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ABSTRACT 

INGRID HAND (MSC) 

The effects of foot position and posture on activation of vastus medialis during 
rehabilitation exercises 

Previous research has shown that muscle activation patterns of the anterior thigh 

influence knee joint mechanics and in particular, patellar tracking. Vastus lateralis and 

vastus medialis muscles are located on the lateral and medial sides of the quadriceps 

group respectively. They are the primary muscles responsible for maintaining patellar 

tracking through the patellofemoral groove in order to prevent knee conditions such as 

patellofemoral pain syndrome. If either the vastus lateralis or vastus medialis muscle 

has a predominant level of activation, then the patellar will tend to be drawn to one side 

of the patellofemoral groove. 

Rehabilitation protocols for treating patellar maltracking and patellofemoral pain often 

focus on improving muscle activation of vastus medialis. Vastus medialis is the smallest 

anterior thigh muscle responsible for leg extension, with lower activation levels often 

resulting in the patellar being drawn laterally. Although rehabilitation protocols m a y 

focus on medial muscle activation, both muscles are innervated by the same nerve, 

suggesting that improved vastus medialis muscle activation will also result in improved 

vastus lateralis muscle activation. To combat this problem it has been suggested that 

turning the foot out to 45 degrees m a y improve vastus medialis activation due to the 

interaction of the adductor magnus muscle. Another theory suggests that vastus medialis 

will be in a relatively higher position than vastus lateralis when seated, and therefore, 

the muscle needs to work harder to oppose gravity. 

Three exercises (leg press, squat and terminal leg extension) were assessed in order to 

determine if commonly employed rehabilitation protocols can improve vastus medialis 

activation. The exercises were performed with two foot positions (parallel/vertical and 

turned out to 45 degrees) at 5 0 % of 3 R M and the resultant E M G activity was 

normalised to a series of isometric M V C trials. Single differential electrodes were 

placed on the muscle bellies of vastus medialis and vastus lateralis, running parallel to 

the muscle fibres, with an earth electrode over the patella. Synchronised E M G and 

video data were collected to allow for the assessment of muscle activation during seated 
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and standing posture exercises, open and closed kinetic chain exercises and for both foot 

positions to determine if any of these exercise conditions would result in improved 

vastus medialis muscle activation. 

The results showed that any improved vastus medialis activation also coincided with 

improved vastus lateralis activation, with both muscles contracting to perform leg 

extension motion. Higher levels of muscle activation generally occurred when the foot 

was in a parallel/vertical foot position, and the squat exercise resulted in higher levels of 

muscle activation than both of the seated exercises. The two closed kinetic chain 

exercises also demonstrated higher levels of muscle activation when the leg was in a 

flexed position, while the open kinetic chain exercise produced higher levels of muscle 

activation as the leg moved toward an extended position. 
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CHAPTER 1 - THE PROBLEM 

Introduction 

Knee injuries and recurring knee pain inhibit movement in a large percentage of the 

population (Dolbow et al., 2008). Knee pain affects activities of daily living including; 

climbing and descending stairs, squatting and remaining seated with flexed knees for a 

prolonged time (Nissen et al., 1998; Sheeny et al., 1998). Methods used in the 

rehabilitation of knee injuries and knee pain vary widely amongst practitioners. 

Knee pain and some knee injuries are thought to be caused by, or at least exacerbated 

by, muscle activation imbalances between vastus lateralis and vastus medialis muscles 

(Miller et al., 1997). It has been suggested that c o m m o n knee conditions, such as 

anterior knee pain or patellofemoral pain, could be prevented and treated by increasing 

the activation levels of vastus medialis (Miller et al., 1997). Therefore, it would be 

desirable post-surgery and/or post-injury for the therapist to prescribe specific exercises 

(and techniques) that might encourage a particular muscular activation profile of the 

quadriceps group. 

There exists much debate amongst practitioners regarding the best method to achieve 

balanced muscle activation within the quadriceps group, resulting in a wide variety of 

research and conflicting data in the literature. M a n y methods of achieving balanced 

muscle activation have been investigated including; stretching of the lateral thigh 

structures, patella taping, activity modification and strengthening the medial thigh 

structures (Eburne & Bannister, 1996; M c Connell, 1996; Aminka & Gribble, 2008). 

In recent years, the focus has shifted away from traditional therapies such as patella 

taping, and moved to methods of achieving increased medial muscle activation. The 

literature to date has also focussed on a variety of methods to determine the most 

effective means of achieving increased medial muscle activation, involving 

modification of foot position, whole body posture and exercise modality (Smith et al., 

2009). However, conflicting evidence and multiple untested theories leave practitioners 

with only a limited evidence base to treat and prescribe exercise for patients presenting 

with anterior knee pain and related disorders. 
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Statement of the Problem 

Conservative treatment and rehabilitation of knee injuries and knee pain varies greatly 

among rehabilitation practitioners. With no accepted "best practice" for decreasing pain 

and improving performance, patients m a y receive multiple treatments, often with little 

success. Knee injuries and knee pain are often problematic to daily tasks, including 

climbing and descending stairs, leading to frustration for sufferers. Recurring knee pain 

can lead to the avoidance of certain activities and an associated reduction in knee 

strength and mobility. 

Many exercises and exercise variations have been promoted in the popular literature to 

improve vastus medialis strength. Strengthening exercises are often performed with two 

foot orientations, with feet vertical or turned out to 45 degrees. Furthermore, vastus 

medialis exercises are often performed in either a seated or standing posture, as it is 

thought that seated positions m a y alter the influence of the hamstring muscle group. 

There are also differing opinions regarding the use of open and closed kinetic chain 

exercises. However, it remains unclear if any particular exercise variation will result in 

increased vastus medialis activation. With such conflicting literature to date, further 

investigation of these rehabilitation techniques is required, so as to provide practitioners 

with definitive information upon which to base their exercise prescription. 

Aims and Significance of the Study 

This thesis aims to investigate the influence of foot angle, whole body posture and 

exercise modality on vastus medialis and vastus lateralis muscle activation during 

commonly employed leg extension exercises. The thesis will investigate exercises, such 

as the leg press, terminal leg extension and squat, with each exercise being performed 

with two foot alignment positions - feet parallel/vertical, and feet turned out to 45 

degrees. Specifically, the thesis aims to determine the effectiveness of knee 

rehabilitation exercises to preferentially activate the vastus medialis muscle. 

This study will establish the effectiveness of rehabilitation techniques and exercises to 

treat and prevent patellofemoral pain, through the examination of factors such as; 

preferred foot position, whole body posture, and open ( O K C ) and closed ( C K C ) kinetic 

chain movements. Results from the study will enable practitioners to design effective 
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rehabilitation programs targeted at improving vastus medialis activation for such 

musculoskeletal conditions as patellofemoral pain syndrome. Increased vastus medialis 

activation may, in turn, result in decreased knee pain for patients with patella 

maltracking issues while undertaking activities of daily living, such as climbing stairs, 

and decreased pain during sport performance. In order to address patella tracking 

problems, prescribed rehabilitation exercises should target the medial muscles of the 

quadriceps group. 

In order to identify the most appropriate exercises to use in the treatment of knee pain, 

this study will examine three different methods thought to alter quadriceps muscle 

activation. These methods including; foot position, exercise modality and whole body 

posture, will be tested in accordance with the following hypotheses. 

Hypotheses 

Three hypotheses will be tested in this study, as follows. 

1. Turning the foot out to 45 degrees will result in higher levels of vastus medialis 

activation than maintaining the foot in a parallel/vertical orientation when performing 

leg extension exercises. 

2. Whole body posture influences vastus medialis activation; leg extension in a seated 

posture will result in improved vastus medialis activation when compared to a similar 

exercise performed in a standing posture, regardless of foot position. 

3. Exercise modality will influence vastus medialis activation; CKC movements will 

result in higher levels of vastus medialis activation than O K C movements using a 

comparable leg extension exercise, regardless of foot position. 

Delimitations and Limitations 

Delimitations 

The following restrictions were imposed on all participants; they must meet criteria 

relating to weekly physical activity, age and injury history. Experimental exercises 

were limited to the squat, terminal leg extension and leg press exercises at one load 
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(50% of a 3 repetition m a x i m u m test), and one speed (1 s extension and 1 s flexion) for 

each phase of movement. Participants were also given specific instructions when 

achieving the 45 degree foot turnout position. These delimitations render experimental 

results applicable only to subjects exercising under these conditions. 

Limitations 

Changes that m a y occur in muscle activation will be specific to a rehabilitation setting. 

The transfer of altered muscle activation to sport-specific movements or activities of 

daily living (ADL) was not assessed. Prior to participation, individuals were assessed to 

ensure they didn't suffer from any knee injury or recurring knee pain, however specific 

knee alignment was not assessed. 

Definition of Terms and Abbreviations 

This study will treat vastus medialis and vastus lateralis as two single muscles. There 

are varying opinions expressed in the literature regarding the oblique fibres of vastus 

medialis and vastus lateralis. It has been demonstrated that vastus medialis has 

observable changes in the orientation of muscle fibres, however reference to this as two 

separate muscles is questionable. Through cadaver studies it was found that both vastus 

medialis and vastus lateralis have only one nerve supply branching from the femoral 

nerve and there is no fascial sheet separating the muscles into two components (Nozic 

et al., 1997; Ono et al., 2005; Peeler et al., 2005). Therefore, both muscles will be 

indentified as single muscles for the purpose of this study. 

Abbreviations 

• Vastus medialis: V M 

• Vastus lateralis: V L 

• Anterior cruciate ligament: A C L 

• Open kinetic chain: O K C 

• Closed kinetic chain: C K C 

• Repetition maximum: R M 

• Electromyography: E M G 

• Activities of daily living: A D L 

• Co-contraction ratio: C C R 

• Leg press exercise : LP 
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Squat exercise: S Q 

Terminal leg extension exercise: T L 



CHAPTER 2 - LITERATURE REVIEW 

Musculoskeletal Anatomy 

Leg extension at the knee involves the interaction of muscles within the quadriceps 

femoris group, including; vastus intermedius, rectus femoris, vastus lateralis and vastus 

medialis (Marieb, 2004). Vastus intermedius and rectus femoris are centralised 

structures of the quadriceps group (Marieb, 2004), having little influence on patellar 

tracking. Vastus lateralis is located on the lateral side of the thigh and tends to pull the 

patella laterally, whereas vastus medialis is responsible for counteracting vastus 

lateralis, by tending to pull the patella in a medial direction (Cowan et al., 2002). W h e n 

all muscles of the quadriceps group are activated the resultant force vector should 

maintain patellar tracking within the patellofemoral groove (Dolbow et al., 2008). 

Vastus medialis is a relatively small muscle compared with others in the quadriceps 

group. Vastus medialis originates from the lower intertrochantric line and linea aspera 

of the femur and inserts into the tubercle of the tibia, via the patella ligament, with 

muscle fibre innervation from the posterior division of the femoral nerve (Marieb, 

2004). Vastus lateralis originates from the upper intertrochantric line of the femur and 

linea aspera and inserts into the tubercle of the tibia through the patella ligament (Bicos 

et al., 2007). Vastus lateralis is also innervated by the posterior division of the femoral 

nerve (Marieb, 2004). 

All of the muscles within the quadriceps femoris group are responsible for 

patellofemoral stabilisation (Peeler et al., 2005). The quadriceps femoris group attaches 

to the patella in three layers; a superficial layer containing rectus femoris, with muscle 

fibres attaching to the anterior aspect of the patella, then continuing distally into the 

patella ligament, a middle layer consisting of vastus lateralis and vastus medialis 

converging on the patella from either side preventing medial-lateral patellar 

displacement and patellofemoral pain syndrome, and a deep layer consisting of vastus 

intermedius (Amis & Farahmand, 1996). 

As vastus medialis and vastus lateralis are innervated by the same nerve, co-contraction 

should occur resulting in leg extension and patella stabilisation simultaneously (Bicos 

et al., 2007). Patellar tracking problems arise when muscle weakness, muscle 
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dominance, or muscle activation issues occur (Boling et al., 2006). In most cases vastus 

lateralis is dominant, demonstrating higher levels of activation than the smaller muscle 

vastus medialis (Stensdotter et al., 2007; Van Tiggelen et al., 2009). 

It has been suggested that adductor magnus activation, may alter vastus medialis 

muscle activation. Some of the lower fibres of vastus medialis muscle are thought to 

originate from the tendon of the adductor magnus muslce, and therefore levels of vastus 

medialis muscle activation m a y be altered by enganging the adductor magnus muscle 

(Livecchi et al., 2001). Adductor magnus originates from the ischial and pubic rami, 

and ischial tuberosity and inserts onto the linea apera and adductor tubercle of the 

femur (Marieb, 2004). 

The hamstrings group consists of three multi-joint muscles crossing both the knee and 

hip joint; biceps femoris, semitedinousus, and semimembranosus (Marieb, 2004). 

Biceps femoris originates from the ischial tuberosity (long head), linea aspera, and 

distal femur (short head), and inserts via a c o m m o n tendon into the head of fibula and 

lateral condyle of tibia (Marieb, 2004). Semitendinosus originates from the ischial 

tuberosity and inserts into the medial upper tibial shaft (Marieb, 2004). 

Semimembranosus originates from the ischial tuberosity and inserts at the medial 

condyle of the tibia and lateral condyle of the femur via the oblique popliteal ligament 

(Marieb, 2004). 

All muscles within the hamstrings group are innervated by the sciatic nerve (Marieb, 

2004). Hamstrings are antagonists to quadriceps, producing opposing movement forces 

at the knee, and are responsible for extension of the hip and flexion of the leg (Marieb, 

2004). Quadriceps femoris and hamstring muscle groups work together to aid knee 

ligaments in maintaining joint stability, equalise pressure distribution across articular 

cartilage, and regulate joint mechanical impedance (Baratta et al., 1988). 

Patella Stabilisation 

Researchers have proposed that medial patella stabilisation is the result of the oblique 

fibre portion of vastus medialis, often referred to as vastus medialis obliquus (Thomee 

et al., 1999), however, separation of the vastus medialis into two distinct muscles, 

vastus medialis longus and vastus medialis obliquus, is questionable. Although vastus 
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medialis has observable changes in muscle fibre orientation between the proximal and 

distal components, there is no fascial sheet separating the proximal and distal portions 

and just a single nerve supply branching from the femoral nerve into vastus medialis 

(Nozic et al., 1997; Ono et al., 2005; Peeler et al., 2005). Therefore, vastus medialis 

should be treated as a single muscle, when targeting the medial components of the 

quadriceps femoris group (Nozic et al., 1997; Peeler et al, 2005). 

Patellofemoral pain/syndrome is a common knee problem leading to a gradual onset of 

anterior knee pain, associated with a non-traumatic event (Nissen et al., 1998; Sheeny 

et al., 1998; Boling et al., 2006; Herrington et al., 2006). Non-traumatic causes of 

patellofemoral pain include; osseous abnormalities, neuromuscular imbalances between 

vastus medialis and vastus lateralis, tightness of the retinaculum, hamstrings, iliotibial 

band and gastrocnemius, and excessive pronation at the subtalar joint (Souza & Gross, 

1991; Sheeny et al., 1998). Patellofemoral pain can also be caused by a direct traumatic 

injury to the knee joint, or post knee surgery complications (Sheeny et al., 1998; Suter 

etal., 2001). 

Patellofemoral pain symptoms are generally aggravated by physical activity, and 

increased pain occurs during prolonged activity (Nissen et al., 1998). This syndrome is 

also associated with certain activities of daily living including; squatting, climbing and 

descending stairs, and remaining seated with the knee in a flexed position for a 

prolonged time (Nissen et al., 1998; Sheeny et al., 1998). Individuals with good 

quadriceps muscle torque, increased muscle size and decreased body fat, combined 

with vastus medialis activation via feed-forward mechanism, are protected against the 

development of patellofemoral pain (Van Tiggelen et al., 2004; 2009). It is important to 

reduce symptoms associated with patellofemoral pain in order to maintain an active 

lifestyle and prevent permanent knee damage (Aminaka & Gribble, 2008). 

Conservative Rehabilitation Protocols 

Commonly employed rehabilitation protocols for strengthening and retraining vastus 

medialis involve a progression of exercises such as isometric contraction targeting 

vastus medialis (Ebunre & Bannister, 1996), activities of daily living such as sit to 

stand or climbing stairs, sport related tasks such as jumping and running, and sports 

performance, or game-like situations (Boling et al, 2006). 
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Rehabilitation techniques designed to prevent patellofemoral pain and improve 

quadriceps functionality following surgery aim, predominantly, to improve patellar 

tracking and vastus medialis activation (Aminaka & Gribble, 2008). Such techniques 

include: stretching of the lateral structures (vastus lateralis and tensor fasciae latae) and 

strengthening medial structures (vastus medialis), activity modification, and patella 

taping to assist in patellar alignment (Eburne & Bannister, 1996; McConnell, 1996; 

Aminaka & Gribble, 2008). Within rehabilitation settings, however, the question 

remains; h o w best to strengthen and activate vastus medialis? 

Patella taping is a technique widely used by therapists aimed at preventing pain by 

taping the patella in place to centralise its position and maintain even tracking through 

the patellofemoral groove (McConnell, 1996; Powers, 1998). The McConnell study in 

1996 demonstrated patella taping, when used in conjunction with other techniques such 

as isokinetic strengthening, ice or heat, stretching and non-steroidal anti-inflammatory 

medication, to be an effective course of treatment for patellofemoral pain and patella 

realignment in 96 percent of cases, with participants recording decreased pain and 

improved medial muscle control. 

Cowan et al. (2002) assessed vastus medialis onset activation using patellofemoral 

taping techniques to aid in force production, thereby demonstrating patellofemoral 

taping to improve vastus medialis timing and decrease pain in patellofemoral pain 

sufferers. Vastus medialis is the first of the quadriceps muscles to atrophy and last to be 

rehabilitated and all patellofemoral pain sufferers having some degree of muscle 

atrophy, it is important to identify ways of improving muscle activation for 

patellofemoral pain sufferes (Mizuno et al., 2001; Cowan et al., 2002; Jan et al., 2009; 

Van Tiggelen et al., 2009). 

A more recent study by Eburne and Bannister (1996) reported only a 50 percent success 

rate when using the McConnell (patella taping) technique. Vastus medialis training 

with the leg in external rotation and adduction was compared to the McConnell (patella 

taping) technique. Similar outcomes were demonstrated both with and without patella 

taping, so clearly questioning the effectiveness of the McConnell technique (Eburne & 

Bannister, 1996). Further research by Powers (1998) demonstrated improved medial 

muscle activation with taping and bracing, although improvements were not maintained 
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after the tape or brace was removed. Powers (1998) suggested that further research was 

required regarding the effect of taping and bracing on the patellofemoral joint and the 

influence of such techniques on joint biomechanics and neuromuscular recruitment. 

An alternate approach has been to address medial muscle weakness to decrease Q-

Angle (Huberti & Hayes, 1984). Q-Angle is the angle of the intersection of the line of 

pull of the quadriceps and patellar tendon (McConnell, 1986). Q-Angle is measured 

from a line through the centre of the patellar tendon and a line from the centre of the 

patella to the anterior superior iliac spine (Huberti & Hayes, 1984). Normal Q-Angle is 

between 1 and 15 degrees (McConnell, 1986), with increasing values considered to 

have a detrimental effect on knee joint mechanics (Huberti & Hayes, 1984). Huberti 

and Hayes (1984) demonstrated that either an increase or decrease in Q-Angle will 

result in a non-uniform patella contact, with loading and unloading changing pressure 

distribution. These results demonstrate that altering Q-Angle changes the loading across 

the patella and affects conditions such as chondromalacia by wearing down the hyaline 

cartilage at the back of the patella (Sykes & Wong, 2003). However, Q-Angle alone is 

not responsible for patellar tracking problems. 

Patellofemoral pain can lead to other knee pathologies if left untreated, due to changes 

in contact pressures in the patellofemoral joint (Fulkerson & Shea 1990; Mizuno et al., 

2001; Duncan et al., 2009). The location of the tibial tuberosity can affect the average 

contact area within the joint (Kuroda et al., 2001). Decreased contact area results in 

increased pressure for a comparable load, often leading to cartilage damage and other 

pathologies such as chondromalacia patella and osteoarthritis of the patellofemoral joint 

(Fulkerson & Shea, 1990; Mizuno et al., 2001; Duncan et al., 2009). Surgical 

interventions, including medial transfer of the tibial tuberosity, can be used to prevent 

the development of such pathologies and restore normal joint loading (Kuroda et al., 

2001). 

Quadriceps activation, in particular vastus medialis activation, is also affected by acute 

knee injuries and knee surgeries (Suter et al., 2001). C o m m o n knee operations such as 

anterior cruciate ligament (ACL) reconstruction, may lead to changes in muscle 

activation around the knee (Suter et al, 2001). Issues regarding quadriceps activation 

including quadriceps avoidance during walking, with increased leg extension during the 

stance phase, and decreased leg flexion during the swing phase of gait (Knoll et al., 
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2004). Current rehabilitation protocols have demonstrated persistent long term 

decreases in vastus medialis activation, leading to chronic conditions such as anterior 

knee pain (Suter et al., 2001). 

No rehabilitation protocol currently used for ACL reconstruction patients has 

demonstrated selective or preferential vastus medialis activation (Suter et al., 2001). 

However, Escamilla et al. (1998) demonstrated an increase in hamstring activation 

when performing squat exercises, that m a y assist in muscle rehabilitation following 

A C L injuries, while preventing further A C L damage. Co-activation of the hamstring 

muscles during leg extension protects against A C L damage (Escamilla et al., 1998). 

This protective effect is a result of decreased anterior shear of the tibia in relation to the 

femur and therefore, a decrease in the tensile stress on the A C L (Andersen et al., 2006). 

Using a straight leg raise with three different hip rotation angles (30 degrees internal 

rotation, neutral, and 45 degrees external rotation), Sykes and W o n g (2003) determined 

that external hip rotation produced the highest levels of vastus medialis activation. It 

was suggested that increased vastus medialis activation may result from the muscle 

being in a relatively higher position when seated, thereby forcing it to increase 

activation to oppose gravity (Sykes & Wong, 2003). Concerns were raised however, 

regarding the use of single differential electrodes, and the source of the reported 

increased activation (Sykes & Wong, 2003). It was suggested that the increased E M G 

signal, could be simply "cross-talk" from the increased activation in the adductor 

muscles (Sykes & W o n g , 2003). 

Research has also suggested that external hip rotation may cause higher levels of vastus 

medialis muscle activation, due to lower fibres of the vastus medialis muscle 

originating from the tendon of adductor magnus (Livecchi et al., 2001). Higher levels 

of adductor magnus activation would therefore stimulate the vastus medialis muscle 

(Livecchi et al., 2001). With increased vastus medialis muscle activation, in an 

externally rotated position, the dominance of vastus lateralis maybe decreased 

(Thiranagama, 1990). 

A dominance of vastus lateralis activation can result in the patella being drawn towards 

the lateral side of the femur during flexion and extension movements (Taskiran et al., 

1998). Van Tiggelen et al. (2009) demonstrated that activation of vastus medialis 
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before vastus lateralis, via feed forward, had a protective effect against vastus lateralis 

dominance. It has been proposed that if vastus medialis can be activated before vastus 

lateralis when performing leg extension exercises, this may counteract the large 

differences in muscle size and the associated ability to produce force (Van Tiggelen et 

al., 2009). 

Herrington et al. (2006) stated that vastus medialis cannot be preferentially activated 

nor strengthened, without the interaction of vastus lateralis, although isolated vastus 

medialis strengthening is desired from a biomechanical stand point (Powers, 1998). 

Despite this, there is a small body of evidence to suggest that altering lower limb 

alignment, via added hip adduction, tibial rotation or foot pronation may preferentially 

activate vastus medialis (Smith et al., 2009). 

Posture and Movement Patterns 

Open kinetic chain (OKC) exercises focus on the movement of one joint, with the limb 

in a non-weight bearing position, with the distal end of the limb able to move freely, 

while closed kinetic chain (CKC) exercises use multiple joints or body segments, in a 

weight bearing position, with the distal extremity of the limb in a fixed position (Earl et 

al., 2001; Herrington et al., 2005; Irish et al., 2010). Most movement patterns in daily 

activities such as climbing stairs can be classified as C K C movements or exercises 

(Powers, 1998; Sykes & Wong, 2003). 

During OKC activities quadriceps force increases as the leg is extended, however, at 

this position patellofemoral contact area also decreases, resulting in increased 

patellofemoral stress or pressure (Powers, 1998; Earl et al., 2001). In C K C activities, 

quadriceps force is maximal during more flexed knee postures, where the 

patellofemoral force is distributed over a larger contact area, thereby limiting 

patellofemoral joint pressure during flexed knee activities (Powers, 1998; Earl et al., 

2001). 

Stensdotter et al. (2007) suggested that CKC movements are commonly used in 

activities of daily living and therefore, subjects with patellofemoral pain should 

experience decreased vastus medialis activation in C K C movements when compared to 

O K C movements. However, this research also demonstrated that C K C movements 
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produced higher vastus medialis muscle activation levels in patellofemoral pain 

sufferers, when compared to O K C movements. Stensdotter et al. (2007) suggested that 

increased vastus medialis activation in C K C movements could be attributed to 

increased activation of the hip flexors. This implied some link between O K C and C K C 

movements, and that specific exercises to improve levels of vastus medialis activation 

requires further investigation. 

Whole body posture is also thought to affect levels of vastus medialis activation. 

Andersen et al. (2006) examined vastus medialis activation during a variety of exercises 

with different postures, including a standing free-weight squat, seated leg press, seated 

isolated knee extension and prone lying isolated hamstring curl. The variety of postures 

examined in the study demonstrated an interaction of the hamstring group during 

gradual extension in the squat and leg press, although no exercise demonstrated 

increased vastus medialis activation preferential to vastus lateralis activation. Trunk 

angle and knee angle are interrelated (Shin et al., 2004), though further research is 

required into the most effective posture for achieving improved vastus medialis 

activation. 

Electromyography 

Electromyography (EMG) records the electrical activity from a muscle (Dankaerts et al., 

2003; Coburn et al., 2005). The amount of electrical activity within muscle is 

associated with the amount of muscle activation, muscle usage and force production 

(Dankaerts et al., 2004; Robertson et al., 2004; Coburn et al., 2005), although this is not 

a perfect correlation. E M G is a useful non-invasive tool for determining muscle activity 

and characterisation during rehabilitation exercises (Ciccotti et al., 1994; Rainoldi et al., 

1999). E M G has been used successfully to measure vastus lateralis and vastus medialis 

activation in previous research; however, there are a number of methodological issues 

to be considered. 

There are many methodological issues associated with the accurate recording of EMG 

data. In preparation for E M G data collection, the skin areas where electrodes will be 

placed must be cleaned to maximise signal conduction (Grimshaw et al., 2006). The 

skin is shaved with a disposable razor, abraded with steel wool and cleaned with 

alcohol based wipes (Grimshaw et al., 2006; Forrester & Pain., 2010; Klein et al., 2010). 
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Electrodes should be placed between the motor point and tendon, towards the centre of 

the muscle belly, running parallel to the muscle fibres (Grimshaw et al., 2006; Forrester 

& Pain, 2010). In addition to the electrodes recording muscle activation there should be 

an earth electrode placed on electrically neutral tissue, such as a bony landmark 

(Grimshaw et al., 2006). If cross talk is occurring from other muscles when E M G data 

is being collected, the inter-electrode distance (distance between two electrodes) or the 

size of the electrodes should be reduced to ensure the E M G signal comes from the 

muscle being targeted (Grimshaw et al., 2006; Forrester & Pain, 2010). 

The Need for Future Research 

Further investigation of lower limb alignment during rehabilitation exercises is clearly 

needed to determine the exercise protocols necessary for optimal activation of vastus 

medialis. T w o approaches are used currently to achieve increased vastus medialis 

activation. One approach suggests the leg should remain with feet vertical or parallel, 

resulting in co-activation of the quadriceps muscles (Herrington et al., 2006), while an 

alternate approach suggests the leg should be turned out via thigh external rotation, 

during leg extension (Willis et al., 2005; Smith et al., 2009). 

Large gaps exist in information relating to activation of vastus lateralis and vastus 

medialis, which demand research into muscle activation during c o m m o n rehabilitation 

exercises such as leg press, squat and terminal leg extension. Further research is also 

required to determine the influence of foot position, O K C and C K C exercises, and 

posture on vastus medialis activation, so as to promote correct patellar alignment and 

patellar tracking within the patella groove. 
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CHAPTER 3 - METHODS 

Participants 

Participants were volunteers selected from a variety of team sports, recruited through 

local sporting organisations, totalling 30 healthy m e n and w o m e n (12 male and 18 

female) aged between 18 and 30 years. Each subject was supplied with an information 

sheet (Appendix A ) , completed a written consent form (Appendix B) as approved by 

the H u m a n Research Ethics Committee of the University of Western Australia. They 

were also administered a pain and injury questionnaire (Appendix C) pertaining to 

activities of daily living and sports performance to ensure no history of knee injury or 

recurring knee pain. 

Participants were engaged regularly in team training sessions from one to three times 

per week and played in a game or game-like situation one to two times per week. 

Participants were excluded if they completed more than three resistance training 

sessions per week. Each participant was instructed to refrain from exercise for a 

minimum of 24 hours prior to testing to minimise the effects of muscle soreness and 

fatigue. 

Subject Preparation 

In preparation for the experiment, each participant was prepared for EMG data 

collection. The skin surface on the subject's right leg in the areas above vastus medialis, 

vastus lateralis and the patella were prepared for electrode placement. The skin was 

shaved, abraded with steel wool and cleaned with alcohol wipes to maximise adhesion 

and conduction of the electrodes. Silver, silver chloride surface electrodes (Cleartrace, 

ConMed, NewYork) were then attached to the skin above the central muscle belly of 

vastus medialis and vastus lateralis. Electrodes were arranged with a 2 c m inter-

electrode distance and affixed parallel to muscle fibres, based on the anatomical 

alignment of the muscles. In addition to these electrodes, a single electrode was 

attached over the patella to act as an earth for E M G data collection (Figure 3.1). 
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Figure 3.1 Dynamometer demonstration of isometric contraction with the foot vertically 

aligned and electrode placements on the muscle bellies of vastus medialis, vastus 

lateralis and an earth electrode over the patella. 

Each participant was prepared for digital camera data collection to allow for 

verification of knee and trunk angles during exercise. Markers were placed on the 

following bony landmarks: acromion, greater trochanter and lateral epicondyle of the 

femur, lateral malleolus of the fibula and the base of the third digit on the foot (Figure 

3.2). 

Figure 3.2 Markers for video data collection to determine knee and trunk angles. 
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Experiment Protocol 

Participants completed a series of three maximal voluntary isometric contractions while 

seated in a dynamometer (Biodex, Shirley, N Y ) , with their right leg attached to the 

dynamometer arm. Velcro ties were used to secure participants at the right ankle, right 

upper thigh and lower trunk, ensuring no movement of their right leg. The 

dynamometer was set at 30 degrees of knee flexion (Earl et al., 2001), (Figure 3.1), 

where 0 degrees is equal to full knee extension 

Each participant was allowed one familiarisation trial on the dynamometer, in which 

they were instructed to attempt to extend their leg, pushing as hard as possible for 3 s, 

followed by 1 min rest. This was followed by three recorded trials with 30 s rest 

between each trial. Participants were verbally encouraged to extend their knee as 

forcefully as possible. 

To determine a test load for each exercise, subjects completed a series of three 

repetition maximum (3RM) tests. Participants performed 3 R M tests with their feet in a 

parallel/vertical orientation for the leg press, terminal leg extension and squat exercises. 

They were first asked about their past experience with resistance training to estimate 

the maximum amount of weight they could lift three times. The weight was set for each 

exercise and participants were instructed to lift the weight as many times as possible, 

allowing the maximum amount of weight they could lift three times to be determined 

(Campos et al., 2002). Each participant had 5 min rest between each 3 R M test, and 5 

min rest before continuing the experiment. 

Participants performed leg extension exercises involving two foot positions (feet 

parallel/vertical and feet turned out to 45 degrees), with a resistance set at 5 0 % of their 

individual 3 R M test load on each piece of equipment. The exercises were a leg press 

(Figure 3.3), terminal leg extension (Figure 3.4) and squat with a weighted barbell 

(Figure 3.5) and were undertaken in random order. T w o sets of three repetitions at a 

controlled pace were performed for each exercise. Movement took place over a 2 s time 

period for each repetition, with 30 s rest between each set, and 3 min rest between each 

exercise. After completing all exercises, participants had all electrodes and markers 

removed, after which they were able to leave the laboratory. 
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Figure 3.3 Leg press with feet parallel/vertical (left) and turnout to 45 degrees (right). 

Figure 3.4 Terminal leg extension using a weighted boot with feet parallel/vertical 

(left) and turned out to 45 degrees (right). 

Figure 3.5 Squat exercise using a barbell with feet parallel/vertical (left) and turned out 

to 45 degrees (right). 

Foot position was determined for the squat exercise with lines marked on a platform 

placed on the ground. Multiple lines were marked to suit the size of individual 
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participants based on their shoulder width. Participants were instructed to align the 

markings through the centre of the heel and the third digit of the foot before 

commencing the exercise. A similar method was used for the leg press with lines 

marked on the foot plate of the machine to determine the correct foot position. Foot 

position for the dynamometer trials and terminal leg extension exercises was 

determined using a plum line and goniometer. The foot was aligned initially and 

participants were instructed to maintain this foot position while completing the exercise. 

Treatment of the Data and Data Analysis 

Raw EMG data were collected (at a rate of 1500 Hz) via a portable, wireless Telemyo 

G 2 system (Noraxon E M G and Sensor System, Scottsdale, A Z ) recording to the 

MyoResearchXP system (Noraxon E M G and Sensor System, Scottsdale, AZ), with 

video data (at a rate of 25 frames per second) simultaneously recorded using a Sony D V , 

A V I camera (DCR-HC52E, Pal, Japan) (Figure 3.6). The commencement and end 

points of each leg extension phase were identified based on the video data. 

EMG data were transferred into custom MATLAB code (Mathworks Inc., Natick, 

U S A ) , undergoing full wave rectification, filtering using a 4th order low pass 

Butterworth filter at 6 H z to allow for a smooth E M G curve (Grimshaw et al., 2006), 

followed by normalisation to the peak activation from three M V C trials. Average 

normalised data from the three extension phases, from the second set of each exercise, 

were taken and used for data analysis within the M A T L A B program. The following 

variables were computed: maximum normalised E M G for vastus medialis and vastus 

lateralis and the associated time points at which they occurred, mean average (within 

trial) normalised E M G , mean average co-contraction ratios, and maximum co-

contraction ratios. Co-contraction ratios were calculated such that if vastus medialis 

( V M ) was greater than vastus lateralis (VL), the co-contraction ratio was between 0 and 

1; whereas if V L was greater than V M , the co-contraction ratio was between 0 and -1; 

and when perfect co-contraction occurred the value was 0. Co-contraction ratios were 

determined using the following formula: 

VM dominant CCR = 1 FM and 

VL_ 
VL dominant CCR = VM~X 
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Figure 3.6 E M G and video data capture in the MyoResearchXP system. 

Knee angles were measured in SiliconCoach (SiliconCoach; SiliconCoachPro 6, 

Dunedin, N Z ) at the time point of peak E M G muscle activation, during each extension 

phase of movement. The knee angle was calculated at the intersection of a line from the 

greater trochanter to the lateral femoral epicondyle, with a line from the lateral femoral 

epicondyle to the lateral malleolus. This angle was then subtracted from 180 degrees to 

produce a knee flexion angle. All angle data taken from SiliconCoach were averaged 

over three repetitions and entered into a Microsoft Office Excel spreadsheet containing 

all output data from M A T L A B . 

Outcome measures for analysis were: 

• Peak E M G during the leg extension phase for vastus medialis and vastus 

lateralis 

• Knee flexion angle at peak muscle activation 

• Average E M G over the leg extension phase for vastus medialis and vastus 

lateralis 

• Co-contraction ratio of vastus medialis and vastus lateralis for each 

experimental condition. 

Co-contraction ratios taken from MATLAB were time series normalised to 51 points, 

with a combined mean average of all subjects represented graphically for each exercise, 

with standard error bars indicating variance in these values. Co-contraction ratio graphs 
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ranged from -1 representing pure vastus lateralis contraction, through to 1 representing 

pure vastus medialis contraction, with 0 representing perfect co-contraction of vastus 

lateralis and vastus medialis. 

Statistical Analysis 

Data for each exercise, including knee angles, trunk angles, mean average EMG, 

maximum E M G , mean average co-contraction ratio and maximum co-contraction ratio, 

were entered into SPSS. A series of two-factor repeated measures A N O V A were 

performed comparing parallel/vertical and externally rotated foot positions, seated and 

standing postures, O K C and C K C movements and the associated interaction effects. 

Data were analysed with the p-value set at 0.05. 

Comparisons for seated and standing exercises were made between the leg press and 

squat exercise and comparisons for O K C and C K C movements were made between the 

terminal leg extension and leg press exercises. In this way analyses were limited to foot 

position and either posture or movement type. For example, both the leg press and 

squat are C K C exercises so the first analysis only compared posture, while the terminal 

leg extension and leg press exercise are both performed seated, so the second 

comparison was made between O K C and C K C movements. 
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CHAPTER 4 - RESULTS 

Chapter 4 contains results for each experimental variable, with data relating to muscle 

activation measured relative to M V C , foot position (the influence of parallel/vertical 

foot position or 45 degree turned out foot position), and the influence of O K C and C K C 

exercise types (Table 4.1). 

All EMG data were subject to full wave rectification, filtered using a 4th order low pass 

Butterworth filter and normalised to the peak activation from three M V C trials. Results 

from 0 to 1 represent muscle activation levels less than or equal to activation at M V C 

and results greater than 1 representing muscle activation levels higher than activation at 

M V C (Figures 4.1 to 4.7). Muscle activation over the extension phase of movement in 

Figures 4.1 to 4.3 has been normalised to 51 points and expressed as a percentage of the 

extension phase from 0 % at a flexed position through to 1 0 0 % representing a fully 

extended leg position. 

EMG data used to measure co-contraction ratios of vastus medialis and vastus lateralis 

muscles, range from -1 to 1; data less than 0 represents vastus lateralis dominance and 

data greater than 0 represents vastus medialis dominance, with 0 representing perfect 

co-contraction of both thigh muscles. Co-contraction data have been time series 

normalised to 51 points and converted to a percentage of extension ranging from 0 % 

representing flexion through to 1 0 0 % representing full extension. 

Knee flexion angle data were measured using 2D analysis, thus creating problems when 

analysing knee angles in a 45 degree turned out foot position. A 3 D data analysis 

method would correct knee angle errors, but use of this technology was beyond the 

scope of the study. During experimentation E M G data collection equipment 

occasionally malfunctioned resulting in some missing data for two participants. Missing 

data for these few data points was substituted with group mean values prior to analysis. 
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Results for vastus medialis and vastus lateralis activation over the extension phase of 

movement, during a leg press exercise with feet parallel/vertical are shown in Figure 

4.1. Muscle activation for both vastus medialis and vastus lateralis are greater when the 

leg is in a flexed position and decrease as the leg is extended. Results for both muscles 

follow a similar pattern of activation. 

Muscle Activation During Leg Press Exercise (Parallel/Vertical) 

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75 78 81 84 87 90 93 96 99 

Leg Extension (%) 

Figure 4.1 Vastus medialis and vastus lateralis peak (± SE) activation measured with 
E M G relative to M V C and over the extension phase of movement from a flexed to 
extended leg position, during a leg press exercise, with a parallel/vertical foot position. 
Where: V M = vastus medialis; V L = vastus lateralis. 
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The results of vastus medialis and vastus lateralis activation over the extension phase of 

movement, during a squat exercise with feet parallel/vertical are shown in Figure 4.2. 

During the squat exercise, muscle activation is greater than M V C when the leg is flexed 

and decreases as the leg is extended. Muscle activation of vastus medialis and vastus 

lateralis follow a similar activation curve, with slightly higher muscle activation during 

a squat exercise than the leg press exercise in Figure 4.1. 

Muscle Activation During Squat Exercise (Parallel/Vertical) 

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75 78 81 84 87 90 93 96 99 

Leg Extension (%) 

Figure 4.2 Vastus medialis and vastus lateralis peak (± SE) activation measured with 
E M G relative to M V C and over the extension phase of movement from a flexed to 
extended leg position, during a squat exercise, with a parallel/vertical foot position. 
Where: V M = vastus medialis; V L = vastus lateralis. 
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Results for vastus medialis and vastus lateralis activation over the extension phase of 

movement during a terminal leg extension exercise with a parallel/vertical foot position 

are shown in Figure 4.3. The activation levels of both vastus medialis and vastus 

lateralis increase as the leg moves from flexion to extension. Terminal leg extension is 

the only O K C exercise in the experimental protocol and shows an opposing muscle 

activation pattern to both the leg press (Figure 4.1) and squat (Figure 4.2) exercises. 

The terminal leg extension exercise shows lower muscle activation throughout the full 

range of movement when compared to the leg press (Figure 4.1) and squat (Figure 4.2) 

exercises. 

Muscle Activation During Terminal Leg Extension Exercise (Parallel/Vertical) 

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 

Leg Extension (%) 

72 75 78 81 84 87 90 93 96 99 

Figure 4.3 Vastus medialis and vastus lateralis peak (± SE) activation measured with 
E M G relative to M V C and over the extension phase of movement from a flexed to 
extended leg position, during a terminal leg extension exercise, with a parallel/vertical 
foot position. Where: V M = vastus medialis; V L = vastus lateralis. 
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The repeated measures A N O V A graph and summary in Figure 4.4 shows peak muscle 

activation relative to M V C for vastus medialis and vastus lateralis muscles when 

performing seated and standing posture leg exercises. The maximum E M G signal is 

different for the squat and leg press exercise, with the standing posture exercise (squat), 

producing higher levels of peak muscle activation for both vastus lateralis and vastus 

medialis than the seated exercise (leg press). The squat exercise produces higher muscle 

activation than the M V C taken from the start of the experiment protocol. There is no 

difference in peak muscle activation when the foot is parallel/vertical or turned out to 

45 degrees and no interaction exists between posture and foot position. 

Vastus Medialis 

Source 

Posture 
Foot position 
Interaction 

df 
1 
1 
1 

F 
14.595 
0.640 
0.073 

Sig 
0.001 
0.430 
0.789 

Power 

0.958 
0.121 
0.058 

Vastus Lateralis 

Source 

Posture 
Foot position 
Interaction 

df 
1 
1 
1 

F 
18.540 
2.556 
0.202 

Sig 
0.000 
0.121 
0.656 

Power 

0.986 
0.340 
0.072 

Posture and Muscle Activation (Maximum EMG) 

LP P VM LP 45 VM SQ P VM SQ 45 VM LP P VL LP 45 VL SQPVL SQ45VL 

Figure 4.4 Repeated measures A N O V A summary and graph of peak (± SE) muscle 
activation in seated and standing posture exercises, measured with E M G relative to 
M V C in parallel/vertical and 45 degree turned out foot positions for vastus medialis 
( V M ) and vastus lateralis (VL) muscles. Where: LP=leg press; SQ=squat; 
P=parallel/vertical; 45=45 degree turnout. 
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Figure 4.5 shows results for maximum muscle activation relative to M V C using E M G 

for open and closed kinetic chain exercise types for vastus medialis and vastus lateralis 

muscles in a repeated measures A N O V A summary and graph. There is a significant 

difference between the O K C and C K C exercises, with greater levels of peak muscle 

activation in the C K C exercise demonstrated for both vastus medialis and vastus 

lateralis muscles. A difference also exists between the two foot positions, with a 

decrease in vastus medialis and vastus lateralis activation when the foot is turned out to 

45 degrees, most notably in the terminal leg extension exercise. W h e n combining 

exercise type and foot position, a significant interaction only exists for the vastus 

medialis muscle, however interaction for the vastus lateralis peak activation approached 

significance. 

Vastus Medialis 

Source 

Exercise type 
Foot position 
Interaction 

df 
1 
1 
1 

F 
4.523 
7.999 
7.127 

Sig 
0.042 
0.008 
0.012 

Power 

0.538 
0.780 
0.732 

Vastus Lateralis 

Source 

Exercise type 
Foot position 
Interaction 

df 
1 
1 
1 

F 
5.702 
12.408 
3.195 

Sig 
0.024 
0.001 
0.084 

Power 

0.636 
0.926 
0.409 

Kinetic Chain and Muscle Activation (Maximum EMG) 

LPPVM LP45VM TL P VM TL 45 VM LPPVL LP45VL TLPVL TL45VL 

Figure 4.5 Repeated measures A N O V A summary and graph of peak (± SE) muscle 
activation in open and closed kinetic chain exercise types, measured with E M G relative 
to M V C in parallel/vertical and 45 degree turned out foot positions for vastus medialis 
( V M ) and vastus lateralis muscles (VL). Where: LP=leg press; TL=terminal leg 
extension; P=parallel/vertical; 45= 45 degree turnout. 
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Results of average muscle activation in seated and standing posture exercises are shown 

with a repeated measures A N O V A summary and graph in Figure 4.6. Vastus medialis 

and vastus lateralis muscle activation are higher during the standing exercise (squat) 

over the leg extension phase. There is no difference in average muscle activation when 

changing foot position. 

Vastus Medialis 

Source 

Posture 
Foot position 
Interaction 

df 
1 
1 
1 

F 
9.022 
0.408 
0.878 

Sig 
0.005 
0.528 
0.357 

Power 

0.827 
0.095 
0.148 

Vastus Lateralis 

Source 

Posture 
Foot position 
Interaction 

df 
1 
1 
1 

F 
8.652 
0.001 
0.000 

Sig 
0.006 
0.978 
0.991 

Power 

0.811 
0.050 
0.050 

Posture and Muscle Activation (mean EMG) 

LP P VM LP 45 VM SQPVM SQ45VM LPPVL LP45VL SQPVL SQ45VL 

Figure 4.6 Repeated measures A N O V A summary and graph of mean (± SE) muscle 
activation in seated and standing posture exercises, measured with E M G relative to 
M V C in parallel/vertical and 45 degree turned out foot positions for vastus medialis 
( V M ) and vastus lateralis (VL) muscles. Where: LP=leg press; SQ=squat; 
P=parallel/vertical; 45=45 degree turnout. 
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Results for average muscle activation relative to M V C during O K C and C K C exercise 

types for both vastus medialis and vastus lateralis muscles are shown in Figure 4.7. 

Muscle activation is higher in the C K C exercise for both vastus medialis and vastus 

lateralis. Foot position is also significant with decreased muscle activation when 

turning the foot out to 45 degrees, but only in the O K C exercise. 

Vastus Medialis 

Source 

Exercise Type 
Foot position 
Interaction 

df 
1 
1 
1 

F 
4.690 
6.867 
15.116 

Sig 
0.039 
0.014 
0.001 

Power 

0.553 
0.717 
0.964 

Vastus Lateralis 

Source 

Exercise type 
Foot position 
Interaction 

df 
1 
1 
1 

F 
5.661 
8.451 
11.00 

Sig 
0.024 
0.007 
0.002 

Power 

0.633 
0.802 
0.893 

o 
0.45 

LU 

.2! 0.4 

0.35 

0.25 

Kinetic Chain and Muscle Activation (Mean EMG) 

LP P VM LP 45 VM TL P VM TL 45 VM LP P VL LP 45 VL TL P VL TL 45 VL 

Figure 4.7 Repeated measures A N O V A summary and graph of mean (± SE) muscle 
activation in open and closed kinetic chain exercise types, measured with E M G relative 
to M V C in parallel/vertical and 45 degree turned out foot positions for vastus medialis 
( V M ) and vastus lateralis (VL) muscles. Where: LP=leg press; TL=terminal leg 
extension; P= parallel/vertical; 45=45 degree turnout. 
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Results of average muscle co-contraction during a leg press exercise are shown in 

Figure 4.8. Results for feet parallel/vertical and feet turned out to 45 degrees follow a 

similar activation pattern. During leg extension co-contraction ratios range from -0.1 to 

0.1, indicating that neither vastus medialis or vastus lateralis are dominant during leg 

extension. 

CCR Leg Press Exercises 

0.2-

0.15-

VM o.1 
Dominant 

0.05 

0 

VL -0.05-
Dominant 

-0.1 

-0.15 

-0.2-

-0.25 

~. 

s / 
>v 
X 7 

LPP 

- LP 45 

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 

Figure 4.8 M e a n co-contraction ratios (± SE) over the extension phase of movement 
for vastus medialis ( V M ) and vastus lateralis (VL) muscles in parallel/vertical and 45 
degree turned out foot positions during a leg press exercise. Where: CCR=co-
contraction ratio; L P P=leg press parallel/vertical foot position; L P 45=leg press 45 
degree turned out foot position. 
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Results of average muscle co-contraction during a squat exercise are shown in Figure 

4.9. Results for feet parallel/vertical and feet turned out to 45 degrees follow a similar 

activation pattern. During leg extension co-contraction ratios range from -0.15 to 0.05, 

indicating neither vastus medialis or vastus lateralis are dominant during the extension 

phase of movement, however there is a very small increase in vastus medialis activation 

as the leg moves towards full extension. 

CCR Squat Exercises 

0.15 

VM 0.1 

.0.25 ' • ' " " 
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 

Figure 4.9 M e a n co-contraction ratios (± SE) over the extension phase of movement 
for vastus medialis ( V M ) and vastus lateralis (VL) muscles in parallel/vertical and 45 
degree turned out foot positions during a squat exercise. Where: CCR=co-contraction 
ratio; S Q P=squat parallel/vertical foot position; S Q 45=squat 45 degree turned out foot 

position. 
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Results of average muscle co-contraction during a terminal leg extension exercise are 

shown in Figure 4.10. Results for feet parallel/vertical and feet turned out to 45 degrees 

follow a similar activation pattern. During leg extension co-contraction ratios range 

from -0.15 to 0.05, indicating neither vastus medialis or vastus lateralis are dominant 

during any phase of extension. 

CCR Terminal Leg Extension Exercises 

0.15 

VM 0.1 
Dominant 

0.05 

VL-o.05 
Dominant 

-0.15-

-0.25 
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 

Figure 4.10 M e a n co-contraction ratios (± SE) over the extension phase of movement 
for vastus medialis ( V M ) and vastus lateralis (VL) muscles in parallel/vertical and 45 
degree turned out foot positions during a terminal leg extension exercise. Where: 
CCR=co-contraction ratio; T L P=terminal leg extension parallel/vertical foot position; 
T L 45=terminal leg extension 45 degree turned out foot position. 
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Results of each subject's co-contraction ratio during a leg press exercise over the 

extension phase of movement are shown in Figure 4.11. There is a wide range of data 

with some subjects demonstrating vastus medialis dominance with co-contraction ratio 

levels close to 0.7 and some subjects demonstrating vastus lateralis dominance with co-

contraction ratios close to -0.8, while other subjects demonstrate values close to perfect 

co-contraction (0). 

Co-contraction Ratios During a Leg Press Exercise with Feet Parallel/Vertical 

Figure 4.11 Individual subjects and mean co-contraction ratios over the extension 
phase of movement for vastus medialis ( V M ) and vastus lateralis (VL) muscles in 
parallel/vertical foot position during a leg press exercise. Where: CCR=co-contraction 

ratio. 
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Results of maximum co-contraction ratios during seated and standing exercises are 

shown in a repeated measures A N O V A summary and graph in Figure 4.12. There is no 

difference in vastus medialis and vastus lateralis activation during the two exercises, 

demonstrating that neither muscle is dominant, and both muscles are activated 

simultaneously. 

Source 

Posture 
Foot position 
Interaction 

df 
1 
1 
1 

F 
0.081 
0.003 
1.982 

Sig 
0.778 
0.955 
0.170 

Power 

0.059 
0.050 
0.275 

Posture & Foot Position (max CCR) 

LPP LP45 SQP SQ45 

Figure 4.12 Repeated measures A N O V A summary and graph of seated and standing 
postures maximum (± SE) co-contraction ratios for parallel/vertical and 45 degree 
turned out foot positions. Where LP P= leg press parallel/vertical foot position; LP 45= 
leg press 45 degree turned out foot position; S Q P= squat parallel/vertical foot position; 
S Q 45= squat 45 degree turned out foot position; C C R = co-contraction ratio. 
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Results of maximum co-contraction ratios during O K C and C K C exercise types are 

shown in a repeated measures ANOVA summary and graph in Figure 4.13. There is no 

difference in vastus medialis and vastus lateralis activation during the two exercises, 

demonstrating that neither muscle is dominant. 

Source 

Exercise Type 
Foot position 
Interaction 

df 
1 
1 
1 

F 
1.704 
1.352 
0.206 

Sig 
0.202 
0.254 
0.653 

Power 

0.234 
0.203 
0.072 

Kinetic Chain & Foot Position (max CCR) 

Figure 4.13 Repeated measures A N O V A summary and graph of open and closed 
kinetic chain exercise types, maximum (± SE) co-contraction (CCR) ratios for 
parallel/vertical and 45 degree turned out foot positions. Where LP P= leg press 
parallel/vertical foot position; LP 45= leg press 45 degree turned out foot position; T L 
P=terminal leg extension parallel/vertical foot position; T L 45=terminal leg extension 

45 degree turned out foot position. 
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Results of minimum co-contraction ratios during seated and standing exercises are 

shown in a repeated measures A N O V A summary and graph in Figure 4.14. There is no 

difference in vastus medialis and vastus lateralis activation during the two exercises, 

demonstrating that neither muscle is dominant, and both muscles are activated 

simultaneously. 

Source 

Posture 
Foot position 
Interaction 

df 
1 
1 
1 

F 
1.398 
0.171 
0.142 

Sig 
0.247 
0.682 
0.709 

Power 

0.208 
0.069 
0.065 

Posture & Foot Position (min CCR) 

O -0.3 

Figure 4.14 Repeated measures A N O V A summary and graph of seated and standing 
postures minimum (± SE) co-contraction ratios for parallel/vertical and 45 degree 
turned out foot positions. Where LP P= leg press parallel/vertical foot position; LP 45= 
leg press 45 degree turned out foot position; S Q P= squat parallel/vertical foot position; 
S Q 45= squat 45 degree turned out foot position; C C R = co-contraction ratio. 
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Results of minimum co-contraction ratios during O K C and C K C exercise types are 

shown in a repeated measures ANOVA summary and graph in Figure 4.15. There is no 

difference in vastus medialis and vastus lateralis activation during the two exercises, 

demonstrating that neither muscle is dominant. 

Source 
Exercise Type 
Foot position 
Interaction 

df 
1 
1 
1 

F 
1.199 
0.055 
0.133 

Sig 
0.283 
0.817 
0.718 

Power 
0.185 
0.056 
0.064 

Kinetic Chain & Foot Position 

H 

• 
— ^ _J_ 

-

LPP LP 45 TLP TL45 

Figure 4.15 Repeated measures A N O V A summary and graph of open and closed 
kinetic chain exercise types, minimum (± SE) co-contraction (CCR) ratios for 
parallel/vertical and 45 degree turned out foot positions. Where LP P= leg press 
parallel/vertical foot position; LP 45= leg press 45 degree turned out foot position; T L 
P=terminal leg extension parallel/vertical foot position; T L 45=terminal leg extension 

45 degree turned out foot position. 
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Results of vastus medialis and vastus lateralis muscles average co-contraction ratios 

during a seated and standing exercise with feet parallel/vertical and feet turned out to 

45 degrees are shown with a repeated measures A N O V A summary and graph in Figure 

4.16. The summary shows no significant differences suggesting that neither vastus 

medialis or vastus lateralis muscles are dominant in either variation of the leg extension 

exercises. 

Source df Sig Power 

Posture 
Foot position 
Interaction 

1 
1 
1 

0.933 
1.660 
1.740 

0.342 
0.208 
0.197 

0.154 
0.238 
0.248 

Posture & Foot Position (mean CCR) 

0.06 

0.04 

0.02 

CC 
O -0.02 

-0.04 

-0.06 

-0.08 

-0.1 

-

I 

Figure 4.16 Repeated measures A N O V A summary and graph of seated and standing 
postures mean (± SE) co-contraction (CCR) ratios for parallel/vertical and 45 degree 
turned out foot positions. Where LP P=leg press parallel/vertical foot position; LP 
45=leg press 45 degree turned out foot position; S Q P=squat parallel/vertical foot 
position; S Q 45=squat 45 degree turned out foot position. 
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Results of vastus medialis and vastus lateralis muscles average co-contraction ratios 

during O K C and C K C exercise types with feet parallel/vertical and feet turned out to 45 

degrees are shown with a repeated measures A N O V A summary and graph in Figure 

4.17. The summary shows no significant differences suggesting that neither vastus 

medialis or vastus lateralis muscles are dominant in either variation of the leg extension 

exercises. 

Source 

Kinetic chain 
Foot position 
Interaction 

df 
1 
1 
1 

F 
0.536 
2.688 
0.266 

Sig 
0.470 
0.112 
0.610 

Power 

0.109 
0.354 
0.079 

Kinetic Chain & Foot Position (mean CCR) 

-0.08 

LPP LP 45 TLP TL45 

Figure 4.17 Repeated measures ANOVA summary and graph of open and closed 
kinetic chain exercise types, mean (± SE) co-contractions (CCR) ratio for 
parallel/vertical and 45 degree turned out foot positions. Where LP P=leg press 
parallel/vertical foot position; LP 45=leg press 45 degree turned out foot position; T L 
P=terminal leg extension parallel/vertical foot position; T L 45=terminal leg extension 

45 degree turned out foot position. 
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Results of knee angles at peak muscle activation during seated and standing posture 

exercises are shown with a repeated measures A N O V A summary and graph in Figure 

4.18. The leg is in a more extended position at peak muscle activation for both vastus 

medialis and vastus lateralis during the squat exercise. The leg is more flexed at peak 

muscle activation for both muscles when the feet are turned out to 45 degrees compared 

to when the feet are in a parallel/vertical position. The A N O V A summary indicates 

these changes in knee angle are consistent for both factors as there is no significant 

interaction effect. 

Vastus Medialis 

Source 

Posture 
Foot position 
Interaction 

df 
1 
1 
1 

F 
22.171 
7.806 
0.636 

Sig 
0.000 
0.009 
0.432 

Power 

0.995 
0.770 
0.120 

Vastus Lateralis 

Source 
Posture 
Foot position 
Interaction 

df 
1 
1 
1 

F 
34.618 
13.941 
0.176 

Sig 
0.000 
0.001 
0.678 

Power 

1.000 
0.950 
0.069 

Posture and Muscle Activation 

LPPVM LP45VM SQPVM SQ45VM LPPVL LP45VL SQPVL SQ45VL 

Figure 4.18 Repeated measures A N O V A summary and graph of knee angle (± SE) at 
peak muscle activation in seated and standing posture exercises, in parallel/vertical and 
45 degree turned out foot positions for vastus medialis ( V M ) and vastus lateralis (VL) 
muscles. Where: LP=leg press; SQ=squat; P=parallel/vertical; 45=45 degree turnout. 
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Knee angle at peak muscle activation for O K C and C K C exercise types for vastus 

medialis and vastus lateralis, with feet parallel/vertical and feet turned out to 45 degrees 

are shown in the repeated measures A N O V A summary and graph in Figure 4.19. 

During the O K C exercise peak muscle activation occurs, for both vastus medialis and 

vastus lateralis muscles when the leg is close to full extension, while in the C K C 

exercise peak muscle activation occurs when the leg is flexed. 

Vastus Medialis 

Source 
Kinetic chain 
Foot position 
Interaction 

df 
1 
1 
1 

F 
507.42 
0.576 
3.437 

Sig 
0.000 
0.454 
0.074 

Power 

1.000 
0.114 
0.434 

Vastus Lateralis 

Source 
Kinetic chain 
Foot position 
Interaction 

df 
1 
1 
1 

F 
725.49 
2.208 
6.401 

Sig 
0.000 
0.148 
0.017 

Power 

1.000 
0.301 
0.686 

Kinetic Chain and Muscle Activation 

LPPVM LP45VM TLPVM TL45VM LPPVL LP45VL TL P VL TL45VL 

Figure 4.19 Repeated measures A N O V A summary and graph of knee angle (± SE) at 
peak muscle activation in open and closed kinetic chain exercise types, in 
parallel/vertical and 45 degree turned out foot positions for vastus medialis ( V M ) and 
vastus lateralis (VL) muscles. Where: LP=leg press; TL=terminal leg extension; 
P=parallel/vertical; 45=45 degree turnout. 
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CHAPTER 5 - DISCUSSION 

Introduction 

The aim of this experiment was to determine the effectiveness of different knee 

rehabilitation exercises in improving vastus medialis muscle activation. To assess levels 

of anterior thigh muscle activation, three leg extension exercises were assessed; the leg 

press, squat and terminal leg extension, in two different foot positions, feet 

parallel/vertical and feet turned out to 45 degrees. Each of the 30 participants 

completing the experiment was free of knee pain and injury and participated regularly 

in a team sport. All exercises were performed at an individualised load (50% of a 3 R M 

test) with the resultant E M G data normalised to a series of M V C . 

All three exercises (terminal leg extension, leg press and squat) were used to test the 

first hypothesis that turning the foot out to 45 degrees would result in higher levels of 

vastus medialis activation. It has been proposed that fibres of the vastus medialis 

muscle are also thought to attach to the adductor magnus muscle, and therefore added 

rotation will engage adductor magnus and improve vastus medialis muscle activation 

(Livecchi et al., 2002). Another suggest is due to vastus medialis being in a relatively 

higher position when the foot is turned out to 45 degrees and seated, the muslce will 

therefore, need to work harder to oppose the pull of gravity, when compared with foot 

in a parallel/vertical position (Sykes & Wong, 2003 

Two CKC exercises were used to compare the effect of seated and standing posture 

exercises with feet parallel/vertical and feet turned out to 45 degrees. It was 

hypothesised that the seated exercise (leg press) would result in improved vastus 

medialis activation due to the resultant trunk angle and the possible interaction of the 

hamstring group, when compared with the standing exercise (squat), regardless of foot 

positioning. 

The final hypothesis was associated with OKC and CKC movements. It was 

hypothesised that vastus medialis muscle activation would be higher in the C K C 

exercise (leg press) than in the O K C exercise (terminal leg extension). Previous 

research by Irish et al. (2010) found higher levels of vastus medialis activation 

occureed during C K C exercises when compared with O K C exercises. Furthermore 
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increased vastus medialis activation in C K C exercises has been previously associated 

with the increased activation of hip flexor muscles (Stensdotter et al, 2007). 

Summary of Results 

Chapter 4 contains results for each experimental variable including the comparison of 

seated and standing posture exercises, O K C and C K C exercises, feet parallel/vertical 

and 45 degree turned out positions, and the effects of these conditions on vastus 

medialis and vastus lateralis muscles activation levels. 

Results presented are applicable to a healthy population, with no prior history of knee 

injuries or recurring knee pain, from an active team sports background. The results m a y 

have been different in populations with knee pathologies. E M G data were normalised to 

the peak E M G from the three M V C trials with the foot in a parallel/vertical position, 

which should be taken into consideration when examining E M G and C C R data. To 

reduce the possibility of cross-talk E M G was collected using a pair of electrodes placed 

over the muscle with a short inter-electrode distance and were differentially amplified. 

Data collection took place at a relatively slow movement pace with each flexion and 

extension movement taking place over 1 s. The exercises assessed during the 

experiment are commonly used in knee rehabilitation protocols and therefore, can be 

replicated in rehabilitation settings. Participants were allocated exercises in a random 

order, with the load set at 5 0 % of 3 R M to negate the effect of fatigue and simulate the 

magnitude of load used in a rehabilitation setting. It should be noted that knee angles 

were analysed with a 2 D data analysis programme. This may lead to errors when 

analysing knee angles with a 45 degree turned out foot position, as the camera angle 

was not altered to allow for the assessment of true knee angle. 

The results indicate changes in muscle activation levels under different exercise 

conditions; however, most changes affected both vastus medialis and vastus lateralis 

muscles, demonstrating that neither muscle could be activated independently under 

these study conditions. Figures 4.1 to 4.3 show average muscle activation over the leg 

extension phase of movement for both vastus medialis and vastus lateralis muscles in a 

parallel/vertical foot position. Both thigh muscles followed a similar activation pattern, 

with higher levels of muscle activation in more flexed postures during the leg press and 
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squat exercise. In contrast, higher levels of muscle activation were noted in more 

extended leg postures when performing the terminal leg extension exercise. 

The results shown in Figure 4.11 demonstrate a wide spread of data. When examining 

the leg press data for each subject with their feet in a parallel/vertical position, some of 

the participants exhibited vastus medialis dominance with C C R values reaching 0.7, 

while other participants exhibited vastus lateralis dominance with C C R close to -0.8. 

Furthermore, participants who demonstrated vastus medialis dominance were vastus 

medialis dominant over the entire movement phase from full flexion to full extension. 

The same pattern was seen in participants exhibiting vastus lateralis dominance with 

lateral muscle dominance over the entire extension phase of movement. 

The wide range of data in Figure 4.11 demonstrates large variability in the population 

studied, however when the C C R data was averaged it appeared to be close to perfect 

vastus medialis and vastus lateralis co-contraction. This averaged scale may mask the 

possible effects of different exercises and variations among individuals. That is, some 

participants m a y have exhibited changes in muscle activation patterns when performing 

certain exercises; however, the averaged results appear to mask these outcomes. 

Effects of Exercise Type 

The standing exercise (squat) had higher vastus medialis and vastus lateralis muscle 

activation levels than both the seated leg extension exercises (leg press and terminal leg 

extension). Both the squat and leg press demonstrated higher levels of vastus medialis 

and vastus lateralis muscle activation when the leg was in a relatively flexed position, 

while the terminal leg extension exhibited higher levels of muscle activation when the 

leg was close to full extension. The leg press and squat are C K C exercises and the 

results support the theory of Stensdotter et al. (2007) and Irish et al. (2010) of increased 

vastus medialis muscle activation levels during C K C exercises due to the interaction of 

the hip flexor muscle group. 

It has been suggested that OKC and CKC exercises will influence vastus medialis 

muscle activation as they have increased force components in opposing directions 

(Powers, 1998; Earl et al, 2001). In the O K C exercise (terminal leg extension) 

patellofemoral contact decreases as the leg is extended resulting in increased 
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patellofemoral stress (Powers, 1998). Due to the muscle activation profile of the 

terminal leg extension and this increasing patellofemoral stress, the terminal leg 

extension is not ideal in the treatment of knee pathologies. Neither the O K C nor C K C 

exercise resulted in increased vastus medialis muscle activation, although the muscle 

activation profile of the terminal leg extension suggests that it should be avoided, or at 

least used with due caution, during knee rehabilitation programming. 

Effect of Foot Position 

Previous research by Sykes and Wong (2003) determined that external thigh rotation 

would result in improved vastus medialis muscle activation. It was suggested that these 

changes could be a product of the increased force of gravity, due to vastus medialis 

being in a relatively higher position than vastus lateralis when seated and therefore 

requiring greater muscle activation levels to perform leg extension, or the interaction of 

the adductor magnus muscle (Livecchi et al., 2001). The experimental variable with the 

largest difference in vastus medialis muscle activation levels was m a x i m u m E M G 

recordings during the terminal leg extension. However, contrary to Sykes and W o n g 

(2003), muscle activation was higher when the foot was in a parallel/vertical foot 

position. Similar results were recorded for mean E M G data during the terminal leg 

extension. 

When comparing the parallel/vertical and 45 degree turned out foot positions, there was 

a significant difference in knee flexion angle at peak muscle activation. These 

differences should be viewed with some caution due to the 2 D data analysis method 

used when calculating knee angles. 

Although there were changes seen in vastus medialis muscle activation levels when 

comparing parallel/vertical and 45 degree turned out foot positions, all changes affected 

both vastus medialis and vastus lateralis muscles, demonstrating that changing foot 

positions will not preferentially activate the vastus medialis muscle in an asymptomatic 

population. It is likely that changes in muscle activation affect both muscles as they are 

innervated by the same nerve (Marieb, 2004). Some researchers suggest, therefore, that 

muscle co-contraction should occur to maintain patellar tracking and stabilisation 

during leg extension exercises (Biscos et al., 2007). 
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W h e n comparing parallel/vertical and 45 degree turned out foot positions it should be 

noted that participants were instructed to initiate this turn out from the hip. The results 

could be different if foot rotation was initiated through tibial rotation rather than thigh 

external rotation. It should also be noted that knee angle data were assessed using 2 D 

analysis methods and any changes in knee angle due to foot turnout should be viewed 

with caution, as the actual knee angle maybe different to the knee angle calculated in 

the 2 D analysis program. 

Effects of Posture 

Muscle activation patterns of both the seated (leg press) and standing (squat) exercises 

have similar characteristics; both exercises exhibited higher levels of vastus medialis 

and vastus lateralis muscle activation when the leg was in a relatively flexed position, 

with muscle activation decreasing as the leg reached full extension. Shin et al. (2004) 

demonstrated that neither a seated nor standing posture would result in preferential 

vastus medialis muscle activation. The results from this experiment followed a similar 

trend to Shin et al. (2004), with increased vastus medialis and vastus lateralis muscle 

activation during the standing posture exercise (squat), although neither posture 

resulted in preferential vastus medialis muscle activation. 

Implications for Clinicians 

The exercises and variations used in this experiment suggest that vastus medialis 

muscle activation cannot occur independently of vastus lateralis muscle activation. This 

is most likely to be a result of anterior thigh muscle anatomy, with both vastus medialis 

and vastus lateralis muscles innervated by the posterior division of the femoral nerve 

(Marieb, 2004). Clinicians should, therefore, focus on improving anterior thigh muscle 

activation rather than selectively improving vastus medialis muscle activation. This 

recommendation is confirmed by the co-contraction ratio data. 

Although it has been suggested that turning the leg out to 45 degrees via thigh external 

rotation will result in relatively higher levels of vastus medialis muscle activation due 

to the pull of gravity in a seated position, and the added activation of adductor magnus 

(Livecchi et al., 2001; Sykes & W o n g , 2003), it was found that vastus medialis muscle 

activation was higher when the foot was in a parallel/vertical position. This suggests 
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that knee rehabilitation exercise should be performed with the foot parallel/vertical. 

However, keeping the foot parallel/vertical will result in overall improved quadriceps 

muscle activation, with neither foot position resulting in preferential vastus medialis 

muscle activation. 

The reported results from this experiment are specific to an asymptomatic population. 

Muscle activation patterns in symptomatic populations m a y vary, with suggestions that 

higher levels of vastus lateralis dominance maybe a source of chronic knee pain 

conditions such as patellofemoral pain (Taskiran et al., 1998; Van Tiggelen et al., 2004; 

2009). It should also be noted that the sources of change in altering leg and foot 

position m a y cause variations in results. Previous research has used a wide variety of 

techniques including tibial rotation, hip rotation, hip abduction, dorsiflexion and 

plantarflexion to assess changes in quadriceps muscle activation (Smith et al., 2009). 

Clinicians should also be aware of knee joint stability when designing knee 

rehabilitation programs. A s the leg reaches full extension, patellofemoral contact area 

decreases and patellofemoral stress and pressure increases (Powers, 1998). Therefore, 

the O K C exercise (terminal leg extension), has higher levels of thigh muscle activation 

in an extended position and should perhaps be avoided when designing and 

implementing a knee rehabilitation program. 

The results obtained from this study suggest that both the leg press and squat would be 

effective in the design and implementation of a knee rehabilitation protocol. Both 

exercises have higher levels of vastus medialis and vastus lateralis muscle activation in 

flexed positions, making them ideal exercises to prevent patellofemoral pain due to 

knee joint instability (Powers, 1998). The squat and leg press will also have a greater 

affect if performed with the feet in a parallel/vertical position. 

48 



CHAPTER 6 - SUMMARY AND CONCLUSIONS 

Executive Summary 

Leg extension at the knee involves activation of the quadriceps femoris group, 

including; vastus intermedius, rectus femoris, vastus lateralis and vastus medialis 

(Marieb, 2004). W h e n all muscles in the quadriceps group are activated, the resultant 

force vector should maintain patellar tracking through the patellofemoral groove 

(Dolbow et al., 2008), however, vastus lateralis is a much larger muscle than vastus 

medialis (Marieb, 2004). If the vastus lateralis muscle has a higher muscle activation 

level than the vastus medialis muscle, the patella will be drawn towards the lateral side 

of the thigh and m a y result in chronic knee conditions such as patellofemoral pain 

(Boling et al., 2006; Stensdotter et al., 2007; Van Tiggelen et al., 2009). 

Many techniques have been suggested to improve vastus medialis muscle activation. 

These techniques include turning the foot out to 45 degrees during performance of a leg 

extension motion, which is thought to engage adductor magnus place vastus medialis in 

a relatively higher position than vastus lateralis during seated exercises. It has been 

proposed that this forces vastus medialis to work harder in order to oppose gravity, 

thereby resulting in improved vastus medialis muscle activation (Livecchi et al., 2001; 

Sykes & Wo n g , 2003). However, the results of these experiments were contrary to the 

findings of Skyes and W o n g (2003), with a turned out foot position resulting in 

decreased vastus medialis muscle activation. Furthermore, neither a foot 

parallel/vertical or a foot turned out to 45 degree position resulted in preferential vastus 

medialis muscle activation, with any differences in muscle activation affecting both 

vastus medialis and vastus lateralis muscles. 

It has also been suggested that OKC and CKC movement patterns will result in altered 

vastus medialis and vastus lateralis muscle activation patterns due to differences in 

force production in opposing directions, vastus medialis and vastus lateralis muscle 

force increases as the knee is extended during O K C exercised, while in C K C exercises 

vastus medialis and vastus lateralis force increases during flexion (Powers, 1998; Earl 

et al., 2001). The results of these experiments confirm that muscle activation levels in 

49 



C K C exercises will be higher when the leg is in a relatively flexed position and 

decrease as the leg is extended (Powers, 1998), while during O K C exercises, higher 

muscle activation patterns occur when the leg is close to full extension (Powers, 1998). 

It has also been demonstrated that C K C movements produce higher levels of muscle 

activation than O K C movements (Stensdotter et al., 2007; Irish et al., 2010). A s C K C 

movements have higher muscle activation levels when the leg is in a flexed position, 

they will have greater benefit for the treatment and prevention of patellofemoral pain, 

due to changes in patellofemoral contact area. W h e n the leg is extended, patellofemoral 

contact area decreases resulting in increased potential for patellofemoral stress (Powers, 

1998). 

The results also confirmed that CKC movements exhibit higher levels of vastus 

medialis and vastus lateralis muscle activation than O K C movements. Although muscle 

activation levels are higher during the leg press exercises relative to the terminal leg 

extension exercise, neither exercise resulted in preferential vastus medialis muscle 

activation. A s both exercises are seated, the Sykes and W o n g (2003) theory of turning 

the foot out to 45 degrees was also tested to determine if the vastus medialis muscle 

could be preferentially activated. However, keeping the foot parallel/vertical resulted in 

higher levels of vastus medialis and vastus lateralis muscle activation, and although the 

combination of exercise type and foot position altered muscle activation levels, it was 

not successful in isolating and targeting the vastus medialis muscle. 

The hamstring group is responsible for opposing the force of the quadriceps femoris 

group, with three multi joint muscles crossing both the hip and knee joint (Marieb, 

2004), but also assists the quadriceps femoris in knee joint stabilisation and the 

prevention knee injuries including A C L damage (Marieb, 2004; Anderson et al., 2006). 

As the hamstring group crosses the hip joint, it is thought to alter quadriceps muscle 

activation when comparing seated and standing postures (Anderson et al., 2006). It has 

been suggested that the interaction of knee and trunk angle may result in altered vastus 

medialis muscle activation, though research by Anderson et al. (2006) demonstrated no 

significant differences in vastus medialis muscle activation in seated, standing or prone 

lying exercises. 

Results from this experiment demonstrated higher levels of vastus lateralis and vastus 

medialis muscle activation during the squat exercise relative to the leg press exercise, 
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however, neither exercise resulted in preferential vastus medialis muscle activation. 

Parallel/vertical and 45 degree turned out leg postures were assessed along with the 

influence of seated and standing posture exercises. Sykes and W o n g (2003) suggested 

that there should be higher muscle activation patterns of the vastus medialis muscle in 

the seated exercise (leg press) when the foot is turned out to 45 degrees compared with 

the parallel/vertical foot position in the leg press, and both foot positions in the squat 

exercise, as gravity will have little effect on vastus medialis muscle activation during 

the standing exercise. Although the highest level of muscle activation was achieved in 

the squat when the foot was turned out to 45 degrees, the condition affected both vastus 

medialis and vastus lateralis muscles similarly. 

Another theory by Van Tiggelen et al. (2009) suggested that the force created by vastus 

lateralis could be opposed by the vastus medialis muscle activating first. Average C C R 

data from the experiment oscillated close to 0, representing pure co-contraction. Similar 

co-contraction data existed for each exercise, demonstrating that the vastus medialis 

muscle was not innervated prior to vastus medialis in this healthy, asymptomatic 

population. As both vastus medialis and vastus lateralis muscles are innervated by the 

same nerve, it is highly unlikely that either muscle will be activated first. 

There have been many suggested techniques for improving vastus medialis muscle 

activation, however, the experimental variables assessed during this study demonstrate 

that none of the exercise conditions resulted in preferential vastus medialis muscle 

activation for this active, asymptomatic population. Rehabilitation programs should 

instead, focus on improving overall quadriceps muscle activation, with the foot in a 

parallel/vertical position. It is also recommended that O K C exercises be avoided due 

the potential for increased patellofemoral stress when the knee is fully extended and 

given the muscle activation curve of the O K C exercise. 

Conclusions 

The first hypothesis addressed the effect of a turned out foot position, stating that 

turning the foot out to 45 degrees would result in higher levels of vastus medialis 

muscle activation, when compared to muscle activation with the foot in a 

parallel/vertical position. This hypothesis is rejected as turning the foot out to 45 
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degrees (using thigh external rotation) did not result in preferential vastus medialis 

muscle activation. 

The second hypothesis looked at the effect of whole body posture, to assess the effect 

of seated and standing postures on vastus medialis muscle activation. It was 

hypothesised that seated postures would result in higher levels of vastus medialis 

muscle activation regardless of foot position when compared with standing exercises. 

This hypothesis is also rejected as neither posture resulted in preferential vastus 

medialis muscle activation, however the standing posture exercise (squat) exhibited 

higher levels of both vastus medialis and vastus lateralis muscle activation than the 

seated exercise (leg press). 

The third hypothesis considered the effect of exercise type on vastus medialis muscle 

activation. It was hypothesised that C K C movements would demonstrate higher levels 

of vastus medialis muscle activation than O K C movements. This hypothesis is partially 

accepted as results demonstrate that neither movement type will cause preferential 

vastus medialis muscle activation. However, C K C movements demonstrated higher 

levels of vastus medialis and vastus lateralis muscle activation. 

Further Study 

This experiment focussed on anterior thigh muscle activation patterns of asymptomatic, 

active individuals. Future research should examine anterior thigh muscle activation 

patterns of individuals with chronic anterior knee pain conditions such as 

patellofemoral pain, and muscle activation patterns following surgery for acute knee 

injuries. Future research might also focus on muscle activation patterns of the anterior 

thigh muscles following interventions such as stretching of the lateral structures, 

strengthening of the anterior thigh, activity modification and patellar taping, to assess 

the effect of such interventions on muscle recruitment patterns. Research should assess 

the effectiveness of each intervention on muscle C C R during leg extension exercises. 

Future research might also consider a range of loads that may achieve increased 

anterior thigh muscle activation patterns. This experiment considered only one load and 

one speed ( 5 0 % of 3 R M and extension movement phase over 1 s). The results m a y 

have been different if the leg extension exercises were performed at different loads and 
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speeds. Therefore, future research should look at the effect of load and speed of 

movement on the activation of the anterior thigh muscles with feet parallel/vertical and 

feet turned out to 45 degrees. 

Future research may also examine different methods of achieving the turned out foot 

position. This experiment used external thigh rotation, whereas other methods of 

achieving foot rotation (including tibial rotation or tibial rotation with thigh adduction) 

m a y result in different quadriceps muscle activation patterns. Although the exercises 

used in this experiment suggest that vastus medialis cannot be preferentially activated, 

alternative methods of achieving foot turn out may produce conflicting results. 

Furthermore, whole leg position should also be examined to establish the effect of hip 

and ankle angles to determine the effect of these variables on quadriceps muscle 

activation. 

Data analysis of knee angle was completed using a 2D model in SiliconCoach. This 

m a y have led to errors in true knee angle when the foot was turned out to 45 degrees. 

Future research should re-examine knee angles with the foot turned out to 45 degrees 

using a 3 D motion analysis method. This would also allow for the accurate 

measurement of foot angles under varying conditions. With a 3 D data analysis method, 

future research m a y examine the effectiveness of different foot positions, similar to the 

range of turned out foot positions employed in previous research (Smith et al., 2009). 
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Winthrop Professor Tim Ackland 
School of Sport Science, Exercise and Health 
M408 
The University of Western Australia 
35 Stirling Highway 
Crawley, Western Australia 6009 
Phone +61 8 6488 2361 
Fax +61 8 6488 1039 

T h e Effects of Foot Position and Posture on Activation of Vastus Medialis During 

Rehabilitation Exercises 

-Subject Information Sheet-

This statement has been prepared in accordance with the regulations and the suggestions of The 

University of Western Australia Committee for the conduct of Ethical Research involving Human 

Subjects. 

PURPOSE 

This study will examine rehabilitation techniques for members of the population with recurring knee 

pain and knee injuries. The study will investigate how best to recruit two major muscles at the front 

of the thigh that are activated for knee stabilisation during leg extension exercises. 

PROCEDURES 

Prior to commencing the experiment you will need to complete an eligibility form to ensure that you 

meet all requirements of the experiment, including age, sports participation and injury history. The 

experiment will require you to be involved in the following tasks and procedures. 

Upon arriving at The University of Western Australia (UWA), you will be required to complete a 

written consent form and eligibility questionnaire, followed by a series of strength based exercises. 

All exercises will be monitored through the use of electromyography (EMG), a technique that 

measures levels of muscle activation. 

EMG involves the placement of a series of sticky dots/markers on the surface of the skin, attached 

via leads to a recording device. This permits the measurement of electrical activity within your 

muscles. Another series of sticky dots will be used as markers to track the movement of your lower 

limbs through video analysis. 

Once all markers have been attached you will be required to perform the following exercises: 

maximal voluntary contractions of the anterior thigh muscles, leg press, terminal leg extension and 

squat. All of these exercises will be performed with two different leg positions; a) with the foot 

vertical, and b) with the foot turned out to 45 degrees.. 

THE UNIVERSITY OF 
WESTERN AUSTRALIA 
Achieving bur- tnunuidl Excellence 



RISKS 

There are no direct risks associated will participation in this study, though following testing you may 

experience some minor, transient muscle stiffness or mild soreness. Non-allergenic tape will be 

used to affix markers. S o m e people may experience a minor reaction to the adhesive, but if this 

does occur, it will be transient. 

BENFITS 

For participants: an improved understanding of muscle recruitment and activation, which may result 

in improved training techniques and decreased incidence of knee injury. 

For humanity generally: Better rehabilitation techniques for members of society with recurring knee 

pain or acute knee injuries. 

CONFIDENTIALITY 

All data collected during the experiment will be stored securely within the School of Sport Science, 

Exercise and Health at U W A , kept for the required period of time and then disposed of in a manner 

to ensure confidentiality. No information provided will be made public in any form that may 

identify the participant. 

SUBJECT RIGHTS 

Participation in this study is voluntary. You are able to withdraw from the study at any stage without 

reason or prejudice. If you choose to withdraw from the study at any stage all records of your 

involvement will be destroyed. 

If you have any questions regarding the study at any stage, please feel free to contact Ingrid Hand 

on 0403 515 933. 

Researcher Supervisor 

Miss Ingrid Hand Winthrop Professor Tim Ackland 

The University of Western Australia The University of Western Australia 

Phone: 0403 515 933 

Email: inqrid-hand(5).hotmail.com 

The Human Ethics Committee at The University of Western Australia requires that all participants 
are informed that, if they have any complaint regarding the manner, in which a research project is 
conducted, it may be given to the researcher or, alternatively to the Secretary, Human Research 
Ethics Committee, Registrar's Office, University of Western Australia, 35 Stirling Highway, Crawley, 
WA 6009 (telephone number 6488-3703). All study participants will be provided with a copy of the 
Information Sheet and Consent Form for their personal records. 
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T H E U N I V E R S I T Y O F Winthrop Professor TimAckland 
W^E ST E R N A U ST RALIA School of Sport Science, Exercise and Health 

M408 
Achieving International Excellence The University of Western Australia 

35 Stirling Highway 
Crawley, Western Australia 6009 
Phone +618 6488 2361 
Fax +618 6488 1039 

T h e Effects of Foot Position and Posture on Activation of Vastus Medialis During 

Rehabilitation Exercises 

-Consent Form-

Investigators: Miss Ingrid Hand and Prof. Tim Ackland 

I have read the information sheet provided and asked any 

questions that I may have in relation to m y participation in, and the requirements of the study. All of 

m y questions have been answered to m y satisfaction. I understand that m y participation in the study 

is voluntary and I may withdraw from the study at any time, without reason and without prejudice. 

I also understand that any information collected will remain confidential. These documents will not 

be released in any format, unless under a circumstance in which the documents are required by 

law. I have been advised what information will be collected and stored of a personal nature during 

the experiment and what will happen to all data at the completion of research. 

I agree that data collected during this study can be published under the proviso that my name and 

identity remain anonymous. 

I also agree that photographic and video images collected during this study can be used in 

scientific presentations. (Please tick if you give this consent). 

Participant Date 
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Questionnaire 

All information collected will remain confidential, and will not be released in any format, unless 

under a circumstance in which the document is required by law. 

INSTRUCTIONS 

Please complete the following questions, by circling the applicable answer. 

E X A M P L E Y E $ 7 N ^ > 

Name: 

1. Are you between 18 and 30 years of age? 

YES/NO 

2. Are you involved in a team sport? 

YES/NO 

3. How many sessions of training do you attend in a normal week? 

ONE/TWO/THREE 

4. How frequently do you play in a game or game like situation in a normal week? 

ONCE/TWICE 

5. How many resistance (weight) training sessions do you complete in a normal week? 

ONE/TWO/THREE 

6. Have you ever sustained a knee injury requiring modification of your sporting 

activities, reduced weight bearing on the injured knee, surgery, or ongoing treatment by a 

qualified physician, e.g. Ligament or tendon damage? 

YES/NO 

7. Have/do you experience recurring pain in or around the knee joint during or following 

exercise? 

YES/NO 

8. Have/do you experience recurring knee pain while performing tasks such as; running, 

jumping, hopping, ascending and descending stairs, or after remaining seated for a long 

period of time with your legs bent? 

YES/NO 


