimal 

studies exist, most eccentric PAP protocols did not have an effect on performance (Beato 

et al., 2019; Ulrich & Pastforter, 2017) despite one study producing significant increases 

in lower extremity power and vertical jump height following eccentric overload PAP 

(Beato et al., 2021). A study performed by Piper et al. (2020) found concentric, isometric, 

and plyometric muscle stimulating contractions all produced PAP effects but at different 

points in time during the rest interval. While results from previous studies vary, the 

majority of them conclude that concentric or isometric contractions of maximal or near 

maximal load are successful in potentiation of muscle (Beato et al. 2019; Ferriera et al., 

2012; Piper et al. 2020; Rixon et al., 2007; Ulrich & Pastforter, 2017; Zero et al., 2021). 

Patient Characteristics 

Postactivation potentiation effects appear to be greater in type ll muscle fibers 

therefore, the increased type ll muscle fiber composition in males versus females could 

explain the greater PAP effects seen in male subjects (Arabatzi et al., 2014; Rixon et al., 

2007). Despite this physiological explanation, a study conducted by McCann and 

Flanagan (2010) resulted in no significant difference in potentiation effects between 

genders. Trained or athletic individuals have demonstrated PAP effects sooner (Seitz et 

al., 2014) and at greater magnitudes than untrained individuals (Rixon et al., 2007, 
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Sañudo et al., 2020; Seitz et al., 2014). PAP efficacy decreases with aging demonstrated 

by the lack of voluntary muscular force produced for the same level of neural activation 

in older adults (Baudry et al., 2005). When potentiation protocols were applied to 

pediatric populations, children did not show effects of PAP during performance tasks 

(Arabatzi et al., 2014). More research is warranted on patient characteristics such as age 

and gender, however it is commonly accepted that potentiation is positively correlated 

with training status (Rixon et al., 2007, Sañudo et al., 2020; Seitz et al., 2014) and 

therefore potentiation protocols may be more useful in physically active populations.  

PAP or PAPE Applicability within the Rehabilitation Setting  

Any advancements in specifying applicability of PAP continues to be limited by a 

lack of consensus on proper PAP prescription parameters. The relevance between PAP 

effects, fast twitch muscle fibers and higher speed concentric contractions discussed 

earlier explains the tendency for current PAP and PAPE applied research to be primarily 

within the field of strength and conditioning. Whether a potentiation protocol could play 

a role in athletic rehabilitation, post-surgical intervention, or athletic pre-game or 

competition settings is unknown or inconclusive at this time (Fernandes et al., 2020; 

Hodgson et al., 2005; Lorenz, 2011; Lorenz & Reiman, 2011). One study that could 

potentially connect PAP to rehabilitation or physical therapy in older adults was 

conducted by Fernandes et al. (2020). The researchers investigated the effects of a PAP 

protocol on single leg balance in older adults with balance deficiencies and found that 

those who completed a PAP protocol for rise-to-toe task had significantly improved 

balance compared to controls.  
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A possible reason why PAP or PAPE are not thought to apply to injury 

rehabilitation could be the tendency for potentiation protocols to require high intensity 

pre-stimulus contractions prior to performance tasks. It is important to note that not all 

phases of rehabilitation contraindicate high intensity power movements or contractions 

and that they are often an integral part of the return to play phase of rehabilitation or 

injury prevention programs within athletic populations. In a real-world setting, sports 

medicine clinicians are tasked with prescribing corrective or preventative rehabilitation 

exercises for athletes with chronic or overuse conditions such as patellofemoral pain 

syndrome, lower-crossed syndrome or poor co-activation of hamstrings and gluteal 

muscles. Increasing activation of stabilizing muscles to assist in improving biomechanics 

is often a primary goal of these rehabilitation programs. If these clinicians could utilize a 

phenomenon such as PAP or PAPE to accomplish this isolated increase in activation of 

target muscles by simply performing a pre-condition stimulus contraction prior to or 

throughout the rehab session, this could ultimately increase effectiveness of their 

intervention.   

Summary of Literature Review 

A thorough review of the literature establishes the importance of biomechanical 

correction in athletic populations and the prospective role of potentiation protocols to 

enhance the activation and therefore performance of underactive muscles. Inconsistencies 

in the literature are found in regard to prescription of PAP or PAPE protocols, 

specifically the type of pre-load stimulus, rest interval between pre-stimulus contraction 

and performance task, and patient characteristics. The physiological mechanisms 

responsible for PAP and PAPE effects are also debated and inconclusive although, 
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commonly proposed theories include phosphorylation of the myosin regulatory light 

chain and increased spinal-level neural excitability. Throughout the literature, many 

researchers investigate PAP and PAPE in the strength and conditioning setting and utilize 

high load pre-stimulus contractions and advanced performance tasks however, they have 

neglected to determine the applicability of such protocols to a sports medicine 

rehabilitation or physical therapy setting. In order to confidently prescribe a safe and 

effective PAP or PAPE protocol for corrective exercise purposes in sports medicine 

rehabilitation, additional research is warranted involving clinically applicable corrective 

or rehabilitation pre-conditioning stimuli and performance tasks.  
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CHAPTER III 

METHODS 

Participants 

Ten female division I soccer (n = 6), track sprinter-jumper (n = 3), and cross 

country (n = 1) athletes from Middle Tennessee State University were asked to 

participate in the present study. All participants were currently in-season or in spring-ball 

season of their athletic year and were engaged in a low to moderate intensity training 

program with their respective team’s strength and conditioning coaches with additional 

sport specific skill sessions or practices no more than 20 hours total per week. 

Participants were all female (age 20.2 ± 1.8 years, body mass 60.9 ± 5.6 kg, height 165.0 

± 6.0 cm) and varied in years of collegiate athletic experience (2.6 ± 1.6 years). Inclusion 

criteria consisted of (1) at least 1 prior year of regular exercise and athletic activity, and 

(2) the ability to complete single leg glute bridge (SLB) and isometric wall warrior 

(IWW) exercises with correct technique. Regular exercise and athletic activity were 

defined as independent and organized team sport-specific training, practices, 

competitions, resistance, or cardiovascular training on a weekly basis for the majority of 

months in the most recent year. The exclusion criteria consisted of: 1) recent (< 6 

months) lower extremity musculoskeletal injury requiring surgery, treatment or 

rehabilitation and being withheld from sport participation for greater than 4 weeks, 2) 

neuromuscular conditions or nerve damage affecting the lower extremity or pending 

diagnosis of such conditions, and 3) deformity, scarring from previous procedures or 

abnormalities of the skin or muscle tissue within the electrode placement region including 

ports or incisions made in the muscles surrounding the hip during past surgical 
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procedures. This study was approved by the Institutional Review Board (IRB; see 

Appendix A) and permission was granted from the university’s head women’s soccer 

coach and head women’s track and field and cross country coach. All participants were 

informed of the purpose, procedures, risks and benefits of the study prior to signing an 

informed consent.  

Instrumentation 

Height and Weight. Each participant was measured using the same stadiometer 

(213-Portable, SECA, Mount Pleasant, SC) and recorded to the nearest millimeter and 

kilogram. All participants were weighed wearing only spandex or athletic shorts, a single 

t-shirt, sports bra, underwear, and socks. Participants were asked to wear the same pair of 

athletic shoes for each session and to maintain the same clothing requirements described 

above.  

 Muscle Activity. Mean, peak, and time to peak muscle activation of the dominant 

gluteus medius muscle was recorded using a wireless surface electromyography system 

(Delsys Trigno Research+, Natick, MA) with a single electrode with amplification factor 

of 1,000 (20-450) Hz. The identification of the dominant leg was determined by asking 

the participant which leg they would kick a soccer ball with and considering the indicated 

leg to be the dominant limb. The surface electrode sensor was placed in the center (50%) 

of the line from the iliac crest to the greater trochanter oriented along the muscle fibers on 

the long axis of the same reference line. The electrode was applied to the dominant limb 

while the patient was side lying on a treatment table following skin preparation which 

included the marking of the anatomical location, abrasion with an abrasive paste (Redux, 

Parker Laboratories, Fairfiled, NJ), and cleansing of the skin using an alcohol prep pad. 
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The surface electrode was secured with 4-inch Cover-Roll (BSN, Hamburg, Germany) 

adhesive bandage enabling viewing of the electrode’s light to confirm the device was on 

during testing.  

Procedures 

Assessment 

The present study consisted of three total sessions with one session per day for 

three days. The three sessions were separated by a minimum of 24 hours with the 

sessions lasting approximately 30 minutes, 1 hour and 10 minutes, and 1 hour, 

respectively. Session 1 was consistent for all participants and began with an explanation 

of the study including the purpose, procedures, risks, and benefits prior to signing an 

informed consent. All participants were given the opportunity to ask questions prior to 

consenting to participate in the study. Next, participants were asked to complete a 

participant information questionnaire (see Appendix C) regarding their basic 

demographic and contact information, number of years participating in organized sport 

prior to and including collegiate athletics and the disclosure of recent (within 3 years) 

lower extremity musculoskeletal injury, known muscle restrictions or weaknesses and 

injury prevention or “prehab” programs. Height and weight measurements were then 

obtained for each participant and recorded in centimeters and kilograms, respectively. 

Participants were then instructed on how to perform the single leg glute bridge and 

isometric wall warrior and were allowed to practice the exercises until they felt confident 

in doing so and the researcher observed proper form and effort.  

Session 2 and 3 were randomized for each participant (see Figure 1). Session 2 

began with the application of electromyography (EMG) surface electrodes to the gluteus 
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medius of the dominant limb following cleansing and abrading of the skin in the 

electrode region. Participants were then asked to complete a 5-minute bike warm-up 

(Ergomedic 828 E; Monark Exercise AB, Vansbro, Sweden) and were instructed to 

maintain intensity between 50-60 revolutions per minute (RPMs) with 1 kilogram 

resistance. After the bike warm-up was completed, the dominant gluteus medius maximal 

voluntary isometric contraction (MVIC%) of each participant was then recorded with the 

participant in a side-lying position on a treatment table with a researcher (certified and 

licensed athletic trainer) resisting the force from the participant’s abducted, slightly 

extended and externally rotated dominant leg. At this time the participant was instructed 

to push maximally for 3 trials of 3 seconds against the researcher’s hands which were 

placed over the distal lateral femur above the knee and distal 1/3 of the lower leg. The 

three trials were separated by 5-second rest periods and mean peak of the three trials was 

recorded as their gluteus medius MVIC%. Following this measurement, participants were 

instructed to wait for a 30-minute time period in order to eliminate any possible 

potentiation effects from maximal contractions during the MVIC% recording. During this 

time, the participants were asked to remain in a seated and relaxed position. Following 

the 30-minute rest period, EMG data of the dominant gluteus medius mean, peak and 

time to peak muscle activation were recorded for the baseline performance task of single 

leg glute bridge (SLB).  

The SLB was performed while wearing the same pair of athletic shoes as all 

previous and future sessions, on the floor of the laboratory with a yoga mat and no 

external weights. Participants were instructed to lay in a supine hook-lying position with 

the dominant leg flexed at the knee and hip with the foot in a closed chain position flat on 
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the ground. The uninvolved leg remained in an open chain position, flexed at 90 degrees 

at the knee and hip throughout the motion. The researcher then asked the participant to 

raise their hips off the ground and to maintain an even hip raise with both “hip bones” 

(anterior superior iliac crests) in line and parallel to the ground. The researcher made the 

analogy that if someone were to place a broomstick across their hips, the broom would 

not lean one way or the other but be parallel to the ground. The researcher asked that the 

participants perform the SLB with good form and to the best of their capabilities. The 

SLB was performed for 1 set of 3 repetitions to a metronome set to 60 beats per minute.  

 Sessions 2 and 3 consisted of identical procedures however during session 3, once 

the 30-minute rest period was complete, participants were then instructed to perform the 

PAP protocol prior to the performance task exercise (SLB). The PAP protocol pre-

stimulus contraction exercise chosen for the present study was the isometric wall warrior 

(IWW). Participants were asked to stand parallel to a wall in the exercise science 

laboratory and asked to enter an “athletic stance” with knees and trunk slightly flexed, 

then isometrically contract by pushing their non-dominant leg into abduction against the 

wall for 3 sets of 10 seconds with 5-second rest intervals. The IWW is performed with 

the non-dominant leg slightly raised 1 inch minimum off of the ground, with only the 

non-dominant hip, thigh, knee, lower leg and foot in contact with the wall. All 

participants were instructed to create the main point of contact pressure between their 

knee and the wall and to not use their torso or upper body to contribute to the force 

against the wall. A piece of floor tape was placed on the wall indicating a 1-inch distance 

from the ground where the participant’s foot should be raised above. Immediately 
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following the 3 sets of the IWW, a new timer began, and each participant then performed 

the SLB at a time interval of 10 seconds following the cessation of the last IWW.  

Data Processing 

Surface EMG (sEMG) data was collected at 1926 Hz through EMGworks 

acquisition software (Delsys Inc., Natuck, MA). Onset and offset times of muscle activity 

were determined without normalization to time by visually identifying the time when 

sEMG had a phasic increase in activation above baseline. Signal processing was 

accomplished through EMGworks Analysis software (Delsys Inc., Natuck, MA). 

Initially, data was filtered with a 2nd order Butterworth band-pass filter at 20 Hz and 450 

Hz. A root-mean-square algorithm with a 125ms window was then applied to the filtered 

data. Glute bridge data was then normalized to peak MVIC values.  

Statistical Analyses  

A power analysis was performed, and it was determined that a minimal of 8 

participants were needed to conduct the study (G*Power 3.1.9.7, Kiel, Germany). All 

statistical analyses were performed via Statistical Package for the Social Sciences (SPSS 

Version 28.0, IBM). A one-way repeated measures ANOVA was used to compare 

normalized peak, normalized mean, and TTP scores of the SLB between the sessions. No 

post-hoc analyses were performed on the data due to lack of significance in the model.  
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Figure 1 

Overview of Experimental Protocol for Electromyography Sessions A and B  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note. RPMs= revolutions per minute SLB= single leg glute bridge, IWW= isometric wall warrior  
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CHAPTER IV 

RESULTS 

The population sample consisted of 10 female collegiate soccer, track, and cross-

country athletes actively participating in sport. Descriptive characteristics of participants 

can be found in Table 1. A one-way repeated measures ANOVA revealed that SLB peak 

muscle activity, mean muscle activity, and TTP values were not significantly different 

between the sessions, F(3, 7) = 0.54, p = .67. Mean and standard deviation of baseline 

and postactivation potentiation protocols are reported in Table 2.  

 
Table 1.  
Descriptive Characteristics of Participants (N=10) 
Variable M    SD 
Age (years) 20.2 ± 1.81 
Height (cm) 165.01 ± 6.03 
Body mass (kg) 60.87 ± 5.64 
Collegiate sport participation SOC (n = 6), XC (n = 1) TRK (n = 3) 
NCAA experience (years) 2.6 ± 1.58 
Total sport experience (years) 11.8 ± 2.74 

 
Note. SOC= soccer, XC= cross country, TRK= track sprinter, triple jumper and longer 
jumper. Total sport experience includes club, high school and children’s leagues.  
 

 
Table 2.  
Normalized Peak, Mean, and Time to Peak Muscle Activation (N=10) 

                 SLB                                 PAP+SLB 
 M    SD M    SD 
Peak .50 ± .35 .53 ± .22 
Mean .20 ± .14 .22 ± .10 
TTP (seconds) .73 ± .13 .69 ± .14 

 
Note. TTP= time to peak, SLB= baseline single leg glute bridge, PAP+SLB= single leg 
glute bridge performed 10s after the PAP protocol. 
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Table 3.  
Participant Case Studies of Normalized Peak, Mean, and Time to Peak Muscle Activation 
(N=10) 

 Peak Mean TTP 
Participant  SLB PAP+SLB SLB PAP+SLB SLB PAP+SLB 
1 .56 .53 .25 .22 .64 .50 
2 .34  .41 .13 .17 .66 .66 
3  .11 .37 .06 .18 .91 1.02 
4 .66 .58 .29 .22 .66 .69 
5 .40 .77 .20 .34 .46 .71 
6 1.00 .90 .35 .36 .79 .54 
7 .23 .25 .08 .10 .77 .79 
8 .42 .32 .14 .14 .71 .62 
9 .14 .36 .05 .13 .87 .64 
10 1.14 .79 .47 .34 .79 .73 

 
Note. TTP= time to peak, SLB= baseline single leg glute bridge, PAP+SLB= single leg 
glute bridge performed 10s after the PAP protocol. 
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CHAPTER V 

DISCUSSION 

The purpose of this study was to investigate the effects of postactivation 

potentiation (PAP) on the activation of a lower-extremity stabilizer muscle (gluteus 

medius) in female division 1 collegiate athletes when performing an integrative 

rehabilitation exercise. Throughout the literature, PAP and postactivation performance 

enhancement (PAPE) studies are most often conducted within the strength and 

conditioning setting and are applied to larger muscle groups and power movements such 

as squats and vertical jumps. To our knowledge, this was the first study to examine the 

effects of a PAP protocol in the collegiate athlete rehabilitation setting and specifically 

targeting a lower-extremity hip stabilizer muscle. Although the current study did not 

reveal statistically significant findings, a consistent increase in mean (.20 ± .14 and .22 ± 

.10) and peak (.50 ± .35 and .53 ± .22) muscle activation, and a decrease in time to peak 

(.73 s ± .13 and .69 s ± .14s) was observed in the PAP protocol when compared to the 

baseline SLB protocol, respectively. Case summaries revealed that changes in single leg 

glute bridge (SLB) muscle activation from baseline to post-PAP SLB protocol among 

individual participants ranged from a 35% decrease to a 37% increase in peak, 13% 

decrease to 14% increase in mean, and .25 seconds increase or decrease in time to peak 

(TTP) muscle activation. This demonstrates the high level of variability in response to the 

potentiation protocol and further promotes the need for individualized prescription 

parameters.  

The inconsistency and lack of standardized prescription parameters for PAP and 

PAPE protocols is greatly emphasized within recent literature, specifically regarding rest 
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interval between pre-conditioning stimulus and performance task. Despite this 

discrepancy, commonly referenced physiological time courses of PAP (0-28 s) was 

mimicked while attempting to translate the concept of potentiation from larger power 

muscles (rectus femoris, gluteus maximus) to a stabilizer muscle such as the gluteus 

medius in the present study. Although rest interval is the most highly debated prescription 

parameter, evidence exists suggesting age, training status, gender, type II muscle fiber 

composition, and pre-conditioning stimulus may influence the presence of potentiation 

for some individuals.  

Pre-conditioning stimulus contraction is controversial however, a concentric 

contraction appears to produce the best results in larger muscle groups. In the present 

study, the isometric wall warrior (IWW) was chosen for the ease of use and the ability to 

successfully activate the gluteus medius quickly and efficiently. The goal when 

prescribing a pre-conditioning stimulus is to optimize the “window of opportunity” in 

which fatigue is lowest and potentiation is highest. It is possible that the three sets of 10-

second repetitions of the IWW may have been too fatiguing and therefore may have 

produced detrimental effects on some of the participants. The high degree of variability 

associated with mechanisms of fatigue (Twist & Highton, 2012) and the large individual 

variability response to the PAP session make it plausible that fatigue may be a factor.  

Additionally, when choosing a performance task, one must recognize that there is 

a fixed amount by which a muscle can increase activation compared to baseline 

measures. In other words, if the performance task chosen already induced high levels of 

muscular activation when performed on baseline without a potentiation protocol, there is 

only so much potential for improvement once a potentiation protocol is applied. Noting 
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this concept, it is possible that the SLB was already greatly activating the gluteus medius 

therefore, the increase in activation following the IWW PAP protocol did not elicit as 

great of an effect as it would have in a performance task with lower baseline muscle 

activation values.  

The most successful potentiation protocols appear to be those that are highly 

individualized and may even consist of self-selected rest intervals. In the present study, 

all participants were prescribed the same protocol parameters with a standardized warm-

up, pre-conditioning stimulus (IWW), performance task (SLB) and rest interval (10s). 

This standardization serves as a great control for experimental purposes however, it does 

not allow for individualization of the PAP protocol as the participants displayed variation 

in sport (distance runner n=1, sprinter/triple jumper n=3, soccer player n=6), body frame, 

injury history and potentially in basal level of strength as this was not tested prior to the 

study other than obtaining MVIC% of gluteus medius. Age, gender, and NCAA Division 

l athlete status were all controlled for in efforts to eliminate the variation in PAP effects 

that these patient characteristics have displayed in past studies.  

Muscle imbalances (underactivity or overactivity) were not assessed prior to the 

study, nor did this serve as exclusion criteria. A potential purpose of prescribing a PAP 

protocol would be for the rehabilitation of muscular imbalances or synergistic 

dominance. Without identifying muscle imbalances in the present population, basal 

muscle activation and the effects of PAP may vary in those individuals in which muscular 

imbalance was undetected or not diagnostically confirmed. It may be of importance to 

note that within the original data set (see Figure 1) there is a larger standard deviation 

(SD) for baseline peak and mean muscle activation as well as the decreasing of the SD 
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for the same variables following the PAP protocol. This could be a representation of 

different basal levels of strengths due to muscular imbalances or history of injury.   

Interestingly, when two participants are separated from the population and placed 

in a “chronic injury” group (n = 2) due to identifying diagnosed chronic conditions of the 

knee (patellar tendonitis in participant 6; patellofemoral pain syndrome and 

chondromalacia in participant 4) versus the remaining population uninjured (n = 8), there 

are notable differences in baseline and PAP outcome measures. Baseline SLB peak 

muscle activation in the chronic injury group is nearly twice that of the uninjured group 

(.83 ± .25 and .42 ± .33, respectively). The chronic injury group demonstrates a favorable 

decrease in time to peak muscle activation (.73 s ± .09 to .61 s ± .10) compared to the 

uninjured group (.73 s ± .14 to .71 s ± .15) however, the chronic injury group decreases in 

mean and peak muscle activation following the PAP protocol (.83 ± .25 to .74 ± .22). 

Therefore, the two participants that reported diagnosed chronic conditions of the lower 

extremity had greater baseline SLB contractions of the gluteus medius and were not 

potentiated but did in fact reach their peak level of activation more quickly following the 

IWW PAP protocol. This could lead one to conclude the IWW PAP protocol was too 

fatiguing for these chronically injured  individuals in particular, however, their 

significantly higher baseline SLB mean and peak values raise questions regarding the 

presence of muscular imbalances, contribution of muscular versus neural contributors and 

effective prescription of PAP to chronically injured athletic populations.  

A major limitation to the present study is the previously discussed inconsistency 

in PAP prescription parameters as well as the lack of agreement on physiological 

mechanisms causing this increase in muscle activation. Multiple factors have been 
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proposed to enhance the production and attenuation of PAP and PAPE from both neural 

and muscular contributors. Within the scope of the current study, no testing was 

conducted to confirm or deny the presence of true PAP via myosin regulatory light chain 

phosphorylation from a molecular standpoint. Another limitation is the assumption of 

maximal effort during all exercises from all participants throughout their sessions. 

Participants were not asked to refrain from competition, training, or lower-extremity lift 

sessions throughout the study in efforts to mimic “real-life” collegiate athlete schedules, 

level of muscle soreness and fatigue. Throughout the study, two participants reported 

dominant leg hamstring muscle spasm during the study between repetitions of the SLB 

and stated they had been sore that day. General muscle soreness and fatigue could have 

affected the level of effort and therefore muscle contraction observed in some sessions.  

Continuous research is warranted to identify preferred prescription parameters for 

PAP and PAPE in a classic strength and conditioning setting to improve upon the 

translation of those parameters to the rehabilitation setting. Future research on PAP in the 

collegiate athletic rehabilitation setting should prioritize the prescription of an effective 

but non-fatiguing pre-conditioning stimulus as well as a performance task that allows for 

a larger magnitude of improvement in muscle activation outcomes. The pre-conditioning 

stimulus contraction may need to be modified to increase or decrease the muscle 

activation to find the right balance of muscular potentiation and fatigue when the 

performance task begins based on the individuals in the study population. The outcome 

measures for the present study were mean, peak and time to peak muscle activation 

however, for a more comprehensive representation of the amount of muscle activity 

within the target muscle, area under the curve may be a more beneficial statistical 
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analysis of the effectiveness of PAP in future studies. Conducting a similar study of PAP 

in a rehabilitation setting involving participants with diagnosed and confirmed muscular 

imbalances could offer further insight to the true nature of their baseline muscular 

activation values and to better identify the optimal “window of opportunity” for 

potentiation in these individuals. Further studies could investigate the effect of PAP or 

PAPE in successive sets and repetitions of various exercise throughout a mock 

rehabilitation session as it has been hypothesized that successive contractions would 

potentiate the muscle even further.  

 In conclusion, the primary findings of the present study are 1) in a population of 

10 female collegiate athletes, a postactivation potentiation protocol consisting of an 

isometric pre-conditioning stimulus and a gluteus medius rehabilitation exercise 

performance task showed no statistically significant differences in peak, mean and time 

to peak muscle activation in the first 10 seconds following pre-stimulus contraction and 

2) isometric wall warrior and single leg glute bridge exercises appear to successfully 

target activation of the gluteus medius when performed in the dominant leg. Despite not 

achieving a level of significance, all muscle activation outcome measures revealed 

favorable trends approaching the original hypothesis as mean, peak and time to peak 

muscle activation all had improved following the implementation of a PAP protocol. PAP 

and PAPE are undefined and highly controversial therefore, more research with larger 

and more controlled populations, prescription parameters and enhanced data analysis is 

warranted to determine the true applicability of potentiation protocols in the collegiate 

athlete rehabilitation setting.  
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Practical Applications 

The intended applicability within the current study was to determine the 

effectiveness of implementing a postactivation potentiation protocol in the collegiate 

athletic rehabilitation setting by sports medicine clinicians such as athletic trainers and 

physical therapists. This hypothesis was taken a step further as this was the first study, to 

our knowledge, that investigated the effect of PAP specifically within a stabilizer muscle. 

With the primary outcome of the present study being an insignificant yet favorable trend 

toward improvements in mean, peak and time to peak muscle activation following a PAP 

protocol within the first 10 seconds following pre-conditioning stimulus, one could 

conclude there is no harm done to the patient in implementing a PAP protocol for a 

lower-extremity rehabilitation in collegiate athletics however, the protocol may or may 

not be effective for that particular individual and could possibly result in fatigue. If a 

clinician decides to implement a PAP protocol within their rehabilitation session, they 

should ensure the pre-conditioning stimulus does not cause excessive fatigue prior to 

performing the remaining exercises. The clinician should also ensure that it is safe for the 

patient to be attempting a near maximal effort isometric contraction to satisfy the pre-

stimulus contraction requirement. This type of contraction may not be safe if the patient 

is recovering from an acute muscular strain. The present study also concludes the 

isometric wall warrior and single leg glute bridge are effective exercises for the gluteus 

medius therefore, clinicians can implement these exercises when attempting to target this 

muscle for purposes of lower extremity stabilization. Although more research is 

warranted in the applicability of PAP for a sports medicine clinician, the present study 

demonstrates potential for expansion on tools clinicians can utilize to enhance muscle 
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activation in efforts to correct muscular imbalances, create injury prevention programs or 

rehabilitate athletic injuries. 

  



 

 
 

44 

REFERENCES 

Aagaard, P., Simonsen, E. B., Andersen, J. L., Magnusson, P., & Dyhre-Poulsen, P.  

(2002). Neural adaptation to resistance training: changes in evoked V-wave and 

H-reflex responses. Journal of Applied Physiology, 92(6), 2309–2318. 

https://doi.org/10.1152/japplphysiol.01185.2001 

Abbate, F., Sargeant, A. J., Verdijk, P. W., & de Haan, A. (2000). Effects of high- 

frequency initial pulses and posttetanic potentiation on power output of skeletal 

muscle. Journal of Applied Physiology, 88(1), 35–40. 

https://doi.org/10.1152/jappl.2000.88.1.35 

Alamo, L., Wriggers, W., Pinto, A., Bártoli, F., Salazar, L., Zhao, F. Q., Craig, R., &  

Padrón, R. (2008). Three-dimensional reconstruction of tarantula myosin 

filaments suggests how phosphorylation may regulate myosin activity. Journal of 

Molecular Biology, 384(4), 780–797. https://doi.org/10.1016/j.jmb.2008.10.013 

Alamo, L., Li, X. E., Espinoza-Fonseca, L. M., Pinto, A., Thomas, D. D., Lehman, W., &  

Padrón, R. (2015). Tarantula myosin free head regulatory light chain 

phosphorylation stiffens N-terminal extension, releasing it and blocking its 

docking back. Molecular Biology Systems, 11(8), 2180–2189. 

https://doi.org/10.1039/c5mb00163c 

Arabatzi, F., Patikas, D., Zafeiridis, A., Giavroudis, K., Kannas, T., Gourgoulis, V., &  

Kotzamanidis, C. M. (2014). The post-activation potentiation effect on squat jump 

performance: age and sex effect. Pediatric Exercise Science, 26(2), 187–194. 

https://doi.org/10.1123/pes.2013-0052 

 



 

 
 

45 

Appaneal, R. N., Levine, B. R., Perna, F. M., & Roh, J. L. (2009). Measuring postinjury  

depression among male and female competitive athletes. Journal of Sport & 

Exercise Psychology, 31(1), 60–76. https://doi.org/10.1123/jsep.31.1.60 

Baudry, S., Klass, M., & Duchateau, J. (2005). Postactivation potentiation influences  

differently the nonlinear summation of contractions in young and elderly adults. 

Journal of Applied Physiology, 98(4), 1243–1250. 

https://doi.org/10.1152/japplphysiol.00735.2004 

Beato, M., Bigby, A., De Keijzer, K. L., Nakamura, F. Y., Coratella, G., & McErlain- 

Naylor, S. A. (2019). Post-activation potentiation effect of eccentric overload and 

traditional weightlifting exercise on jumping and sprinting performance in male 

athletes. Plos One, 14(9), https://doi.org/10.1371/journal.pone.0222466 

Beato, M., Stiff, A., & Coratella, G. (2021). Effects of postactivation potentiation after an  

eccentric overload bout on countermovement jump and lower-limb muscle 

strength. Journal of Strength and Conditioning Research, 35(7), 1825–1832. 

https://doi.org/10.1519/JSC.0000000000003005 

Bertelsen, M. L., Hulme, A., Petersen, J., Brund, R. K., Sørensen, H., Finch, C. F.,  

Parner, E. T., & Nielsen, R. O. (2017). A framework for the etiology of running-

related injuries. Scandinavian Journal of Medicine & Science in Sports, 27(11), 

1170–1180. https://doi.org/10.1111/sms.12883 

Bevan, H. R., Cunningham, D. J., Tooley, E. P., Owen, N. J., Cook, C. J., & Kilduff, L.  

P. (2010). Influence of postactivation potentiation on sprinting performance in 

professional rugby players. Journal of Strength and Conditioning Research, 

24(3), 701–705. https://doi.org/10.1519/JSC.0b013e3181c7b68a 



 

 
 

46 

Blazevich, A. J., & Babault, N. (2019). Post-activation potentiation versus post-activation  

performance enhancement in humans: historical perspective, underlying 

mechanisms, and current issues. Frontiers in Physiology, 10, 1359. 

https://doi.org/10.3389/fphys.2019.01359 

Bratsman, A., Wassef, A., Wassef, C. R., Jayaram, P., Mosely, J. B., & Shybut, T. B.  

(2021). Epidemiology of NCAA bone stress injuries: a comparison of athletes in 

divisions I, II, and III. Orthopaedic Journal of Sports Medicine, 9(7), 

https://doi.org/10.1177/23259671211014496  

Buttifant, D., & Hrysomallis, C. (2015). Effect of various practical warm-up protocols on  

acute lower-body power. Journal of Strength and Conditioning Research, 29(3), 

656–660. https://doi.org/10.1519/JSC.0000000000000690 

Caterini, D., Gittings, W., Huang, J., & Vandenboom, R. (2011). The effect of work cycle  

frequency on the potentiation of dynamic force in mouse fast twitch skeletal 

muscle. The Journal of Experimental Biology, 214(23), 3915–3923. 

https://doi.org/10.1242/jeb.061150 

Chen, Z.-R., Lo, S.-L., Wang, M.-H., Yu, C.-F. & Peng, H.-T. (2017). Can different  

complex training improve the individual phenomenon of post- activation 

potentiation?. Journal of Human Kinetics, (56), 167–175. https://dio.org/10.1515/ 

hukin-2017-0034 

Chiu, L. Z., Fry, A. C., Weiss, L. W., Schilling, B. K., Brown, L. E., & Smith, S. L.  

(2003). Postactivation potentiation response in athletic and recreationally trained 

individuals. Journal of Strength and Conditioning Research, 17(4), 671–677. 

https://doi.org/10.1519/1533-4287(2003)017<0671:ppriaa>2.0.co;2 



 

 
 

47 

Clark, M., & Lucett, S. (2011). NASM's Essentials of Corrective Exercise Training (1st  

ed., Vol.1). Wolters Kluwer Health/Lippincott Williams & Wilkins.  

Coplan J. A. (1989). Rotational motion of the knee: a comparison of normal and  

pronating subjects. The Journal of Orthopaedic and Sports Physical Therapy, 

10(9), 366–369. https://doi.org/10.2519/jospt.1989.10.9.366 

Cuenca-Fernández, F., Smith, I. C., Jordan, M. J., MacIntosh, B. R., López-Contreras, G.,  

Arellano, R., & Herzog, W. (2017). Nonlocalized postactivation performance 

enhancement (PAPE) effects in trained athletes: a pilot study. Applied Physiology, 

Nutrition, and Metabolism, 42(10), 1122–1125. https://doi.org/10.1139/apnm-

2017-0217 

Dalton, S. L., Kerr, Z. Y., & Dompier, T. P. (2015). Epidemiology of hamstring strains in  

25 NCAA sports in the 2009-2010 to 2013-2014 academic years. The American 

Journal of Sports Medicine, 43(11), 2671–2679. 

https://doi.org/10.1177/0363546515599631 

do Carmo, E. C., De Souza, E. O., Roschel, H., Kobal, R., Ramos, H., Gil, S., & Tricoli,  

V.(2021). Self-selected rest interval improves vertical jump postactivation 

potentiation. Journal of Strength and Conditioning Research, 35(1), 91–96. 

https://doi.org/10.1519/JSC.0000000000002519 

Docherty, D., & Hodgson, M. J. (2007). The application of postactivation potentiation to  

elite sport. International Journal of Sports Physiology and Performance, 2(4), 

439–444. https://doi.org/10.1123/ijspp.2.4.439  

 

 



 

 
 

48 

Dolak, K. L., Silkman, C., Medina McKeon, J., Hosey, R. G., Lattermann, C., & Uhl, T.  

L. (2011). Hip strengthening prior to functional exercises reduces pain sooner 

than quadriceps strengthening in females with patellofemoral pain syndrome: a 

randomized clinical trial. The Journal of Orthopaedic and Sports Physical 

Therapy, 41(8), 560–570. https://doi.org/10.2519/jospt.2011.3499  

Eckard, T. G., Kerr, Z. Y., Padua, D. A., Djoko, A., & Dompier, T. P. (2017).  

Epidemiology of quadriceps strains in national collegiate athletic association 

athletes, 2009-2010 through 2014-2015. Journal of Athletic Training, 52(5), 474–

481. https://doi.org/10.4085/1062-6050-52.2.17  

Eckard, T. G., Padua, D. A., Dompier, T. P., Dalton, S. L., Thorborg, K., & Kerr, Z. Y.  

(2017). Epidemiology of hip flexor and hip adductor strains in national collegiate 

athletic association athletes, 2009/2010-2014/2015. The American Journal of 

Sports Medicine, 45(12), 2713–2722. https://doi.org/10.1177/0363546517716179  

Edman, K. A., & Andersson, K. E. (1968). The variation in active tension with sarcomere  

length in vertebrate skeletal muscle and its relation to fibre width. Experientia, 

24(2), 134–136. https://doi.org/10.1007/BF02146942  

Edouard, P., Mendiguchia, J., Lahti, J., Arnal, P. J., Gimenez, P., Jiménez-Reyes, P.,  

Brughelli, M., Samozino, P., & Morin, J. B. (2018). Sprint acceleration mechanics 

in fatigue conditions: compensatory role of gluteal muscles in horizontal force 

production and potential protection of hamstring muscles. Frontiers in 

Physiology, 9, 1706. https://doi.org/10.3389/fphys.2018.01706  

 

 



 

 
 

49 

Enoka, R. M., Hutton, R. S., & Eldred, E. (1980). Changes in excitability of tendon tap  

and Hoffmann reflexes following voluntary contractions. Electroencephalography 

and Clinical Neurophysiology, 48(6), 664–672. https://doi.org/10.1016/0013-

4694(80)90423-x  

Fadaei Dehcheshmeh, P., Gandomi, F., & Maffulli, N. (2021). Effect of lumbopelvic  

control on landing mechanics and lower extremity muscles' activities in female 

professional athletes: implications for injury prevention. BMC Sports Science, 

Medicine & Rehabilitation, 13(1), 101. https://doi.org/10.1186/s13102-021-

00331-y 

Ferber, R., Bolgla, L., Earl-Boehm, J. E., Emery, C., & Hamstra-Wright, K. (2015).  

Strengthening of the hip and core versus knee muscles for the treatment of 

patellofemoral pain: a multicenter randomized controlled trial. Journal of Athletic 

Training, 50(4), 366–377. https://doi.org/10.4085/1062-6050-49.3.70 

Fernandes, I. G., Souza, M. A., Oliveira, M. L., Miarka, B., Barbosa, M. A., Queiroz, A.  

C., & Barbosa, A. C. (2020). Acute effects of single- versus double-leg 

postactivation potentiation on postural balance of older women: an age-matched 

controlled study. Journal of Aging and Physical Activity, 29(2), 200–206. 

https://doi.org/10.1123/japa.2019-0314 

Ferreira, SLA, Panissa, VLG, Miarka, B, and Franchini, E. (2012). Postactivation  

potentiation: effect of various recovery intervals on bench press power 

performance. Journal of Strength and Conditioning Research, 26(3),739–744  

 

 



 

 
 

50 

Folland, J. P., Wakamatsu, T., and Fimland, M. S. (2008). The influence of maximal  

isometric activity on twitch and H-reflex potentiation, and quadriceps femoris 

performance. European Journal of Applied Physiology, 104, 739–748. 

https://doi.org/10.1007/ s00421-008-0823-6 

Gardetto, P. R., Schluter, J. M., & Fitts, R. H. (1989). Contractile function of single  

muscle fibers after hindlimb suspension. Journal of Applied Physiology, 66(6), 

2739–2749. https://doi.org/10.1152/jappl.1989.66.6.2739  

Glaviano, N. R., & Saliba, S. (2019). Differences in gluteal and quadriceps muscle  

activation during weight-bearing exercises between female subjects with and 

without patellofemoral pain. Journal of Strength and Conditioning Research, 

https://doi.org/10.1519/JSC.0000000000003392  

Gołaś, A., Maszczyk, A., Zajac, A., Mikołajec, K., & Stastny, P. (2016). Optimizing post  

activation potentiation for explosive activities in competitive sports. Journal of 

Human Kinetics, 52, 95–106. https://doi.org/10.1515/hukin-2015-0197 

Gordon, D. A., Enoka, R. M., & Stuart, D. G. (1990). Motor-unit force potentiation in  

adult cats during a standard fatigue test. The Journal of Physiology, 421, 569–582. 

https://doi.org/10.1113/jphysiol.1990.sp017962  

Gordon, A. M., & Godt, R. E. (1970). Some effects of hypertonic solutions on  

contraction and excitation-contraction coupling in frog skeletal muscles. The 

Journal of General Physiology, 55(2), 254–275. 

https://doi.org/10.1085/jgp.55.2.254 

 

 



 

 
 

51 

Gossen, E. R., & Sale, D. G. (2000). Effect of postactivation potentiation on dynamic  

knee extension performance. European Journal of Applied Physiology, 83(6), 

524–530. https://doi.org/10.1007/s004210000304 

Grange, R. W., Vandenboom, R., & Houston, M. E. (1993). Physiological significance of  

myosin phosphorylation in skeletal muscle. Canadian Journal of Applied 

Physiology,18(3), 229–242. https://doi.org/10.1139/h93-020  

Grange, R. W., Vandenboom, R., Xeni, J., & Houston, M. E. (1998). Potentiation of in  

vitro concentric work in mouse fast muscle. Journal of Applied Physiology, 84(1), 

236–243. https://doi.org/10.1152/jappl.1998.84.1.236 

Greenberg, M. J., Mealy, T. R., Watt, J. D., Jones, M., Szczesna-Cordary, D., & Moore,  

J. R. (2009). The molecular effects of skeletal muscle myosin regulatory light 

chain phosphorylation. American Journal of Physiology- Regulatory, Integrative 

and Comparative Physiology, 297(2), https://doi.org/10.1152/ajpregu.00171.2009 

Güllich, A., and Schmidtbleicher, D. (1996). MVC-induced short-term potentiation of  

explosive force. New Studies in Athletics, 11, 67–84.  

Hamada, T., Sale, D. G., MacDougall, J. D., & Tarnopolsky, M. A. (2000). Postactivation  

potentiation, fiber type, and twitch contraction time in human knee extensor 

muscles. Journal of Applied Physiology, 88(6), 2131–2137. 

https://doi.org/10.1152/jappl.2000.88.6.2131 

Hamada, T., Sale, D. G., Macdougall, J. D., and Tarnopolsky, M. A. (2003). Interaction  

of fibre type, potentiation and fatigue in human knee extensor muscles. Acta 

Physiologica Scandanavia, (178), 165–173. https://doi.org/10.1046/ j.1365-

201X.2003.01121.x 



 

 
 

52 

Hodgson, M., Docherty, D., & Robbins, D. (2005). Post-activation potentiation:  

underlying physiology and implications for motor performance. Sports Medicine 

(Auckland, N.Z.), 35(7), 585–595. https://doi.org/10.2165/00007256-200535070-

00004  

Jensen, R. L., & Ebben, W. P. (2003). Kinetic analysis of complex training rest interval  

effect on vertical jump performance. Journal of Strength and Conditioning 

Research, 17(2), 345–349. https://doi.org/10.1519/1533-

4287(2003)017<0345:kaoctr>2.0.co;2  

Jones, P., & Lees, A. (2003). A biomechanical analysis of the acute effects of complex  

training using lower limb exercises. Journal of Strength and Conditioning 

Research, 17(4), 694–700. https://doi.org/10.1519/1533-

4287(2003)017<0694:abaota>2.0.co;     

 Judge, L. W. (2009). The Application of postactivation potentiation to the track and field 

thrower. Strength and Conditioning Journal, 31(3), 34-36. 

https://doi.org/10.1519/SSC.0b013e3181a62960 

Kakouris, N., Yener, N., & Fong, D. (2021). A systematic review of running-related  

musculoskeletal injuries in runners. Journal of Sport and Health Science, 10(5), 

513–522. https://doi.org/10.1016/j.jshs.2021.04.001  

Khayambashi, K., Fallah, A., Movahedi, A., Bagwell, J., & Powers, C. (2014).  

Posterolateral hip muscle strengthening versus quadriceps strengthening for 

patellofemoral pain: a comparative control trial. Archives of Physical Medicine 

and Rehabilitation, 95(5), 900–907. https://doi.org/10.1016/j.apmr.2013.12.022 

 



 

 
 

53 

Kilduff, L.P., H.R. Bevan, M.I.C. Kingsley, N.J. Owen, M.A. Bennett, P.J. Bunce, A.M.  

Hore, J.R. Maw, and D.J. Cunningham. Postactivation potentiation in professional 

rugby players: optimal recovery. Journal of  Strength and Conditioning Research, 

21(4),1134– 1138.  

Klug, G. A., Botterman, B. R., & Stull, J. T. (1982). The effect of low frequency  

stimulation on myosin light chain phosphorylation in skeletal muscle. The Journal 

of Biological Chemistry, 257(9), 4688–4690.  

Lambert, C., Ritzmann, R., Akoto, R., Lambert, M., Pfeiffer, T., Wolfarth, B., Lachmann,  

D., & Shafizadeh, S. (2021). Epidemiology of injuries in olympic sports. 

International Journal of Sports Medicine, https://doi.org/10.1055/a-1641-0068  

Letafatkar, A., Mantashloo, Z., & Moradi, M. (2018). Comparison the time to  

stabilization and activity of the lower extremity muscles during jump-landing in 

subjects with and without genu varum. Gait & Posture, 65, 256–261. 

https://doi.org/10.1016/j.gaitpost.2018.08.001 

Levine, R. J., Kensler, R. W., Yang, Z., Stull, J. T., & Sweeney, H. L. (1996). Myosin  

light chain phosphorylation affects the structure of rabbit skeletal muscle thick 

filaments. Biophysical Journal, 71(2), 898–907. https://doi.org/10.1016/S0006-

3495(96)79293-7 

Levine, R. J., Yang, Z., Epstein, N. D., Fananapazir, L., Stull, J. T., & Sweeney, H. L.  

(1998). Structural and functional responses of mammalian thick filaments to 

alterations in myosin regulatory light chains. Journal of Structural Biology, 

122(1-2), 149–161. https://doi.org/10.1006/jsbi.1998.3980 

 



 

 
 

54 

Lorenz D. (2011). Postactivation potentiation: an introduction. International Journal of  

Sports Physical Therapy, 6(3), 234–240.  

Lorenz, D. S., & Reiman, M. P. (2011). Performance enhancement in the terminal phases  

of rehabilitation. Sports Health, 3(5), 470–480. 

https://doi.org/10.1177/1941738111415039 

Lytle, J. B., Parikh, K. B., Tarakemeh, A., Vopat, B. G., & Mulcahey, M. K. (2021).  

Epidemiology of foot and ankle injuries in NCAA jumping athletes in the united 

states during 2009-2014. Orthopaedic Journal of Sports Medicine, 9(4), 

https://doi.org/10.1177/2325967121998052  

MacIntosh, B. R., & Willis, J. C. (2000). Force-frequency relationship and potentiation in  

mammalian skeletal muscle. Journal of Applied Physiology, 88(6), 2088–2096. 

https://doi.org/10.1152/jappl.2000.88.6.2088  

MacIntosh, B. R., & Bryan, S. N. (2002). Potentiation of shortening and velocity of  

shortening during repeated isotonic tetanic contractions in mammalian skeletal 

muscle. European Journal of Physiology, 443(5-6), 804–812. 

https://doi.org/10.1007/s00424-001-0746-0 

MacIntyre, N. J., Hill, N. A., Fellows, R. A., Ellis, R. E., & Wilson, D. R. (2006).  

Patellofemoral joint kinematics in individuals with and without patellofemoral 

pain syndrome. The Journal of Bone and Joint Surgery, 88(12), 2596–2605. 

https://doi.org/10.2106/JBJS.E.00674 

 

 

 



 

 
 

55 

Manning, D. R., & Stull, J. T. (1979). Myosin light chain phosphorylation and  

phosphorylase A activity in rat extensor digitorum longus muscle. Biochemical 

and Biophysical Research Communications, 90(1), 164–170. 

https://doi.org/10.1016/0006-291x(79)91604-8  

Manning, D. R., & Stull, J. T. (1982). Myosin light chain phosphorylation- 

dephosphorylation in mammalian skeletal muscle. The American Journal of 

Physiology, 242(3), C234–C241. https://doi.org/10.1152/ajpcell.1982.242.3.C234 

Månsson A. (1989). Changes in force and stiffness during stretch of skeletal muscle  

fibers, effects of hypertonicity. Biophysical Journal, 56(2), 429–433. 

https://doi.org/10.1016/S0006-3495(89)82689-X 

Matsunaga, N., Okubo, Y., Isagawa, S., Niitsuma, J., Otsudo, T., Sawada, Y., & Akasaka,  

K. (2021). Muscle fatigue in the gluteus maximus changes muscle synergies 

during single-leg landing. Journal of Bodywork and Movement Therapies, 27, 

493–499. https://doi.org/10.1016/j.jbmt.2021.05.013 

Matthews, M., O'Conchuir, C., & Comfort, P. (2009). The acute effects of heavy and  

light resistances on the flight time of a basketball push-pass during upper body 

complex training. Journal of Strength and Conditioning Research, 23(7), 1988–

1995. https://doi.org/10.1519/JSC.0b013e3181b3e076 

McCann, M. R., & Flanagan, S. P. (2010). The effects of exercise selection and rest  

interval on postactivation potentiation of vertical jump performance. Journal of 

Strength and Conditioning Research, 24(5), 1285–1291. 

https://doi.org/10.1519/JSC.0b013e3181d6867c 

 



 

 
 

56 

McGuine, T. A., Winterstein, A., Carr, K., Hetzel, S., & Scott, J. (2012). Changes in self- 

reported knee function and health-related quality of life after knee injury in 

female athletes. Clinical Journal of Sport Medicine: Official Journal of the 

Canadian Academy of Sport Medicine, 22(4), 334–340. 

https://doi.org/10.1097/JSM.0b013e318257a40b 

Meinerz, C. M., Malloy, P., Geiser, C. F., & Kipp, K. (2015). Anticipatory effects on  

lower extremity neuromechanics during a cutting task. Journal of Athletic 

Training, 50(9), 905–913. https://doi.org/10.4085/1062-6050-50.8.02  

Metzger, J. M., & Moss, R. L. (1990). Calcium-sensitive cross-bridge transitions in  

mammalian fast and slow skeletal muscle fibers. Science (New York, N.Y.), 

247(4946), 1088–1090. https://doi.org/10.1126/science.2309121 

Mirzaie, G. H., Rahimi, A., Kajbafvala, M., Manshadi, F. D., Kalantari, K. K., & Saidee,  

A. (2019). Electromyographic activity of the hip and knee muscles during 

functional tasks in males with and without patellofemoral pain. Journal of 

Bodywork and Movement Therapies, 23(1), 54–58. 

https://doi.org/10.1016/j.jbmt.2018.11.001  

Mitchell, C. J., & Sale, D. G. (2011). Enhancement of jump performance after a 5-RM  

squat is associated with postactivation potentiation. European Journal of Applied 

Physiology, 111(8), 1957–1963. https://doi.org/10.1007/s00421-010-1823-x 

Moore, R. L., & Stull, J. T. (1984). Myosin light chain phosphorylation in fast and slow  

skeletal muscles in situ. The American Journal of Physiology, 247(5 Pt 1), C462–

C471. https://doi.org/10.1152/ajpcell.1984.247.5.C462  

 



 

 
 

57 

Morana, C., & Perrey, S. (2009). Time course of postactivation potentiation during  

intermittent submaximal fatiguing contractions in endurance- and power-trained 

athletes. Journal of Strength and Conditioning Research, 23(5), 1456–1464. 

https://doi.org/10.1519/JSC.0b013e3181a518fl 

Na, Y., Han, C., Shi, Y., Zhu, Y., Ren, Y., & Liu, W. (2021). Is isolated hip  

strengthening or traditional knee-based strengthening more effective in patients 

with patellofemoral pain syndrome? a systematic review with meta-analysis. 

Orthopaedic Journal of Sports Medicine, 9(7), 23259671211017503. 

https://doi.org/10.1177/23259671211017503 

Naclerio, F., Chapman, M., Larumbe-Zabala, E., Massey, B., Neil, A., and Triplett, T. N.  

(2015).Effects of three different conditioning activity volumes on the optimal 

recovery time for potentiation in college athletes. Journal of Strength and 

Conditioning Research, (29), 2579–2585. 

https://doi.org/10.1519/JSC.0000000000000915  

Nibali, M. L., Chapman, D. W., Robergs, R. A., & Drinkwater, E. J. (2015).  

Considerations for determining the time course of post-activation potentiation. 

Applied Physiology, Nutrition, and Metabolism, 40(11), 1163–1170. https://doi-

org.ezproxy.mtsu.edu/10.1139/apnm-2015-0175 

O'Leary, D. D., Hope, K., & Sale, D. G. (1997). Posttetanic potentiation of human  

dorsiflexors. Journal of Applied Physiology, 83(6), 2131–2138. 

https://doi.org/10.1152/jappl.1997.83.6.2131 

 

 



 

 
 

58 

Payne, K., Payne, J., & Larkin, T. A. (2020). Patellofemoral pain syndrome and pain  

severity is associated with asymmetry of gluteus medius muscle activation 

measured via ultrasound. American Journal of Physical Medicine & 

Rehabilitation, 99(7), 595–601. https://doi.org/10.1097/PHM.0000000000001367 

Persechini, A., & Stull, J. T. (1984). Phosphorylation kinetics of skeletal muscle myosin  

and the effect of phosphorylation on actomyosin adenosinetriphosphatase activity. 

Biochemistry, 23(18), 4144–4150. https://doi.org/10.1021/bi00313a021 

Piper, A. D., Joubert, D. P., Jones, E. J., & Whitehead, M. T. (2020). Comparison of post- 

activation potentiating stimuli on jump and sprint performance. International 

Journal of Exercise Science, 13(4), 539–553.  

Prieske, O., Behrens, M., Chaabene, H. (2020). Time to differentiate postactivation  

“potentiation” from “performance enhancement” in the strength and conditioning 

community. Sports Medicine (50), 1559–1565. https://doi.org/10.1007/s40279-

020-01300-0 

Putukian M. (2016). The psychological response to injury in student athletes: a narrative  

review with a focus on mental health. British Journal of Sports Medicine, 50(3), 

145–148. https://doi.org/10.1136/bjsports-2015-095586 

Rassier, D. E., & Macintosh, B. R. (2000). Coexistence of potentiation and fatigue in  

skeletal muscle. Brazilian Journal of Medical and Biological Research, 33(5), 

499–508. https://doi.org/10.1590/s0100-879x2000000500003 

Rath, M. E., Stearne, D. J., Walker, C. R., & Cox, J. C. (2016). Effect of foot type on  

knee valgus, ground reaction force, and hip muscle activation in female soccer 

players. The Journal of Sports Medicine and Physical Fitness, 56(5), 546–553.  



 

 
 

59 

Rixon, K. P., Lamont, H. S., & Bemben, M. G. (2007). Influence of type of muscle  

contraction, gender, and lifting experience on postactivation potentiation 

performance. Journal of Strength and Conditioning Research, 21(2), 500–505. 

https://doi.org/10.1519/R-18855.1 

Sale D. G. (2002). Postactivation potentiation: role in human performance. Exercise and  

Sport Sciences Reviews, 30(3), 138–143. https://doi.org/10.1097/00003677-

200207000-00008 

Sañudo, B., de Hoyo, M., Haff, G. G., & Muñoz-López, A. (2020). Influence of strength  

level on the acute post-activation performance enhancement following flywheel 

and free weight resistance training. Sensors (Basel, Switzerland), 20(24), 7156. 

https://doi.org/10.3390/s20247156 

Seitz, L. B., de Villarreal, E. S., & Haff, G. G. (2014). The temporal profile of  

postactivation potentiation is related to strength level. Journal of Strength and 

Conditioning Research, 28(3), 706–715. 

https://doi.org/10.1519/JSC.0b013e3182a73ea3 

Shultz, S. J., Carcia, C. R., Gansneder, B. M., & Perrin, D. H. (2006). The independent  

and interactive effects of navicular drop and quadriceps angle on neuromuscular 

responses to a weight-bearing perturbation. Journal of Athletic Training, 41(3), 

251–259.  

Sirieiro, P., Nasser, I., Dobbs, W. C., Willardson, J. M., & Miranda, H. (2021). The effect  

of set configuration and load on post-activation potentiation on vertical jump in 

athletes. International Journal of Exercise Science, 14(4), 902–911.  

 



 

 
 

60 

Souza, R. B., Draper, C. E., Fredericson, M., & Powers, C. M. (2010). Femur rotation  

and patellofemoral joint kinematics: a weight-bearing magnetic resonance 

imaging analysis. The Journal of Orthopaedic and Sports Physical Therapy, 

40(5), 277–285. https://doi.org/10.2519/jospt.2010.3215 

Sue, R.A., Adams, K. J., & DeBeliso, M. (2016). Optimal timing for post-activation  

potentiation in women collegiate volleyball players. Sports (Basel, Switzerland), 

4(2), 27. https://doi.org/10.3390/sports4020027  

Sugi, H., Abe, T., Kobayashi, T., Chaen, S., Ohnuki, Y., Saeki, Y., & Sugiura, S. (2013).  

Enhancement of force generated by individual myosin heads in skinned rabbit 

psoas muscle fibers at low ionic strength. Plos One, 8(5), 

https://doi.org/10.1371/journal.pone.0063658 

Sweeney, H. L., Bowman, B. F., & Stull, J. T. (1993). Myosin light chain  

phosphorylation in vertebrate striated muscle: regulation and function. The 

American Journal of Physiology, 264(5 Pt 1), C1085–C1095. 

https://doi.org/10.1152/ajpcell.1993.264.5.C1085 

Szczesna, D., Zhao, J., Jones, M., Zhi, G., Stull, J., & Potter, J. D. (2002).  

Phosphorylation of the regulatory light chains of myosin affects Ca2+ sensitivity 

of skeletal muscle contraction. Journal of Applied Physiology, 92(4), 1661–1670. 

https://doi.org/10.1152/japplphysiol.00858.2001 

Thames, M. D., Teichholz, L. E., & Podolsky, R. J. (1974). Ionic strength and the  

contraction kinetics of skinned muscle fibers. The Journal of General Physiology, 

63(4), 509–530. https://doi.org/10.1085/jgp.63.4.509          

 



 

 
 

61 

Trimble, M. H., and Harp, S. S. (1998). Postexercise potentiation of the H-reflex in  

humans. Medical Science Sports Exercise. 30, 933–941. 

https://doi.org/10.1097/00005768-199806000-00024  

Trojan, J. D., Treloar, J. A., Smith, C. M., Kraeutler, M. J., & Mulcahey, M. K. (2019).  

Epidemiological patterns of patellofemoral injuries in collegiate athletes in the 

united states from 2009 to 2014. Orthopaedic Journal of Sports Medicine, 7(4), 

2325967119840712. https://doi.org/10.1177/2325967119840712  

Twist, C., & Highton, J. (2013). Monitoring fatigue and recovery in rugby league players.  

International Journal of Sports Physiology and Performance, 8(5), 467–474. 

https://doi.org/10.1123/ijspp.8.5.467 

Ulrich, G., & Parstorfer, M. (2017). Effects of plyometric versus concentric and eccentric  

conditioning contractions on upper-body postactivation potentiation. International 

Journal of Sports Physiology and Performance, 12(6), 736–741. 

https://doi.org/10.1123/ijspp.2016-0278  

Valovich McLeod, T. C., Bay, R. C., Parsons, J. T., Sauers, E. L., & Snyder, A. R.  

(2009). Recent injury and health-related quality of life in adolescent athletes. 

Journal of Athletic Training, 44(6), 603–610. https://doi.org/10.4085/1062-6050-

44.6.603 

Vandenboom, R., Gittings, W., Smith, I. C., Grange, R. W., & Stull, J. T. (2013). Myosin  

phosphorylation and force potentiation in skeletal muscle: evidence from animal 

models. Journal of Muscle Research and Cell Motility, 34(5-6), 317–332. 

https://doi.org/10.1007/s10974-013-9363-8 

 



 

 
 

62 

Vandenboom R. (2016). Modulation of skeletal muscle contraction by myosin  

phosphorylation. Comprehensive Physiology, 7(1), 171–212. 

https://doi.org/10.1002/cphy.c150044 

Vandenboom, R., Grange, R. W., & Houston, M. E. (1995). Myosin phosphorylation  

enhances rate of force development in fast-twitch skeletal muscle. The American 

Journal of Physiology, 268(3 Pt 1), C596–C603. 

https://doi.org/10.1152/ajpcell.1995.268.3.C596  

Vandenboom, R., Grange, R. W., & Houston, M. E. (1993). Threshold for force  

potentiation associated with skeletal myosin phosphorylation. The American 

Journal of Physiology, 265(6 Pt 1), C1456–C1462. 

https://doi.org/10.1152/ajpcell.1993.265.6.C1456  

Vandervoort, A. A., Quinlan, J., & McComas, A. J. (1983). Twitch potentiation after  

voluntary contraction. Experimental Neurology, 81(1), 141–152. 

https://doi.org/10.1016/0014-4886(83)90163-2  

Wilson, J. M., Duncan, N. M., Marin, P. J., Brown, L. E., Loenneke, J. P., Wilson, S. M.,  

Jo, E., Lowery, R. P., & Ugrinowitsch, C. (2013). Meta-analysis of postactivation 

potentiation and power: effects of conditioning activity, volume, gender, rest 

periods, and training status. Journal of Strength and Conditioning Research, 

27(3), 854–859. https://doi.org/10.1519/JSC.0b013e31825c2bdb 

Xeni, J., Gittings, W. B., Caterini, D., Huang, J., Houston, M. E., Grange, R. W., &  

Vandenboom, R. (2011). Myosin light-chain phosphorylation and potentiation of 

dynamic function in mouse fast muscle. Pflugers Archive: European Journal of 

Physiology, 462(2), 349–358. https://doi.org/10.1007/s00424-011-0965-y 



 

 
 

63 

Young, W., McLean, B., & Ardagna, J. (1995). Relationship between strength qualities  

and sprinting performance. The Journal of Sports Medicine and Physical Fitness, 

35(1), 13–19.  

Zero, A. M., & Rice, C. L. (2021). Post-activation potentiation induced by concentric  

contractions at three speeds in humans. Experimental Physiology, 

https://doi.org/10.1113/EP089613 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

64 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 
 
 

 



 

 
 

65 

APPENDIX A: UNIVERSITY INSTITUTIONAL REVIEW BOARD APPROVAL 

DOCUMENT  
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APPENDIX B: DATA COLLECTION FORM 

 

 

 

 

 

Middle Tennessee State University 
College of Health and Human Performance 

Exercise Science  
 

Data Collection Sheet 
1. Name/ ID Number:  
2. Age (years):  
3. Height (cm):  
4. Weight (kg):  
5. Dominant leg:  
6. Session A – MVIC% dominant GM Trial 1:   
7. Session A – MVIC% dominant GM Trial 2:  

8. Session A – MVIC% dominant GM Trial 3:   
9. Session A – SLB mean activation 0:00 :  
10. Session A – SLB peak activation 0:00 :  
11. Session A – SLB time to peak 0:00 :   
12. Session B – MVIC% dominant GM Trial 1:  
13. Session B – MVIC% dominant GM Trial 2:  
14. Session B – MVIC% dominant GM Trial 3:   
15. Session B – IWW mean activation Set 1:  

16. Session B – IWW peak activation Set 1:   
17. Session B – IWW mean activation Set 2:  
18. Session B – IWW peak activation Set 2:   
19. Session B – IWW mean activation Set 3:  
20. Session B – IWW peak activation Set 3:   
21. Session B – SLB mean activation 0:10 :  
22. Session B – SLB peak activation 0:10 :  
23. Session B – SLB time to peak 0:10 :   
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APPENDIX C: PARTICIPANT INFORMATION AND QUESTIONNAIRE FORM 

 

 

 

Middle Tennessee State University 
College of Health and Human Performance 

Exercise Science  
 

Participant Information Questionnaire 
 

Last Name:     First Name:  

Cell Phone:     Email:  

Age: 

1. Number of years participating in NCAA division 1 collegiate sport: 

2. Number of years participating in organized sports (includes grade, middle and high 

school/ club and collegiate sports total):  

3. Have you ever been told by a healthcare professional (athletic trainer, physical 

therapist, sports medicine physician, orthopedist, etc.) that you have tight, restricted, 

weak or underactive muscles? If so, which muscle (s)?  

 

4. Have you experienced any injuries to your lower extremity in the past 3 years? If so, 

what was your diagnosis and did your injury require rehabilitation?  

 

5. Have you ever participated in an injury prevention program or “prehab” program for the 

lower extremity? If so, when?  


