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Abstract 

Patellofemoral pain syndrome (PFPS) is one of the most common musculoskeletal 

disorders affecting adults. Patellar taping provides an effective treatment in 

alleviating the symptoms of a high proportion of subjects who present with PFPS. 

However, the mechanisms of pain reduction have not been established. The aim of 

this work was to evaluate the effects of patellar taping on the biomechanics of the 

patellofemoral joint and level of pain in PFPS subjects, during the eccentric phase of 

single leg squatting at 30° of knee flexion. These were determined with a combined 

kinetic and kinematic approach using data from video analysis, force plate and EMG. 

A series of pilot tests was performed, involving a group of asymptomatic volunteers 

performing a number of knee flexion procedures. These tests demonstrated a high 

reliability in both the estimated patellofemoral joint reaction force (PFJRF) and 

relative amplitude of vasti, but less impressive reliability for the parameters 

associated with muscle onset. The main case-controlled study involved 18 PFPS 

subjects, recruited from a local Physiotherapy Department, and a similar number of 

healthy controls. The test procedure was performed on the knees of both subject 

groups and, where appropriate, during and after patellar taping. The results revealed 

that the mean value of PFJRF, which was 2025 N prior to taping, had decreased 

significantly to 1720 N (p< 0.05) following a period of taping and exercises which 

lasted between 2-5 weeks. Equivalent changes were also recorded with the pain 

levels, although the ratio of the amplitude of the vasti did not change during this 

period. The only significant differences between the two subject groups were with 

the relative timing of muscle onset, for which VMO preceded VL in the healthy 

controls. The reduction of biomechanical characteristics following the application of 

patellar tape and exercises in PFPS subjects, may explain the mechanism of pain 

reduction during the early phase of single leg squatting. 
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Introduction 

Patellofemoral pain syndrome (PFPS) is known as the most common diagnosis in the 

knee joint in the young adults (Crossley et al 2002) and its treatment mostly depends 

on physical therapy interventions. Patellar taping is one of these treatment options, 

which is reported to reduce the pain immediately after its application in subjects with 

PFPS (McConnell, 1986; Bockrath et al., 1993; Powers et al., 1997; Ng et al., 2002; 

Salsich et al., 2002). Although application of tape over the patellofemoral joint (PFJ) 

aims to reduce the pain level, the mechanism in which the tape affects this joint is not 

completely explained in subjects with PFPS. It is proposed that the tape may affect 

the PFJ by correcting the patellar alignment, distributing the forces and stresses 

appropriately in this joint. The effect of patellar tape on the alignment of the patella 

in subjects with PFPS has been investigated in the previous studies (Bockrath et al., 

1993; Worrell et al., 1994; Somes et al., 1997; Gigante et al., 2001) however, to date 

no study was found to evaluate the effect of patellar tape on the patellofemoral joint 

reaction forces (PFJRF) in these subjects. While evaluating the patellar alignment 

and kinetic data of the PFJ seems to be practical separately, assessment of both 

conditions simultaneously is very difficult or impractical. The costly technique of 

MRI or CT scan and the difficulty integrating these techniques with motion analysis 

may have restricted explaining the relationship of both kinetic and alignment data 

with pain reduction. 

Despite restriction in applying the imaging techniques with motion analysis system, 

evaluation of kinetics and kinematics following the application of patellar tape may 

at least provide useful information about the effects of this treatment procedure on 

reduction of pain in subjects with PFPS. As the mechanism of pain relief following 

the application of patellar tape had yet to be explained, the current study was 

designed to develop a method of measuring the biomechanics of the patellofemoral 

joint following its application. 

In the current study, the opening two chapters include a description of the anatomy of 
the PFJ and possible factors associated with PFPS, and clinical assessment of the PFJ 

and potential treatment strategies. Chapter 3 also describes the experimental methods 

and protocols used to assess the biomechanical performance of the PFJ during 

20 



squatting. The experimental work presented in chapter 4 sought to establish the 

reliability of selected parameters in a number of individual pilot studies in healthy 

subjects. 

The overall aim of this project was to establish methods that may explain the 

mechanism of pain reduction with the application of patellar tape. Having established 
the reliability of these selected parameters, namely PFJRF and EMG activity of the 

vasti muscles, a case-control study was conducted in which these parameters were 

evaluated in subjects with PFPS before and after patellar taping and compared to a 

control group of healthy subjects. This experimental work is presented in chapter 5. 

The final part of the current study in chapter 6 (discussion) discusses the results 

obtained from both the pilot and main studies. This chapter also indicates the critical 
factors implicated in the pathogenesis of PFPS and demonstrates how patellar taping 

and exercises influence the biomechanical parameters in PFPS subjects. This 

concludes with suggested areas for future research. 
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Chapter 1. Patellofemoral joint 

1.1 Anatomical considerations 

The patellofemoral joint (PFJ) is the portion of the knee joint between the patella and 

the femoral condyles (Figure 1.1). The patella is a sesamoid bone that functions to 
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Figure 1.1 Cross section of the right patella and femur (from Moore & Dailey, 1999) 

guide the forces of the quadriceps muscle around the distal end of the femur. During 

knee flexion and extension this triangular bone located within the patellar ligament 

articulates with the femoral trochlea (Hehne et al., 1990) (Figure 1.2). The strong 

fibrous capsule surrounds the knee joint and the patella and patellar ligament act as a 

capsule anteriorly (Moore & Dailey, 1999). 
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Figure 1.2 Patellar surface of the right femur, trochlear groove and patella articular surface (from Putz 
& Pabst, 1997) 

The posterior aspect of the patella is shown in figure 1.2, where it is pulled away 

from the attachment to the femur. This articular surface has three main facets: 

medial, lateral and odd (Figure 1.3). As knee flexion progresses, the area of contact 

of the patellar cartilage with the femoral trochlea moves proximally on this surface. 
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Thus, the femoral trochlea contacts different areas of the patellar cartilage at varying 

degrees of knee flexion (Hungerford et al., 1979). 
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Figure 1.3 Posterior aspect of the right patella (from Herding et al., 1996) 

The quadriceps muscle is mainly attached to the superior border of patella (the base 

of patella) and its apex is located downward. The anterior surface of patella is 

covered by patellar ligament (Figure 1.4). 

1.1.1 Muscles around the patellofemoral joint 

The PFJ is mainly under the active control of the quadriceps femoris muscle. This 

muscle can be conveniently divided into four muscle groups, namely, the rectus 

femoris, vastus lateralis (VL), vastus medialis (VM), and vastus intermedius. Each 

has a common tendon of insertion into the upper lateral and medial borders of the 

patella and then, via the ligamentum patellae, into the tubercle of the tibia (Figure 

1.5). 
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Figure 1.4 Anterior view of the right knee joint, retinaculi and ligaments (from Putz & Pabst, 1997) 
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Figure 1.5 Vastus lateralis (VL), vastus medialis (VM) and vastus intermedius (Left side) (from 
Palastanga et al., 1998) 

Rectus femoris originates from the anterior inferior iliac spine and, partly, from the 

ilium above the acetabulum and inserts into the quadriceps tendon and the patella. 

VL originates from intertrochantric line, the base of the greater trochanter, and the 

linea aspera of the femur and the lateral fascial septum. Its fibres pass downward 

anteriorly, to be inserted with the quadriceps tendon, although some of the fibres 

reinforce the capsule of the knee joint. VM originates from the intertrochantric line 

and the linea aspera of the femur and the medial fascial septum, passing downward 

and forward, to be inserted into both the quadriceps tendon and the patella. The 

deepest part of quadriceps muscle is termed the vastus intermedius. This muscle 
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originates from the anterior and lateral surfaces of the shaft of the femur and its 

fibres pass downwards and join the deep aspect of the quadriceps tendon (Palastanga 

et al., 1998). 

All four parts of quadriceps femoris muscle are innervated by the femoral nerve (L2, 

L3 and L4) (Snell, 1990). These muscles are supplied with the circumflex femoral 

arteries and lymphatic drainage of the lower limb (including these muscles) is 

performed by superficial lymphatic vessels into the superficial and deep inguinal 

lymph nodes (Moore & Dalley, 1999). 

1.1.2 Action of quadriceps femoris muscle 

The quadriceps femoris muscle represents a powerful extensor of the knee joint. The 

rectus femoris, which is the only biarticular muscle of quadriceps, also flexes the hip 

joint (Snell, 1990). When the quadriceps muscle contracts, it pulls the patella 

superiorly causing the knee joint to extend. As the knee flexes, the patella glides 

across the front of the knee joint in a shallow groove (trochlear groove) on the front 

of the femur (Hehre et al., 1990). Some of the tendinous fibres of the VL and VM 

form bands, or retinacula as indicated in figure 1.4 that join and strengthen the 

capsule of the knee joint. 

1.1.3 Stabilizers of the patellofemoral joint 

The PFJ is a synovial joint, and its stability largely depends on soft tissue structures 

surrounding it. Stability of the PFJ is achieved by both passive and active 

mechanisms. In the first 20 degrees of knee flexion, the patella is under the influence 

of the surrounding soft tissue structures, which contribute to the patella being held in 

the centre of femoral trochlear groove. Beyond 20 degrees of knee flexion, the bony 

architecture (one of the passive stabilizers) is mostly responsible for controlling the 

position of the patella (Grelsamer et al., 1998). In the normal conditions, the lateral 

facet of the femoral trochlea is positioned superiorly and anteriorly than the medial 
facet, assisting the patella to be held in the femoral trochlear groove (patellar surface) 
(Figure 1.6). A study performed by Senavongse (2005) showed that flattening the 
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lateral facet of the femoral trochlea reduced its lateral restraining force significantly 

throughout a range of flexion angles. 
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Figure 1.6 Distal part of the right femur (from Putz & Pabst, 1997) 

- Med ewcxxidyle 

- Med. condyle 

There are a number of structures, which help the stability of the PFJ especially in the 

first 20 degrees of knee flexion. These include the patellar medial and lateral 

ligaments (retinaculi or tendinous fibres of the VL and VM) both of which have 

active and passive stability roles. Indeed the soft tissues on the lateral side of the PFJ, 

forming the lateral retinaculum, are relatively thick (Figure 1.4). Most of the lateral 

retinaculum, particularly the deep layer, arises from the iliotibial band, which 

provides active stabilization through the tensor fascia lata and gluteus maximus 

origins, and passive stabilization of the patella. Passively, the structures are stronger 

on the lateral side compared to the medial side (Terry et al., 1986; Williams & 

Warrick, 1989). Although the medial retinaculum seems to be thinner than the lateral 

one, Senavongse (2005) demonstrated that rupture of the medial retinacular 

structures reduced the restraining force of lateral displacement of the patella 

throughout flexion, an effect that increased markedly as the knee approached full 

extension. The loss of stability in the full extension after rupturing the medial 

retinaculae can be attributed to the tension of the quadriceps, which normally pulls 

the patella proximally and slightly laterally. In this condition the mediolateral 

mobility of patella is lost. The loss of such stability after rupturing the medial 
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retinaculae therefore reveals that retinaculae are stretched by proximal movement of 

the patella during full extension of knee. 

A great deal of medial patellar stability is obtained actively through the muscular 

attachment of the medial part of the quadriceps, the VM. Two medial and lateral 

vector forces affect the alignment of patella horizontally during knee activities 

(Ahmed et al., 1987). The VM, especially the lower fibres (VMO) which is inserted 

relatively horizontally into the medial part of patella, opposes the superolateral 

vector force of the VL and lateral retinaculum, thereby permitting a more efficient 

extensor moment at the knee (Ahmed et at., 1987) (Figure 1.7). The VMO tension 

acts both medially and posteriorly (Farahmand et al., 1998) and is known to resist 
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Figure 1.7 Fibre orientation of the quadriceps musculature in relation to the femur (from Lieb and 
Perry, 1968) 

lateral displacement of the patella (Lieb & Perry, 1968; Bose et al., 1980; Goh et al., 
1995). A cadaveric study has shown that quadriceps imbalance caused by loss of 
VMO tension, caused a significant reduction in lateral patellar stability throughout 
knee flexion (Senavongse, 2005). The rest of medial patellar stability is obtained 
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passively through the medial retinaculum (Terry et al., 1986; Williams & Warrick, 

1989). 

The patellofemoral articulation is complex with shifting areas of contact throughout 

the knee joint range of motion (Figure 1.8). For example, the odd facet does not 

come into contact with the femoral condyles until at least 135 degrees of flexion is 

reached. Before 90 degrees of knee flexion, both femoral condyles articulate with the 

patella, but beyond this degree of flexion, only the medial condyle articulates with 

the patella (Ahmed et al., 1983). 
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Figure 1.8 (A) Area of contact of the patella during different degrees of flexion. (B) Articulation 
between patella and femur (from Magee, 1987) 

1.2 Function of the patella 

Biomechanically, two important functions are attributed to the patella during knee 

flexion and extension. These are lengthening of the lever arm of the quadriceps 

muscle force through anterior displacement of the quadriceps tendon and distribution 

of the compressive forces on the femur during knee activity. 
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The quadriceps tendon displacement is under the influence of the patellar movement 
in the sagittal plane during both flexion and extension of the knee. As the quadriceps 

tendon passes over the patella to attach to the tibial tuberosity, it is expected that this 

displacement affects the length of quadriceps lever arm. Previous studies have 

revealed that anterior and posterior displacement of the quadriceps tendon occurred 

during extension and flexion of the knee. Smidt (1973) found that there was minimal 

anterior displacement of the quadriceps tendon during full flexion of the knee, which 

contributed little to the length of the quadriceps lever arm less than 10% of the total 

length. This can be attributed to the fact that in this condition, the patella is located in 

the depth of intercondylar groove and therefore provides a minimum distance 

between the quadriceps tendon and the centre of the knee joint. The author also 

demonstrated that by beginning the extension, the patella gradually rose from the 

intercondylar groove. This condition provided more anterior displacement of patellar 

tendon, so that the length of the quadriceps lever arm at once developed with 

extension up to about 45 degrees. It was demonstrated that at this point the patella 

may lengthen the lever arm up to 30%. However, the length of the lever arm 

decreased beyond 45 degrees of knee extension (Smidt, 1973). Lieb & Perry (1968) 

showed that such a decrease in lever arm is compensated by increasing quadriceps 

muscle force up to approximately 60% in the final 15 degrees of extension, so that 

the knee moment is maintained at nearly the same level. 

In addition, the patella has an important role in distributing stress on the femoral 

surfaces. It enables the compressive forces (reaction forces) to be distributed on the 

femur by increasing the contact area between the patellar tendon and the femur 

(Nordin & Frankel, 2001). As the patellofemoral joint stress (PFJS) has an inverse 

relationship with patellar contact area (PFJS is equal to patellofemoral joint reaction 

force divided by area of contact of patella), increasing this area contributes to 

neutralize possible increasing the patellofemoral joint reaction forces (PFJRF), thus 

the same PFJS (Wallace et al., 2002). 
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1.2.1 Kinematics 

According to cadaveric studies which investigated the three-dimensional motion of 

the patella on the femoral condyles, the most observable motion of the patella is its 

gliding motion on the femoral condyles during knee movements. There is an inferior 

patellar glide of approximately 70 mm on the femoral condyles, which is 

accompanied by a patellar flexion (a little inferior tilt), and a wavy lateral patellar tilt 

and shift from full extension to full flexion of the knee (Ahmed et al., 1983; van 

Kampen & Huiskes, 1990; Chew et al., 1997). 

In the early phase of knee flexion, the patella locates in the centre of the femoral 

condyles at a similar distance from both the medial and lateral condyles (McConnell, 

1986). The patella articulation with the femur and its motion during knee flexion and 

extension is termed patellar tracking or patellar orientation. If this tracking is optimal 

(patella in the centre of the femoral patellar groove), the function of the quadriceps is 

optimised in both static and dynamic movements, because of an optimal quadriceps 

lever arm (McConnell, 1986). 

The normal tracking of patella is dependent on several structures such as bones, 

ligaments, muscles as well as the neural control system (Cowan et al., 2001b). 

Accordingly, a disorder of patellar tracking is usually as a result of combination of 

deficiencies in the bony architecture, ligament, and activity related factors. Since 

there is capability of compensation of deficits in different components of the PFJ, the 

patellar tracking system maintains in a normal manner. However, if mal tracking is 

not compensated by muscles or ligaments around the knee joint, the magnitude and 

distribution of the forces across the PFJ may be affected, causing unequal contact 

pressures on the PFJ contact area (Grabiner et al., 1994). 

Both VM and VL muscles have a lateral component of force, so balanced activity of 

these muscles in term of magnitude; produce forces acting along the axis of the thigh. 

However, if there is an imbalance of the muscles, the patella can be abnormally 

pulled to one side (McConnell, 2002). 
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The VM is divided functionally into two parts (because of the anatomical 

configuration of its fibres), the oblique part (vastus medialis oblique = VMO) and the 

more vertical part (the vastus medialis longus = VML) (Lieb & Perry, 1968,1971). 

Distinguishing these two parts is difficult but, many authors believe they have 

different functions because of their different attachments and placement. As an 

example the insertion site of the VML is on superomedial border of patella while that 

of the VMO is on the medial border of patella (Lieb & Perry, 1968,1971; Bose et al., 

1980) (Figure 1.9). 

VML 

VL Vastus medialis 

VMO 

Figure 1.9 Lower part of quadriceps femoris muscle. VMO has more obliquely alignment than the 
VML and VL (from Ellis, 1997) 

The VMO is the weakest part of the quadriceps group and appears to be the first 

muscle to atrophy, and the last to fully regain its mechanical integrity after 

rehabilitation (Doxey, 1987; Garrick, 1989; Thomee et al., 1995). Nonetheless, it 

provides a mechanical advantage to enhance the medial stabilizing force to the 

patella because of its more oblique alignment compared to the vastus medialis longus 

(VML) or VL (Figure 1.9). 
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In a classic work, Lieb and Perry (1968) identified the distal fibres of the VM 

(VMO) to be angled at approximately 55 degrees from the longitudinal axis of the 

femur making this portion of the muscle best suited to prevent lateral subluxation of 

the patella (Figure 1.7). On the lateral side, the VL is oriented 12 to 15 degrees 

laterally in the frontal plane and the obliquity of the associated distal fibres is greater 

(Lieb & Perry, 1968; Fulkerson et al., 1990). 

While both VMO and VML are active during knee extension, the former muscle is 

active during knee extension to assist the patella to be centralised in the trochlea of 

the femur, thereby increasing the efficiency of the VL during knee extension (Lieb & 

Perry, 1968; Goh et al., 1995). 

Normal VMO activity is essential for centralising the patella. Indeed a 50% decrease 

in the VMO tension may result in a significant displacement of the patella laterally, 

by approximately 5 mm (McConnell, 2002). If the VMO is deactivated or the tension 

in the VL is twice that of the VMO, then the contact pressures will almost 

completely be transferred to the lateral patellar facet (McConnell, 2002). 

1.2.2 Kinetics 

With reference to kinetics, the centering of the patella in the trochlear groove is 

related to the strength of the VMO and the medial patellofemoral retinaculum (force 

vector of medial structures), which pull the patella towards the opposite knee while 

the VL and lateral patellofemoral retinaculum (force vector of lateral structures) pull 

it towards the lateral aspect of the knee (van Kampen et al., 1990). When these two 

stabilizing forces, in addition to the quadriceps muscle force (force vector of 

quadriceps) and the reaction force from the tibial tubercle (force vector from tibial 

tubercle) are in a correct alignment, the patella is centred in the trochlear groove of 

the femur (McConnell, 2002) (Figure 1.10). 
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Figure 1.10 Stabilizing forces on the patella (from Nucleus Communications, Inc. -Atlanta., 1998, 
www. nucleusinc. com) 

These forces on the PFJ may vary depending on a number of factors. For example 

muscle weakness, particularly associated with the VMO has a major effect on force 

imbalance and patellar mal alignment (van Kampen et al., 1990). As the lateral 

ligamentous structures are stiffer than medial ones, the patella tends to deviate to the 

lateral side. If such force imbalance continues in the PFJ, this may lead to an unequal 

force distribution across the joint. Thus, in order to maintain a centralised location of 

the patella, all forces acting on the PFJ should be balanced in different directions 

(van Kampen et al., 1990; McConnell, 2002). 

It is well established that the magnitude of the muscle forces acting on a specific 
joint directly affects the magnitude of its joint reaction force during dynamic 

movements. In the PFJ; the magnitude of the reaction force depends on three main 
factors (Reilly & Martens, 1972; Hungerford & Barry, 1979): 

1. the angle of knee flexion 
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2. the quadriceps muscle tension 

3. the patellar tendon tension 

The effect of knee flexion angle on the quadriceps muscle force was considered in 

the study conducted by Reilly & Martens (1972). The authors demonstrated that 

there is a concomitant increase in quadriceps muscle force with angle of knee flexion 

in a weight bearing position. For example, it was revealed that during relaxed upright 

standing minimal quadriceps muscle forces are required for compensating the small 
flexion moments around the PFJ. This may be attributed to the fact that the centre of 

gravity of the body above the knee is almost directly above the centre of rotation of 

the PFJ. With increasing knee flexion, however, an additional quadriceps muscle 
force is required to compensate an increasing level of the flexion moments around 

the joint due to shifting the centre of gravity away from the centre of rotation. An 

increased level of quadriceps muscle force may result in increasing the 

patellofemoral joint reaction forces (PFJRF) (Reilly & Martens, 1972; Hungerford & 

Barry, 1979). With increasing knee flexion, the angle of the main forces acting on 

PFJ, that is, the patellar tendon force and the quadriceps tendon force, become more 

acute. This increases the magnitude of the PFJRF which is the resultant of these 

forces (Fulkerson & Hungerford, 1990) (Figure 1.11). 

During level walking, which is associated with a relatively small degree of knee 

flexion, the reaction force is small (Reilly and Martens, 1972). When both knee 

flexion angle and the resultant PFJRF increase, a greater quadriceps muscle tension 

is required to resist the flexion moment of the body weight. Accordingly, during 

forceful activities such as stair ascent and descent, the reaction force can reach up to 

3.3 times the value of body weight (Reilly & Martens, 1972). The resultant increase 

in the PFJRF may explain why subjects with symptoms of patellofemoral pain suffer 
during bent knee activities. 
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Figure I. 11 Compressive forces on the patellofemoral joint are determined by the resultant of MI 
(quadriceps tendon force vector) and M2 (patellar ligament force vector) (From Fulkerson & 
Hungerford, 1990) 

1.3 Patellofemoral pain syndrome (PFPS) 

PFPS is one of the most common musculoskeletal disorders affecting adults (Arrol et 

al., 1997; Crossley et al., 2002). This disorder is described as anterior or retropatellar 

pain in the absence of other pathology of the knee joint (Crossley et al., 2002). Some 

prospective cohort studies reported incidence rates of 7% in young active adults 

(Witvroux et al., 2000b) and between 1 and 15% in armed forces recruits (Heir et al., 

1996; Shwayhat et al., 1994; Almedia et al., 1999a, 1999b). Indeed, the condition 

represents a common reason for consultation with a health care practitioner, with the 

relative incidence rates varying from 2% to 30% (Almedia et al., 1999a, 1999b). This 

considerable variation most likely reflects differences in populations treated at 

individual medical centres and the specific nature of the diagnosis. The source of 

patellofemoral pain may not be accurately identified by clinical examination alone, 

making specific diagnosis difficult. In addition, more invasive and costly diagnostic 

procedures are not indicated for the majority of subjects (McConnell, 2002). 
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Although the pathology of PFPS is not clearly understood because of its mixed 

pathologies, which may present with similar signs and symptoms, it may be more 

suitable to consider the potential causes of patellofemoral pain. 

1.3.1 Neuromechanochemical factors 

It is believed that one of the pain sources that can indirectly result in pain is PFJ 

cartilage. Although it is clear that the cartilage is aneural, producing damage to the 

superficial or deeper layers of cartilage may lead to mechanochemical irritation or 

subchondral bone erosion, the latter of which can lead to irritation of the nerve 

endings and perception of pain (Ohno et al., 1988; Fulkerson & Hungerford, 1997). 

On the other hand, increasing the pressure inside the patella, which may be due to 

short-term venous outflow obstruction, may also result in pain (Dye & Vaupel, 1994; 

Schneider et al., 2000). 

Based on histological studies, it has been demonstrated that subjects with 

patellofemoral pain may also exhibit nerve damage in their lateral retinaculum. The 

extent of this damage can vary from nerve fibrosis and neuroma to an increasing 

number of nerve fibre involvements, both myelinated and unmyelinated, which may 

result in pain perception (Fulkerson et al., 1985; Sanchis- Alfonso & Rosello-Sastre, 

2000). According to both in vitro and in vivo studies, it has been revealed that 

prepatellar synovium may cause pain due to the existence of high level of free nerve 

endings within the tissue (Bierdert et al., 1992; Dye et al., 1998). Although the 

synovium may be a cause of patellofemoral pain, it is more likely to be a source of 

pain secondary to degenerative joint disease (Dye et al., 1998). 

Another highly potent source of pain is the infrapatellar fat pad. Dye et al. (1998) 

found that during arthroscopic palpation of the fat pad, the subjects felt pain due to 
its high level of innervation. Indeed, as a result of its relationship with other parts of 
the knee, it is possible that infra patellar fat pad could be involved with other knee 
joint pathologies. 
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1.3.2 Lateral retinaculum tightness 

One of the factors which may lead to PFPS is lateral patellar retinaculum. The main 

part of lateral retinaculum (Figure 1.4) originates from the iliotibial band. Therefore 

when the iliotibial band and lateral retinaculum are tight, it is possible to produce 

additional lateral patellar tilt, lateral tracking and an uneven pressure on the PFJ 

(McConnell, 2002). Additional compression on the PFJ especially during knee 

flexion in weight bearing may result in associated pain. The pain may also be due to 

excessive stretching of lateral retinaculum in attachment with the patella during knee 

flexion (Fulkerson, 1983). 

1.3.3 Increased quadriceps angle (Q angle) 

The Quadriceps angle, which is the angle between the quadriceps muscle and the 

patellar tendon (Magee, 1987), has received attention as a possible predictor of 

patellofemoral pain. It provides a reasonable estimate of the lateral force vector 

acting on the patella with quadriceps contraction (Schulthies et al., 1995) and the 

tibial tuberosity position relative to the midline of the trochlea (Grana et al., 1985). 

An excessive Q angle is considered indicative of malalignment of the extensor 

mechanism and has been associated with anterior knee pain (Boucher et al 1992, 

Caylor et al., 1993) and patellar subluxation (Carson et al., 1984; Papagelopoulos et 

al., 1997). 

There is a lack of agreement within the literature as to what might be considered the 

pathologic limit of the Q angle. Some researchers (Insall et al., 1983; Noll et al., 

1988) regard Q angle in excess of 20 degrees to be pathological, while others have 

suggested that values as low as 10-14 degrees are problematic (Paulos et al., 1980; 

Nagamine et al., 1994). This lack of consensus may be due to the absence of a 

standardized measurement position from which to derive an estimate of Q angle 

(Caylor et al., 1993). Although the Q angle can be measured in standing or supine 

position (Livingston, 1998), some studies (Doucette et al., 1992; Guerra et al., 1994) 

demonstrate that the magnitude of this angle increases slightly, ranging from 0.2 to 

1.3 degrees, when an individual is standing rather than supine. Another study also 
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revealed that the Q angle magnitude increased or decreased by approximately 5 

degrees with 15 degrees of internal or external rotation of the foot, respectively 

(Olerud & Berg, 1984). 

This angle seems to be different in men and women (Palmer & Epler 1998). Since 

the women's pelvis is wider than men, women's Q angle is expected to be greater 

than men's (Fig 1-12). 

4 

Figure 1.12 Q-angle differences in males and females (From Magee, 1987) 

Regardless of the pathological limit of Q angle, it has been theoretically agreed that 

an excessive Q angle alters the patellofemoral tracking (patellar lateralization), 

thereby leading to patellofemoral pain (Heiderscheit et al., 1999). However, a study 

on the lower limb of pupils with and without anterior knee pain revealed that the Q 

angle was not significantly different between those two groups (Fairbank et al., 

1984). Despite these results, an excessive Q angle may predispose the knee joint for 

additional stresses during repetitive functional activities. The excessive Q angle 

indicates a tendency for added biomechanical stress during repetitive or forceful 

activities involving the knee joint (Palmer and Epler, 1998). The probability of 

developing knee joint symptoms increases rapidly when the measurement is above 
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the normal range. Such increasing in Q angle also interferes with the smooth 

movement of the patella in the femoral groove (Heiderscheit et al., 1999). Over time 

and especially with sporting or overloading activities, this microtrauma may cause 

anterior knee pain (Fairbank et al., 1984; Charrette, 2003). 

1.3.4 Excessive foot pronation 

Although evidence to correlate increased foot pronation directly with PFPS is 

inconclusive (Powers et al., 1995; Duffey et al., 2000), some studies revealed that 
increasing foot pronation predisposes the tibia to adopt an internal rotation and 

magnify the Q angle stress (Olerud & Berg, 1984; Witvroux et al., 2000a). 

Continuous pronation of foot may cause excessive internal rotation of tibia, which in 

turn, may result in limitation in its normal external rotation during progression of gait 
in the stance phase (Olerud & Gerg, 1984). As a consequence of excessive internal 

tibial rotation, abnormal forces are transmitted up the kinetic chain and produce 

stresses in the medial compartment of the knee, resulting in changes in the force 

vector of the quadriceps mechanism and lateral tracking of the patella (Tiberio, 

1987). The combination of the higher Q angle with excessive pronation can lead to 

patellofemoral pain (Earl et al, 2005). 

1.3.5 Excessive hip internal rotation 

In some cases, there is excessive internal rotation of the hip or anteversion. 
Anteversion of the hip increases the internal rotation of the femur and increases the 

lateral displacement force vector affecting the patella. According to Post et al. 
(1999), this factor is accumulative when associated with concurrent genu valgum 

which may lead to increased valgus stress on the knee joint, increased Q angle and 

consequent patellar maltracking (Crossley et al, 2002). If this condition persists, it 

may result in patellofemoral pain. Weakness of Gluteus medius muscle, especially its 

posterior fibres may also result in increasing the internal rotation of the hip and a 

similar effect on the lateral force vector of the patella. 
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1.4 Conclusion 

Although confirmation of a specific diagnosis of patellofemoral pain is difficult 

because of a paucity of valid clinical tests, the clinical presentation of patellofemoral 

pain is characterized by a stereotypical group of signs and symptoms and is readily 

recognized by primary practitioners (Powers et al., 1998). Patellofemoral pain is 

associated with activities that excessively load the patellofemoral joint, such as stair 

climbing, squatting, running, and kneeling (Crossley et al., 2002). Thus, this 

common condition affects many aspects of daily life. In particular, it interferes with 

the ability of the subject to participate in regular sport and exercise that require 

running and walking. 

As mentioned previously, the pathogenesis of patellofemoral pain is unclear. Some 

authors have associated the development of patellofemoral pain with malalignment 
(abnormal lateral tracking) of the patella within the femoral trochlear groove 
(Crossley et al., 2002) leading to areas of increased stress on the patellofemoral joint 

(Fulkerson 1989). Other authors have concluded that malalignment may not be a 

major factor in the cause of patellofemoral pain (Grelsamer, 2000). Despite a 

uniform clinical picture, it is probable that the cause of PFPS is multifactorial and 

thus not consistent for all subjects (Crossley et al., 2002). 
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Chapter 2. Patellofemoral joint clinical 
assessment and treatment 

A thorough subjective history and objective examination should be undertaken 
during the evaluation of subjects presenting with musculoskeletal dysfunction. This 

is certainly the case for those subjects presenting with patellofemoral pain for which 

there are specific questions and clinical tests which will assist in the differential 

diagnosis. 

2.1 Subjective history 

The clinician may diagnose PFPS by asking the subject about the area, nature and 

onset of pain. For example, questions about exacerbating the pain level during 

loading activities such as stair climbing, squatting and prolonged sitting with flexed 

knee may conduct the clinician to a quick diagnosis of PFPS. The insidious onset of 

pain may also suggest this diagnosis amongst the subjects with knee pain (Fulkerson 

& Hungerford, 1997). In the history, the clinician should differentiate between 

symptoms more related to ACL deficiency or meniscus injury, such as giving way 

and locking of knee joint. 

2.2 Examination 

Biomechanical anomalies can initially be assessed by static and dynamic observation 

in relaxed standing from the anterior aspect. The patellar position can be assessed 

with the clinician looking for patella alta (high-riding patella), patella baja (low- 

riding patella) and "winking patellas" (Palmer & Epler, 1998). Winking patellas may 

be produced by increased internal femoral torsion, excessive external tibial torsion or 

weak gluteus medius. From the frontal plane, the examiner can also evaluate knee 

and ankle joints deformities, such as genu valgum, genu varum and foot pronation, 

which may affect the PFJ. Quadriceps angle (Q angle) and prepatellar muscle bulks 

should be observed and assessed in this view to detect any asymmetry. 
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2.3 Clinical Tests 

The clinical tests should be performed in a variety of positions. In supine, the 

examiner attempts to differentiate between other sources of pain and patellofemoral 

pain during specific knee tests. Thus, menisci, ligaments and the hip joint are 

evaluated by the well-known tests to diagnose the main source of pain. Some 

predisposing factors, which may lead to patellofemoral dysfunction, could also be 

detected by these clinical tests. These include shortness of quadriceps, hamstring and 

gastrocnemius muscles, neurological deficiencies, such as impaired neural tissue 

mobility or femoral nerve tension, and patellar mal tracking, which should be 

evaluated by such standardised procedures as the patellar orientation tests in the 

supine (Crossley et al, 2002). 

In addition, the tightness of the lateral structures, such as lateral retinaculum and 
iliotibial band, would be assessed in a side lying position to find the extent of 

movement of the patella in the frontal plane. For example, using Ober's test subject 

adopts a side-lying position with hips at zero degree flexion and the examiner 

measures adduction of the leg. The angle of hip adduction will therefore show the 

length of iliotibial band, indirectly. Any tightness in lateral part of the knee joint 

could lead to patellofemoral disorientation and finally pain. A recent study revealed 

that subjects presenting with PFPS have a tighter iliotibial band (Hudson & Darthuy, 

2008). In side lying position, the examiner could also evaluate any patellar glide or 

tilt (Griffin, 1995). 

2.3.1 Patellar orientation tests 

Aside from the patellar orientation tests, it has generally been accepted that there are 
few other reliable test to evaluate patellofemoral joint. Normally, the patella should 
lie in the midline between the two condyles of femur (McConnell, 1986). The study 

conducted by Herrington (2002) revealed high reliability of both the medial and 
lateral orientation tests (patellar glide). Indeed the inter-tester reliability of patellar 

orientation tests, which were performed by twenty experienced manual 

physiotherapists showed good agreement for both the medial measure (r = 0.91) and 
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for the lateral measure (r = 0.94). The agreement between the clinical and MRI 

measures also demonstrated a significant agreement (r = 0.9), which appears to 

reflect the fact that manual measurements for relative mediolateral patellar positions 

can be reliable. 

If all of stabilizing forces on the patella are in normal balance and no bony or 
biomechanical abnormality exist in the patellofemoral area, it would be predicted 

that the patella is parallel to the femur in both frontal and the sagittal planes, so that it 

is equidistant between the two condyles in a slightly flexed knee (McConnell, 1986). 

The author described four components of patellar orientation that may be abnormal 

and can be corrected during treatment of PFPS. These components that may be 

present statically or dynamically should be assessed in the supine position. 

2.3.1.1 Patellar glide 

This glide measures the centralisation of the patella in the femoral trochlear groove. 

In order to measure static glide, the examiner places both index fingers at two sides 

of femoral condyles so that the thumbs meet at the centre of the patella. Any glide 

deviations more than 5 mm in frontal plane can be referred to as an abnormal glide 

(McConnell, 1986). The most common abnormal glide is the lateral glide. To 

measure dynamic glide, the subject should perform an isometric quadriceps 

contraction, while the examiner observes the patellar pull and its probable lateral 

deviation (Crossley et al., 2002). 

2.3.1.2 Patellar transverse tilt 

This measure of tilt assesses the patellar orientation in the transverse plane. In the 

static normal position, there is no mediolateral tilt at the borders of the patella. 
However in an abnormal condition, the medial border is higher than the lateral 

border, representing the lateral tilt and the examiner is unable to palpate the posterior 

edge of the lateral border. The abnormal patellar tilt can also be assessed 
dynamically by observing any increase in tilt during quadriceps contraction 
(McConnell, 1986; Crossley et al., 2002). 
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2.3.1.3 Patellar rotation 

Rotation of the patella assesses any movement of the patella in the frontal plane 

around an anterior-posterior axis (McConnell, 1986 & 2002). In the normal 

condition, the inferior pole of the patella is in direction of the long axis of the femur 

but in an abnormal state, the inferior pole maybe lateral to the long axis of the femur, 

representing external rotation of the patella (Crossley et al., 2002). 

2.3.1.4 Anterior-posterior component 

This component measures the orientation of the patella in the sagittal plane. 

Normally, the superior border and the inferior pole of the patella are observable but, 

in posterior tilt (inferior tilt); the inferior pole is translated posteriorly into the fat pad 

where it is no longer visible. Dynamically, when the subject is asked to contract the 

quadriceps, the examiner can observe the patella, which moves posteriorly into the 

fat pad particularly during knee hyperextension (Powers et al., 1998). 

2.3.2 McConnell's test 

One of the tests which may confirm PFPS is McConnell's test. The examiner 

attempts to reproduce the subjects pain by asking them to perform potentially 

aggravating activities such as going up and down stairs or squatting. If the pain is 

reproduced, the therapist moves the patella medially during the related activity. If the 

patellar pain is subsequently reduced, then the test is positive and confirms the 

disorder (Crossley et al., 2002). 

2.4 Investigation 

There are some paraclinical examinations in addition to clinical tests to help the 

examiner, diagnosing the disorder. The imaging techniques may be employed to 
investigate any deviation of patella in both frontal and sagittal planes. An axial 

radiograph at 30 or 45 degrees of knee flexion is most appropriate for radiographic 
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evaluation of patellar alignment (Merchant et al., 1974). The relationship of the 

patella to the tibial tubercle may be established by computerized tomography (CT) 

(Jones et al., 1995). To evaluate patellofemoral alignment CT should be performed at 

0,15,30, and 45 degrees of knee flexion. A major advantage of this technique is that 

transverse images may be obtained at any degree of knee flexion (Schutzer et al., 

1986). 

Magnetic resonance imaging (MRI) seems to be less helpful in evaluating most 

subjects with patellofemoral pain, but it may be helpful as a kinematic arthrogram 

study in difficult or unique situations (Witonski & Goraj, 1999) and for uncovering 

specific cartilage impact or muscle lesions (VMO muscle) in subjects with PFPS 

who are difficult to evaluate (Koskinen & Kujala, 1992; Thompson et al., 1993). 

2.5 Treatment of PFPS 

Conservative treatment (physical therapy) of patellofemoral pain has focused on 

restoring normal patellar tracking by improving dynamic stability (Hanten & 

Schulthies, 1990; McConnell, 2002) through quadriceps (especially VMO) retraining 

or passive modalities (realignment procedures such as tape, brace, stretching) to 

reduce the symptoms of subjects. 

2.5.1 VMO training 

VMO has been of particular interest to clinicians. It has been implicated as the 

primary medial stabilizer of the patella. Assuming this role, it has been proposed that 

the VMO is capable of counterbalancing the lateral pull of the larger VL to ensure 

patellar stability within the trochlear groove (McConnell, 2002). EMG studies 

proved that during varying types of static and dynamic forceful activities such as 

stair stepping task, jumping and treadmill walking, the activation and timing of VMO 

and VL are relatively balanced in normal subjects (Smith et at., 1995; Lange et al., 
1996; Karst & Willett, 1997). Accordingly, these findings are contrary to the 

common belief that the VMO should activate prior to VL to overcome its larger force 

capacity (Powers et al., 1998). 
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A lack of equilibrium between VMO and VL activity (amplitude of EMG) is widely 

accepted as contributing to lateral patellar deviation (Mariani & Caruso, 1979; Wise 

et al., 1984; Souza & Gross, 1991). Most authors and clinical protocols attribute this 

dynamic imbalance to VMO insufficiency, which has been associated with atrophy, 
hypoplasia, pain inhibition, and impaired motor control (Bennett & Stauber, 1986; 

thomee et al., 1995; Powers et al., 1997). Furthermore, as a result of these assertions, 

there has been a strong clinical focus on selective rehabilitation of the VMO in the 

treatment of patellofemoral pain. It has been proposed that balanced activation of the 

VMO and VL is disrupted in subjects with PFPS (McConnell, 1986). But do VMO 

insufficiencies actually exist in subjects with PFPS? The traditional belief that the 

VMO is selectively affected compared with the other vasti is the origin of focusing 

on the VMO in the treatment of patellofemoral pain. However, the only support for 

this hypothesis was presented by Greber et al. (1985) who reported that in subjects 

with anterior-cruciate deficient knees, the vastus medialis was found to show greater 

atrophy than the other vasti. Although this study did not look at the VMO 

specifically, the relative difference was only 2.7%. In contrast, the study performed 

by Spencer et al. (1984) has refuted the concept of selective VMO inhibition. They 

reported that through the assessment of the H reflex, joint effusion resulted in 

inhibition of the quadriceps muscle as a whole. Although it appeared that the vastus 

medialis was affected to a greater extent (the VMO was not isolated), there was no 

statistically significant difference to support this observation. These authors 

concluded that reflex inhibition of the quadriceps was not selective as to the various 

components it affects. This conclusion was supported by Powers et al. (1996) who 

found that subjects with patellofemoral pain demonstrated a reduced recruitment of 

the entire quadriceps muscle group during gait activities. These authors reported that 

this reduced recruitment was similar for all the vasti and that there were no 
differences that would suggest a preferential inhibition of the VMO. In other studies 

(Thomee et al., 1995; Powers et al., 1997) it has been shown that individuals with 
PFPS produce less quadriceps torque than those without knee pain, but the evidence 

to support imbalance in vasti activation is debated. 

Since assessment of isolated VMO and VL strength is not possible, EMG has been 

used to compare the relative recruitment of these muscles (VMO: VL ratio amplitude 
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which is equal to or below 1 in normal individuals (Souza & Gross, 1991; Tang et 

al., 2001)) with the rationale that decreased activity of the VMO relative to the VL is 

indicative of the compromised medial patellar stability. Although several 
investigators have studied the EMG activity of the peripatellar muscles in subjects 

with PFPS, the results of these studies are at variance. While some authors have 

found significant differences in VMO and VL activity in subjects with PFPS 

(Mariani & Caruso, 1979; Wise et al., 1984; Souza & Gross, 1991), others have not 

(Boucher et al., 1992; MacIntyre et al., 1992; Cowan et al., 2006). Likely reasons for 

the inconsistent results in these studies may be related to a different electrode and its 

placement and a different sex and age range of subjects. 

Since patellofemoral pain is related to dynamic activity of the lower limb, it is logical 

that a deficiency of the medial stabilizers could result in lateral displacement of the 

patella (Powers et al., 1996). Although it is not completely clear from a research 

view whether VMO insufficiency exists in subjects with PFPS or not through EMG, 

decreased VMO activity relative to the VL is reported clinically with the use of EMG 

biofeedback units (Powers, 1998). Based on this information, clinicians can make a 
declaration regarding the status of VMO recruitment relative to the VL and use this 

information to infer abnormal joint mechanics. However, direct comparison of raw 

data between muscles, obtained by EMG biofeedback, maybe insufficient to explain 

the abnormality of joint mechanics. Indeed, a valid comparison may be made during 

normalization of EMG data. As a whole, it is apparent that there is some 
disagreement as to whether VMO insufficiency exists in the PFP population and 
further studies are required to perform in the future. 

In addition to the amplitude, onset of vasti muscles has also been implicated as 

contributing to patellar pain. It is hypothesized that the VL activates earlier than the 

VMO, contributing to a laterally directed force on the patella. Voight and Wieder 

(1991) reported that activation of the VMO was delayed compared to VL in subjects 

with PFPS during patellar tap while this was reversed in the control group. They also 

postulated that a kind of feed forward mechanism may exist, in which the VMO 

normally contracts prior to the VL. It seems such a temporal advantage would 
facilitate the ability of the VMO to maintain patellar stability against VL, where its 
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larger force may pull the patella laterally. The results of the study performed by 

Grabiner et al (1994) supports the concept of feed forward mechanism explained by 

Voight and Wieder (1991). They reported that the activity of the VMO preceded that 

of the VL in normal subjects. 

Although, some studies have failed to find significant timing differences between the 

different vasti in subjects with PFPS (Karst & Willett, 1995; Powers et al., 1996; 

Morrish & Woledge, 1997; Gilleard et al., 1998), Cowan et al. (2001a) showed that 

in the PFPS population, the EMG onset of VL occurred before that of VMO in both 

concentric and eccentric phases of the stair-stepping task. In contrast, no such 

differences occurred in the onsets of EMG activity of VMO and VL in either phase 

of the task for the control group (Figure 2.1). 

A 

VMO EMG 

VL EMG 

Onset VMO Onset VL 
EMG EMG 

B 

VMO EMG 

VL EMG I< 

Figure 2.1 EMG data of a representative person from (A) the control group and (B) the PFPS group in 

the concentric phase of the stair-stepping task (from Cowan et al., 2001 a) 

Although there remains a strong clinical focus on altering the timing of the VMO 

relative to the VL through the use of muscle re-education techniques, it seems that 

further studies are necessary to validate these treatment approaches. 

As VMO muscle primarily acts as an extensor of knee, employing the quadriceps 

exercises can therefore facilitate the activity of this muscle. These exercises include 

straight leg raises, isometric quadriceps sets, terminal knee extension, squat, stepping 
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up and down, and leg press, which can be performed as an open or closed kinetic 

chain in different types of muscle strengthening. 

2.5.1.1 Open kinetic chain exercises 

For many years, terminal knee extension exercises were thought to strengthen the 

VMO, as this part of the vastus medialis was implicated as responsible for terminal 

knee extension (DePalma, 1954; Smillie, 1962). However, a mechanical study 

performed by Lieb and Perry (1968) showed that the VMO was not capable of 

independent terminal knee extension and that this range of motion was the result of 

all vasti activities, leading to knee extension. Other authors have also shown that 

there is no selective function attributable to the VMO with respect to knee extension 

(Basmajian et al., 1971; Salzman et al., 1993). These results reveal that terminal knee 

extension exercises can identically strengthen all parts of quadriceps, including both 

the vasti muscles (Figure 2.2). This exercise can be performed 3 sets of 10 

repetitions, 3 times a day (Donatelli et al., 1994). The balanced activity of the vasti 

muscles may contribute normal patellar tracking. 

Figure 2.2 Terminal knee extension (from Donatelli et al., 1994) 

There are also two other kinds of quadriceps strengthening: quadriceps setting 

exercises (isometric knee extension in figure 2.3) and straight leg raises (Figure 2.4). 

The evidence suggests that the VMO is also not preferentially activated compared 

with the VL during these two exercises (Cerny, 1995; Cudderford et al., 1996). These 

exercises can also be performed 3 sets of 10 repetitions, 3 times a day (Donatelli et 

al., 1994). 
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Figure 2.3 Quadriceps setting exercise. An isometric contraction of the quadriceps muscle (from 
Donatelli et al., 1994) 

Figure 2.4 Straight leg raise (from Donatelli et al., 1994) 

As the ability of the subject to contract the VMO more efficiently is the basis of 

treatment, the subject should be taught to contract it using a specific technique 

introduced by McConnell (2002). The subject is instructed to palpate the muscle 

belly of VMO whilst actively flexing and extending the knee (Figure 2.5). The 

activation can further be enhanced with the use of EMG biofeedback device 

(McConnell, 2002). 

I 

Figure 2.5 McConnell method for educating the VMO to contract with extension (from Griffin, 1995). 
The isometric VMO contraction can be performed at 900 of knee flexion. 
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2.5.1.2 Closed kinetic chain exercises 

Apart from open kinetic chain exercises, closed kinetic chain exercises, such as step- 

up and step-down, squat and lunges seem to produce a VMO/VL ratio of about 1 or 

greater than 1 (Boucher et al., 1992; Cerny, 1995; Cudderford et al., 1996; Miller et 

al., 1997; Sheehy et al., 1998), although no studies have shown that there is selective 

function attributable to the VMO with respect to these activities. 

Squatting (Figure 2.6) is a suitable exercise for subjects to improve their VMO 

contracting with adequate pelvic control. This exercise can be performed unilaterally 

when the subject is able to squat without pain in bilateral squatting (McConnell 

2002). 

For a subject who has difficulty contracting the VMO, introducing step training 

(Figure 2.7) can also be beneficial (McConnell, 2002). Subjects need to practice 

stepping down from a small height initially. This should be performed slowly; 

preferably in front of a mirror to observe any changes in limb alignment and correct 

any deviations. For example, the subject should be taught to perform stepping-down 

exercise without internal rotation of hip on the weight bearing leg. This may increase 

the valgus force vector on the patella, leading to lateral tracking of the patella 

(McConnell 2002). 

Figure 2.6 Early strength work using knee bends (squatting) as a closed kinematic chain exercise 
(from Griffin, 1995). Trunk is in straight position 

53 



Figure 2.7 Stair stepping exercise (from Kolt et al., 2003) 

The other exercise which can be performed as a closed chain exercise is gluteus 

medius posterior training. Strengthening of the gluteus medius, especially the 

posterior fibres will decrease hip internal rotation and the consequent valgus force 

that occurs at the knee (McConnell, 2002) (Figure 2.8). This exercise, which can help 

Figure 2.8 Gluteus medius posterior training (from Kolt et al, 2003) 
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to stabilize the pelvis and minimize unnecessary stress on the knee joint, may be 

trained in weight bearing, with the subject standing side on to a wall. The closest leg 

to the wall is flexed at the knee so the foot is off the ground. The subject should have 

all the weight back through the heel of the standing leg. The subject externally 

rotates the standing leg without turning the foot, the pelvis or the shoulders and 

sustains the contraction for about 20 seconds. The burning feeling can be reported in 

the gluteus medius region (McConnell, 2002). 

Open and closed kinetic chain exercises have been introduced to strengthen the 

quadriceps muscle and management of subjects with PFPS (McConnell, 1986; 

Cerny, 1995; Cudderford et al., 1996; Miller et al., 1997; Sheehy et al., 1998). 

However, the extent of force, which is applied on the area of contact of PFJ, namely 

patellofemoral joint stress (PFJS), is important to determine the type of exercise 

during management of PFPS subjects. Steinkamp et al. (1993) conducted an analysis 

of PFJS during open and closed chain exercises. They showed that performing a leg 

press maneuver compared with knee extension against resistance resulted in less 

PFJS values at knee flexion angles from 0 to 48 degrees. Beyond 48 degrees of knee 

flexion, however, the PFJS for the closed chain exercise was greater than the open 

chain exercise (Figure 2.9). This study suggests that quadriceps strengthening can be 

safely performed throughout the 0-90 degrees of knee flexion range by varying the 

mode of exercise. 

30 
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Figure 2.9 Comparison of patellofemoral joint stress in Megapascals (Mpa) during open and closed 
chain exercise at four knee flexion angles (from Steinkamp et al. 1993) 
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There is no doubt that strengthening of the extensor mechanism with an emphasis on 

the VM or the VMO has produced successful results to reduce pain in subjects with 

PFPS (McConnell, 1986). However, further study is required in this area to identify 

the actual pain relief mechanisms, although one theory suggests that these exercises 

act as regulator of stresses applying in PFJ contact area (Powers et al., 1998), which 

in turn, may lead to pain relief (Harrison et al., 1999; Clark et al., 2000; Witvroux et 

al., 2000a; Crossley et al., 2002). 

2.5.1.3 Strengthening methods 

Most rehabilitation regimens for PFPS employ a mixture of isometric and isotonic 

(concentric and eccentric) exercises. Since a mixture of muscle contraction types is 

employed it is not evident whether one contraction type is preferential to another. 
However, some studies have suggested that eccentric contractions maybe more 
beneficial in subjects with PFPS (Eburne et al., 1996; Stiene et al., 1996; Harrison et 

al., 1999; Clark et al., 2000; Witvroux et al., 2000a). 

As patellofemoral pain may be related to excessive PFJS during high demand 

activities such as squatting or stepping-down, PFPS subjects should be encouraged to 

perform the exercises which apply minimal stresses on PFJ. The relative advantage 

of eccentric exercises compared to concentric exercises was reported in the study 

conducted by Anderson & Herrington (2003). This study was performed based on the 

concept of adopting the compensatory strategies to minimise joint loading and 

therefore pain in subjects with PFPS (Salsich et al., 2002). The authors assessed 

isokinetic eccentric and concentric quadriceps torque of a number of subjects with 

PFPS during stepping-down. The results revealed that approximately 50% of PFPS 

subjects had a break in eccentric torque curve during testing, compared with 15% of 

the controls. They concluded that the greater break in eccentric torque curve, namely 

the break phenomena, might indicate a relationship between PFPS and control of 

eccentric quadriceps contraction, demonstrating a saving reflex to prevent further 

stress on the PFJ. 
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2.5.2 Patellar taping and techniques of taping 

External patellar supports or taping are commonly employed in the management of 

patellofemoral pain and are used as an adjunct to other treatment methods, such as 

quadriceps strengthening (Palumbo, 1981; McConnell, 1986; Tria et al., 1992; Walsh 

et al., 1992). The primary goal of these supports is to centralize the patella within the 

trochlear groove, thus improving patellar tracking (McConnell, 1986). 

The patellar taping technique, as described by McConnell (2002), has gained 

widespread clinical acceptance as an effective treatment protocol. In this protocol, 

rigid strapping tape is applied to the patella to correct malalignment (as determined 

by clinical evaluation) and is followed by functional strengthening of the quadriceps. 

McConnell (1986) reported that about 92% of subjects were pain free after eight 

treatment sessions of patellar taping and retraining of quadriceps (with emphasis on 

VMO). The similar percentage was reported by Gerrard (1989). 

The use of tape derives from the theory that the length of soft tissues can be 

increased with sustained low-level stretching (McKay- Lyones, 1989; Taylor et al., 
1990). It has been postulated that a stretch applied by tape can elongate the tight 

lateral structures in the knee, thus improving patellar tracking and reducing pain. 

The fact that the various forms of external patellar supports have been shown to be 

effective in reducing symptoms, immediately after application (Bockrat et al., 1993; 

Kowall et al., 1996; Grace, 1997; Powers et al., 1997; Salsich et al., 2002) indicates 

that such supporters may have a mechanical effect on the PFJ. Powers et al (1997) 

reported that patellar taping resulted in small but significant increases in loading 

response knee flexion, which suggested more satisfaction by subjects with 

patellofemoral pain to load the knee joint during gait. However, the mechanism by 

which taping affects the PFJ is not completely clear. 

Another proposed mechanism by which taping influences the PFJ is that this external 

support may change the recruitment patterns of the vasti (McConnell, 1986). It has 
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been postulated that tape may have the capability of unloading painful structures and 

providing a mechanical advantage to the quadriceps muscle, leading to improvement 

of VMO activation and pain reduction in subjects with PFPS (McConnell, 1986 , 
2002). Then, the subject can perform functional activities in a pain-free manner. This 

is significant from a clinical view, as pain may have an influence on quadriceps 
inhibition. Some studies have shown that using the patellar tape, increases the VMO 

activity and decreases the VL activity in subjects with PFPS (Christou, 2004, 

MacGregor et al., 2005), although a recent study showed that application of the tape 

over the patella did not alter the amplitude of vasti EMG when the PFPS participants 

completed the eccentric stair-stepping task (Cowan et al., 2006). 

In addition to muscle amplitude of the vasti, a study performed by Gilleard et al. 
(1998) showed earlier activation of the VMO following taping during both step-up 

and step-down tasks. It also demonstrated that taping is able to correct the timing 

pattern of vasti. A similar result derived from a study performed by Cowan et al. 
(2001a) supports the use of patellar taping as a supplementary treatment for PFPS 

subjects and an effective factor to alter the timing of VMO and VL. 

Apart from the ability of patellar taping to change temporal or recruitment 

characteristics of the vasti, it is apparent from the literature that patellar taping can 

offer pain relief, although the mechanism of this pain reduction is not fully 

understood. 

Once the abnormal patellar orientation is identified (based on the assessment of 

patellar position), specific taping techniques are used to restore normal patellar 

orientation (McConnell, 1986). In order to diminish any skin allergenic conditions, it 

is first recommended to use hypoallergenic tape on the skin of the patellar or 

retinacular area, and then the rigid sport tape (Leuko Sports tape) is placed on it to 

control the malalignment. 

2.5.2.1 Medial glide 

To control lateral glide, one end of the tape is secured to the lateral patellar border 

and therapist glides the patella medially with his thumb while maintaining tension in 
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the tape. Then, the therapist lifts the medial soft tissue (skin) toward the patella so 

that several skin folds appears and secures the tape medially and across the knee 

(Figure 2.10). 

Figure 2.10 Correction of the lateral patellar glide of the right knee (the medial glide technique) (from 
Kolt et al., 2003) 

2.5.2.2 Medial tilt 

Another potential abnormal patellar orientation is lateral patellar tilt. In order to 

correct this disorder, the tape is secured at the upper middle portion of the patella and 

the therapist pulls the tape medially to lift the lateral border of the patella, correcting 

the tilt. The therapist then lifts the medial soft tissues in the same manner as for the 

medial glide and secures the tape (Figure 2.11). 

Figure 2.11 Correction of the lateral patellar tilt of the right knee (the medial tilt technique) (from Kolt 
et al., 2003) 
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2.5.2.3 Internal rotation 

In order to control external patellar rotation, one end of the tape is secured at the 

middle of the inferior border of the patella. The therapist rotates the patella internally 

(inferior pole rotates medially), keeping tension on the tape, then lifts the medial soft 

tissue and secures the tape to it (Figure 2.12). If the subject also has posterior tilt, it is 

better to apply the same principles. However, in order to prevent fat pad irritation, 

the therapist secures the tape from the superior patellar pole. 

Figure 2.12 Correction of the external patellar rotation of the right knee (the internal rotation 
technique) (from Kolt et al., 2003) 

2.5.2.4 Anterior tilt 

The last and important patellar disorientation is posterior tilt (anterior-posterior 

component). If a posterior tilt problem has been discovered on assessment, it must 
first be corrected as use of tape on the inferior pole of the patella may lead to further 

irritation of the fat pad. This disorder is usually controlled by improving the glide or 

tilt component. With modification of the rotation correction technique, tape placed in 

the superior half of the patella tends to lift the inferior pole of the patella out of the 
fat pad (Figure 2.13). 
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Figure 2.13 Correction of the posterior tilt of the right knee (the anterior tilt technique) (from Kolt et 
al., 2003) 

After applying the tape, it should be worn every day for two weeks. However, it 

should be removed and the skin cleaned every night. It is normal for the skin to 

become red underneath the tape. If skin breakdown occurs, taping should be stopped 

and a patellar stabilizing brace used instead (McConnell, 1986). 

After two weeks of use, the results from the taping technique should be assessed. 
Muscle strengthening exercises should be performed during this two week period, 

and progressive gains should be seen (McConnell, 2002). If the symptoms have 

improved, the subject should be taped every other day for functional or sports 

activities only. This progressive deprivation should be individualized according to 

stretching and strengthening progress. The goals are to keep the individual pain-free 

and to continue the advancement of the rehabilitation process (McConnell, 2002). 

2.6 Additional treatment strategies 

2.6.1 Flexibility and stretching exercises 

Apart from taping techniques, which can provide an appropriate elongation on lateral 

tight soft tissue structures (such as the lateral retinaculum), the subject should be 

encouraged to perform some flexibility exercises for other shortened muscles which 

may induce to tensor fascia lata, hamstrings, rectus femoris and calf muscles 
(McConnell, 2002). These exercises (Figures 2.14,2.15 and 2.16) can be performed 
by the therapist or the subject to provide a more appropriate mechanical alignment 

61 



for the patella (McConnell, 2002). Correction of the tightness of hamstrings (Figure 

2.14) can be performed 3 times a day during 3 repetitions of 30 seconds. Passive 

stretching the quadriceps (Figure 2.15(a)) can also be performed as 3 repetitions of 

30 seconds each time, 3 times per day, while for stretching the iliotibial band (Figure 

2.15(b)), the subject can perform it as long as he/she can. In order to stretch the 

hamstring muscle actively, the subject should be instructed to sit on a high bench, 

maintaining the lumbar lordosis and extend the knee (Figure 2.16). This exercise can 

be performed as 3 repetitions of 30 seconds each time, preferably 3 times per day. 

6ý 
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Figure 2.14 Passive stretching exercise for correcting tightness in the hamstrings (from Griffin, 1995) 
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Figure 2.15 Passive stretching exercises for correcting quadriceps (a) and iliotibial band (b) (from 
Griffin, 1995) 
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Figure 2.16 An active stretch of the hamstring (from McConnell, 2002) 

Additionally, stretching of tight lateral soft tissue (retinacular tissue) structures 

should be emphasised as a key treatment for releasing the patella (McConnell, 2002). 

Stretching the retinacular tissue can be achieved by the therapist or the subject (as a 

self- stretching technique, as long as the subject can perform it) (Figure 2.17). 
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Figure 2.17 Subject self-stretching of the retinacular tissue (from Kolt et al., 2003) 

2.6.2 Correction of foot pronation 

If the subject has abnormal foot pronation, it is necessary to manage this condition by 

attempting to reduce the increased valgus stress on the knee. In order to diminish 

valgus stress due to excessive foot pronation, which may lead to lateral patellar shift, 

the subject should strengthen the supinators of foot (McConnell, 2002). Activation of 

the tibialis posterior muscle by achieving first metatarsal pushing off, results in 
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improvement of the peroneus longus muscle action line leading to a lift of the foot 

arch. 

Soft foot orthotics may also be beneficial to reduce the pain in the subjects with 

PFPS (Eng & Pierrynowski, 1993). The effectiveness of semiflexible foot orthoses in 

subjects with disorders of PFPS/retropatellar dysplasia and chondromalacia patellae 

was investigated in a study conducted by Saxena & Haddad (2003). These subjects 

also exhibited excessive forefoot varus or rearfoot varus. The authors found that the 

application of these orthoses was efficacious to decrease the symptoms in subjects 

with PFPS/retropatellar dyspalsia. The aim of these devices is therefore to decrease 

the foot pronation and the valgus stress on the knee joint and finally reduction of pain 

in PFPS subjects. 

2.6.3 Correction of valgus stress on the knee 

Additionally, if valgus stress at the knee is due to proximal dysfunction, for example 

weakness of hip external rotators, which may result in more internal rotation of the 

hip, this can be reduced by strengthening these muscles. The valgus stress and 

consequent patellar maltracking will be improved following strengthening of the 

gluteus medius muscle, especially the posterior fibres (Figure 2.8) and other hip 

external rotators (McConnell, 2002). 

2.6.4 Surgical intervention 

For subjects with resistant patellofemoral pain, there are some surgical alternatives. 
One of these approaches is lateral retinacular release, which is the most appropriate 

procedure for subjects with a tight lateral retinaculum associated with rotational 

malalignment of the patella (Ford & Post, 1997). This mechanical condition is 

usually associated with excessive lateral pressure syndrome (Fulkerson 2002). When 

nonoperative treatment fails to decrease patellofemoral pain in PFPS subjects, the 

surgeon may consider this technique as long as there is a good mechanical reason to 

perform this procedure. As a lateral release (either open technique or 

arthroscopically) does not impact on the patella, which is normally aligned, proper 

preoperative evaluation and careful arthroscopy will determine whether this 

64 



technique is appropriate (Pidoriano et al., 1997). For example, an inappropriate 

lateral release can lead to medial patellar subluxation (Fulkerson, 1997 & 2002). 

Thus, lateral release should be performed for specific mechanical indications, up to 

the desired mechanical goal. Hallisey et al. (1987) revealed that this technique may 

be more efficient when some parts of VL muscle is preserved as additional support 

for the lateral side to reduce the complication of medial patellar subluxation. The 

long-term outcomes of lateral retinacular release were evaluated by Schiavone Panni 

et al. (2005). The authors used the Lysholm II score (Lysholm & Gillquist, 1982), 

which was modified for patellofemoral pathology and a clinical grading system of 

Busch and de Haven (Busch & deHaven, 1989) for evaluating clinical outcomes 

during follow-up. Their results revealed that 70% of subjects with patellar pain 

reported satisfactory outcomes at follow-up evaluation. 

Reconstruction of the medial patellofemoral ligament technique may be another 

approach to control lateral tracking or Subluxation of the patella (Burks & Luker 

1997). This technique may be performed based on deficiency of medial support 

structure (the medial patellofemoral ligament) or abnormality of the alignment 

vector, which may lead to lateral tracking of the patella. Some PFPS subjects with 

instability of the patella, especially those with sustained dislocation, may have a 

medial patellar articular lesion. Performing this technique may, therefore, result in 

additional load on the medial part of the PFJ. This may be the reason of remaining 

pain in some cases following surgery (Sallay et al., 1996). The aim of such 

reconstructions is maintenance of balance of the patella within the trochlear groove. 

Reconstruction on the medial side is therefore limited to restoration of normal 

balance without additional tightening that may increase medial pressure (Fulkerson, 

2002). 

The chronic condition is frequently associated with the presence of articular cartilage 
damage, especially on the distal central patella (Fulkerson 1994). Restoration of 

normal patellar tracking and unloading the damaged articular surfaces may be 

beneficial to reduce the pain in subjects with PFPS. For this, the surgeon may use a 

surgical technique, namely, the anteromedial tibial tubercle transfer. This technique 

provides a shift of contact area in the early phases of flexion proximally, which in 

turn contributes to unloading of the softened distal articular surface of the patella. 
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The average 32 months follow-up of anteromedial tibial tubercle transfers in subjects 

with chronic anterior knee pain was investigated by Bellemans et al. (1997). The 

results revealed that approximately all subjects had improvement in Lysholm 

(Lysholm & Gillquist, 1982) and Kujala patellofemoral scores (Kujala et al., 1993). 

They also found that the congruence angle improved in most subjects with anterior 

knee pain during follow-up period. Improvement in these functional scores indicates 

that subjects with chronic anterior knee pain can benefit from this operation. 

Patellectomy (Ziran et al., 1994) or PFJ replacement (Grelsamer, 1997) is rare in 

young, active subjects with PFPS; however for severe patellofemoral pain associated 

with late stage articular degeneration, it may be necessary to perform such 

operations. A five-year study on patellofemoral arthroplasty demonstrated overall 

successful results in subjects with patellofemoral arthritis, although the main concern 

was still progression of this condition (Ackroyd et al., 2007). 

2.7 Conclusion 

Diagnosis of PFPS basically depends on subjective information rather than objective 

tests. However, manual patella orientation tests may confirm the existence of PFPS 

and differentiate this condition from other pathological conditions of the knee joint. 

In addition, evaluation of proximal and distal parts of the lower extremity may reveal 

predisposing factors, which may lead to PFPS. 

The aim of all treatment approaches employed in subjects presenting with PFPS is to 

realign the patella in the PFJ, preserving this optimised condition consistently. Whilst 

the majority of subjects presenting with PFPS will respond to conservative 

management, some subjects may require a surgical approach to improve the 

symptoms. 

66 



Chapter 3. Biomechanical considerations of 
the patellofemoral joint during squatting 

3.1 Introduction 

In order to understand the biomechanics of all body parts, it is necessary that all body 

segments be analysed as linked segments. Each body segment acts independently 

under the influence of reaction forces and muscle moments, which act at both 

proximal and distal ends, in addition to the forces due to gravity. 

To analyse a planar movement of a segment, we need to establish the kinematics, 

anthropometrics and ground reaction forces at the distal end. However, analysis of 

two or more segments at the same time should be performed using link segment 

equations and a free-body diagram. 

This chapter introduces the instruments and techniques, which are generally used 
during motion analysis and force measurement. Then using these techniques and the 

biomechanical model (free-body diagram) of ankle and knee joints, force and motion 

analysis of the ankle, knee and PFJ will be described during squatting manoeuvres. 

3.2 Kinematic analysis 

Description of human body movements is termed kinematics. This knowledge is 

confined to all aspects of movement, as opposed to the nature of the forces, either 
internal or external, that cause the movement. 

3.2.1 Kinematics convention 

A spatial coordinate system is needed in order to describe all the kinematic variables. 
One such system is often used for human gait (Winter, 1990). In this system the 

vertical direction is defined by the Y axis, the direction of anterior-posterior the X 

axis and the medial lateral direction by the Z axis (Figure 3.1). In such a system, the 
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angles between X, Y and Z are positive when the direction of movement is counter 

clockwise. The velocities and accelerations in the different directions (X, Y, and Z) 

are also positive if the same convention is considered. 

Y 

Z 

arte 
r 

Figure 3.1 Spatial coordinate system used for all data analysis of human body kinematics (from 
Winter, 1990). CM denotes centre of body mass 

To find the kinematics of any body segment in space, a set of variables is required, 

which can all be changed with time; although in some analyses the complete set is 

not required. These variables include the: 

" position of segment centre of mass (x, y, z) 

" linear velocity of segment centre of mass (VX, Vy, VZ) 

" linear acceleration of segment centre of mass (AX, AY, AZ) 

" angle of segment in two planes (6Xy, O Y, ) 

" angular velocity of segment in two planes ((oxy, o) 
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" angular acceleration of segment in two planes (axy, ay, ). 

3.2.2 Measurement techniques of kinematics 

There are three techniques which can be used to estimate kinematic parameters, 

namely, direct measurement techniques, imaging measurement techniques and data 

conversion techniques. In the first technique, using instrument, such as goniometers 

and accelerometers, a joint angle and acceleration of a limb segment can be 

measured. The second method involves the use of movie cameras (cinematography, 

Eberhart and Inham, 1951), including both analogue and digital modes, television- 

based systems (Winter et al., 1972), multiple exposures (Murray et al., 1964) and 

optoelectric techniques (Oberg, 1974). Each of these methods captures all the 

kinematic data. A data conversion technique establishes when a process takes place 

during the conversion of a physiological signal into a digital computer. For example, 

in circumstances, in which either an electrical signal representing a force, or an EMG 

potential is converted to a computer-readable format through data input, this 

technique may be recruited to estimate the kinematic parameters. 

Traditionally, cameras have been recruited to capture two or three-dimensional 

images. However, associated problems involve the need to change film during 

measurements, time consuming film analysis and the increase cost and availability of 

film. Accordingly, more recently there has been an increasing use of high-speed 

video cameras with markers. The basic principles of optics and camera function in 

video cameras are identical to those of film camera except that the film is replaced 

with an array of light sensitive cells (Nigg and Herzog, 1999). 

3.2.2.1 Determination of marker positions 

In imaging techniques involving the use of one or more digital cameras, the 

reflective markers which are placed on selected anatomical landmarks of a segment 

are captured as two or three dimensional (2D, or 3D) coordinates and recorded on a 

computer as kinematic data. Calculation of three-dimensional coordinates of every 

marker is performed using more than one camera (Figure 3.2). Each camera provides 

69 



a two-dimensional image of a three-dimensional position. Using the direct linear 

transformation (DLT) method (Nigg and Herzog, 1999), the three-dimensional 

spatial coordinates are determined from several cameras each with their specific two- 

dimensional set of information. Motion analysing software is then able to determine 

the three-dimensional coordinates of each reflective marker placed on body segments 

or objects during an activity. 

camera 1 

camera 2 
laboratory force platform fixed coordinate 
system landing position 

x 

running camera 3 
= direction 

camera 4 

Figure 3.2 Cameras placement to capture three-dimensional coordinates during running on a force 
plate (from Nigg &Herzog, 1999) 

3.2.2.2 Calibration 

To establish the coordinates of marker positions on the body segments, a calibration 

of at least 6 points is required to determine the coefficients for each camera. A short 

image sequence of an object, of not less than 8 seconds, is captured with good 

visibility and of known dimensions, such as the three-dimensional cube as illustrated 

in figure 3.3. The object is then removed to be replaced in the appropriate volume in 

space by a subject with attached body markers. The body segments are then imaged 

to track selected points while the subject performs a selected movement. The 

anatomical points of interest should be defined for the analysis system to track the 

captured points of the body segment. 
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Figure 3.3 A three- dimensional calibration cube with known length 

3.3 Electromyography (EMG) measurements 

Recording the electrical activity of a muscle represents a further measurement used 

commonly in kinematic investigations. Typically, surface electromyography (EMG) 

is used to describe specific characteristics of particular fibres of a muscle or 

appropriate muscle groups, such as onset duration and magnitude of muscle activity. 

In this technique the surface electrodes, usually silver-silver chloride electrodes, are 

placed on the skin overlying the muscle(s) of interest. To reduce electrical impedance 

and optimize the recorded signal, the skin must be shaved and washed by applying 

alcohol-soaked swabs or abrasive objects (Gilleard et al., 1998). 

The muscle tissue conducts electrical potentials similar to the manner, in which 

axons transmit action potentials. These special electrical signals, which are created in 

the muscle fibres as a consequence of the recruiting motor units, are termed motor 

unit action potentials (m. u. a. p). The surface electrodes placed on the surface of a 

muscle, record the algebraic sum of all m. u. a. ps, which are transmitted along the 

muscle fibres within the volume for which the electrode can detect. 

Any unprocessed raw EMG signals appear very noisy in character. This prohibits any 

meaningful interpretation in terms of the force production from a selected muscle, 

relative activation or onset and timing of muscle activity. Accordingly, the raw 
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signals need to be processed in order to provide a useful assessment of the contractile 

activity of the specific fibres of a muscle or muscle group. 

3.3.1 Processing of the EMG signals 

One of the common methods involved in EMG processing is rectification. 
Rectification of the EMG signal is necessary before doing any type of averaging of 

the EMG signal, because the value of averaged EMG signal is close to zero. Two 

possibilities arise as reviewed in a publication (Nigg and Herzog, 1999). Using half- 

wave rectification, all negative values of the EMG signals are removed from the 

analysis process. In full-wave rectification only the absolute magnitudes of the signal 

are retained. 

The rectified EMG signals still contain a high-frequency content of the raw signals, 

which need to be eliminated. This is achieved by the use of a low-pass filtering 

technique, which also leads to a smoothing of the signals. The timing onset of 

muscles is analyzed using the low-pass filter method (Cowan et al., 2001a, 2002a & 

2003). 

Using the root mean square (RMS) value of raw EMG signal, the magnitude or 

amplitude of the signal is estimated (MacGregor, 2005 & Cowan et al., 2006). RMS 

are calculated from 

1. the sum of the squared values of the raw EMG signal 
2. the mean of the sum 
3. the square root of the mean 

The integrated EMG signals are frequently used to analyze the muscular force 

(Thorstensson et al., 1976). The rectified form of signals is used for these EMG 

signals, which refers to the mathematical integration of EMG-time records. 

All steps of recording and processing of EMG signals are performed by EMG units. 

These units include on-site pre-amplifiers or active pre-amplified leads to provide 
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consistent and reliable data. The default system includes a 4,8,12,16 or 32 channel 

transmitter unit (based on the requirements) to record several EMG signals 

simultaneously from several muscles. 

3.4 Anthropometric analysis 

Analysis of human movements requires some physical measurements of human body 

segments to determine differences between individuals. Accordingly it is necessary 

to perform a series of anthropometric measurements including the centre of mass, 

segment mass, moments of inertia, radius of gyration, in addition to the length of 

each segment. Direct measurements are difficult to perform, although it is possible to 

express the mass of each segment as a percentage of total body mass. 

Winter (1990) has compiled anthropometric data from several separate studies 

(Dempster, 1959; Plagenhoef, 1971; Miller & Nelson, 1973), as summarised in a 

table in appendix 1. These data are used in the present study to calculate different 

parameters related to the foot, leg and thigh segments. Using these data, the location 

of the centre of mass is given as a percentage of the segment length from both distal 

and proximal ends. In addition, the segment mass is described as a fraction of body 

mass, and the radius of gyration is expressed as a fraction of the segment length 

about the centre of mass and the proximal and distal ends of each segment. For 

example if a body mass is 70 kg, and the leg length, from femoral condyle to medial 

malleolus is 0.4 m, using the data in the table, the mass of the leg is 3.25 kg 

(0.0465x70 kg) and centre of mass of the leg is 0.173 m (0.433x0.4m) below the 

level of the femoral condyle. 

Referring to the example, if the radius of gyration / segment length about the centre 

of leg mass (p 0) is 0.302, the moment of inertia of leg about its centre of mass (10) is 

equivalent to: 

(I a) = 3.25 (0.4 x 0.302) 2=0.047 kg. m 2 
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3.5 Kinetic analysis 

A kinetic study incorporates the analysis of both static and dynamic forces and 

moments acting on a joint (Nordin & Frankel, 2001). An understanding of these 

forces, both internal and external, is necessary to explain segmental movements. As 

direct estimation of these forces on an individual is almost impossible, investigators 

must attempt to measure these forces indirectly using kinematic and anthropometric 

data. In this indirect method, the reaction forces and muscle moments of a segment 

are calculated with an approach involving the modelling of limb segments. In its 

initial stage, the mechanical system of interest, such as whole body or a segment of 

body, should be defined. Then, according to the assumptions, an appropriate free 

body diagram (Dempster, 1961) needs to be established and the associated equations 

of motions should be defined. For example, to measure the joint reaction forces and 

net muscle moments around the knee joint, a link-segment model of knee joint is 

required. As illustrated in the figure 3.4, using some known inputs, such as full 

kinematic descriptions, external forces and anthropometric measures, these 

parameters can be calculated during different weight-bearing activities. 
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Figure 3.4 A link-segment model. Diagram of input versus output parameters using an inverse 

solution method (from Winter, 1990) 
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It is clear that before determination of kinetics around the proximal segment, the 

mechanical system of the distal segment should be also defined. For this reason, a 

separate free body diagram of each segment (Dempster, 1961) may be used to 

explain the kinetics of the segments and reference frame of the coordinate systems. 
This indirect method of kinetic measurement is called the inverse solution method 
(Winter, 1990). 

Generally, there are three kinds of forces which can be considered during 

biomechanical analyses. The first one is gravitational force, which act downward 

through the centres of mass of the body segments. This force represents the product 

of the magnitude of mass of a segment and acceleration of mass of the segment due 

to gravity (approximately 9.8 mis 2) (Winter, 1990). Then there is the ground 

reaction force (GRF) or external force that can be measured by a force transducer, for 

example a force plate mounted into a floor. These forces are applied on an area that 

is named area of contact such as GRF under the area of foot. There are many GRF 

vectors under the area of contact, which cannot be measured separately. These forces 

are generally represented by a single vector, namely the centre of pressure. 

The other forces to consider are those associated with muscles and ligaments. Both 

types can not be measured individually due to co-contraction of both agonist and 

antagonist muscles at a given joint. Thus the analysis of forces should be considered 

as the net effect of whole muscle moments involved in a specific action. These 

moments are calculated using inverse dynamic equations (Winter, 1990), which are 

explained in the following section. 

The GRF, the most common force acting on the body, acts on the foot during all 

weight bearing activities such as walking, running, or standing. This force vector can 
be resolved into three orthogonal directions, namely, a vertical component, denoted 

by FZ in figure 3.5 (a) and two shear components, in the mediolateral direction (F,, ) 

and the anteroposterior direction (Fr). However, according to the standard protocols 

established by the International Society of Biomechanics (ISB), reporting of the 

three-dimensional data should be denoted by Fy (vertical), Fx (anteroposterior) and F. 

(mediolateral) components (Figure 3.5(b)). 
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Figure 3.5 Force vectors as measured by a force plate (a) and reporting of three dimensional data as 
ISB convention (h). F represents the resultant force imposed on the furceplate 

Using a flat force plate, all the forces necessary for a complete inverse solution are 

measurable. A tri-directional flat forceplate is required to resolve the resultant force 

in three orthogonal directions. Such force plates usually contain four separate force 

transducers at right angles to the plate, to determine the magnitude and location of 

the GRF (Figure 3.6). 

Figure 3.6 A tri-dimensional Ilat force plate with force transducers in the four corners (from Winter, 
1990) 
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Considering the coordinates of each transducer in the XZ plane of the force plate to 

be (0,0), (0, Z), (X, 0), and (X, Z), the location of centre of pressure can be 

defined by the relative vertical forces at each of these transducers. Thus if the vertical 
force applied on each of the four transducers is Fes, FX0, F0 , and FXZ, respectively, the 

total vertical force is given by (Winter, 1990) 

Fy = F. + F.. + F�, + F., equation 3-1 

From the equation it is clear that if all vertical forces were equivalent, the centre of 

pressure would correspond to the centre of the force plate (X/2, Z/2). In general, 
however, the centre of pressure would be at the location 

x=21+ 
(F 

0+ 
F�, ) 

F 
(FF + F0Z) 

equation 3-2 

r 

z=Z+ 
(F°Z + F1 )F (F. +F X°) equation 3-3 

r 

3.6 Patellofemoral joint kinetics during squatting 

During squatting exercises for the knee joint, there is recruitment of the quadriceps 

muscles, the hamstrings and the gastrocnemius muscles. Consequently it is regularly 

employed in physiotherapy clinics to treat knee-related conditions such as PFPS 

(Escamilla et al., 1998). This exercise is often performed to relatively shallow 

depths, not exceeding 60 degrees of knee flexion, to avoid the greater joint reaction 

forces associated with an increasing range of motion (Calliet, 1990). The aim of 

treatment for PFPS is therefore, strengthening the knee extensors with minimal 

associated forces and stresses on the PFJ (Powers, 1998). 

The knee extensor moment is required to calculate the forces and stresses applied on 

the PFJ during squatting. This necessitates the use of inverse dynamic equations 
(Winter, 1990) to estimate the extensor moment about the knee joint. To calculate the 
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knee extensor moment, a biomechanical model of foot and leg (free body diagrams) 

are required. In these models the net ankle and knee joint moments, reaction forces 

acting at the ankle and knee joints and the tibiofemoral joint angle is calculated in the 

sagittal plane (Figures 3.7 and 3.8). In order to calculate the net moments, the inertial 

properties of foot and leg (Appendix 1), their segmental kinematics, and force plate 

data all provide input parameters to the inverse dynamics equations (Winter, 1990). 

3.6.1 Calculating the forces acting at ankle and net ankle moment 

The free body diagram of the foot is illustrated in figure 3.7, which also indicates the 

reference frame coordinate system of the foot and direction of forces applied on the 

centre of pressure and ankle joint. The input parameters required are the acceleration 

of the segment centre of mass (a, and ay), angle of segment in plane of movement (0) 

and angular acceleration of segment in plane of movement (a). Accordingly the 

unknown parameters of the reaction forces acting at ankle (Fa and Fya) and muscle 

moment acting on ankle joint NO are calculated using the inverse dynamic 

equations (Winter, 1990). It is clear that the force data of centre of pressure (F, and 

Fy) is also required to calculate the unknown parameters. 

Fya 

Maw 

Ankle d4 
Fxa -4*-1 IC -------------- Do- 

d3 Fy 
v 

-- --- 1- d 

Heel F,, 

Centre of pressure 

Centre of mass 

m 

Second Metatarso- 
phalangeal joint 

Figure 3.7 Free-body diagram of foot during squatting with the ground reaction forces Fx and Fy 

shown as being located at the centre of pressure (based on the model described by Winter 1990) 
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The reaction forces, FXa and Fya, can be calculated as follows (Winter, 1990): 

EFX = m. a,, equation 3.4 

or FX + Fxa =m . a1 equation 3.5 

EFy = m. ay equation 3.6 

or Fya + Fy - m. g = m. ay equation 3.7 

If the centre of mass of the foot is located at the point m (Figure 3.7), the total 

moment about this point is: 

EM = Ia equation 3.8 

In the equation, I is the moment of inertia of the foot about its centre of mass and a is 

angular acceleration of foot in the plane of movement. 

Then to calculate the moment around the ankle, Ma, the equations are combined 

Ma+Fx. d1 +Fy. d2-Fya. d4-Fxa. d3=Ia equation 3.9 

If the muscle moment is estimated as a positive value it indicates dorsiflexion of the 

ankle joint as provided by the tibialis anterior muscle. By contrast in squatting with 

the foot in full contact with the floor the moment will exhibit a negative value, 
indicating activity associated with the plantar flexor muscles. 
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3.6.2 Calculating the muscle moment and reaction forces at the knee 
joint 

To calculate the muscle moment and reaction forces at the knee joint, the free body 

diagram of the whole leg should be considered (Figure 3.8). Following calculation of 

the net muscle moment at the ankle joint, using the inverse dynamic equations, the 

net moment, Mk and reaction forces at the knee joint (FXk and Fyk) is calculated as 

follows (Winter, 1990): 

E F,, = m. ax equation 3.10 

or FA = m. a., + FXa equation 3.11 

E Fy = m. ay equation 3.12 

or Fyk = m. ay + Fye + m. g equation 3.13 

If the center of mass of the leg is located at the point m (Figure 3.8), the total 

moment about this point is again given by equation 3.8. 

Thus, then to calculate the moment around the knee, Mk, the equations are combined 

to yield: 

Mk=la-Ma+Fxa. d1-Fya. d2+FXk. d3-Fyk. d4 equation 3.14 

In the equation, I is the moment of inertia of the leg about its centre of mass and a is 

angular acceleration of leg in the plane of movement. In the squatting activity, the 

value of the moment at the knee joint is positive indicating a net knee extensor 

activity, which means that the leg rotates counterclockwise with reference to the knee 

joint. 
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Figure 3.8 Free body diagram of leg to show required muscle moment and forces during squatting 
(based on the model described by Winter 1990) 

3.6.3 Calculation of the quadriceps muscle force and PFJRF 

To measure the quadriceps muscle force, the lever arm of the quadriceps muscle 
during desired knee flexion angle is required. This can be achieved by recording 

scans or images of the knee joint and then, mathematically calculating this distance 
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while the subject is performing the functional activity (Sheehan, 2006). However, for 

practical reasons, this approach is not generally performed in a human performance 

or a Gait laboratory. As an alternative, researchers generally adopt methods which 

have been published in the literature. For example, Salem & Powers (2001) used a 

non-linear equation, based on the curve fitting to the data of van Eijden and 

colleagues (1987), to obtain the lever arm of the quadriceps (La). 

Lever arm (La) = 8.0 e -5 03-0.013 02+0.28 0+0.046 equation 3.15 

In the equation 0 is the tibiofemoral joint angle. The quadriceps muscle force, Fq, is 

then calculated, by dividing the net knee extensor moment, as calculated in equation 
3.14, by La, namely, 

Fq=Mk/La 

The PFJRF is calculated from the product of the quadriceps muscle force and a 

constant k (Salem & Powers, 2001), namely, 

PFJRF = Fq. k 

The constant k is determined for desired knee joint angle (0), using a non-linear 

equation (Salem & Powers, 2001), based on the curve fitting to the data of van 

equation 3.16 

equation 3.17 

Eijden and colleagues (1986) as follows: 

k= - 3.8e-50 Z+1.5e-30 + 0.462 
equation 3.18 

- 7.0e-'O' + 1.6e-40 2 -0.0160+1 

3.6.4 Calculating the PFJS 

To calculate the PFJS, the patellofemoral contact area in the desired knee joint angle 
is required. Several studies have been performed to measure the contact area of PFJ 

using both in vivo and in vitro investigations (Huberti & Hayes, 1984; Powers et al., 
1998; Patel et al., 2003; Salsich et al., 2003; Hinterwimmer et al., 2005). Despite the 
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different techniques of measurement, values in healthy subjects ranged from 0.76 

cm 2 at 0° to 4.95 cm 2 at 90° of tibiofemoral joint flexion. It should, however, be 

stated that patellofemoral contact area measurements, using MRI techniques, 

exhibited higher values than the corresponding values using the in vitro technique 

involving sensitive film (Hinterwimmer et al., 2005). Nonetheless in the present 

study the author chose to employ the more comprehensive data set derived from the 

in vitro measurements, in a similar manner to that employed by Powers and 

colleagues (1998). The range of values is indicated in figure 3.9. 
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ö `0 0.5 

[ 
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CL 

Knee flexion angle (Degrees) 

Figure 3.9 Pate I lofe moral contact area versus different knee flexion angles. Data based on Powers et 
at. (1998) 

Using the patellofemoral contact area at desired knee joint angle, the PFJS is then 

calculated as the PFJRF divided by the prescribed contact area. 

3.7 Aims and objectives of the present study 

3.7.1 Aims 

It is hypothesized that the biomechanics of the PFJ, both kinetic and vasti EMG are 

affected in subjects with PFPS. It is also hypothesized that the values of these 

parameters will be different in PFPS subjects compared to those associated with 

subjects with asymptomatic knees. In addition, short-term effects of patellar taping 
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and exercises were postulated to be effective in decreasing the symptoms in PFPF 

subjects. The aims of applying patellar tape in PFPS subjects in the current study are 
therefore 

" to understand the effects of this treatment method on the biomechanics of 
PFJ in PFPS subjects 

" to compare these effects between two groups of PFPS and healthy control 

subjects 

" to identify the effectiveness of the combined application of patellar taping 

and subsequent exercises 

3.7.2 Objectives 

To find these biomechanical effects in both subject groups, the following objectives 

were examined: 

" to establish an appropriate array of measurement techniques to examine the 

biomechanics of the knee joint during specific physiological activities 

9 to measure the reliability of PFJRF and EMG of vasti, involving both the 

VMONL amplitude and VMO-VL onset, in a group of asymptomatic 

volunteers performing double and single leg squatting in taped and untaped 

conditions during a series of pilot tests 

" to measure the selected parameters for both subject groups, during the 

eccentric phase of single leg squatting at 30° of knee. These parameters will 
be calculated both prior to and following the application of patellar tape and 
during the combined application of the patellar tape and exercises in the 
follow-up period 

" to examine changes in the biomechanical parameters in the light of the 

corresponding perceived levels of pain 

" to provide further insight into the potential mechanism associated with 

patellofemoral pain 
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Chapter 4. Reliability of biomechanical 
parameters during double or single leg 
squatting in the taped and untaped conditions 

Alterations in PFJRF and recruitment patterns of VMO and VL may explain the 

cause of pain during a wide range of physical activities in subjects with PFPS. 

However, the reliability of PFJRF measurement during different activities and in 

different subject groups has not yet been reported. Accordingly, the aims of the 

present pilot studies are twofold, namely; 

" to examine the reliability of PFJRF during single and double- legged squatting 

and 

9 to test the reliability of the muscle activity measurements during single and 

double- legged squatting. 

4.1 Reliability of the PFJRF measurement during double- 
legged squatting in the healthy subjects 

4.1.1 Methods and materials 

To validate the measurement techniques and examine the reliability of the PFJRF, 

five healthy volunteers were recruited into the pilot study. The subjects, selected 
from students studying at Queen Mary University of London, had no previous history 

of disorders in either the lower extremities or the spinal column. They were also 

required to perform a double-legged squat on repeated occasions. 

Using a2 camera (DCR-VX2000E, Sony, Japan) motion- analysis system (SIMI 

Motion-2D&3D Motion Analysis, version 7.0, GmbH, Germany) and one forceplate 

(Kistler, 2812A-3, version 3.20, Switzerland), three dimensional movement and 

ground reaction force data of the subjects were recorded. The various components of 

the kinematic analysis system are illustrated in figure 4.1. Data were collected from 

superficial reflective markers taped to bony landmarks (Wallace et al., 2002), in the 
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same manner to that previously described in chapter 3 (Section 3.6). The five 

landmarks were the second metatarsal head, lateral malleolous, lateral aspect of the 

shank, lateral epicondyle of femur and lateral aspect of the thigh, as illustrated in 

figures 4.2 and 4.3. 

Figure 4.1 SIMI motion- analysis system and EMG unit used to provide kinematic analysis and 
electromyogram during squatting (A: tripod, B: camera, C: concentrator projector, D: monitor, E: 
EMG unit). One of the cameras is not shown in this figure 

Each subject was instructed to stand with their right leg on the forceplate, as 

indicated in figures 4.2 and 4.3, with the other leg outside the forceplate. They were 

then requested to execute three separate double-legged squats from a neutral position 

(0 degree of knee flexion) to a depth of approximately 75 degrees of knee flexion 

(medium squatting), while maintaining heel contact with the floor. Figures 4.2 and 

4.3 indicate an individual subject flexing to approximately 30° during the double- 

legged squatting protocol. Each squatting protocol was limited to about 3 seconds in 

duration which was monitored by a stop watch. 
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Figure 4.2 Double-legged squatting on a single forceplate from the lateral aspect (F = Forceplate) 

Figure 4.3 Double-legged squatting on a single forceplate from the anterolateral aspect 

Each subject was then requested to repeat this test procedure on two separate test 

sessions at different occasions. Clearly this protocol involved each subject removing 

these markers at the end of session 1 and having them reattached by the researcher on 

the subsequent two sessions. Thus each subject was assessed for 9 separate test 

procedures, incorporating 3 sets of 3 repetitions. When the subjects were recruited in 

the morning of the test day, the first and second set of tests was performed on the 

same day, separated by a minimum of at least 6 hours. However, the second tests of 

subjects were performed on the next day, when they were recruited in the afternoon, 
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for their first session of test. All third set of tests were also performed on the day 

after the first test session. 

To measure PFJRF, knee moments were calculated using inverse dynamic equations 
(Winter, 1990). Then using a biomechanical model of the PFJ (Salem et al., 2001), 

PFJRF and PFJS were calculated. These equations and biomechanical model of the 

PFJ have been previously detailed in sections 3.6.1- 3.6.5. 

4.1.2 Data analysis 

All data were analyzed with the Statistical Package for the Social Sciences (SPSS- 

version 13) in the eccentric phase of squatting at 30°, 45° and 60° of knee flexion. 

However, data for the reliability tests were confined to 30 degrees of knee flexion. 

This angle was selected as it was thought to be most appropriate for comparative 

purposes with biomechanical parameters associated with subjects with PFPS (Ernest 

et al., 1999). 

The Shapiro-Wilk test was applied to all data sets (9 repetitions) of PFJRF 

measurements at 30 degrees of knee flexion to test for normality (Table 4.1). All data 

sets were found to be normally distributed, and hence parametric statistics were used 
for subsequent data analysis. 

Table 4.1 Tests of normality for all sets of PFJRF measurements during 3 sets of 3 repetitions of 
double-legged squatting in eccentric phase at 30 degrees of knee flexion on 5 healthy volunteers. R= 
Repetition 

Shapiro-Wilk 

Statistic df Si a. 
R1 

. 91 5 . 51 
R2 

. 92 5 . 55 
R3 

. 89 5 . 35 
R4 

. 92 5 . 57 
R5 

. 91 5 . 50 
R6 

. 92 5 . 52 
R7 

. 85 5 
. 19 

R8 
. 85 5 . 19 

R9 
. 88 5 . 34 

88 



From the mean and standard deviation of each data set, the coefficient of variation 
(CV) (Portney & Watkins, 2000) was calculated to describe the variability of the 

PFJRF measurements, both within and between each of the test sessions. 

Random two-way intra class correlation coefficients for a single measure (ICC type 

2,1) were also used to examine whether the corresponding values of PFJRF 

exhibited significant correlation, both within (R1, R2 & R3) and between sessions 

(Si, S2 & S3). This parameter represented the reliability of the paired measurements 

(R1-R2, R1-R3, R2-R3 & SI-S2, S1-S3, S2-S3). 

Two alternative statistics were then used to establish the relevance and random error 

of each paired measurements namely, 

1) Least significant difference (LSD), 

2) Standard error of measurement (SEM) 

For a given measurement method, LSD provides an estimate of the difference 

between a matched pair of PFJRF readings (between and within sessions) which is 

significant at the 5% level (Tillotson & Burton, 1991). This index uses the standard 
deviation (SD) of the test-retest differences and is calculated as follow: 

LSD=t x SD 

Where t value is obtained from two-tailed tables with degrees of freedom equal to the 

sample size minus one. The resultant value of LSD is in the units of measurement, 

which, in the case of PFJRF, is Newtons. 

As the PFJRF measurements had been performed on subjects repeatedly, the SEM 

was calculated for PFJRF to evaluate the random error of these measurements. Using 

the Pearson reliability coefficients for each pair of measurements (r) and the standard 
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deviation of paired columns of repetitions (between and within sessions) the SEM 

was calculated for 68% of probability (Portney & Watkins, 2000) from: 

SEM68% = SD 1- r 

This represents a 68% probability that a repeated measurement lies between 1 

standard error of measurement of the initial value. For 95% probability, the SEM is 

represented by; 

SEM95% =2 (SD 1- r) 

The level of statistical significance for all analyses was prescribed at 5% (p< 0.05). 

4.1.3 Results 

Healthy volunteers (4 men and 1 woman) with a mean age of 29 ±6 years, mean 

weight of 75 ± 11 kg and mean height of 173.35 ±9 cm were recruited into the pilot 

study. Summarized kinetic data of these subjects during double -leg squatting at 30, 

45 and 60 degrees of the knee flexion is shown in table 4.2. The data reveal an 

increase in all knee extensor moment; PFJRF and PFJS values with an increase in the 

tibiofemoral joint angle during double- legged squatting. 

Table 4.2 Summarized data of four parameters measured on a group of 5 healthy subjects during the 
eccentric phase of double-legged squatting at different knee flexion angles. Data represents mean t 
SD 

Knee extensor Quadriceps force PFJRF (N) PFJS (MPa) 
moment (N. m) (N) 

30° 24.30±2.00 540.60±45.20 425.25± 35.55 2.50 t 0.20 
45° 29.30±2.80 750.35±60.30 690.40± 50.65 3.55 t 0.35 
60° 39.85±3.50 1205.25±85.25 1075.45± 70.15 4.45 t 0.60 

4.1.3.1 Coefficient of variation (CV) 

Values of the Coefficient of Variation (CV), both between and within sessions, 

which were obtained for the PFJRF measurements at 30 degrees of knee flexion are 
indicated in table 4.3. According to this table, the CV values for three between 
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session repetitions varied between 1.10 % and 10.90 % in these 5 healthy subjects 

denoted HS, -5. It is also evident that for three within session repetitions, the 

variability varied between 0.65 % and 16.90 % for the same subjects. 

Table 4.3 Variability of the PFJRF measurements on a group of 5 healthy subjects during the eccentric 
phase of double-legged squatting at 30 degrees of the knee flexion 

CV of the PFJRF for 

BSR (%) 

CV of the PFJRF for 

WSR (%) 

1 2 3 1 2 3 

HS1 4.40 6.15 2.95 7.70 7.20 6.40 

HS2 5.80 4.55 9.15 7.65 6.10 8.45 

HS3 5.85 9.50 10.90 13.75 13.05 16.90 

HS4 8.45 6.85 5.35 10.20 0.65 9.80 

HS5 2.70 1.10 10.35 12.60 4.50 7.65 

BSR= between session repetition 

WSR= within session repetition 

In 13 out of 15 cases and 10 out of 15 cases, the variability was less than 10% for the 

between session and within session, respectively. This value has previously been 

reported to indicate low scattered variability (von Eisenhart-Rothe et al., 2004) and 

thus both reproducibility and repeatability in this measurement was considered 

adequate. 

4.1.3.2 Intra class correlation coefficient (ICC) 

An analysis of the data using ICC, revealed very poor intratester reliability (0.17, 

95% CI -0.34- 0.62) for single measures of the PFJRF during first and second 

repetitions of double -legged squatting, while there were poor intratester reliability 

for single measures of PFJRF during repetitions 1,3 (0.41,95% CI -0.10- 0.75) and 

2,3 ( 0.47,95% CI -0.03-0.78). To find the reliability of paired measurements of 
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PFJRF between sessions, the same statistics was used. An analysis of data revealed 

very poor intratester reliability for single measures of PFJRF during sessions 1,2 (- 

0.05,95% CI -0.53- 0.45), 1,3 (0.02,95% CI -0.47- 0.51) and 2,3 (0.27,95% CI - 
0.25- 0.68). 

4.1.3.3 Least significant difference (LSD) 

The test -retest results of intratester variability of 3 sets of tests (within and between 

session results) are shown in tables 4.4 and 4.5. Using t value at the 5% significance 
level, which is 2.77, the LSD values of within session repetitions, were between 1.60 

N and 4.90 N (Table 4.4). According to the LSD results, there was no significant 
difference between the mean values for PFJRF measurements during different 

repetitions (p> 0.05) rejecting the effect of random chance in obtaining similar 

results during these repetitions. 

Table 4.4 Variability of the PFJRF: Test- retest by 1 observer during three sets of three repetitions. 
PFJRF = patellofemoral joint reaction force; R= repetitions; SEM = standard error of paired 
measurement; LSD = least significant difference within measures; r= reliability coefficient of paired 
repetitions. All values are in Newtons; n=5, t=2.77 at 95% confidence level 

L, LRF PFIRF PFJRF 

R1 R2 RI R3 R2 R3 

Mean 430.10 423.20 430.25 426.05 423.45 427.30 

SEM 60.65 52.25 41.90 

LSD 4.90 1.60 3.33 

r 0.30 0.60 0.65 

The LSD values for between session single measures were between 1.55 and 11.80 N 

(Table 4.5) rejecting the effect of random chance in obtaining similar results during 

different sessions. 
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Table 4.5 Variability of the PFJRF: Test- retest by 1 observer during three different test sessions. S= 
sessions; SEM = standard error of paired measurement; LSD = least significant difference between 
session measurements; r= reliability coefficient of paired repetitions 

PFIRF FRF FRF 

Si S2 S1 S3 S2 S3 

Mean 432.55 418.60 432.20 428.35 418.25 429.50 

SEM 80.00 63.35 66.75 

LSD 11.80 1.55 10.25 

r -0.10 0.05 0.45 

4.1.3.4 Standard error of measurement (SEM) 

The SEM values of PFJRF during different test repetitions were between 41.90 and 

60.65 N (Table 4.4). Theses values indicated that the repeated measures (within 

session repetitions) fall between ±2 SEM of initial measurement. The SEM values of 

same parameter during different test sessions were also between 63.35 and 80.00 N 

(Table 4.5) revealing that the repeated measures (between session repetitions) lie 

between ±2 SEM of initial measurement. Indeed, these values demonstrated that the 

differences between repeated measures were not clinically relevant. 

4.2 Biomechanical assessment of taped and untaped 
patellofemoral conditions in healthy subjects during single 
leg squatting 

4.2.1 Methods and materials 

A separate study was designed to examine the effects of taping on the PFJ of healthy 

subjects, and the repeatability of outcome measurements (PFJRF and PFJS) during 

single leg squatting. Eight healthy volunteers, selected from students studying at 
Queen Mary University of London with no history of disorders either in the lower 

extremities or the spinal column were included in the study. The instrumentation and 

test protocols to measure three dimensional movements and ground reaction forces 
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data were identical to those described in section 4.1.1, although in this case only 

single leg squatting was performed by each subject. 

Each subject was instructed to stand on their right leg on the forceplate and to keep 

the contralateral leg off the floor, as indicated in figure 4.4. Each subject was then 

required to execute three shallow single leg squats, from 0 degree of the knee flexion 

(a) 

(b) 

Figure 4.4 Single leg squatting from lateral (a) and anterolateral (b) aspects 
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to approximately 45 degrees of knee flexion. Subjects were subjected to three test 

conditions, namely, shallow single leg squatting before application of the tape (BT), 

with tape (WT) and a final test with no tape (Shortly after tape = SAT) on each 

testing occasion. This was conducted over three separate testing sessions. Each test 

session was performed with a minimum 6 hours interval between them. Thus each 

subject executed 9 repetitions of single leg squatting at the end of the test procedure. 

Squatting was limited to about 3 seconds in duration, which was monitored by a stop 

watch. 

Patellar taping was employed to alter the alignment of the PFJ. Non-rigid, 

hypoallergenic tape (5 cm width, Sterofix hypoallergenic tape) was used to provide 

skin protection and rigid sterotape zinc-oxide tape (4 cm width, Steroplast Ltd 

Bredbury, England) was used for taping alteration (Figure 4.5). The taping technique 

involved employing a medial glide across the patella (Figure 4.6) according to the 

protocol described by McConnell (1986). As this technique is used in most subjects 

with PFPS to correct their lateral patellar glide (McConnell, 2002), the researcher 

used a similar technique in healthy subjects. 

Figure 4.5 Non-rigid, hypoallergenic tape with 5 cm width (white) and rigid sterotape zinc-oxide tape 
(4 cm width) 
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Figure 4.6 Medial glide taping technique to alter the PFJ 

Values for PFJRF and PFJS were derived in the same manner as previously 

described in section 4.1.1. 

4.2.2 Data analysis 

All data were analyzed (SPSS-version 13) during the eccentric phase of squatting at 

30 degrees of knee flexion. The Shapiro-Wilk test was applied to all data sets (3 

different sessions) of PFJRF measurements to test for normality (Table 4.6). All data 

sets were found to be normally distributed and hence parametric statistics were used. 

Table 4.6 Tests of normality for all sets of PFJRF measurements during 3 sets of 3 repetitions of 
single leg squatting during eccentric phase. BT = before taping, WT = With tape, SAT = shortly after 
taping 

Shapiro-Wilk 

Statistic df Sig 

PFJRF (BT) 0.84 8 0.08 

PFJRF (WT) 0.88 8 0.21 

PFJRF (SAT) 0.85 8 0.10 

Using the ANOVA test, the mean differences of PFJRF measurements during three 

different test sessions with 95% Cl were calculated. 
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From the mean and standard deviation of each data set, the coefficient of variation 
(CV) was used to describe the repeatability of the PFJRF measurements, for each 

subject and test. 

Random two-way intra class correlation coefficients for a single measure (ICC type 

2,1) were also used to examine whether the corresponding values of PFJRF during 

three different tape conditions (within session tests for three conditions of BT, WT 

and SAT) exhibited significant correlation. 

Additionally two statistics were calculated namely, 

1. the within session LSD values of PFJRF for the three different test sessions 

2. the within session SEM values of PFJRF for the three different test sessions 

4.2.3 Results 

Healthy volunteers (5 men and 3 women) with a mean age of 29.10 ±5.65 years were 

included in the study. A mean weight of 72.33 ± 9.40 kg and a mean height of 168.20 

± 8.25 cm were also obtained from these subjects. 

Summarized kinetic data of these subjects during eccentric phase of single leg 

squatting at 30 degrees of knee flexion is shown in table 4.7. These data, relating to 

the right knees before, during and after patellar taping, reveal few systematic trends 

for any of the parameters between the three tape conditions. 

Table 4.7 Summarized data of four kinetic parameters measured on a group of 8 healthy subjects 
during the eccentric phase of single leg squatting at 30 degrees of knee flexion in 3 different 

conditions of before tape (BT), with tape (WT) and shortly after tape (SAT). Data represents mean t 
SD 

Knee extensor Quadriceps force PFJRF (N) PFJS (MPa) 
moment (N. m) (N) 

BT 119.65± 25.90 2645.20±560.25 2100.55± 455.25 12.25±2.65 
WT 115.40± 29.45 2565.50± 640.40 2026.20± 516.45 11.85±3.00 
SAT 117.75± 37.70 2615.35± 705.65 2055.35± 669.30 12.05 ± 3.90 
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ANOVA test revealed that, there were no significant differences between the PFJRF 

mean values for three conditions of BT, WT and SAT (p> 0.05). 

4.2.3.1 CV values 

The repeatability of the PFJRF measurements as determined from the values of CV is 

presented in figure 4.7. 

C 
15 

ca 

  BT > 10 
W- U. 0  WT 
d U. 5Q SAT 

iE ° LLUJ 4D 0 
0 Si S2 S3 S4 S5 S6 S7 S8 

Different tape conditions in healthy 
subjects 

Figure 4.7 CV of the PFJRF during eccentric phase of single leg squatting (BT = before taping, WT = 
with tape and SAT = shortly after taping) at 30 degrees of the knee flexion in eight healthy subjects 
(S) 

It reveals that the minimum and maximum values for CV are 0.74 % and 11.48%, 

respectively. For the majority of the cases (19 out of 24) the CV was less than 5%, 

indicating high repeatability of the PFJRF measurement during single leg squatting. 

The three tape conditions did not appear to influence the CV. 

4.2.3.2 ICC values 

An analysis of the data using ICC, revealed relatively high intratester reliability for 

single measures of the PFJRF between three different repetitions (within session 

repetitions) of first (BT), second (WT) and third (SAT) test sessions. The minimum 

and maximum ICC values calculated for different repetitions in BT condition were 

0.89 and 0.94, respectively. The values of 0.91 and 0.93 were also calculated as the 
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minimum and maximum ICC values of WT condition. The minimum and maximum 
ICC values calculated for different repetitions in SAT condition were 0.90 and 0.95, 

respectively. 

4.2.3.3 LSD values 

Using the t value at a 5% significance level, the PFJRF LSD values of within session 

repetitions for the first test session (BT) were between 28.70 N and 64.95 N. The 

values of LSD for second test (WT) were also between 22.42 N and 57.62 N. Based 

on the results, the values of 20.82 N -67.00 N were obtained from the third test 

(SAT) as reaction force LSD values. As there was no significant difference between 

each paired repetitions (p> 0.05) these minimal differences reject the effect of 

random chance in obtaining similar results during within session repetitions, 

revealing accuracy of the results. 

4.2.3.4 SEM values 

The SEM values of PFJRF during different test repetitions in different test conditions 
for 95% of probability were calculated. The SEM values of within session repetition 
for 

first test session (BT) was between 232.7 N and 239.5 N 

second test session (WT) was between 262.7 N and 270 N 

third test session (SAT) was between 338.5 N and 341 N 

These values indicated that the repeated measures (within session repetitions) fall 

between ±2 SEM of initial measurement during these three different test conditions, 
demonstrating that the differences between repeated measures were not clinically 

relevant. 
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4.3 VMO and VL muscle activity in healthy subjects during 
single leg squatting in taped and untaped patellofemoral 
conditions 

4.3.1 Methods and materials 

A separate study examined the effects of patellar taping on muscle activity and the 

associated repeatability of the measurement during single leg squatting. As in section 

4.2, three test conditions were employed namely, before taping (BT), with taping 

(WT) and shortly after taping (SAT). 

Twelve healthy volunteers without any previous history of disorders in the lower 

extremities and spinal column were included in the study. 

Two silver-silver surface electrodes (MedCaT. B. V, The Netherlands) were placed 

over the muscle bellies of the VMO and VL with an interelectrode distance of 24 

mm, as illustrated in figure 4.8. 

VL elec 

Figure 4.8 Electrode placement over the VMO and VL muscles of the right knee 

xtrodes 
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Before electrode placement, the skin was shaved and washed with water to minimise 

the electrical impedance. The electrode for the VMO was placed over the muscle 

belly approximately 4 cm superior to and 3 cm medial to the superomedial patella 

border and oriented 55 degrees to the vertical. The electrode for the VL was placed 

10 cm superior and 6 to 8 cm lateral to the superior border of the patella, and 

oriented 15 degrees to the vertical (Gilleard et al., 1998). The reference electrode was 

placed over the tibial tubercle. 

Using an electromyography (EMG) unit (Biovision, D-61273, Germany) (Figure 4.9) 

the ratio amplitudes and onsets of VMO and VL muscles were measured before 

applying the tape, with tape and after removal of the tape. The medial glide taping 

technique (McConnell, 1986) was applied (Figure 4.6) to alter the alignment of the 

PFJ using patellar tape (Figure 4-5). The EMG data were preamplified 10 times with 

a sampling rate of 1000 Hz. The root mean square (RMS) amplitude of VMO and 

VL for a representative 1000 ms period and full wave rectified onsets of VMO and 

VL (low pass filtered at 50 Hz) were then calculated (McGregor et al., 2005). 

Figure 4.9 The electromyography unit to interface with the electrodes 

The volunteers were instructed to stand on their right leg and to keep the 

contralateral leg off the floor, in a similar manner to that indicated in figure 4.4, 

although in this case the squatting was not performed on the forceplate. Each subject 

was then asked to execute three shallow single leg squats (from 0 degrees of knee 
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flexion to approximately 45 degrees of knee flexion) before, with and shortly after 

application of tape on the PFJ. This protocol was repeated on three separate 

occasions in total, with each test separated by at least 6 hours. 

4.3.2 Data analysis 

Data were analyzed during eccentric phase of squatting at 30 degrees of the knee 

flexion. The Shapiro-Wilk test was applied to all data sets (3 different sessions) of 
VMO/VL amplitude and VMO-VL onset measurements at 30 degrees of knee 

flexion to test for normality. All data sets of values were found to be normally 
distributed (Tables 4.8 & 4.9) and hence parametric statistics were used in all 

subsequent analysis. 

Table 4.8 Normality test of VMONL amplitude measurement during the eccentric phase of single leg 
squatting at 30 degrees of knee flexion for 3 different tape conditions of before tape (BT), with tape 
(WT) and shortly after tape (SAT) 

Shapiro-Wilk 

Statistic df Sig 

VMONL amplitude (BT) 0.96 12 0.80 

VMONL amplitude (WT) 0.89 12 0.12 

VMONL amplitude (SAT) 0.99 12 0.30 

Table 4.9 Normality test of VMO-VL onset measurement during the eccentric phase of single leg 
squatting at 30 degrees of knee flexion for 3 different conditions of before tape (BT), with tape (WT) 
and shortly after tape (SAT) 

Shapiro-Wilk 

Statistic df Sig 

VMO-VL onset (BT) 0.94 12 0.54 

VMO-VL onset (WT) 0.95 12 0.65 

VMO-VL onset (SAT) 0.95 12 0.66 

Using the ANOVA test, the mean differences of VMO/VL amplitude and VMO-VL 

onset measurements for three different test sessions with 95% CI were calculated. 
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From the mean and standard deviation of each data set, the CV was used to describe 

the repeatability of both VMO/VL amplitude and VMO-VL onset measurements, for 

each subject and test. 

Random two-way intra class correlation coefficients for a single measure (ICC type 

2,1) were also used to examine whether the corresponding values of VMO/VL 

amplitude and VMO-VL onset during three different tape conditions (within session 

tests for three conditions of BT, WT and SAT) exhibited significant correlation. 

Additionally, two statistics were calculated namely, 

1. the within session LSD values of VMO/VL amplitude and onset measurements 
for the three different test sessions. 

2. the within session SEM values of VMONL amplitude and onset measurements 
for the three test sessions. 

4.3.3 Results 

Healthy volunteers (9 men and 3 women) with a mean age of 25.08 ± 4.65 years, 

mean weight of 71.37 ± 6.75 kg and mean height of 173.10 ± 3.80 cm were included 

in the study. 

Table 4.10 demonstrates the absolute values of VMO and VL amplitudes and mean 

ratio amplitude of VMO and VL during the eccentric phase of single leg squatting at 

three different condition of before applying the tape (BT), with (WT) and after 

application of the tape (SAT). There is clearly very little difference between ratio 

values in all three test conditions. 

Table 4.10 Summary of absolute values of VMO and VL and mean ratio amplitude of VMO and VL 
muscles during single leg squatting in three different conditions (BT = before taping, WT = with tape 
and SAT = shortly after taping) on 12 healthy subjects 

VMO amplitude (mV) VL amplitude (mV) VMONL amplitude 
BT 0.84±0.21 0.98±0.18 0.86±0.18 
WT 0.83 ± 0.22 0.98±0.19 0.85 ± 0.20 
SAT 0.81±0.14 0.98±0.19 0.83±0.16 
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The corresponding values for mean onset timing of VMO-VL before applying the 

tape (BT) (-3.05 ± 4.13 ms), with (WT) (-8.19 ± 3.51 ms) and shortly after 

application of the tape (SAT) (-4.19 ± 2.88 ms) are illustrated in figure 4.10. The 

negative value indicating that the VMO muscle onset precedes that of VL muscle. 

N 

E 
5 

Ö 

0 

0 
c 

-5 
E 

1-10 
c 
0 
d 

-15 
Knee flexion angle (degrees) with 3 different 

conditions 

 30BT 

  30 WT 

Q 30 SAT 

Figure 4.10 The mean onset timing of VMO- VL muscles during single leg squatting in three different 

conditions (BT = before taping, WT = with tape and SAT = shortly after taping) on 12 healthy 

subjects. Error bars represent ±1 SD 

According to the ANOVA test, there were no significant differences between the 

VMO/VL amplitude mean values of each paired test conditions (BT, WT & SAT) 

(p> 0.05). However, this test demonstrated that there were significant differences 

between the VMO-VL onset values of different tape conditions (p< 0.01). The post 

hoc test (LSD values) revealed that the mean VMO-VL onset values were 

statistically different between the paired test of BT and WT and also between the 

paired test of WT and final test with no tape (SAT) conditions (p< 0.01), while the 

mean values were not statistically different between the paired test of BT and SAT 

conditions (p> 0.05). The differences between VMO-VL onset values of BT-WT 

(5.14 ms) and WT-SAT (4.00 ms) are not clinically relevant as, the repeated 

measures fall between ±2 SEM (2.83 ms) i. e 5.66 ms of initial measurement. 

4.3.3.1 CV values 

The CV values for the VMO/VL amplitude and VMO-VL onset timing was 

calculated in three different conditions (BT, WT and SAT) during eccentric phase of 
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single leg squatting to evaluate the repeatability of these measurements. These CV 

values are indicated in figures 4.11 and 4.12. 
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Figure 4.1 1 CV of the VMO/VL amplitude during eccentric phase of single leg squatting (BT = before 
taping, WT = with tape and SAT = shortly after taping) at 30 degrees of the knee flexion in 12 healthy 
subjects (S) 
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Figure 4.12 CV of the VMO-VL onset during eccentric phase of single leg squatting (BT = before 
taping, WT = with tape and SAT = shortly after taping) at 30 degrees of the knee flexion in 12 healthy 

subjects (S) 

According to figure 4.11, the minimum and maximum CV of the ratio amplitude of 

VMO and VL muscle are 0.57 % and 14.65 % respectively. For the majority of the 

cases (22 out of 36) the CV was less than 5%, indicating relatively high repeatability 

of the VMO/VL amplitude measurement during single leg squatting. Indeed, the 

three tape conditions did not appear to influence the CV. The minimum and 

maximum CV of the onset timing of VMO -VL (Figure 4.12) are 7.82 % and 32.73 

%, respectively. The majority of the cases (35 out of 36) showed the CV more than 

10% to a maximum value of 33%, which indicates moderate repeatability. The three 

tape conditions appear to influence the CV data of vasti timing. 
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4.3.3.2 ICC values 

An analysis of the data using ICC, revealed moderate to high reliability for single 

measures of the VMOIVL amplitude between three different repetitions (within 

session repetitions) of first (BT), second (WT) and third (SAT) test sessions. The 

minimum and maximum ICC values calculated for different repetitions in BT 

condition were 0.81 and 0.84, respectively. The values of 0.79 and 0.83 were also 

calculated as the minimum and maximum ICC values of WT condition. The 

minimum and maximum ICC values calculated for different repetitions in SAT 

condition were 0.80 and 0.84, respectively. 

The ICC values also revealed poor reliability for single measures of the VMO-VL 

onset between three different repetitions (within session repetitions) of first (BT), 

second (WT) and third (SAT) test sessions. The minimum and maximum ICC values 

calculated for different repetitions in BT condition were 0.34 and 0.42, respectively. 

The values of 0.21 and 0.36 were also calculated as the minimum and maximum ICC 

values of WT condition. The minimum and maximum ICC values calculated for 

different repetitions in SAT condition were 0.31 and 0.38, respectively. 

4.3.3.3 LSD values 

Using t value at the 5% significance level, the VMONL amplitude LSD values of 

within session repetitions for the first test session (BT) were between 0.001 and 0.05. 

The values of LSD for second test (WT) were between 0.007 and 0.02. Based on the 

results, the values ranged between 0.006 - 0.01 were obtained from the third test 

(SAT) as LSD values of VMONL amplitude. 

The VMO-VL onset LSD values of within session repetitions for the first test session 
(BT) were between 0.16 milliseconds (ms) and 0.75 ms. The values of LSD 

difference timings for second test (WT) were also between 0.50 ms and 1.08 ms. 
Based on the results, the values ranged between of 0.16 ms - 1.00 ms were also 

obtained from the third test (SAT) as LSD values of VMO-VL onset. 
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According to the LSD results, there was no significant difference between the mean 

values for VMO/VL amplitude measurements during different repetitions in different 

test conditions (p> 0.05). The different repetitions of VMO-VL onset in different test 

conditions were also shown to be not different statistically (p> 0.05). As there was no 

significant difference between each paired repetitions (p> 0.05) these minimal 
differences reject the effect of random chance in obtaining similar results during 

within session repetitions, revealing accuracy of the results. 

4.3.3.4 SEM values 

The SEM values of VMO/VL amplitude during different test repetitions in different 

test conditions for 95% of probability were calculated. According to the results, the 

SEM value of within session repetitions for the first test session (BT) was between 

0.07 and 0.09, while this value for the second test (WT) was between 0.08 and 0.09. 

Based on the results, the value between 0.08 and 0.1 was also obtained from the third 

test (SAT) as VMO/VL amplitude SEM value. 

According to the results, the SEM value of within session repetitions of VMO-VL 

onset for the first test session (BT), was between 1.78 ms and 1.82 ms, while this 

value for the second test (WT) was between 1.59 ms and 1.64 ms. Based on the 

results, the value between 1.21 ms and 1.27 ms was also obtained from the third test 

(SAT) as VMO-VL onset SEM value. Theses values indicated that the repeated 

measures (within session repetitions) fall between ±2 SEM of initial measurement 

during these three different test conditions, demonstrating that the differences 

between repeated measures were not relevant. 

4.4 Reliability of the biomechanical parameters during 
single leg squatting on both knees of healthy subjects 

4.4.1 Methods and materials 

A separate study was designed to examine the reliability of the PFJRF and vasti 

muscle activity (timing and amplitude of EMG activity). It included ten healthy 
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volunteers who had no previous history of disorders in the lower extremities and 

spinal column. These subjects were required to perform a single leg squat 5 times, 

repeatedly for both legs. 

Using the instrumentations and method described in section 4.1.1, three dimensional 

movement and ground reaction force data of the subjects were recorded. 
Additionally, muscle activity was evaluated using EMG following the method 

previously detailed in section 4.3.1. The amplitudes and the onset values of VMO 

and VL muscles were subsequently estimated. 

Each subject was instructed to stand on one leg on the force plate and keep the 

contralateral leg off the floor (Figure 4.4). The first leg to be tested for each subject 

and for each test session was selected using randomized numbers, even and odd, 

selected from a container. Subjects were requested to execute three separate single 

leg squats from a neutral position (0 degree of knee flexion) to a depth of 

approximately 45 degrees of knee flexion (shallow squatting), while maintaining heel 

contact with the floor (Figure 4.4). Then each subject was asked to repeat this test 

procedure on another separate test session. This protocol necessarily involved the 

removal of the markers and EMG electrode pads by the operator after session 1 and 

re-attaching them on the subsequent next session. Thus each subject was assessed on 

6 separate test procedures, incorporating 2 sets of 3 repetitions for each leg. The time 

between each testing session was at least one week. 

4.4.2 Data analysis 

In all cases, the data were analyzed during the eccentric phase of squatting at 30° of 

knee flexion. The Shapiro-Wilk test was applied to all data sets (2 test sessions) of 

PFJRF, VMO/VL amplitude and VMO-VL onset measurements on both knees to test 

for normality (Tables 4.11 to 4.13). All data sets were found to be normally 

distributed and hence parametric statistics were used. 
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Table 4.11 Normality test of PFJRF measurements on both knees of 10 healthy subjects during 

eccentric phase of single leg squatting at 30 degrees of knee flexion 

Shapiro-Wilk 

Statistic df Sig 

PFJRF of right knees 

PFJRF of left knees 

0.934 

0.963 

10 

10 

0.492 

0.824 

Table 4.12 Normality test of VMONL amplitude measurements on both knees of 10 healthy subjects 
during eccentric phase of single leg squatting at 30 degrees of knee flexion 

Shapiro-Wilk 

Statistic df Sig 

VMO/VL amplitude of right knees 

VMONL amplitude of left knees 

0.960 

0.890 

10 

10 

0.785 

0.169 

Table 4.13 Normality test of VMO-VL onset measurements on both knees of 10 healthy subjects 
during eccentric phase of single leg squatting at 30 degrees of knee flexion 

Shapiro-Wilk 

Statistic df Sig 

VMO-VL onset of right knees 

VMO-VL onset of left knees 

0.946 

0.974 

10 

10 

0.619 

0.924 

Using paired-sample T test, the mean differences of PFJRF, VMONL amplitude and 

VMO-VL onset measurements between right and left knees with 95% CI were 

calculated. 

The coefficient of variation (CV) was used to describe the within and between 

session repeatability of PFJRF measurements, for each subject and test on both 

knees. 
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The random two-way intra class correlation coefficients (ICC) for the single measure 

were also used to examine whether the corresponding values of PFJRF and vasti 

muscle activity on both legs exhibited significant correlation, both within and 

between sessions. 

Using a one-way ANOVA, the within session LSD values of PFJRF, VMONL 

amplitude and VMO-VL onset measurements for 2 test sessions on both knees were 

calculated at the 5% level. 

Finally, the within session SEM values of PFJRF, VMO/VL amplitude and VMO- 

VL onset for 2 test sessions on the both knees were calculated using multiple 

comparison tests. 

4.4.3 Results 

Healthy volunteers (6 men and 4 women) with a mean age of 27.25 ± 6.05 years, 

mean weight of 70.10 ± 10.15 kg and mean height of 172.05 ± 7.15 cm, were 

recruited into the pilot study. 

Table 4.14 reveals the right and left knee extensor moments, quadriceps force, 

PFJRF and PFJS during eccentric phase of squatting, calculated at 30 degrees of 

knee joint flexion. The mean difference of PFJRF measurements during single leg 

squatting between right and left legs with 95% CI were calculated using the paired- 

sample T test. According to the results, there was significant difference between the 

PFJRF mean values of paired test of right and left knees (p< 0.05). 

Table 4.14 Summarized kinetic data of study on 10 healthy subjects during eccentric phase of single 
leg squatting at 30 degrees of knee flexion on both right and left knees 

Knee extensor Quadriceps PFJRF (N) PFJS (MPa) 
moment (N. m) force (N) 

Right knee 107.15±18.25 2389.10± 390.25 1887.75± 325.10 11.05±1.90 
Left knee 115.30±15.45 2559.35± 325.40 2022.60± 270.55 11.80±1.60 
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The summarized data of VMO and VL muscle activity during the similar activity is 

also demonstrated in table 4.15. According to the results, there was no significant 

difference between the VMONL amplitude mean values of paired test of right and 

left knees (p> 0.05). The mean difference of VMO-VL onset measurements on right 

and left knees with 95% Cl were calculated. According to the results, there was no 

significant difference between the VMO-VL onset mean values of paired test of right 

and left knees (p> 0.05). 

Table 4.15 Summarized EMG data of study on 10 healthy subjects during eccentric phase of single leg 
squatting at 30 degrees of knee flexion on the both right and left knees 

VMO VL amplitude VMONL VMO-VL onset 

amplitude (mV) (mV) amplitude (ms) 

Right knee 0.81 ± 0.19 0.95 ± 0.14 0.85± 0.10 0.50± 2.95 

Left knee 0.76 ± 0.17 0.93 ± 0.18 0.82± 0.10 1.43± 1.85 

4.4.3.1 CV values 

Values of the Coefficient of Variation (CV), which were obtained from the PFJRF 

measurements (between session repetitions) at 30 degrees of knee flexion during 

eccentric phase of single leg squatting on both knees, are indicated in the Appendix 2 

(Table A2-1). It is evident that for between session repetitions, the CV varied 

between 0.95 % and 7.31 % for the right and 0.98 % and 6.30% for the left knees. 

These CV values showed a very high reproducibility of PFJRF measurements on 

both knees. 

According to the data results (Appendix 2, table A2-2), the CV values of within 

session repetitions for the PFJRF measurement varied between 0.15% and 8.98% for 

the right and 0.12% and 12.66% for the left knees. These CV values also showed a 

very high repeatability of PFJRF measurements on both knees. 

Values of the CV which were obtained from the VMO/VL amplitude measurements 

(between session repetitions) at this study (Appendix 2, table A2-3) indicated that the 

CV varied between 1.05% and 19.35% for the right and 0.93 % and 12.19% for the 
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left knees. The within session CV values of VMONL amplitude measurements also 

varied between 0.00% and 28.94% for the right and 0.00% and 21.79% for the left 

knees (Appendix 2, table A2-4). These CV values showed a moderate to very high 

repeatability of VMONL amplitude measurements on both knees. 

Values of the CV which were obtained from the VMO-VL onset measurements 

(between session repetitions) (Appendix 2, table A2-5) indicated that the CV varied 

between 8.65 % and 41.95% for the right and 8.33 % and 38.75% for the left knees. 

For the majority of cases (14 out of 20 in each knee) the CV value was less than 20% 

during between session repetitions, which indicates moderate repeatability. The 

within session CV values of VMO-VL onset measurements also varied between 

0.00% and 48.65% for the right and 0.00% and 42.85% for the left knees (Appendix 

2. table A2-6). The majority of cases (22 out of 30 in the right and 24 out of 30 in the 

left knees) had CV less than 20 %, indicating moderate repeatability of VMO-VL 

onset measurements on both knees. 

4.4.3.2 ICC values 

An analysis of the data using the ICC revealed high intratester reliability of the single 

measures (0.96,95% CI 0.92- 0.98) for the between session PFJRF measurements 
during eccentric phase of single leg squatting at 30 degrees of the right knee flexion. 

According to the data, there was also high intratester reliability of the single 

measures (0.94,95% CI 0.88 - 0.97) for the same measurements on the left knees. 

The within session ICC values of PFJRF measurements showed that, there was also 
high intratester reliability during three different repetitions on both right (0.94,95% 

CI 0.89-0.97) and left knees (0.90,95% CI 0.81-0.95). 

An analysis of the data using the between session ICC revealed relatively high 

intratester reliability of the single measures (0.83,95% CI 0.64-0.92) for the 

VMO/VL amplitude measurements of the right knees. According to the data, there 

was also the same intratester reliability of the single measures (0.82,95% CI 0.63- 

0.91) for the same measurements on the left knees. The within session ICC revealed 
high intratester reliability of the single measures for the VMO/VL amplitude 
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measurements on both right (0.91,95% CI 0.89-0.98) and left knees (0.89,95% CI 

0.86-0.94). 

Additionally, the between session ICC values of VMO-VL onset measurements 

revealed poor intratester reliability of the single measures (0.48,95% CI 0.22-0.82) 

of the right knees. There was also poor intratester reliability of the single measures 

(0.44,95% CI 0.12-0.80) for the between session measurements on the left knees. 

The within session ICC values also revealed poor intratester reliability (0.27,95% CI 

-0.35-0.91) of the VMO-VL onset measurements on the right knees, while there was 

very poor intratester reliability (0.14,95% CI -1.30-0.74) for the same measurements 

on the left knees. 

4.4.3.3 LSD values 

Using t value at the 5% significance level, the within session LSD values of PFJRF 

on the right knees during eccentric phase of single leg squatting versus 3 different 

repetitions were between 22.05 N and 44.35 N. The underlying values were not 
different statistically (p> 0.05). According to the data, the LSD values of the same 

parameter on the left knees were also between 11.05 N and 23.35 N, which showed 

no significant difference between the underlying values (p> 0.05). 

According to the data, the LSD values of VMONL amplitude of the right knees 

during eccentric phase of single leg squatting versus 3 different repetitions (2 test 

sessions) were between 0.02 and 0.07. The underlying values were not different 

statistically (p> 0.05). The LSD values of the same parameter on the left knees were 

also between 0.002 and 0.04, which showed no significant difference between the 

underlying values (p> 0.05). 

The LSD values of VMO-VL onset measurements on the right knees during 

eccentric phase of single leg squatting versus 3 different repetitions were between 

0.00 milliseconds (ms) and 1.95 ms. The underlying values were not different 

statistically (p> 0.05). According to the data, the LSD values of the same parameter 
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on the left knees were also between 0.30 ms and 1.15 ms, which showed no 

significant difference between the underlying values (p> 0.05). 

As there was no significant difference between each paired repetitions of selected 

parameters (p> 0.05) these minimal differences reject the effect of random chance in 

obtaining similar results during repetitions, revealing accuracy of the results. 

4.4.3.4 SEM values 

According to the data, the SEM values of PFJRF measurements on both knees were 

between 87.00 N and 102.00 N for three repetitions. The SEM values showed that 

there was no significant difference for the SEM of each repetition of tests on both 

knees (p> 0.05). 

Additionally, the SEM values of VMONL amplitude measurements on both knees 

were between 0.02 and 0.03 for three repetitions. These values also showed that there 

was no significant difference for the SEM of each repetition of tests on both knees 

(p> 0.05). 

According to the data, the SEM values of VMO-VL onset measurements on both 

knees were between 0.97 ms and 1.18 ms for three measurements. The SEM values 

therefore, showed that there was no significant difference for the SEM of each 

repetition of tests on both knees (p> 0.05). 

4.5 Discussion 

4.5.1 Kinetics 

The results obtained from pilot study 1 (Section 4.1) which was conducted on five 

healthy volunteers during double-legged squatting, indicated that PFJRF and PFJS 

increased monotonically with increasing knee flexion angle (from 0° to 60°). The 

monotonic increase in PFJRF can be attributed to the increased tibiofemoral joint 
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angle. By increasing the knee flexion angle, the angle between the patellar tendon 

force and the quadriceps tendon force becomes more acute (Figure 1.9). This acute 

angle increases the magnitude of the PFJRF, which is the resultant of these forces 

(Reilly and Martens, 1972). 

However, the PFJRF also depends on the quadriceps muscle force (Reilly and 
Martens, 1972). With increasing knee flexion, the center of gravity shifts farther 

away from the center of rotation, with a consequent increase in the flexion moments, 

which needs to be counterbalanced by the increased quadriceps muscle force. 

Increasing the quadriceps muscle force may result in the increased PFJRF, (Reilly 

and Martens, 1972; Hungerford and Barry, 1979). 

Although the PFJRF and PFJS values obtained from the current (Table 4-2) and 

previous studies (Salem et al., 2001; Wallace et al., 2002), were based on different 

constant values of the quadriceps lever arm, k constant and patellofemoral contact 

areas (Sections 3.6.3,3.6.4 and 3.6.5), in different angles of knee flexion, the 

probable monotonic increase in PFJS may also be attributed to the angle-specific 

changes in both PFJRF and the patellofemoral contact area. It is assumed that from 

0° to 60° of knee flexion, patellofemoral contact area increases with increasing knee 

angle (Huberti et al., 1984; Powers et al., 1998), distributing the joint reaction force 

over a wider area and no meaningful increasing of the PFJS. However, in the study 

on kinetic measurement (Section 4.1), based on a constant patellofemoral contact 

area for 30° ( 1.71 cm2), 45°( 1.95 cm2) and 60°( 2.40 cm2) of knee flexion (Powers 

et al., 1998), PFJS increased from 30° to 60° of knee flexion, indicating that 

increases in the patellofemoral contact area might have not been large enough to 

compensate the increases in the PFJRF (PFJS is defined as PFJRF divided by contact 

area between the articular surfaces of the patella and femur). In these studies, the 

PFJS was not measured using a direct method of measuring the patellofemoral 

contact area during different angles of knee flexion. A possible limitation of this 

indirect method of assessment of patellofemoral contact area might have therefore 

affected the results in the current study. This finding was a result of the continued 
increased in the joint reaction force while the patellofemoral contact area remained 
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approximately constant during different knee flexion angles, as previously reported 
(Huberti et al., 1984; Powers et al., 1998). 

The subsequent study on the effect of taping on PFJRF (and PFJS) revealed no 

significant difference between the three test conditions of BT, WT and SAT (Table 

4.7) possibly due to insufficient sample size. These differences were also not 

clinically relevant as the second and third test measurement (WT and SAT) lies 

between ±2 SEM values (232 N) of initial measurement (BT). Nonetheless, close 

examination of the data suggested that there were smaller mean values when the tape 

was applied over the knee joint (BT-WT difference of 74 N). These reductions 

appeared to be maintained at least 6 hours after removal of the tape (WT-SAT 

difference of 29 N). This suggests that any biomechanical effect attributed to the 

application of the tape could influence the short- term orientation of the PFJ. The 

strong suggestion about biomechanical effect of tape on the PFJ may be made with 

recruiting the sufficient sample of subjects. 

In the study examining the effects of patellar taping on human volunteers, the knee 

extensor moment was also investigated. Findings revealed a small decrease (p> 0.05) 

in mean values (Table 4.7), when tape was first applied that may suggest some 

alteration in the quadriceps lever arm which is accepted to be maximal at 30 to 45 ° 

of knee flexion. However, the lever arm decreases to reach a minimum at full knee 

flexion, when the patella is located in the femoral trochlear groove (Smidt, 1973). 

Any factor that alters the patella position or movement can alter the length of the 

quadriceps lever arm and thus the knee extensor moment. Of course results from the 

present study must be interpreted with caution, as they might be assumed to be no 

malalignment of the PFJ with healthy volunteers. 

The results of pilot study (Section 4.4) on ten healthy volunteers during eccentric 

phase of single leg squatting at 30 degrees of knee flexion, indicated that the PFJRF 

values was statistically greater (p< 0.05) in the left knees (2023 ± 271 N) than the 

right ones (1888± 325 N) (Table 4.14). Since the SEM68% of 65 N was calculated for 

the PFJRF measurement in the right knees, the mean difference of 134 N between the 

both knees with 95% probability does not lie within ±2 SEM i. e. 130 N. Therefore it 
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can be estimated that the mean PFJRF difference of 134 N between the both knees is 

clinically relevant. 

Although these differences are at variance with those previously reported by Salem 

et al. (2001) and Wallace et al. (2002) who reported no significant difference 

between the left and right sides, these studies involved double- legged squatting 

protocols. To date, the present study, represents the only one to compare these 

kinetic parameters on both knees during single leg squatting. 

The differences between the results of two knees may be related to a change in trunk 

positioning and quadriceps muscle demand of recruitment during this specific 

activity. Any factor that can decrease the distance between the centre of mass of the 

upper body and the knee joint centre, such as forward leaning of the trunk may result 

in decreasing the demand of knee extensors (Berger et al., 1990). As there is a direct 

relationship between the muscle force and joint reaction force (Wallace et al., 2002), 

decreasing the quadriceps muscle force reduces the value of PFJRF. Nine of the 10 

subjects in this study were right leg dominant. It could be proposed that these 

subjects may have increased their trunk position during single leg squatting on the 

right leg to minimize the work performed by the quadriceps, resulting in a smaller 

PFJRF estimated in the right knees. A similar argument may not be appropriate 

during single leg squatting on the left leg. In spite of symmetry in the lower 

extremities to hold the body in a balanced situation, an inherent weakness in the left 

quadriceps may lead to body imbalance. The volunteers might have therefore 

compensated for this by providing an enhanced quadriceps muscle contraction or 

force (to avoid backward dropping). This would have resulted in an increase in the 

PFJRF and PFJS on the left knees. Clearly this discussion is only speculative as no 

measurements on trunk position were performed in the study. 

4.5.2 Electromyography (EMG) 

The kinematic analysis of the volunteers at 30 ° of knee flexion during single leg 

squatting revealed mean values of amplitude of VMO to VL muscles of less than 
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unity (0.83- 0.86) (Table 4.10). There were minimal changes in these values either 
before, during or shortly after patellar taping. 

Examination of relevant studies revealed some inconsistencies. For example, Souza 

and Gross (1991) reported the normalized VMO/VL activity ratio in healthy subjects 

was approximately unity (1) during isometric knee extension, whereas Boucher et al. 

(1992), reported ratio values of approximately 2.0 for asymptomatic subjects in static 

terminal knee extension. Alternatively, Tang et at. (2001) demonstrated that the ratio 

amplitude of VMO/ VL was less than unity for normal subjects in concentric (0.85) 

and eccentric (0.94) phase of isokinetic knee extension at 30° of knee flexion. It is 

the latter study, which is most consistent with the present data, associated with VMO 

and VL muscles in healthy volunteers during single leg squatting. 

The results obtained from the pilot study (Section 4.3) on twelve healthy subjects 

during eccentric phase of single leg squatting at 30 degrees of knee flexion, revealed 

that the ratio amplitude of VMO and VL muscles was unchanged before (0.86 ± 

0.18), With (0.85 ± 0.20) and shortly after using the tape (0.83 ± 0.16) over the 

patella (Table 4.10). Indeed any changes in the ratio amplitude of VMO and VL were 

minimal and none of the differences were statistically significant (p> 0.05). 

In an experimental study, Christou (2004) reported a decreased VMO activity and 

increased VL activity, during maximum isokinetic leg presses following use of 

patellar tape in healthy subjects. By contrast, a study conducted by Cowan et al. 

(2006) on asymptomatic controls during the concentric stair stepping task revealed 

that application of tape over the patella did not alter the amplitude of vasti EMG 

when participants completed this task. The latter results are similar with the results 

obtained from study 4.3 which indicated that application of tape over the patella of 

the healthy subjects could not alter the amplitude of EMG activities of the vasti 
during eccentric phase of single leg squatting. These discrepancies might be 

explained in terms of the specific activities employed during the three studies. Indeed 

in the leg press exercises of Christou (2004), VMO may be less involved due to 

possible lesser demand of activation, as the tape might have facilitated the activity of 
VL during maximum isokinetic leg press. 
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In terms of the timing parameters of the vasti muscles, results from section 4.3 found 

that the tape could significantly alter the onset differences (Figure 4.10), mean values 

being statistically significant between the three conditions (p< 0.05). This disproved 

the null hypothesis, that the taping had no effects on the relative timing onset. There 

was a decrease in the onset timing of VMO-VL when the tape was applied (-8.19 ± 

3.51 ms) and subsequent increase following removal of the tape (-4.19 ± 2.88 ms). 

Although the EMG onset of VMO occurred earlier than VL at the baseline (-3.05 ± 

4.13 ms) (Figure 4.10), the VMO contraction timing was improved following using 

the tape. The results however showed that following removal of the tape (SAT), the 

EMG timing of vasti approximately came back to the baseline. 

Of the relevant studies, Karst and Willett (1995) reported no difference in VMO 

(Latency time 25.95 ± 1.57 ms) and VL (Latency time 25.76 ± 1.75 ms) contraction 

timing in the knee jerk reflex in normal subjects. Similarly, Cowan et al. (2002c) 

found that there was no change in the EMG onset of VMO and VL with the 

application of tape to the knee in the asymptomatic participants during the stair 

stepping task. These results however are at variance with those from the present 

study (Section 4.3). These differences may again be attributed to the specific 

activities under investigation. It is evident that during stair stepping task, the 

individual must be able to activate the muscles properly and generate the necessary 

forces to propel the body upstairs and downstairs and control the constantly changing 

centre of body mass (Shumway-Cook & Woolacott, 1995). Although the stair 

stepping task which was used by Cowan et al. (2002d) was similar to the single leg 

squatting in study 4.3, the extent of displacement of centre of body mass in these 

activities and its effect on EMG timing of VMO and VL might not be identical. No 

study was found to report the extent of displacement of body's centre of mass during 

squatting. It seems that such a displacement is smaller during this activity than the 

stair-stepping task, because during squatting, the body is not required to be lifted to 

overcome a height and control the constantly changing centre of body mass. While 

this discussion is speculative, more investigations may clarify the effect of different 

activities on the EMG timing of vasti. 
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The null hypothesis tested in section 4.4 involved no differences in the ratio of the 

amplitudes of VMO and VL muscles for both knees of healthy subjects. The results 

confirmed this null hypothesis during eccentric phase of single leg squatting at 30 

degrees of knee flexion in both knees. The mean values related to the right knees 

were only slightly greater than the left values (Table 4.15). However, the related 

differences in these mean values were not found to be statistically different (p> 0.05). 

The ratio values for both right (0.85 ± 0.10) and left knees (0.82 ± 0.10) were less 

than unity for healthy subjects, which were consistent with the pilot study 3 (Section 

4.3) and study performed by Tang et al. (2001). 

In addition, this study (Section 4.4) also revealed no significant differences between 

the VMO-VL onsets of both right (0.50 ± 2.95 ms) and left knees (1.43 ± 1.85 ms) 
(p> 0.05), during the same activity. This result confirmed the null hypothesis of 

similarity of VMO-VL onsets of both knees. As a comparative study, it was shown 

that despite quadriceps force differences, which might have existed on both legs, the 

VMO-VL onsets were not statistically different between two legs. The very slight 

differences of VMO and VL onsets also revealed the synchronization of both 

muscles on both legs during single leg squatting in healthy subjects. 

Comparative results of timing onsets of VMO and VL in the pilot studies 4.3 and 4.4 

revealed that the mean VMO-VL onsets related to 12 healthy subjects before 

application of tape (BT) was negative in sign, while the positive sign of onset 

differences of vasti were seen in both knees of 10 healthy subjects. There were 

significant differences between the mean VMO -VL onset values in these two 

groups of healthy subjects (p< 0.05). The different values with different signs of vasti 

onset seem to be questionable. The close observation of demographic data of subjects 
in the both studies revealed that 5 out of 12 healthy subjects recruited in the study 4.3 

were left leg dominant, while only 1 out of 10 subjects in the study 4.4 were left leg 

dominant. Indeed, in the study 4.3 there were more subjects with left leg dominant 

than the study 4.4. Ignoring to recruit subjects with the similar demographic data 

might have influenced the vasti onset values in these two studies. 
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4.5.3 Reliability tests of the kinetics 

As the reliability of PFJRF measurement during different activities and in different 

PFPS or healthy subject groups had not yet been reported, studies 4.1 and 4.4 were 
designed to evaluate the reliability of PFJRF measurements during both double and 

single leg squatting. 

4.5.3.1 CV values 

The CV values obtained from studies 4.1 and 4.4 were low (majority of the values 

less than 10%) during within and between session tests, revealing high repeatability 

and reproducibility of PFJRF measurements (Table 4.3 and Appendices A2-1 and 

A2-2). Indeed, these low scattered variabilities showed that the repeatability and 

reproducibility of PFJRF measurement are high during both double and single leg 

squatting. 

4.5.3.2 ICC values 

The ICC values of within session measurements of PFJRF during double-legged 

squatting showed poor intratester reliability. This suggests that the PFJRF 

measurement during double-legged squatting should be performed with caution with 
improving the method of kinetic measurement of the PFJ in healthy subjects. 
However the ICC values of between session measurements showed that there was 

very poor intratester reliability for these measurements during double-legged 

squatting (section 4.1.3.2). One probable reason of low reliability of both within and 
between session PFJRF measurements may relate to a small number of only 5 

subjects in this study. Morrow and Jackson (1993) suggested that a number of at least 

30 subjects are necessary for adequate precision of reliability tests. Lack of precision 

of reliability tests (with 95% probability the true reliability was likely to range from - 
0.53 to 0.78) may be therefore attributed to the limited number of subjects. Another 

reason of poor reliability of both within and between session PFJRF measurements 

may relate to inequality of body weight distribution of subjects on both force plate 

and ground surface during double-legged squatting in the different repetitions and 
test times. Although the volunteers were asked to weight bear equally on both legs 
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during the three different repetitions and sessions, the low ICC values of PFJRF 

measurements might be attributed to inability of subjects to distribute their weight 

equally on the both legs during double-legged squatting. 

On the other hand, to find that whether the reliability of PFJRF measurements is 

different during double or single leg squatting, this parameter was tested during 

single leg squatting in both knees of healthy subjects in a different study (Section 

4.4). The ICC values of within session measurements of PFJRF showed high 

reliability of the measurements. The ICC values of between session measurements of 

the PFJRF were also high, revealing high reliability of these measurements (section 

4.4.3.2). The similar measurement of ICC values, performing on the healthy subjects 

in three different conditions of BT, WT and SAT during single leg squatting revealed 

the high reliability of PFJRF measurements (Section 4.2.3.2). The high reliability of 

the PFJRF measurements during single leg squatting compared with the low 

reliability of similar measurements during double-legged squatting may also reflect 

an equality of body weight distribution of subjects on the force plate during double- 

legged squat and appropriate balance holding of the subjects during single leg 

squatting. 

Clearly, the reliability tests using the ICC revealed that measuring the PFJRF during 

single leg squatting can be performed with high reliability (both repeatability and 

reproducibility) in the future, while measuring this parameter could not be 

completely supported by reliability tests during double-legged squatting. 

Although the ICC values demonstrated that the reliability of the PFJRF measurement 
during double-legged squatting was low, the CV values conversely revealed that the 

reliability of these measurements was very high during this activity. One possible 

explanation for this contradiction may be related to different statistical calculation of 

reliability tests employed in the studies. The ICC tests use the single or average 

values of entire repetition of both within and between measurements of subjects 

which strongly depend on adequate number of subjects (Morrow and Jackson, 1993), 

while the CV values reveal the percentage of individual variability of within and 
between measurements in each subject. Indeed, using the ICC values the mean 
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values of entire subjects with different variability undergo the reliability test, while 

the CV values individually explain the percentage of variability. 

Despite this controversy, the high reliability of PFJRF measurements using both ICC 

and CV values during single leg squatting reveal that the future studies could at least 

rely on PFJRF measurements during this activity. 

4.5.3.3 LSD and SEM values of kinetic data 

The multiple comparison tests of PFJRF measurements in the studies 4.1,4.2 and 4.4 

revealed that the measured differences of all paired mean values (both within and 

between test sessions) were below the level of LSD values (Tables 4.4,4.5 and 

sections 4.2.3.3,4.4.3.3). This indicated that there was insufficient evidence to 

conclude test-retest values are different, revealing accuracy of each paired 

measurements. The relatively low values of within and between session SEM during 

the different studies, revealed that the random error of measurements were low, 

showing high precision of the PFJRF measurements during these studies (Tables 4.4, 

4.5, and sections 4.2.3.4,4.4.3.4). 

Comparison of SEM values in the pilot studies 4.2 and 4.4 revealed that there was 

difference in the magnitude of these values. While the SEM value for healthy 

volunteers was 232 N before application of the patellar tape in study 4.2 (Section 

4.2.3.4), this value was between 87 and 102 N on both legs of healthy volunteers in 

the study 4.4 (Section 4.4.3.4). Although subjects in the both studies had a similar 

demographic data and the measurement process was performed under the same 

laboratory conditions, probable errors during preparing the subjects and analysis 

system might have influenced these values. For example, errors could be happened 

during attaching-reattaching of markers on the bony landmarks in different times, or 
during calibration of motions, while performing single leg squatting. These 

confounding factors account for several errors in the experimental studies. 
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4.5.4 Reliability tests of the EMG data 

4.5.4.1 ICC 

The moderate to relatively high intratester reliability of within (0.89- 0.98) and 

between session (0.63- 0.92) tests (ICC values) of VMOIVL amplitude 

measurements obtained from the pilot study 4.4 (Section 4.4.3.2). The similar ICC 

values were also obtained from VMO/VL amplitude measurements at three different 

conditions of BT, WT and SAT in healthy subjects during single leg squatting 

(Section 4.3.3.2). The relatively high value of within session ICC (0.84-0.90) was 

also reported by Sheehy et al. (1998) for the peak amplitude of VMO and VL activity 

in the eccentric and concentric phases of stair walking. The similarity of ICC values 

in these studies reveal that the repeatability and reproducibility tests of vasti 

amplitude were acceptable enough to conduct the study during single leg squatting 

and stair stepping tasks. 

In addition, the within (-0.35-0.91) and between session ICC (0.22-0.82) of VMO- 

VL onset measurements during single leg squatting on the right knees (Section 

4.4.3.2) revealed that there were poor intratester reliability, which meant low 

repeatability and reproducibility of the measurements on the right knees. However, 

while the reproducibility of VMO-VL onset measurements on the left legs was poor 

(0.12-0.80), there was no within session intratester reliability (repeatability) for these 

legs (-1.30-0.74). The poor intratester reliability was also obtained from VMO-VL 

onset measurements at three different conditions of BT, WT and SAT in healthy 

subjects during single leg squatting (Section 4.3.3.2). 

The reliability of VMO-VL onset measurements has already been studied by Cowan 

et al. (2000). They reported the high intratester reliability for the determination of 

concentric (r = 0.91) and eccentric (r = 0.96) VMO and VL EMG onsets during stair 

stepping in 10 asymptomatic subjects. These results are in variation with the results 

obtained from the pilot study 4.4 (the minimum and maximum values of ICC in both 

within and between session tests were 0.14 and 0.48, respectively). There are a 

number of parameters, which may influence the reliability of EMG to determine the 
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onset of muscle activity. These include the method of identification of muscle onset 

(direct visual determination of onset versus determination of onset using the 

computer algorithm), the method of recording the EMG (electrode placement and 

type of electrodes) and different functional activity recruited in the study. Although 

both studies applied the similar type and method of electrode placement, the method 

of identification of muscle onsets were different in these studies. Cowan et al. (2000) 

recorded the onset of vasti muscle using the computer algorithm, while in the present 

study (Section 4.4) this parameter was measured using direct visual determination. In 

the current study the maximum effort was made to increase the accuracy of 

measuring vasti onset. This was performed by checking the onset values in 3 

different times to make sure that the measured value is the correct one. However, as 

using the computer algorithm may improve the reliability of muscle onset 

determination (Hodges & Bui, 1996), the high reliability of vasti muscle onset in the 

Cowan's et al. study (2000) compared to the present study may be therefore 

attributed to the different methods of muscle onset recording. 

The higher reliability values reported by Cowan et al. (2000) might be also related to 

different activity employed in their study. Although the stair stepping task, employed 
in their study seems to require more displacement of body's center of mass 
(Shumway-Cook & Woolacott, 1995) and more complicated than the single leg 

squatting, the higher speed of performing this task might have made it easier to 

perform. This task was performed at a rate of 96 steps per minute (Cowan et al., 
2000), while subjects in the current study (Section 4.4) performed each single leg 

squatting at a rate of 20 squats per minute (each squat about 3 seconds in duration). 

Indeed, subjects in the current study were required to accomplish single leg squatting 
during a longer time, which it needs more balance holding of body mass. The 

displacement of body's centre of mass with a higher speed during stair stepping task 

might have therefore affected the timing of vasti and consequently the reliability of 

vasti onset measurement. 

In another study, Gilleard et al. (1998) reported day-to-day reliability of EMG timing 

(r = 0.36-0.95) for a stair stepping task. However, they conducted the study in three 

healthy subjects and the variable investigated was not the time of onset of EMG but 
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the knee angle at onset of EMG. Indeed, they reported the mean knee angles at the 

onset of muscle activity during the stair stepping task. 

Accordingly, the moderate to relatively high intratester reliability of the within and 
between session measures (using the ICC) which were obtained for the VMO/VL 

amplitude measurements during studies 4.3 and 4.4, indicated that these 

measurements have acceptable reliability for the future studies. However, low 

intratester reliability of within and between sessions measurement of VMO-VL onset 

on the both legs revealed that both repeatability and reproducibility of these 

measurements have little accepted reliability. 

4.5.4.2 LSD and SEM values of EMG data 

It was revealed that the measured differences of all paired mean values (within test 

for study 4-3 and study 4.4) of VMONL amplitude measurements were below the 

level of LSD values (Sections 4.3.3.3 and 4.4.3.3). This indicated there was 
insufficient evidence to conclude that test-retest values are different, demonstrating 

accuracy between each paired measurements of VMONL amplitude. Additionally, it 

was shown that the measured differences of all paired mean values (within test for 

study 4.3 and study 4.4) of VMO-VL onset measurements were again below the level 

of LSD values. There was also insufficient evidence to conclude that test-retest 

values are different, revealing accuracy between each paired measurements (Sections 

4.3.3.3 and 4.4.3.3). 

The relatively low values of within session SEM in study 4.3 and study 4.4 revealed 

that the random error of measurements were low, showing high precision of the 

VMO/VL amplitude measurements (Sections 4.3.3.4 and 4.4.3.4). This parameter 

can be therefore evaluated in the future as a reliable one. The low SEM values of 
VMO-VL onset measurement also revealed high precision of within session 

measurements for studies 4.3 and 4.4 (Sections 4.3.3.4 and 4.4.3.4). The researchers 

can rely on this parameter in the future studies. 
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The SEM value of VMO and VL onset was previously considered in the study 

conducted by Gilleard et at. (1998) in three healthy subjects. They reported the SEM 

values between 2.04 ms and 9.01 ms for day-to-day reliability of measurements 

obtained for onset of vasti muscles during stepping up and down. These values which 

were obtained from vasti muscle during two conditions of taped and untaped PFJ are 

at variance with the results of two pilot studies (Sections 4.3 and 4.4). The SEM 

onset values of between 1.59 ms and 1.78 ms were obtained from taped and untaped 

conditions of PFJ in 12 healthy volunteers (Section 4.3.3.4), while these values in 

both legs of 10 healthy subjects (Section 4.4.3.4) were between 0.97 ms and 1.18 ms 

during single leg squatting. The higher SEM values of Gilleard et al. study (1998) 

may be attributed to recruiting only three healthy subjects in their study and this fact 

that the variable investigated was not the time of onset of EMG but the knee angle at 

onset of EMG. 

4.6 Conclusion 

" Kinetic characteristics increased monotonically with increasing knee flexion 

angle from 30- 60 degrees during the eccentric phase of double-legged 

squatting in healthy subjects. This can be attributed to the increased 

tibiofemoral joint angle and the quadriceps muscle force. 

" Patellar tape was not shown to alter short- term kinetic characteristics of PFJ 

in healthy subjects statistically (p> 0.05), during eccentric phase of single leg 

squatting at 30 degrees of knee flexion, although the limited number of 

subjects recruited in the study might have influenced the results. 

9 Patellar tape did not alter the ratio amplitude of vasti in the healthy 

volunteers during eccentric phase of single leg squatting at 30 degrees of 
knee flexion but it altered the VMO-VL onset in short-term duration. 

" Kinetic characteristics of the PFJ on both knees of healthy subjects during 

eccentric phase of separate single leg squatting at 30 degrees of knee flexion 

were statistically different (p> 0.05), with greater values of kinetic 

characteristics on the non-dominant left knees. The differences between the 

results of two knees may be related to a change in trunk positioning and 
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quadriceps muscle demand of recruitment during this specific activity on the 

dominant and non-dominant legs. 

" Ratio amplitude and timing onset of vasti muscle in both knees of healthy 

subjects during eccentric phase of separate single leg squatting at 30 degrees 

of knee flexion was not statistically different (p> 0.05). 

" Reliability tests conducted during these pilot studies showed that, while the 

PFJRF and the relative amplitude of vasti could be used as highly reliable 

parameters, the muscle onsets of vasti had poor to moderate reliability. These 

reliable parameters could be therefore used in the future studies to describe 

some aspects of the biomechanical behavior of the PFJ during single leg 

squatting in healthy subjects. 
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Chapter 5. Effect of patellar taping in subjects 
with patellofemoral pain syndrome (PFPS) and 
healthy control subjects 

5.1 Introduction 

Amongst the conservative treatments, patellar taping is one of the most effective 

treatment options that have been proposed for subjects with PFPS (McConnell, 

1986). It has been proposed that the application of tape alters both kinematics and 

kinetics of the various articulations associated with the knee joint (Larsen et al., 

1995; Somes et al., 1997). The latter may also be influenced by the activity of vasti 

muscles (McConnell, 1986,2002). It has been suggested that alteration in these 

kinetics may lead to pain perception in the PFJ (Powers et al., 1998). To date there 

have been no studies that have looked at these forces in subjects with PFPS. 

Accordingly, the current study was designed to quantify the related forces applied on 

the PFJ of these subjects during single leg squatting. 

5.2 Objectives and design 

To examine the effects of patellar taping on the biomechanics of the PFJ in subjects 

with PFPS. A case-control study was established to compare the pre and post patellar 

tape results with data from an asymptomatic group of healthy subjects. This study 
involved measurement of both forces (PFJRF) and muscle activity in subjects with 
PFPS, before applying the tape (BT), with tape (WT) and after application of the tape 

(AT) over the PFJ. Accordingly, this study was developed to establish methods that 

could indirectly explain the mechanism of pain reduction with the application of 

patellar tape. 

5.3 Hypotheses 

It has been reported that the magnitude of the quadriceps muscle force and PFJRF 

increased with increasing knee flexion angles from 30° to 140° during equivalent 
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squatting in healthy subjects (Wallace et al., 2002; Reilly & Martens, 1972). It was 

also demonstrated that there was malalignment in patellar position of subjects with 

PFPS (Worrell et al., 1994; Somes et al., 1997) which may contribute to increased 

magnitudes of PFJRF (and PFJS) during activities requiring a large amount of knee 

flexion. It is therefore proposed that the PFJRF and PFJS will be increased in 

subjects with PFPS. In addition, the activity ratio of VMO and VL muscles both in 

terms of amplitude ratio and relative onsets have yielded conflicting results in these 

subjects in several studies (Gilleard et al., 1998; Cowan et al., 2001a, 2002b, 2002c; 

Ng et al., 2002; Christou, 2004; Cowan et al., 2006). For example, while Cowan and 

colleagues (2006) demonstrated that the amplitude of EMG activity of vasti was not 

different in subjects with PFPS, Christou (2004) reported different level of vasti 

activity in these subjects. The scope of this study is therefore an investigation into an 

intervention of patellar taping in a group of subjects with PFPS. 

Thus, in order to find the specific effects of patellar taping on the selected variables, 

the following primary null hypotheses were tested against the alternative hypotheses: 

H 0: Patellar taping will not increase the PFJRF in subjects with PFPS. 

H, : Patellar taping will increase the PFJRF in subjects with PFPS. 

Ho: Patellar taping will not increase the ratio amplitude of VMO and VL muscles in 

subjects with PFPS. 

H,: Patellar taping will increase the ratio amplitude of VMO and VL muscles in 

subjects with PFPS. 

HO: Patellar taping will not decrease the VMO -VL muscle onsets in subjects with 

PFPS. 

III: Patellar taping will decrease the VMO -VL muscle onsets in subjects with 

PFPS. 

H 0: Patellar taping will not decrease the pain perception in subjects with PFPS. 

H, : Patellar taping will decrease the pain perception in subjects with PFPS. 

Some secondary hypotheses were also worthy of testing, namely, 

H 0: The PFJRF of healthy subjects do not differ from subjects with PFPS before and 

after application of the tape. 

130 



H 1: The PFJRF of healthy subjects differ from subjects with PFPS before and after 

application of the tape. 

HO: The ratio amplitude of VMO and VL muscles are the same in healthy subjects 

and subjects with PFPS before and after application of the tape. 

H,: The ratio amplitude of VMO and VL muscles are not the same in healthy 

subjects and subjects with PFPS before and after application of the tape. 

Ho: The VMO-VL muscle onsets are the same in healthy subjects and subjects with 

PFPS before and after application of the tape. 

H,: The VMO-VL muscle onsets are not the same in healthy subjects and subjects 

with PFPS before and after application of the tape. 

5.4 Materials and methods 

5.4.1 Study population 

5.4.1.1 Inclusion and exclusion criteria 
Subjects with PFPS were included in this study based on the following criteria 

recommended by Crossley et al. (2002): 

" aged less than 40, with a history of anterior or retropatellar knee pain, 

" degree of pain was aggravated by at least two of the common functional 

activities of daily life, including prolonged sitting, stair climbing, squatting, 

running, kneeling or hopping/ jumping, 

" pain during an objective single leg squat, 

0 Insidious onset of symptoms, 

To ensure that all referrals met all inclusion criteria, an evaluation of the knee joint 

and patellofemoral orientation was performed on the subjects with PFPS by the 

researcher, according to the individual history of dysfunction, pain aggravating 

activities and clinical evaluation, described by McConnell (1986) (Section 2.3.1). 
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The control group was comprised of healthy subjects who, within the last 6 months, 
had had no history of trauma or disease associated with the lower limbs and spinal 

column (Wallace et al., 2002). 

Accordingly, the exclusion criteria included any traumatic, inflammatory or 
infectious pathology as well as any dislocation or subluxation in the PFJ. The 

subjects were also excluded if they had pain less than 30 mm on a 100-mm VAS 

during squatting, any signs of secondary osteoarthritis or history of surgery in the 

knee joint (Crossley et al., 2002). In addition, an upper limit of 40 years was 

prescribed, as beyond this age subjects might demonstrate general signs of 
degenerative joint disease (Crossley et al., 2002). These factors and pathological 

conditions could represent confounding factors. 

5.4.1.2 Sample size 

A comprehensive literature review revealed one study involving healthy subjects, 

which examined the variability of the primary outcome measure (PFJRF) (Steinkamp 

et al., 1993). However, it employed activities unrelated to those considered in the 

present study. It is worthy of note that previous studies examining the variability of 

pain level or vasti EMG activity in subjects with PFPS during stair stepping task 

employed the sample size of between 10 and 37 subjects (Cowan et al., 2001a, 

2002a, 2002b, 2002c, 2006). To determine the sample size for testing the hypotheses 

on both PFPS subjects and healthy control subjects, it was important to establish; 

" The variability of the PFJRF of both knees of subjects in each group 

0 The variability of the same parameter before and after application of the tape 

on the painful knees of PFPS group 

As these parameters have not previously been reported, the sample size for this study 

was based on the quantitative data that was collected for PFJRF from both subject 

groups. Post hoc sample size analysis was therefore conducted after data collection 
for subjects recruited to each of the two groups. Since the majority of PFPS subjects 
had right painful knees (approximately 73% of the total), the sample size tests were 

conducted based on the results from the right knees of both groups of subjects. 
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Based on the sample size analysis, with a power of 80% and a two-sided error type I 

(a) of 0.05, a sample size of 132 subjects was required in each group to statistically 

compare the mean PFJRF difference (± SD) of 125 N (± 361 N) on the right painful 
knee of subjects with PFPS (2050 N) and right knee of healthy control group (1925 

N). These values were derived from the 13 out of 18 PFPS subjects and the 18 

healthy subjects recruited for the study. 

Since recruiting a sample of 132 subjects in each group of PFPS and healthy control 

subjects was impractical, particularly in terms of time restriction for the study, 

attempts were made to optimize the number of subjects recruited over the 14- month 

period. To recruit the maximum subjects with PFPS into the study, the researcher 

attended the physiotherapy department every day to check the new appointments. 

The appropriate subjects were selected from the triaged patients referred to the 

physiotherapy department at Mile End Hospital (Tower Hamlet Primary Care Trust) 

for evaluation. Amongst 46 potential subjects referred to physiotherapy over this 

time period, 8 were diagnosed with dysfunctions other than PFPS. Of the remaining 

38 subjects with PFPS who were referred to this department, 18 subjects (47.4 % of 

total subjects) agreed to take part in the study. Issues such as religious belief amongst 

the population of subjects living in the East of London and the relatively time 

consuming process of the test - retest study (a maximum of 6 weeks follow -up 

period) limited the number of subjects recruited into the study. Students and staff 

from Queen Mary University of London were recruited for the healthy control group. 

5.4.2 Taking informed consent 

The proposed study had been approved by the London and City Research Ethics 

Committee before recruiting both subject groups (R &D reference number 004348). 

All subjects with PFPS were invited to read the participant information sheet 
(Appendix 3, A3-1) and asked to consider it for at least 48 hours, before deciding 

whether to give their consent (Appendix 3, A3-2) for inclusion into the study. 
Subjects who gave their consent were invited to attend for testing in the Human 

Performance Laboratory (Kidman laboratory) located within the Engineering 

Building at Queen Mary University of London. All subjects with PFPS were assured 
that refusal to participate in the study would not influence their treatment in any way. 

133 



Subjects in the control group were also invited to read participant information sheet 

(Appendix 3, A3-3) and asked to consider it for at least 48 hours, before deciding 

whether to give their consent (Appendix 3, A3-4) for inclusion into the study. The 

tests on the control group were also performed in the Kidman laboratory. 

5.4.3 Evaluation of subjects 

PFJ of subjects with PFPS were evaluated using the clinical evaluation tests (Section 

2.3.1). According to these tests, except one subject diagnosed with the lateral tilt, 

other subjects were diagnosed with the lateral glide dysfunction in their PFJ. The 

differential tests were also performed on the affected knee of subjects to verify the 

diagnosis. Subjects with PFPS were then asked to perform a shallow single leg squat, 

about 45° of knee flexion on the affected leg and hold it for approximately 10 

seconds to record any resulting pain on the standard 100 mm visual analogue scale 

(VAS) (Appendix 3, A3-5). This holding time was consistent with the proposal that 

the subjects with PFPS were required to perform three single leg squats during 10-12 

seconds. According to the evaluation of subjects and their symptoms, all 18 subjects 

with PFPS met the inclusion criteria and therefore proceeded into the study. No 

further action was made on the healthy subjects in the control group. 

5.4.4 Preparation of subjects 

For practical reasons, each subject was asked to change into a pair of shorts before 

starting the test protocols. Data were collected for each individual in both groups in 

terms of both general and anthropometric features, including age, body weight and 
height and leg length (medial femoral condyle to medial malleolus) (Winter, 1990). 

The leg length was measured using a tape measure. 

Body weight of subjects was measured using a mechanical weighing scale (Seca 761, 

Germany) and their height by a wall mounted medical height measure (Seca 206, 

Germany). To measure the height, each subject was asked to stand against the wall 
(without shoes), exactly under the height scale and put the heels in contact with the 

wall. Then the movable indicator of scale was contacted with upper part of the head. 
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In this position the height was measured according to the figure displayed on the 

scale. 

Once the primary preparation was performed on the subjects and their demographic 

data were obtained, they were prepared for the main test protocols. To collect the 

kinematic data of subjects, using double-sided tape, superficial reflective markers 

(2.5-cm spheres) were placed on specific bony landmarks, namely, the second 

metatarsal head, lateral malleollus, lateral shank, lateral femoral epicondyle and 

lateral thigh of both legs, in an identical manner to that shown in figure 4.4 (Wallace 

et al., 2002). Then, two silver-silver surface EMG electrodes (MedCaT. B. V, The 

Netherlands) were placed over the muscle bellies of VMO and VL according to the 

standard placements, as previously described in section 4.3.1. The required 

parameters to analyze muscle amplitude and onset were also described in section 

4.3.1. For the convenience of subjects, the placement of the reflective markers and 

EMG electrodes were performed on both legs at the same time. 

After preparing the subjects, they were instructed to perform several practices of 

single leg squats to be familiarized with the timing and depth of this activity, 

although the subjects with PFPS were warned to practice to a minimum level on the 

affected knees to avoid exacerbating the pain before the main study. 

5.4.5 Instrumentation 

A two camera (DCR-VX2000E, Sony, Japan) motion-analysis system (SIMI Motion 

- 2D & 3D Motion Analysis, version 7.0, Reality Motion Systems, GmbH, 

Germany) was used to record three-dimensional movement (at a rate of 60 Hz), as 

shown in figure 4.1. Unilateral ground reaction force data were also collected from 

one force plate (Kistler, 2812A1-3, version 3.20, Switzerland) at a rate of 600 Hz and 

muscle activity was recorded using an EMG unit, in an identical manner to that 

described in section 4.3.1 (Biovision, D-61273, Germany). 

5.4.6 Test procedures 

5.4.6.1 Biomechanical assessment of subjects with PFPS in the untaped 
condition during single leg squatting 

The first leg to be tested for each subject was selected using randomized numbers, 
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even and odd, selected from a container. Subjects were instructed to stand on one leg 

on the force plate and to keep the contralateral leg off the floor. Each subject was 

then asked to execute a single leg squat from a neutral position (0 degree of knee 

flexion) to a depth of approximately 45 degrees of knee flexion (to ensure that the 

target knee angle of 30 degrees is reached), while maintaining heel contact with the 

floor, without any trunk deviation. This position was identical to that illustrated in 

figure 4.4. Squatting functions were constrained to about 3 seconds in duration as 

measured by a stop watch, measured from the initiation of knee flexion to a return to 

full knee extension. Thus a maximum period of 12 seconds was assigned to the three 

repetitions, including the first 3 seconds of test period for concordance of subjects 

with the activity. Verbal feedback regarding both the depth and duration of the 

function were provided after several practice squats. 

When the subjects had familiarized themselves with the timing and depth of this 

single leg squat, testing would commence. Subjects were asked if they were ready to 

start, and were given the instructions, ̀ Ready', ̀ steady', ̀ go'. On the command ̀ go', 

data was simultaneously recorded from the camera system, force plate and EMG. 

Data collection was stopped when the subjects completed the three single leg squats. 

On completion of this test procedure, an identical test procedure was repeated on the 

contralateral leg. 

5.4.6.2 Biomechanical assessment of subjects with PFPS during single leg 
squatting in the taped condition 

Immediately after the procedure in the untaped condition, patellar tape was applied 

over the affected patellar region in subjects with PFPS in one of the orders of medial 

glide or tilt as described in section 2.5.2, according to patellar orientation tests 

(McConnell, 1986). The choice of taping methods was partly based on assessment of 

the patella position and partly on the attainment of pain reduction. After application 

of tape over the patella, each subject was therefore asked to perform a single leg 

squat and hold it for about 10 seconds for evaluating the pain level on a separate 
VAS sheet. The taping method was acceptable if the level of pain was decreased by 

approximately 50% (Crossley et at., 2002). On 2 occasions, the researcher had to 

alter the patellar taping method by re-attaching the tape on the PFJ or using the 
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combined technique of medial glide and tilt to gain a desired pain reduction. The 

same test procedure to collect both kinematic and kinetic data was then conducted in 

the taped-condition in the same session. 

5.4.6.3 Biomechanical assessment of subjects with PFPS during single leg 
squatting after removal of the tape in the last test session 

After finishing the measurements in the taped-condition, the subjects in the PFPS 

group were instructed verbally and using illustrated diagrams to perform 

strengthening exercises commonly employed at hone (Crossley et al., 2002). These 

included isometric VMO contractions (one set of 50 times, 3 times a day) (Figure 

2.5), squats to 40 degrees of knee flexion (4 set of 10 repetitions, 3 times a 

day)(Figure 2.6), isometric hip abduction against the wall (4 sets of 15-second hold 3 

times a day) (Figure 2.8), slow lowering of the unaffected leg (3 sets of 5 repetitions 

or 3 sets of 10 repetitions, 3 times a day) (Figure 2.7) and isometric hip abduction 

while semisquatting (4 sets of 30-second hold) (Figure 5.1). The first three exercises 

were performed during weeks I and 2, while two latter exercises were recruited in 

addition to the others during weeks 3 through 6. 

C_, 
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:. 

Figure 5.1 Isometric hip ahtluctiun while semisyuatting. Subject pushes the affected leg into the 
ground and rotates it externally without moving the foot 
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In addition, stretching of tight lateral soft tissue (retinacular tissue) structures (3 

repetitions of 60 seconds each time, preferably 3 times per day) (Figure 2.17), 

hamstring muscle stretch (Figure 2.16) and anterior hip structures stretch (as long as 

the subject can perform it) (Figure 5.2) were recommended to perform at home 

(McConnell, 2002). 

.. 

Figure 5.2 Anterior hip structures stretch (McConnell, 2002) 

Each subject was also instructed to independently apply the taping corrections on a 

daily basis during the follow up period (Figures 2.10 and 2.11) (Crossley et al., 

2002). At each evaluation session, subjects were asked to apply the patellar tape and 

demonstrate the quadriceps exercises to check that these were being done correctly. 

The subjects in the PFPS group were followed up on a weekly basis, using the record 

of VAS on a separate sheet, until they became symptom-free, a period predicted 

based on previous studies to last a maximum of 6 weeks (McConnell, 1986; Eburne 

et al., 1996; Kowall et al., 1996; Harrison et al., 1999; Clark et al., 2000; Crossley et 

al., 2002). They also underwent routine physiotherapy treatment recommended by 

their physiotherapists during this period of time. Routine physiotherapy included 

some recommended quadriceps exercises and stretching exercises for tight tissues 

based on the situation of each subject and recommendations related to performing 

functional activities with less pressure on the PFJ. 

Once the subjects became symptom-free, they were instructed to remove the tape 
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before coming to the Kidman laboratory, although they were instructed to continue 

wearing it if they felt recurrence of pain or during functional or sports activities 
(McConnell, 2002) after leaving the laboratory. At that time, each subject was asked 

about the level of pain during a single leg squat and to repeat the testing procedure, 
for the third and final time on the affected knee. The total testing time in one session 

was not more than 80 minutes for subjects in the PFPS group. 

5.4.6.4 Biomechanical assessment of healthy control subjects during single leg 
squatting 

Subjects in the control group underwent a similar testing procedure as subjects in the 

PFPS group. One testing session was allocated to these subjects to measure the 

kinematic, kinetic and EMG data of both legs without applying any additional 

intervention during single leg squatting. The first leg to be tested for each subject 

was selected using the same process of randomized numbers. The total testing time 

was not more than 60 minutes for subjects in the control group. 

5.4.7 Outcome measurements 

The main outcome measurements to be tested during different test sessions were 

PFJRF and PFJS. To measure these parameters, it was essential to measure the forces 

associated with the muscles and ligaments around the knee joint. However, to date, 

there are no reported direct methods of measuring these forces and hence estimating 
PFJRF. Indeed, as both types of forces could not be measured individually due to co- 

contraction of both agonist and antagonist muscles at the knee joint, the analysis of 
forces were considered as the net effect of the total moments involved in the knee 

joint during squatting. The net knee extensor moment was therefore estimated from 

the inverse dynamic equations in an identical manner to that described in section 3.6 

(Winter, 1990). Then using a biomechanical model of the PFJ (Salem et al., 2001), 

the PFJRF and PFJS were calculated as described in sections 3.6.4 and 3.6.5. The 

two parameters of VMO/VL amplitude and VMO-VL onset were also measured 
during the different test sessions. The EMG data were full-wave rectified and low- 

pass filtered at 50 Hz. The muscle onset was determined using direct visual 
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technique as described by Gilleard et al. (1998). In this technique as illustrated in 

figure 5.3, the first positive deflection of EMG signal for both VL and VMO vasti 

VMO EMG 

VL EMG 

VL onset VMO onset 
100 ms 

Figure 5.3 A typical EMG response for a subject with PFPS before application of tape (BT) during 

eccentric phase of single leg squatting 

was identified to represent the onset of timing of these muscles following basal 

signal with its inherent noise. EMG onsets were identified from individual trials and 

averaged over the 3 repetitions. The relative difference in the time of onset of EMG 

activity of the VMO and VL was quantified during eccentric phase of single leg 

squatting by subtracting the EMG onset of the VMO from of the VL. 

5.5 Data analysis 

Data were analyzed in the eccentric phase of single leg squatting at 300 of knee 

flexion. The Shapiro-Wilk test was applied to all data sets of PFJRF, VMO/VL 

amplitude, VMO-VL onset measurements and the level of pain for subjects with 

PFPS to test the normality of distribution (Appendix 3, A3-6). With the exception of 

the VMO/VL amplitude data which was not normally distributed and thus, non- 

parametric tests were used, all other data sets were found to be normally distributed. 
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Parametric tests were therefore chosen to compare these data of subjects with PFPS 

in different tape conditions. 

The Shapiro-Wilk test was also applied to all data sets of PFJRF, VMONL 

amplitude and VMO-VL onset measurements for healthy control group to test the 

normality. All data sets were found to be normally distributed. Parametric tests were 

also used to test the data in this group (Appendix 3, A3-7). 

5.6 Results 

5.6.1 Details of subject cohorts 

Eighteen subjects with PFPS (eleven men and seven women) and eighteen healthy 

control subjects (eleven men and seven women) were included in the study. 

Independent-sample T tests revealed that there was no significant difference between 

groups with respect to age, height and weight (p> 0.05) (Table 5.1). All eighteen 

subjects in the PFPS group were right leg dominant. Thirteen subjects in this group 

had symptoms in their right dominant knee and the remainder had symptoms in the 

left non-dominant knee. All healthy subjects were also right leg dominant. 

Table 5.1 Statistics of the age (years), weight (kg) and height (cm) in both groups of subjects with 
PFPS and healthy control 

PFPS (n=18) Healthy control (n=18) 

Min Max Mean SD Min Max Mean SD 

Age 20.00 40.00 27.95 6.30 21.00 40.00 26.45 4.90 

Weight 51.00 84.00 71.50 9.54 53.00 90.00 71.60 11.15 

Height 156.00 179.00 171.30 5.95 155.50 182.50 171.95 7.50 

In the control group the mean weights for male and female subjects was 79.10 ± 5.95 

kg and 59.85 ± 5.40 kg, respectively. The corresponding values for PFPS subjects 

were 70.10 ± 10.25 kg and 73.45 ± 8.60 kg. The individual data is presented in 
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Appendix 3 (A3-8). There were significant differences in body weight between the 

two female groups (p< 0.01). 

5.6.2 Kinetic results of subjects with PFPS and healthy control 
during single leg squatting in the taped and untaped conditions 

As knee extensor moment, PFJRF and PFJS are all inter-related by constant values 

and therefore follow the same trends during eccentric phase of single leg squatting in 

30 degrees of knee flexion, the results of PFJRF and PFJS measurements are 

reported as final products of the knee extensor moment. 

Since there was no significant difference between the mean values of PFJRF and 

PFJS of right (1925 ± 446 N& 11.25 ± 2.60 MPa) and left knees (1919 ± 432 N& 

11.22 ± 2.50 MPa) of healthy control group (NTHS) (p> 0.05), data sets were 

combined in order to compare these results to both the affected (BT, WT and AT) 

and unaffected knee of subjects with PFPS (UnNT). 

Figure 5.4 reveals the mean PFJRF for both knees of PFPS and healthy control 

subjects with different conditions of patellar taping during the eccentric phase of 

single leg squatting. It can be seen that the mean value of PFJRF of the affected knee 
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Figure 5.4 The mean values of PFJRF in subjects with PFPS in five different conditions with and 
without patellar taping. UnNT= no-tape unaffected knees, BT= affected knees before applying the 
tape, WT=affected knees with tape, AT= affected knees after application of the tape, NTHS= no-tape 
knee of healthy control subjects. Error bars represent ±I SD 

142 



in subjects with PFPS before applying the tape (BT) (2025 ± 346 N) is greater than 

the mean PFJRF for the corresponding values of the unaffected knees (UnNT) (1895 

± 286 N). The mean value of PFJRF in BT condition is also greater than all 

conditions of with (WT) (1796 ± 295 N), after applying the tape (AT) (1720 ± 300 

N) of the affected knees and no-tape condition of both knees of healthy control 

subjects (NTHS) (1922 ±433 N). 

One- way ANOVA revealed that there were significant differences between the mean 

values of PFJRF in five different conditions of taping in subjects with PFPS (F4, as = 
2.65, p< 0.05). The multiple comparison tests using the LSD also demonstrated that 

the LSD values between the BT-WT, BT-AT and BT-UnNT were significant (p < 

0.05), while these values were not significant between two paired comparisons of 

WT-AT and BT-NTHS (p> 0.05). 

As the PFJRF values were divided by a constant value (patellofemoeal contact area), 

there is no surprise that a similar trend and significant difference (F4,85 = 2.65, p< 

0.05) was obtained for the mean values of PFJS on the unaffected (UnNT) (11.08 t 

1.67 MPa) and affected knee of subjects with PFPS, before applying the tape (BT) 

(11.84 ± 2.03 MPa), with tape (WT) (10.50 ± 1.74 MPa) and after applying the tape 

(AT) (10.05 ± 1.77 MPa). The combined mean value of PFJS on healthy control 

subjects (NTHS) was 11.25 ± 2.55 MPa. 

5.6.3 EMG results of subjects with PFPS and healthy control during 
single leg squatting in the taped and untaped conditions 

The Wilcoxon test revealed that there was no significant difference between the 

values of VMO/VL amplitude of right (0.85) and left knees (0.80) of healthy control 

group (p> 0.05). Similarly, the paired- sample t test demonstrated that there was no 

significant difference between the mean values of VMO-VL onset of right (-2.95 t 

6.30 ms) and left knees (-1.10: t 5.75 ms) of these subjects (p> 0.05). Therefore data 

sets related to both knees of healthy controls (NTHS) were combined in order to 

compare these results to those obtained from subjects with PFPS. 
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5.6.3.1 VMO/VL amplitude 

Figure 5.5 shows the box and whisker plot of VMO/VL amplitude for both knees of 

subjects with PFPS and healthy controls for different conditions of patellar taping 
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Figure 5.5 Values of VMONL amplitude in subjects with PFPS in five different conditions with and 
without patellar taping. UnNT= no-tape unaffected knees, BT= affected knees before applying the 

tape, WT = affected knees with tape, AT= affected knees after application of the tape, NTHS= no-tape 
knee of healthy control subjects. Data represents median, interquartile range and 90% percentiles 

during the eccentric phase of single leg squatting. There are out of range data 

(outliers) in all data series of VMO/VL amplitude, in addition to the asymmetry 

between the upper and lower quartiles, indicating that these data were not normally 

distributed. 

Table 5.2 summarizes the median and interquartile range data of VMO and VL 

amplitudes and the ratio amplitude of VMO and VL during different conditions of 

patellar taping (UnNT, BT, WT, AT and NTHS) in both subjects with PFPS and 
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healthy controls. As these values were not found to be normally distributed, non- 

parametric statistics were used for subsequent data analysis. 

Table 5.2 Summary of VMO and VL amplitudes and ratio amplitudes of vasti muscles during 
different conditions of patellar taping. Data represents median and interquartile range 

VMO Amp (mV) VL Amp (mV) VMO/VL Amp 

UnNT 0.51 (0.29) 0.67 (0.20) 0.76 (0.28) 

BT 0.51 (0.38) 0.69 (0.18) 0.74 (0.31) 

WT 0.47 (0.33) 0.68 (0.16) 0.70 (0.48) 

AT 0.48 (0.37) 0.66 (0.20) 0.73 (0.40) 

NTHS 0.72 (0.18) 0.88 (0.12) 0.82 (0.13) 

The Kruskal-Wallis non parametric test revealed no significant difference between 

the ranked values of VMO/VL amplitude of affected and unaffected knees of PFPS 

subjects and healthy controls during different conditions of taping (p> 0.05). 

5.6.3.2 VMO-VL onset 

Figure 5.6 reveals the mean VMO-VL onset for both knees of subjects with PFPS 

and healthy controls for five different conditions of patellar taping during the 

eccentric phase of single leg squatting. 

There are differences evident for the five conditions, with three revealing an onset of 
VMO prior to that of VL and two conditions revealing the opposite. It can be seen 

that the mean value of VMO-VL onset of no-tape unaffected knee (UnNT) of 

subjects (3.68 ± 5.00 ms) is slightly greater than the mean value of affected knees 

before application of the tape (BT) (2.54 ± 4.35 ms). However, the mean values of 
VMO-VL onset of affected knees with tape (WT) (-3.22 t 3.45 ms), after application 

of the tape (AT) (-6.00 t 3.40 ms) and no-tape knee of healthy control subjects 
(NTHS) (-2.03 t 6.04 ms) are negative in magnitude. 
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Figure 5.6 The mean values of VMO-VL onset in subjects with PFPS in five different conditions with 
and without patellar taping. UnNT= no-tape unaffected knees, BT= affected knees before applying the 
tape, WT=affected knees with tape, AT= affected knees after application of the tape, NTHS= no-tape 
knee of healthy control subjects. Error bars represent ±I SD 

One-way ANOVA revealed that there were significant differences between the mean 

values of all paired measurements (F4,85 = 15.31, p< 0.01). The multiple comparison 

tests also revealed that the LSD values of paired conditions of BT-WT, BT-AT and 

BT-NTHS were statistically significant (p< 0.05), while the LSD values of other 

paired conditions were not statistically significant (p> 0.05). 

5.6.4 Effect of leg dominance on the kinetic and EMG data of both 
subjects with PFPS and healthy control 

One-way ANOVA revealed that right or left leg dominance had no significant effect 

on both PFJRF and EMG activity of vasti muscles of both affected (BT) and 

unaffected knee (UnNT) of subjects with PFPS (p> 0.05). One-way ANOVA also 

demonstrated that right or left leg dominance had no significant effect on EMG 

activity of vasti muscles of both knees of healthy control subjects (p> 0.05). 

However, while right or left leg dominance had no significant effect on PFJRF of 

right knee of healthy control subjects (p> 0.05), this parameter had significant effect 

on the PFJRF values of left knee in this group (p< 0.05). 
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5.6.5 Pain level 

Figure 5.7 reveals the mean patellofemoral pain level of subjects with PFPS in 

different conditions of patellar taping. It can be seen that the mean level of pain with 
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Figure 5.7 The mean values of patellofemoral pain in subjects with PFPS in different conditions of 
patellar taping during eccentric phase of single leg squatting. BT= affected knees before applying the 
tape, WT = affected knees with tape, AT= affected knees after application of the tape. Eerror bars 

represent ±I SD 

tape (WT) (31 ±9 mm) and after application of the tape in the last test session (AT) 

(16 ±9 mm) are dramatically smaller than the level of pain before application of the 

tape (BT) (60 ± 10 mm). One-way ANOVA revealed that the differences between 

these mean values were statistically significant (p< 0.05). 

According to figure 5.7, an immediate pain reduction of approximately 50 % 

occurred among the subjects with PFPS after using the patellar tape in the first 

session of test (WT), this was reported the minimum acceptable level of pain 

reduction (Section 5.4.6.2). Pain reduction of approximately 75% also occurred by 

the last test session, after removal of the tape (AT), compared with the first test 

session (BT). This figure also shows that the pain level in the last test session (AT) 

was decreased approximately 50%, compared with the first session of taped 

condition (WT). 

Figure 5.8 reveals the absolute maximum pain reduction of 18 subjects with 

PFPS during different days of application of the patellar tape. The average days 

of maximum pain reduction was 23 ±6 days (range 10 -34 days). According to the 
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results, 44 % of subjects became symptom-free (pain less than 30 mm on a 100-mm 

VAS) by week 4, while 33 % of subjects showed the maximum pain reduction at 

weeks 2 and 3. Around 22 % of subjects with PFPS were also symptom- free at week 

5. This figure reveals that only 2 subjects became symptom- free by the end of first 

2 weeks of follow-up, while the rest of subjects (16 other subjects) had the maximum 

pain reduction between weeks 3 and 5 of the follow up period. Although the subjects 
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Figure 5.8 The relationship between the maximum patellolemoral pain reduction and the time period 
of follow-up in subjects with PFPS 

were evaluated on a weekly basis, some unexpected circumstances resulted in delays 

in performing the tests and recording their results in the last test session. For 

example, lack of availability of some subjects at the end of each week, breakdown 

and repair of laboratory equipment essential for testing and difficulties during 

booking the Hunan performance laboratory were the reasons for obtaining the data 

out of the pre planned time framework. The subjects were therefore evaluated during 

a range of 5-12 days during the follow up period. 

5.6.6 Relationship between pain level and other variables 

A linear model was used to examine the relationship between the level of pain and 

the kinetic data both before (BT), during (WT) and after application of patellar tape 

(AT). The results revealed that there was no strong relationship between pain level 

and PFJRF at the three different conditions of patellar taping (r = 0.22, p=0.10) 

(Figure 5.9). 
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Figure 5.9 Correlation between patellofemoral joint reaction force and pain level during 3 different 

conditions of before tape (BT), with tape (WT) and after application of tape (AT) 

However, it was interesting to note, that there was a significant correlation between 

the pain level and VMO-VL onset at three different conditions of patellar taping (r = 

0.63, p< 0.01) (Figure 5.10). 
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Figure 5.10 Correlation between VMO-VL onset and pain level during 3 different conditions of before 
tape (BT), with tape (WT) and after application of tape (AT) 
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5.7 Discussion 

5.7.1 Kinetic characteristics 

The significant reduction in pain following the application of patellar tape in subjects 

with PFPS corresponded to changes in kinetic characteristics. Several null 

hypotheses related to the kinetic data were tested in the current study. The first 

hypothesis was that PFJRF and PFJS will not change immediately after application 

of patellar tape (WT) in PFPS subjects, during single leg squatting. Additionally, that 

PFJRF and PFJS would not change with daily application of patellar tape of at least 6 

weeks (AT). Since these null hypotheses were rejected, the results indicated that after 

immediate application of the patellar tape and also during less than 6 weeks of the 

follow up period, the PFJRF and PFJS were decreased on the affected knee of PFPS 

subjects. A further secondary null hypothesis of similarity of PFJRF values in both 

knees was rejected, confirming that values were greater in the affected knees of 

PFPS subjects before application of the tape (BT) than unaffected knees (UnNT). 

It seems that there are two possible explanations for the decreased kinetic values with 

patellar taping in the current study. One of these is related to the quadriceps lever 

arm that may change during patellar taping. As the PFJRF and PFJS are the final 

products of knee extensor moment, any potential change in the quadriceps lever arm 

may result in changes in the knee extensor moment and therefore the PFJRF and 

PFJS. Smidt (1973) found that the maximum length of quadriceps lever arm is at 30 

to 45° of knee flexion and this length reaches a minimum when the knee is in full 

flexion, where the patella is located distally in the intercondylar groove. Any 

potential movement or position of the patella may alter the quadriceps lever arm and 

knee extensor moment. A radiographic study showed that application of an 

infrapatellar strap could displace the patella proximally and anteriorly compared with 

the case without the strap in the extended knee (Levine, 1978). The proximal 

displacement of the patella may prevent the patella sinking distally into the 

intercondylar groove and thus maintain a longer quadriceps lever arm. In an optimal 

condition, the patella is situated parallel to the femur in both frontal and the sagittal 

planes, so that it is equidistant between the two condyles in a slightly flexed knee 

(McConnell, 1986). In the current study however, the patellar tape was used across 
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the middle of patella to correct the lateral glide or tilt of the patella, holding it in the 

centre of intercondylar groove. This corrective taping might have therefore improved 

patellar position and limited any proximal displacement of the patella, facilitating its 

distal displacement into this groove during knee flexion. This condition would 
decrease the quadriceps lever arm and produce a smaller knee extensor moment and 

thus PFJRF and PFJS. 

Another less probable explanation for the decreased kinetic values following 

application of patellar tape in the current study, may have related to the trunk posture 

and its potential role in altering the extensor moment of the knee. As the moment 

generated by the quadriceps, is equal to the product of the body weight and the 

distance between the centre of mass of the upper body and the knee joint centre (Fu 

et al., 1993), any factor that alters this distance may also alter the knee extensor 

moment. Indeed, this moment is necessary to overcome the resistance of the body 

weight during knee bending activities, such as squatting. A more forward trunk 

position would therefore move the trunk's centre of mass anteriorly, providing a 

smaller knee extensor moment. This condition would lead to less quadriceps 

contraction by reducing the distance from the body's centre of mass to the knee joint 

centre (Berger et al., 1990). Although it is assumed that subjects feeling pain in the 

lower extremities adopt the flexed posture to reduce the level of pain in the balanced 

condition of weight bearing activities such as double-legged squatting, performing 

imbalanced activities may result in different outcome in subjects with PFPS. Indeed, 

in the imbalanced conditions (in this case single leg squat), maintaining the body in 

the balanced or upright position may far outweigh than adopting the flexed posture to 

avoid forward or backward dropping in subjects with PFPS. It means that despite 

movement strategy of flexed posture in subjects feeling pain in the lower extremities, 

performing single leg squat may result in adopting upright position in these subjects 

to overcome the imbalanced condition. In the current study, the patellar taping 

appeared to result in subjects with PFPS assuming a more flexed posture, a position 

that would transfer the trunk's centre of mass anteriorly, providing a lesser extensor 

moment (or reduced work of the quadriceps) and a corresponding decrease in the 

PFJRF and PFJS. Although the examiner did not assess the trunk position, some 

subjects might have adopted an upright posture before application of the tape (BT) to 
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hold their body in a balanced position during imbalanced activity of single leg 

squatting, while after application of tape (WT) it might have converted to slightly 

flexed posture. Indeed, through some mechanism, such as a decrease in the pain level 

or improving the sense of stability, taping the patella might have resulted in the 

altered trunk position, thus allowing a lesser knee extensor moment. Of course 

without any direct assessment of the trunk position, this is purely speculative. 

There was statistically no difference between kinetic characteristics (PFJRF and 

PFJS) of subjects with PFPS (BT) and healthy control subjects (NTHS) (p> 0.05), 

while these values in the affected knee of subjects with PFPS, before application of 

the tape (BT) were greater than their unaffected knees (UnNT) (p< 0.05) (Section 

5.6.2). It is likely that the limited number of 18 recruitments in each group influenced 

the results. The sample size for two groups was notably small. The post hoc power 

analysis (a = 0.05, power = 0.80) indicated that approximately 132 subjects would be 

required to detect a difference greater than 5.1% in PFJRF, which was observed in 

the present study. Indeed, it is possible that a true difference in PFJRF values 

between subjects with PFPS before application of tape (BT) and healthy controls 

(NTHS) with the small sample size of 18 subjects exist however, it was not detected 

due to relatively large variability (the observed power was 0.29 at a=0.05). 

It is evident that the kinetic values of PFJRF in healthy control subjects (NTHS) in 

the current study were different from values reported by previous studies. For 

example, Steinkamp et al. (1993) reported the mean values of 1902 ± 443 and 1234 ± 

210 N during a leg press exercise at 30° of knee flexion on healthy men and women, 

respectively. The mean values during a leg extension exercise with a weight at the 

same angle of knee flexion, on both men and women were 4262 ± 1009 and 2758 ± 

481 N, respectively. In the present study, the mean values of PFJRF in the NTHS 

condition (2112 ± 295 N for men and 1624 ± 365 N for women) seems to be slightly 

greater than the values of leg press exercise and smaller than the values of leg 

extension exercise reported by Steinkamp (1993). These values were also different 

from values obtained from the current study in affected knee of subjects with PFPS 

before application of the patellar tape (BT) (1991 ± 401 N for men and 2080 ± 259 N 

for women). The difference in the results can be sought in different method of test 

152 



approach, employed during these two studies. The mathematical method of 

measuring the knee extensor moment recruited by Steinkamp (1993), compared with 

kinetic analysis system used in the current study may have influenced the results. 

Although both studies employed a similar biomechanical model of the PFJ to report 

kinetic data, different methods employed to calculate the values of knee extensor 

moment in these two studies might have affected the PFJRF results. For example, 

Steinkamp (1993) assumed that during both activities of leg press and knee 

extension, the system was not moving, i. e., the contraction was isometric. 

Additionally, the knee axis was assumed to be unicentric in their study. These 

assumptions were taken into account because the knee extensor moments were 

calculated using the fixed parameters in the selected equations (Steinkamp et al., 

1993). In addition, the distance from knee centre to leg extension weight and distance 

from lower leg centre of mass to knee axis were assumed to be identical during 

different knee flexion angles. However, using the motion analysis system recruited in 

the current study, the coordinate data were calculated to measure the selected 

parameters during eccentric phase of single leg squatting. 

Considering the body weights of both male and female subjects in the PFPS group 

(Appendix 3, A3-8), it is evident that there was minimal differences between their 

body weights. However, the normalised PFJRF values of UnNT for both males and 

females (2.69 ± 0.35 and 2.77 ± 0.34 Body weight) were less than those related to 

BT condition (2.89 ± 0.37 and 2.91 ± 0.37 Body weight). In addition, the normalised 

PFJRF values in both conditions of WT (2.54 ± 0.36 and 2.62 ± 0.27 Body weight) 

and AT (2.42 ± 0.38 and 2.52 ± 0.30 Body weight) for both males and females 

decreased compared to the BT condition. The mean reduction of normalised PFJRF 

for AT condition compared to BT was 16% and 10% for males and females, 

respectively. 

The comparison of values in both groups of PFPS and healthy control subjects 

revealed that there was little difference in both sets of male subjects in terms of 

weight (70.10 ± 10.25 kg and 79.10 ± 5.95 kg) and normalised PFJRF values, i. e, 
UnNT (2.69 ± 0.35 body weight) compared with NTHS (2.72 ± 0.38 Body weight). 
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In contrast, there were large differences in body weight between the two female 

groups, with the PFPS subjects being considerably heavier with their mean weight 

(73.45 ± 8.60 kg) than the female controls (59.85 ± 5.40 kg), even exceeding that of 

male PFPS subjects (Appendix 3, A3-8). There was no corresponding difference 

between normalised PFJRF i. e, NTHS (2.77 ± 0.58 Body weight) versus UnNT (2.77 

± 0.34 Body weight) in female subjects. However, there was one very low value of 

normalised NTHS i. e, 1.71 x body weight. If this value was excluded, then the mean 

value for controls would exceed that of female PFPS subjects. 

Generally, the normalised PFJRF values in both groups of PFPS and healthy control 

subjects revealed that the weight of both male and female subjects did not affect the 

PFJRF values during single leg squatting. 

5.7.2 EMG characteristics 

The EMG analysis of the healthy control subjects (NTHS) and unaffected knee of 

subjects with PFPS, before application of patellar tape (BT) at 30° of knee flexion 

during single leg squatting revealed values of amplitude of VMO to VL muscles of 

less than unity (0.74 for BT and 0.82 for NTHS conditions). The present results are 

consistent with the results obtained from Tang et al. (2001) study, which 

demonstrated that the ratio amplitude of VMO/ VL was less than unity for normal 

subjects in eccentric (0.94) phase of isokinetic knee extension at 30° of knee flexion. 

The next hypothesis tested in the current study on the subjects with PFPS was the 

VMONL amplitude will not increase with patellar tape during single leg squatting 

and after application of the patellar tape during following-up period. The results 

obtained from the study, confirmed that both immediate and less than a 6-week 

application of the patellar tape could not increase the VMONL amplitude of affected 
knee of subjects with PFPS. According to the raw data (Table 5.2), the VMO 

amplitude in BT condition (0.51 mV) was slightly decreased during application of 

patellar tape in the follow-up period (AT) (0.48 mV). Similarly, the VL amplitude in 

the BT condition (0.69 mV) was slightly decreased during the follow-up period (0.66 

mV). However, the similar values of ratio amplitude of VMO and VL in both BT 
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(0.74) and the AT (0.73) conditions suggest that the patellar tape is not able to 

change the EMG activity of vasti muscles during the 6- week follow-up. Although it 

was expected that adding home exercises to the patellar tape protocol would increase 

the vasti muscle activity (Boucher et al., 1992), the lack of alteration observed in the 

current study, suggest that improving the symptoms in subjects with PFPS may be 

more dependent to taping method. One possible explanation of improving the 

symptoms after performing more exercises may be related to the effect of these 

exercises on the timing of the vasti rather than increasing the magnitude of the vasti 

activity. 

Another hypothesis tested in the current study was the VMO/VL amplitude are the 

same in both groups of subjects with PFPS (BT & UnNT) and healthy control 

(NTHS). Although the results obtained from the study confirmed this hypothesis, the 

raw data related to vasti amplitudes of healthy control subjects (NTHS) are 

interesting. According to the table 5.2, both VMO (0.72 mV) and VL (0.88 mV) 

amplitude values in the healthy controls are greater than those of BT (0.51 mV for 

VMO & 0.69 mV for VL) and UnNT (0.51 mV for VMO & 0.67 mV for VL) 

conditions in subjects with PFPS. The slightly greater values of vasti amplitudes in 

healthy controls may suggest that the level of vasti activity decreases in PFPS 

subjects. This may be attributed to quadriceps inhibition (Bennett & Stauber, 1986; 

Thomee et al., 1995; Powers et al., 1997). 

Lack of alteration in the ratio amplitude of VMO and VL, immediately after 

application of the patellar tape, reported in the present study, has been previously 

reported in the literature. Cowan et al. (2006) measured the amplitude of vasti in 10 

participants with PFPS during a stair-stepping task. They found that immediate 

application of both therapeutic and placebo tape did not alter the amplitude of vasti 
EMG during the stair-stepping activity. The reason that ratio amplitude was not 

changed may be due to the limited number of subjects employed in these studies. In 

the present study, it is possible that a true difference in vasti activity between taping 

conditions with the small sample size of 18 subjects exist however, it was not 
detected due to very large variability (the observed power was 0.06 at a=0.05). Post 

hoc power analysis with a=0.05 and ß=0.20 revealed that greater than 1500 

subjects would be required for a difference greater than 5.4 % observed with the 
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application of patellar tape to be significant. 

The VMO-VL onset for the affected knee of subjects with PFPS was greater than the 
healthy control subjects. This value however decreased immediately with application 

of the tape and during its application in the follow-up period in subjects with PFPS 

(Section 5.6.3.2). Decreasing the VMO-VL onset after application of the tape and the 

fact that there was no muscle onset difference between subjects in both control 
(NTHS) and PFPS groups after application of the tape (AT), suggests that this 

intervention resulted in improving the onset timing of VMO relative to VL in PFPS 

subjects. In fact it seems that the patellar tape could provide the optimal condition of 

vasti timing for subjects with PFPS. 

EMG onset of vasti has previously been investigated in both PFPS and healthy 

subjects. In two separate studies on the timing of vasti, Cowan et al. (2001a, 2002b) 

found that the EMG onset of VMO and VL occurred simultaneously in healthy 

control subjects during stair-stepping and rise or rock tasks. However, they reported 

that the EMG onset of VL occurred before that of VMO in PFPS subjects during the 

same activities. The results obtained from the subjects with PFPS in the current study 

(Section 5.6.3.2) are similar to those reported by Cowan et al. (2001a, 2002b); 

however there is difference in the results of VMO and VL onsets reported in healthy 

subjects. Cowan et al. (2001a, 2002b) found that the contractions of vasti muscles 

occurred simultaneously in the healthy subjects during stair stepping and rise or rock 

tasks, while in the current study the VMO activated earlier than the VL during single 
leg squatting in these subjects. This difference might be related to different activities 

employed in these studies, although it seems that single leg squatting is similar to 

both activities of stair stepping and rising on toes or rocking on heels. As both 

activities employed in the study conducted by Cowan et al. (2001a, 2002b) require 

controlling the constantly changing centre of body mass (Shumway-Cook & 

Woolacott, 1995) compared to single leg squatting, this might have influenced the 

timing results of VMO and VL in these studies. Performing future studies, 

employing different functional activities may clarify alterations in timing onset of 

vasti and effect of altering the centre of body mass on this parameter. 
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In another study, patellar tape was found to alter the timing of VMO and VL 

activation in subjects with PFPS during stair stepping task that is, without the 

application of tape, the onset of VL occurred before that of VMO, while application 

of the tape caused the earlier activation of VMO than the VL in the same activity 

(Cowan et al., 2002c). Similar results were also obtained in the current study, where 

it was found that after application of patellar tape, the vasti timing converted to 

earlier activation of VMO compared toVL (Figure 5.6). 

The earlier activation of the VMO compared to the VL following application of 

patellar tape and the associated improvement in timing and decrease in kinetic 

characteristics suggests that the patellar tape is able to influence the biomechanics of 

the PFJ. Such biomechanical influences may result in decreasing the symptoms in 

subjects with PFPS. 

5.7.3 Pain reduction 

Immediate reduction of pain (approximately 50 %) was obtained after application of 

the patellar tape in the current study. Crossley (2002) considered a change of 15 mm 

on a 100 mm visual analogue scale (VAS) to be clinically relevant. In the current 

study, the mean difference between before and with taping (BT-WT) was 29 mm on 

a VAS. The maximum pain reduction in subjects with PFPS started from week 2 

(Figure 5.8). This figure also demonstrates that the majority of maximum pain 

reduction occurred through week 4. According to the raw data, of the 18 subjects 

with PFPS, 4 subjects became completely symptom free at the last test session, while 

the range of pain in the remaining subjects was between 6 mm and 22 mm at the last 

test session. Although the cumulative effect of the patellar tape in decreasing the 

level of pain should not be ignored, the effect of exercises on this parameter requires 

more attention. Regarding the recommended home exercise program (Section 

5.4.6.3), which was accompanied with the patellar tape during the follow-up period, 

it is evident that the number of exercises employed during different weeks may have 

affected the maximum pain reduction. As, two more exercises of steps-down and 

isometric hip abduction (while squatting) were added to the exercises performed 

during weeks 1 and 2, decreasing the pain in more subjects in weeks 3 through 5 may 
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be also attributed to increasing the number of exercises employed during these 

weeks. Additionally, subjects were encouraged to perform home exercises by their 

physiotherapists as a routine treatment. Although the majority of subjects were 

checked irregularly by the physiotherapists during the follow up period and 

compliance of subjects was monitored, although not rigorously, the effect of these 

exercises on the symptoms of PFPS subjects can be considered as confounding 
factors. The effect of exercise therapy in subjects with PFPS will be discussed in 

section 6.4. 

5.8 Conclusion 

" An immediate reduction of pain was obtained after application of the 

patellar tape in subjects with PFPS; and this reduction continued between 

weeks 2 and 5 of the follow up period. 

" The kinetic values decreased in the affected knee of subjects with PFPS 

following the immediate application of the patellar tape and also between 

weeks 2 and 5 of the follow up period. These values were greater than those 

in the unaffected knee of PFPS subjects. 

" There was no difference between the kinetic characteristics of subjects with 
PFPS before application of the tape and healthy control subjects. This may 
be related to the small sample size recruited in both groups. 

" Both immediate and 2-5 week application of the patellar tape did not alter 

the VMO/VL amplitude of the affected knee of subjects with PFPS. 

" VMO-VL onset decreased immediately after the application of the tape and 
between weeks 2 and 5 of the follow up period in subjects with PFPS. 

There was no muscle onset difference (VMO-VL) between subjects in both 

control and PFPS groups, after application of the tape. This suggests that 

patellar tape improved the onset timing of the VMO in the PFPS group. 
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Chapter 6. Discussion 

6.1 Kinetics of the PFJ 

Subjects with PFPS suffer from pain, which is usually aggravated during activities 

associated with the flexed knee, such as squatting or kneeling. It is proposed that 

such activities result in higher magnitudes of PFJRF and associated PFJS (Reilly and 

Martens, 1972; Wallace et at., 2002). Indeed, it was reported that increases in the 

knee flexion angle enhance the magnitude of resultant PFJRF (Fulkerson & 

Hungerford, 1990). Associated with this increased PFJRF is a possible redistribution 

of contact stress over the joint surface of subjects with PFPS. The following section 

discusses the present findings in the light of previous kinetic data involving both 

healthy and PFPS subjects. 

6.1.1 Kinetics in healthy subjects 

Previous studies have quantified PFJRF, and PFJS, during a double-legged squatting 

manoeuvre, over a range of knee angles in healthy subjects. Salem et al. (2001) 

demonstrated that there were only small differences in both peak PFJRF and peak 

PFJS during squatting with a standard barbell in three flexed positions between 70° 

and 110°. Although the largest value of PFJRF was recorded at 1100, it was not 

statistically different from that recorded at 73°, with values of 5097 N and 4319 N, 

respectively. There were also no differences in PFJS between the three depths of 

squatting with values ranging from 10.8 MPa to 12.3 MPa. The authors thus 

suggested that there is no increased risk to the PFJ when squatting within this 

extreme range of knee flexion, which is at variance with the proposal that deeper 

squats are increasing harmful to the PFJ (Wiktorin & Nordin, 1986). By contrast, 

Wallace et al. (2002) reported enhanced magnitudes of PFJRF (and PFJS) with 
increasing knee flexion angles from 30° to 90° during equivalent squatting activities. 

In addition, Reilly and Martens (1972) reported that PFJRF increased monotonically 

with knee flexion angle from 0° to 140°. However, close examination of the data of 

van Eijden et al. (1986) revealed that whereas the ratio between quadriceps force and 
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joint reaction force changed significantly between 0° and 60° of knee flexion, there 

were only minor variations between 70° and 110° of knee flexion. Although the 

current study was performed during the eccentric phase of double- legged squatting 
between limited ranges of 30 - 60° of knee flexion in healthy subjects (Table 4.2), the 

trends observed generally follow equivalent findings in the literature. Measuring the 

PFJRF in PFPS subjects during different ranges of knee flexion and different 

activities might explain whether this might account for the pain experienced during 

deep squatting. 

In order to evaluate PFJS, some estimate of the appropriate patellofemoral contact 

area is required. This has been provided in cadaveric studies performed by Powers et 

al. (1998), who estimated contact areas as a function of knee flexion angle, as 
indicated in table 6.1. This relationship, which has been used by several authors, 

including Wallace et al. (2002) and in the present study (Section 4.1), indicates an 

increase in contact area with flexion angle up to 60°, beyond which there was 

minimal changes. In other words, up to a knee flexion angle of 60°, the PFJRF would 

be distributed over an increasing area of the PFJ. Thus the present data which reveals 

an increase in PFJS with flexion angle up to 60° (Table 4.2), strongly suggests that 

the increase in contact patellofemoral area were not sufficient to compensate for the 

larger relative increases in PFJRF. 

There have been three studies for which PFJS values have been estimated, as 
indicated in table 6.1. It can be seen that the two studies which employed identical 

contact area data and knee flexion protocols revealed similar values of PFJS for each 

of the three flexion angles. The other study by Steinkamp et al. (1993) used 

correspondingly higher values of contact area (based on data from Huberti et al., 
1984) and yet still reported greater PFJS values for both sexes, when compared to the 

other studies. These differences might be attributed to the fact that the leg press 

exercise used by Steinkamp and colleagues (1993) would demand an enhanced knee 

extensor activity when compared to squatting exercises. 
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Table 6.1 Summarized PFJS data and patellofemoral (PF) contact area versus different knee flexion 
angles during different functional activities. M= men, W= women 

Wallace et al. (2002) Steinkamp et al. (1993) Present study 

Double leg squatting Leg press exercise Double leg squatting 

PF Contact PFJS (MPa) PF Contact PFJS (MPa) PF Contact PFJS (MPa) 

area (cm 2) area (cm 2) area (cm 2) 

30° 1.71 1.10±0.10 3.1 6.1t1.4(M), 4.0: t 0.7(W) 1.71 2.50: t 0.20 

45° 1.95 2.26 ± 0.20 1.95 3.55: t 0.35 

60° 2.40 4.00 ± 0.45 3.9 16.5 ± 3.9 (M), 10.7 ± 1.8 (W) 2.40 4.45: t 0.60 

It is clear that the present work would have benefited from direct measurement of 

patellofemoral contact area during the double-legged squatting protocol. However, 

this would require the use of invasive techniques, such as CT-scans or MRI, which 

would have proved impractical in a biomechanical test area. In addition, alignment of 

these imaging modalities could not guarantee an accurate determination of the 

contact areas during these squatting protocols. 

6.1.2 Interaction of PFJ alignment and quadriceps lever arm 

The study, discussed in section 4.2, involving healthy subjects revealed that the 

application of patellar tape produced small reductions in values of PFJRF (and PFPS) 

(Table 4.7), although the differences were not statistically significant (p> 0.05). Any 

change in these forces might be attributed to the alteration in the patellar alignment 

and/or quadriceps lever arm. Although this hypothesis has not previously been 

examined with healthy subjects, several studies have evaluated the effects of taping 

on patella alignment with PFPS subjects using imaging techniques. The findings, 

however, have been variable. For example, Somes et al. (1997) and Worrell et at. 

(1994) reported improvements in patellar position using taping, whereas other studies 

demonstrated no evidence of change in patellar position (Bockrath et al., 1993; 

Gigante et al., 2001). These diverse findings might be attributed to differences in 

" the testing protocols which involved either weight bearing or non-weight 
bearing activities 
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" the taping procedures, which involved medial glide or tilt techniques versus 
the mixed techniques 

" the different imaging techniques employed. For example Bockrath et al. 
(1993), used Merchant's view x-ray (Merchant et al., 1974) to analyze the 

patellofemoral congruency, while Worrell et al. (1994) employed an MRI 

technique to investigate the patellar position. 

In the present work, patella alignment was not investigated before and after taping. In 

addition, the use of healthy asymptomatic subjects, with no evidence of patellar 

malalignment, may preclude the presence of significant PFJRF changes as a result of 

patellar taping. 

Any factor that alters the patella position or movement can therefore alter the length 

of the quadriceps lever arm and thus the knee extensor moment (Salsich et al., 2002). 

6.1.3 Kinetics in subjects with PFPS 

The combined results from both kinetic and EMG parameters for PFPS subjects, in 

addition to their pain levels prior to and following taping, are summarized in table 

6.2. It is evident that the significant reduction in pain levels following taping was 

associated with a modest reduction in both the knee extensor moments and the 

PFJRF. Such findings are at variance with two previous studies which reported an 
increase in knee extensor moment. In particular, Ernest et al. (1999) reported that the 

patellar tape condition resulted in a greater knee extensor moment (1.73 ± 0.36 and 

1.40 ± 0.27 N. m/kg) than the corresponding no tape condition (1.40 ± 0.46 and 1.21 

t 0.33 N. m/ kg) or placebo tape (1.38 t 0.32 and 1.28 ± 0.28 N. m/ kg) during two 

test activities, namely, single leg vertical jump and lateral step-up. In another study, 
Salsich et al. (2002) reported increases with patellar taping in knee extensor moments 
during both stair ascending and descending. However, the absolute range of values 
from 0.12 ± 0.17 to 0.55 ± 0.14 N. m/kg were considerably lower than those reported 
by Ernest et al. (1999) and those estimated in the present study. 
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Table 6.2 Summarized kinetic and EMG data and associated pain levels in 18 subjects with PFPS at 
different tape conditions during eccentric phase of single leg squatting at 30° of knee flexion. Values 
represent mean ± SD 

KEM 

(N. m)/kg 

PFJRF (N) PFJS (MPa) Pain level (mm) VMO/VL Amp 

(Median) 

VMO-VL 

onset(ms) 

PFPS subjects 

BT 1.61±0.19 2025 ±345 11.85 ±2.05 60± 10 0.74 (0.31) 2.54 ± 4.35 

WT 1.43±0.18 1796±295 10.50±1.75 31±9 0.70(0.48) -3.2213.45 

AT 1.37±0.19 1720±300 10.05±1.75 16±9 0.73(0.40) -6.00±3.40 

KEM = Knee extensor moment 

An alternative explanation for the decreased knee extensor moments reported in the 

present study involves the reduction of pain with the patellar tape (Table 6.2). It is 

proposed that the pain can inhibit both quadriceps activation and force production 
(Stokes et al., 1984). Thus subjects with less pain have potentially greater quadriceps 

activation. However, the results from the present and the previous study (Salsich et 

al., 2002) reject this proposal. A small, albeit insignificant, reduction in the 

quadriceps activity following patellar tape may therefore explain the decreased knee 

extensor moment. 

Another possible effect of patellar taping on altered knee extensor moment for 

consideration involves an increased proprioceptive input to the PFPS knee joint. 

Indeed previous studies which assessed the effect of external cutaneous stimuli, 

using either knee sleeves or elastic bandaging, demonstrated an enhanced joint 

position sense (Barrett et al., 1991; Lephart et al., 1992). A similar effect might be 

provided with patellar taping to facilitate both proprioception and motor performance 
(Conway et al., 1992), resulting in an increase in both muscle performance and knee 

extensor moment. However in the present study, the extent of knee extensor moment 

was decreased and there was no change in quadriceps performance, ratio amplitude 

of the vasti, after application of the tape (Table 6.2). Thus the current findings 

contest any possible involvement on knee biomechanics from a cutaneous input 

following patellar taping. A recent study also indicated that application of patellar 

tape did not enhance the joint position sense of the PFPS subjects (Callaghan et al., 
2007). 
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It is evident that with the proposed methodology it is impossible to assign the 

changes in the kinetic data directly to the mechanical effects of the patellar tape on 

the patellofemoral joint biomechanics of subjects with PFPS. Indeed, other factors 

should be considered including those associated with neurophysiological 

mechanisms. However, without evaluation of patellar alignment using the imaging 

techniques and comparison of kinetic data during application of therapeutic tape 

versus placebo tape, any causal effect must be considered to be speculative in nature. 

6.2 EMG 

6.2.1 VMO and VL amplitudes 

There was no significant alteration in ratio amplitude of VMO and VL, which was 

accompanied with a decrease in both the knee extensor moment and PFJRF, either 

immediately or in the follow-up period following patellar taping (Table 6.2). 

According to table 5.2, there were also no differences between the ratio amplitude of 

vasti muscles of both the PFPS and healthy control subjects during different 

conditions of taping. This revealed that patellar taping did not affect the magnitude 

of vasti muscles in PFPS subjects, as previously reported by Cowan et al. (2006). 

A very small decrease in VMO/VL ratio with decreased kinetic values in the current 

study might have been predicted. While reporting the increased extensor moment in 

the knee joint after taping can be justified by increasing the level of quadriceps 

activity, no alteration in the quadriceps activity were reported in a previous study 

(Salsich et al., 2002). They explained their results by suggesting the recruitment of 

muscles of the lower extremity, additional to the vasti, during stair stepping task. 

However, their paper does not clearly explain either the method of recording the 

vasti muscles activity or the descriptive data of vasti EMG. Therefore their results 

must be questioned in terms of inappropriate placement of vasti electrodes and / or 
different methods of recording and analyzing their data. 

By contrast to the present findings and those obtained from Salsich study (2002) 

related to VMO and VL activities, Christou (2004) reported that any form of patellar 
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taping increased the VMO activity and decreased the VL activity during maximal 
isokinetic leg presses in PFPS subjects. Unfortunately, they did not report the 

absolute values of VMO and VL amplitudes, so that a direct comparison could not be 

made. Nonetheless, the apparent differences in these three studies might be explained 
in terms of the muscle recruitment strategies for different activities. For example, the 

isokinetic leg press exercise, as employed by Christou (2004), has been shown to 

place a greater demand on the knee extensors than other kinds of closed kinetic chain 

exercises, including single leg squatting or stair stepping exercises (Wilk et al., 
1996). No alteration in VMONL ratio in the present study, after application of the 

tape (AT) is therefore the appropriate response to this lesser demand of the knee 

extensor moment. Indeed, the taping might have contributed to the recruitment of the 

quadriceps muscle based on the muscle demand during squatting, thus producing 

enhanced muscle efficiency. A further difference between these studies was that 

Christou (2004) only employed females with PFPS whereas the present and Salsich 

(2002) studies recruited both sexes. It is conceivable that there are gender differences 

in both the volume and strength of the quadriceps muscles and these might have 

contributed to the variable data associated with vasti activity between these three 

studies. 

6.2.2 VMO and VL onsets 

Although the reliability of vasti onset measurements was not high during pilot 

studies 4.3 and 4.4, effect of patellar taping on this parameter was investigated to 

find whether the temporal changes in vasti muscles are similar to those reported in 

the previous studies (Cowan et al., 2002c). The author of this study is therefore fully 

aware that any alterations in the timing of vasti can not be strongly attributed to 

application of patellar taping. The significant correlation between VMO-VL onset 

and level of pain which was reported in the present study following patellar taping 

(Figure 5.10) should also be considered with caution. 

Table 6.2 clearly reveals a change in onset activity following patellar taping in 

subjects with PFPS. Indeed, in untaped knees of these subjects, the mean onset of VL 

activity precedes that of VMO activity. However, immediately following taping, the 

onset of timing was reversed, and this finding was maintained during the follow-up 
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period. These present findings are consistent with an earlier study (Gilleard et al., 
1998), which reported an earlier onset of VMO activity compared to VL activity 
immediately following taping. In an alternative study (Cowan et al., 2002c), patellar 

tape was found to alter the timing of VMO and VL activation in PFPS subjects, 

whereas placebo taping had no such effect. In particular, VMO preceded the onset of 
VL in the concentric phase of the stair stepping task with taped patella, while during 

the eccentric phase of this activity the EMG timing of vasti muscles was 

simultaneous. Accordingly, the nature of the functional activities can influence the 

relative timing of the vasti muscles. Thus the present findings during the eccentric 

phase of single leg squatting are consistent with those involved in the concentric 

phase of stair stepping. Although both studies reported earlier activity of the VL 

compared to the VMO, before application of the tape (BT), the patellar tape could 

have realigned the patella (Worrell et al., 1994; Somes et al., 1997) and provided an 

optimal length for the VMO in specific activities. 

The altered sequence of activation in vasti muscles evident upon immediate 

application of patellar taping (WT) was also apparent after the 2-5 week programme 

of taping / exercise in PFPS subjects (Figure 5.6 and table 6.2). While the continual 

effect of taping on the vasti timing onset of PFPS subjects has not been previously 

reported, the short-term effects of this procedure in healthy subjects have been 

considered in the present and previous studies (Section 4.3.3). In the present study, 

the sequence of activation of vasti muscles was reversed following the removal of the 

tape (Figure 4.10), while Cowan et al. (2002c) found that patellar taping does not 

affect EMG vasti timing in healthy subjects. The perceived differences in associated 

with vasti timing might be related to the different application of the tape in these two 

studies. The therapeutic tape (medial glide technique) which was employed in the 

pilot study 4.3 might have altered the patellar alignment and thus, the vasti timing 

while, the placebo tape (vertical direction) adapted by Cowan et al. (2002c) appeared 

not to have resulted in any such effect. 

It is interesting to compare the onset parameter for the unaffected knee of PFPS 

subjects (UnNT) with that of healthy controls (NTHS). Figure 5.6 reveals 

considerable differences between the two values. It is tempting to suggest that this 
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difference is due to an imbalance in PFPS subjects, leading to an increase in weight 
bearing on the unaffected limb, particularly evident during activities involving a 
flexed knee joint. Indeed, this transfer of body weight to the unaffected limb 

provided a strategy for pain reduction, prior to any treatment regimen. The long-term 

strategy of unilateral shifting of body weight can lead to lateral bending on the 

unaffected limb which, in turn, could alter the onset of muscular activities in PFPS 

subjects during single leg squatting. 

6.3 Pain reduction 

A pain reduction of approximately 50% was obtained immediately after using the 

patellar tape in subjects with PFPS in the current study (Table 6.2). This level was 

considered to be a minimum threshold acceptable following patellar taping of 

subjects with PFPS (Crossley et al., 2002). The immediate reduction of pain has also 

been reported after application of patellar tape alone in other studies, as summarized 

in table 6.3. The clear variation in pain reduction might be attributed to the different 

activities employed in the various studies. For example, the maximum value of pain 

reduction following patellar taping was reported in the study evaluating knee 

extensor moment and cadence during stair ambulation (Salsich et al., 2002). In this 

study, subjects were noted to walk at a faster cadence during the taped trials 

compared to the untaped trials. Thus, although it is tempting to suggest that PFPS 

subjects with a reduced pain level can walk more quickly, no such correlation has 

been reported in the literature. 

Table 6.3 Percentage pain reduction following immediate application of patellar tape during different 
functional activities for subjects with PFPS 

Study Pain reduction Activity 

Salsich et al. (2002) 93% Stair stepping 

Powers et al. (1997) 78% Free & fast walking, ascend/ descen a ramp & stairs 

Bockrath et al. (1993) 54% Stair stepping 

Ng et al. (2002) 50% Single leg squatting 

Present study 48% Single leg squatting 
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6.4 Exercise therapy in subjects with PFPS 

In the present study, in addition to patellar taping of PFPS subjects, the exercises 

may also have produced a positive effect on the pain relief and decreased kinetic 

data. Previous studies on PFPS subjects revealed that there were no significant 
differences between the supervised standardized exercises and home exercise 

programs to reduce the pain level (Harrison 1999; Clark et al., 2000). Whittingham 

and colleagues (2004) also demonstrated that the combination of patellar taping and 

exercises resulted in a maximal result of pain reduction during a period of 4 weeks 

(Table 6.4). It is worthy of note that the two studies adopted distinct follow-up 

protocols. For example, the subjects in the Whittingham study (2004) attended the 

physiotherapy department each day for the application of tape and performance of 

exercises under the direct supervision of an experienced physiotherapist. By contrast, 
for practical reasons, both the compliance to the exercise program and the efficiency 

of the patellar taping was not monitored throughout the follow-up period in the 

present study. 

Table 6.4 Percentage final pain reduction following different conditions of taping and exercises in 
PFPS subjects 

Final pain reduction (%) 

Study Patellar tape + 

Exercises 

Placebo tape + 

Exercises 

Exercise alone 

Whittingham et al. (2004) 100 85 81 

Present study 74 

The temporal pattern, as illustrated in figure 5.8 revealed that the maximum pain 

reduction for the PFPS subjects often occurred between weeks 3 and 5, during which 

time the two additional closed kinetic chain exercises of steps-down and isometric 

hip abduction had been added to the exercise regime adopted in weeks 1 and 2 

(Figures 2.7 & 5.1). Indeed it has been reported that kinetic chain exercises produced 

an increased activity of vasti muscles (Boucher et al., 1992) that may contribute to 

the correction of the PFJ alignment and an associated reduction in pain. Interestingly, 

the present study revealed no alteration in vasti magnitude, following application of 
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home exercises during the follow-up period (Table 5.2). This study also found that 

the application of both patellar tape and exercises resulted in a decreased knee 

extensor moment. This may either be attributed to a decreased value of quadriceps 

muscle amplitude or a reduction in the quadriceps lever arm following this protocol. 

The decrease in symptoms as recorded in several subjects after the second week of 

follow-up period may be attributed to recruiting additional exercises during this 

period. Such exercises might have resulted in earlier activation of VMO compared to 

VL, which in turn, corrected the alignment of PFJ, reducing the symptoms during 

this protocol. 

Another possible explanation for decreasing the symptoms may be attributed to the 

proprioceptive enhancement of vasti muscles following closed kinetic chain 

exercises, employed during follow-up period. Although the effect of exercises on the 

vasti proprioception has not been previously reported, there have been related studies 

on the hamstring muscles of subjects with anterior cruciate ligament (ACL) 

deficiency. For example, Beard and colleagues (1994) demonstrated that the 

application of functional activities, particularly closed kinetic chain exercises, 

improved the reflex hamstring contraction latency in these subjects. Indeed, this form 

of proprioceptive regime was found to be more effective than the traditional 

strengthening exercises. The authors concluded that proprioception enhancement 

resulted in a facilitation of the rapid contraction of the hamstring muscles in subjects 

with ACL deficiency. Similar discussion may be appropriate for vasti muscle 

following application of closed kinetic chain exercises during follow-up period in the 

current study. Indeed, improving the symptoms during the follow-up period might be 

as a result of improving the latency of vasti contraction and enhancement of 

propriception following these exercises. 

6.5 Potential mechanisms in the pathogeneses of PFPS 

A major aim of the current study involving PFPS subjects was to elucidate the 

potential mechanisms of pain reduction after application of the patellar tape, which 
has not been well explained in previous studies. Based on the current findings, 

conveniently summarized in table 6.2, a number of critical factors may be proposed 

which could influence the stability of the PFJ, and hence may be important in the 
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pathogenesis of PFPS. These factors are summarized in the schematic of figure 6.1, 

which highlights those specifically examined in the present study. The discussion 

will initially focus on the asymptomatic PFJ. 

In addition to the quadriceps muscle, it has been proposed that the balanced activities 

of the medial and lateral retinaculum (Figure 1.4) act as passive and active stabilizers 

of the PFJ during both static and dynamic activities (Terry et al., 1986; Ahmed et al., 

1987; Williams & Warrick, 1989). The lateral retinaculum, which is thicker than its 

medial counterpart, arises from the iliotibial band. The quadriceps muscle, 

particularly the VMO and VL components, provide most of the active stabilization of 

the patella. It is suggested that there is a synergistic relationship between vasti 

muscles, which contributes to maintaining patellar alignment within the femoral 

trochlea (Figure 6.1). Indeed, some EMG studies reported that both the magnitude 

and onset of vasti muscles are balanced in the healthy individuals during different 

knee flexion activities (Smith, 1995; Powers et al., 1996; Karst & Willett 1997). 

It has also been postulated that the lateral aspect of the femoral trochlea provides an 

inherent tendency of the patella to track laterally (Farahmand et al., 1998). This 

capability results in a static restraint on the PFJ of healthy subjects. Indeed, it was 

shown that the bony structure of PFJ adds additional stability beyond 20 degrees of 

knee flexion (Grelsamer et al., 1998). These parameters result in an inherent stability 

of the PFJ with no associated pain and / or physical symptoms. 

By contrast, there are several scenarios which can be responsible for a symptomatic 

PFJ, leading to PFPS (Figure 6.1). One obvious example involves loading the 

structures in the PFJ, beyond the magnitude to which they are normally exposed. The 

increased knee flexion angle during weight bearing activities, in addition to the 

increased quadriceps muscle force, directly increases the magnitude of 

patellofemoral load. This could result in damage of several PFJ structures such as 

subchondral bone, cartilage on the PFJ, lateral retinaculum, peripatellar synovium 

and infra patellar fat pad. The resulting pain associated with this damage would be 

related to neurochemical alterations, where appropriate, in these structures (Section 

1.4.1). One or more of these pathways could conceivably result in a symptomatic 
PFJ. 
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Figure 6.1 Schematic to indicate the critical factors implicated in the pathogenesis of PFPS. Factors 
investigated in the current thesis are highlighted by red arrows 
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Another possible factor in the pathogenesis of PFPS involves an abnormal 
distribution of load on the PFJ (Figure 6.1), due to structural malalignment and / or 

muscle imbalance. For example, the tightness of iliotibial band may result in a non- 

uniform load distribution on the PFJ. This, in turn, could result in excessive lateral 

tracking, lateral patellar tilt and probable compression on the lateral part of the PFJ. 

Although previous studies demonstrated that the EMG onset of VL occurred before 

that of VMO in PFPS subjects during the stair- stepping task (Cowan et al., 2001a, 

2002b), there was no sufficient evidence to show decreased amplitude of vasti 

muscle activity following abnormal distribution of force on the PFJ. Similarly, the 

prior onset of VL compared to the VMO was demonstrated in the affected knee of 

subjects with PFPS in the current study (Table 6.2). This finding may either be 

attributed to an abnormal load distribution or malalignment of the PFJ in affected 

knees, as indicated by increased VMO-VL onset in figure 6.1. 

Additionally, it is thought that the values of both PFJRF and PFJS will increase 

following structural malalignment and re-distribution of load in the PFJ, especially 
during weight bearing activities in the flexed knee position (Reilly & Martens, 1972). 

These increases have indeed been revealed in the present study (Table 6.2). 

However, association of probable malalignment of PFJ with values of both PFJRF 

and PFJS was not evaluated in the current study. 

Other factors, extrinsic in nature, can influence the performance of the PFJ. These 

include excessive foot pronation and excessive hip internal rotation, both of which 

may result in an increased valgus vector force on the knee joint, as detailed in 

sections 1.4.4 and 1.4.5. This increase may, in turn, contribute to the lateral tracking 

of the patella and thus PFJ malalignment and associated pain in the PFJ, as indicated 

by increased foot pronation and hip internal rotation in figure 6.1. Although these 
deficiencies were not observed in any of the 18 PFPS subjects in the present study, 

the gluteus medius training was included in the exercise program for all subjects, as 
the weakness of hip external rotators was reported in many of these subjects 
(McConnell, 2002). 
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There are several treatment options for subjects with PFPS according to the origin of 

pain or disorder, as detailed in section 2.5. The basis of all treatment approaches, 
however, is to reduce the load on the PFJ and to realign the PFJ. One of these 

approaches involves retraining the VMO muscle using different exercises (Crossley 

et al., 2002; McConnell, 2002). In addition, the tightened muscles associated with 

PFPS subjects must be stretched during the treatment process. Flexibility exercises 

are therefore employed to elongate involved muscles such as the hamstrings, rectus 
femoris and tensor fascia lata or iliotibial band (Section 5.4.6.3). To successfully 

manage this condition, subjects with PFPS are encouraged to perform the functional 

activities in shallow depths of knee flexion with emphasis on the VMO retraining 

and necessary stretching exercises. These strategies are highlighted in figure 6.1. 

The main purpose of patellar taping, as an important treatment option in subjects 

with PFPS, is to locate the patella centrally within the intercondylar groove, 

realigning the PFJ. In addition, it is designed to redistribute PFJ load and enhance 

activity of the vasti muscles (McConnell, 2002). The potential role of patellar taping 

in providing a proprioceptive input has been discussed earlier in section 6.1.3. 

6.6 Clinical implications 

Several implications for the application of the patellar tape arise from the present 

work. Consistent with previous studies, it is evident that its application to correct 
lateral patellar glides or tilt, results in an immediate pain reduction in subjects with 
PFPS. It is therefore clear that use of tape in addition to the home exercises is 

clinically beneficial for these subjects, leading to symptomatic-free activity 
following a treatment period. Although the individual effects of patellar tape on pain, 
kinetics and EMG parameters was not shown during follow-up period of 2-5 weeks, 

the present findings do confirm that the tape is a complementary procedure to 
improve the symptoms of the PFPS. 

Additionally, the present study demonstrated that subjects with PFPS performed the 

single leg squatting with reduced values of PFJRF and PFJS during application of the 

tape. Since it has been assumed that the PFJRF is increased during bent knee 

activities (Reilly & Martens, 1972; Wallace et al., 2002), it is therefore beneficial for 

173 



these subjects to apply this procedure to perform their weight bearing activities with 

more efficiency and less pain. In addition, it was found that the patellar tape resulted 

in an improvement of VMO muscle onset compared to the VL, which contributes to 

the overall balanced activity of vasti during squatting. As this balanced activity may 

contribute to the maintenance of the patella in the intercondylar groove (McConnell, 

2002), it is clinically advisable to accompany patellar taping with quadriceps 

exercises in PFPS subjects. 

Combining the home exercises with the patellar tape may be beneficial to correct any 

PFJ malalignment, centralize the patella inside the intercondylar groove and 

consequent pain reduction. However, it was not shown that continuous decrease in 

the pain level was as a result of increased amplitude of the vasti muscles after 

performing additional exercises. Adding more closed kinetic chain exercises to the 

treatment protocol may be beneficial in term of earlier activation of VMO compared 

to VL or at least simultaneous activity of these muscles in PFPS subjects and thus, 

probable pain reduction. This approach might enhance a proprioceptive input to the 

muscles. 

6.7 Limitations of present study 

There were several limitations associated with the present study. For example, the 

recruitment rate of subjects was variable over the course of the study culminating in 

18 PFPS subjects completing the prolonged 14-month study with an equivalent 

number of healthy subjects. Although this sample size was sufficient to detect 

differences for both kinetic and EMG parameters in both PFPS and healthy control 

subjects separately, a sample of greater than 130 subjects in both groups were 

statistically required to detect kinetic differences between them (Section 5.7.1). It is 

possible that a true difference in PFJRF and PFJS existed between the affected knee 

of PFPS subjects, before using the tape and the knees of healthy control subjects but 

was not detected, given the inherent variability associated with the 18 subjects. 

Another limitation in this study was related to the estimation of the kinetic 

parameters. The biomechanical model of the PFJ as described by Salem & Powers 
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(2001) was used to calculate values of PFJRF and PFJS in the current study. These 

authors used two nonlinear equations (Section 3.6.3) applied to the data of van 
Eijden and colleagues (1986,1987) to calculate the effective lever arm of the 

quadriceps muscle and the constant (k) (Equations 3.15 and 3.18) and thus the 

PFJRF. The current study also used the patellofemoral contact area data (Figure 3.9) 

according to Powers et al. (1998) to calculate the PFJS. All these findings were 

obtained from cadaveric samples, and thus may not fully represent the in vivo 

situation. An alternative procedure, to calculate the lever arm of the quadriceps and 

area of contact for a PFJ, could involve the use of MRI scans from the PFJ of each 

subject during squatting. However, such a measurement would be associated with 

availability, cost of equipment and ethical considerations and thus would appear 

impractical within the context of a postgraduate research programme. 

Additionally, all PFPS subjects who attended the clinic, after a waiting period of up 

to 3 months were clearly entitled to appropriate treatment. Therefore to comply with 

ethical considerations for the study, all subjects were recommended a series of home 

exercises (Section 5.4.6.3) in their follow-up period. These represented additional 

exercises to those recommended by physiotherapists using different approaches as 

their routine treatment. The subjects were monitored for a period ranging between 5 

and 12 days, in terms of both the quantity and standard performance of these 

exercises during the follow-up period. Monitoring of exercise was achieved by either 
direct contact in the Human performance laboratory and/or by telephone discussions 

with individual subjects. Although the compliance of subjects to perform the home 

exercises was not rigorously monitored, these exercises could certainly have 

influenced the outcome. 

It is important to note that both kinetic and kinematic data would be influenced by 

alteration in the centre of body mass. The researcher was careful in initial training 

and subsequent verbal feedback, so that each subject performed the single leg 

squatting protocol without any raising of the heel or trunk deviation. Nonetheless, 

alteration in centre of body mass might still have occurred in the form of anterior 
flexion of the trunk in both PFPS and healthy subjects performing single leg 

squatting. There were practical limitations of attempting to calibrate, track and 

analyse the bilateral motion of trunk while simultaneously analysing the lower 
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extremities. For example, there was insufficient space in the laboratory to capture the 

bilateral motion of trunk and lower extremities during this activity. In addition, the 

unilateral imaging protocol did not guarantee the detection of the minimal 
displacement of the trunk during activities associated with the lower extremities. 

Another limitation of this study involved the placement of the surface reflective 

markers on selected bony landmarks (Figures 4.2 and 4.3). Although this was 

performed with care and attention, there was no guarantee that the markers were 

located identically between test sessions. This issue represents one of the common 

problems encountered during kinematic analysis. In addition, there was little control 

of displacement of markers due to skin movement. To reduce this effect, the markers 

were placed on bony landmarks, over skin under a physiological level of tension. 

There were also limitations in terms of both the acquisition and subsequent analysis 

of EMG signals. As with other studies, the present work used surface EMG 

electrodes to record the signals of vasti muscles. Surface EMG provides an averaging 

of the underlying muscles in the target volume. However, it is inevitable that this 

type of electrode is more sensitive to activity derived from superficial muscles than 

that from deeper lying muscles. Nonetheless, there have been studies involving the 

lumbar spine, where the appropriate placement of surface EMG electrodes certainly 

reflected the activity of deep muscles (Stuart et al., 1996). 

Although the EMG amplitude of vasti muscles was measured during the current 

study, this parameter was not completely representative of the vasti forces during the 

eccentric phase of squatting. It has been reported that the relationship of EMG 

amplitude and muscle force is most consistent and linear when muscle action is 

isometric at intermediate length (Soderberg & Cook, 1984). As the length of a 

muscle changes during isotonic exercises, during concentric and eccentric activities, 

the moment arm of this muscle also changes and this can produce a non-linear force- 

EMG relationship. Moreover, Komi (1973) found that the EMG amplitude remained 

constant in spite of decreased tension during concentric and increased tension during 

eccentric contractions. These results may suggest that activation of the contractile 

element, which is shown as the EMG amplitude of a muscle, does not necessarily 

correlate with the tension of a muscle recorded at the tendon. 
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In term of muscle onset, there was limitation on the use of a computer algorithm to 

detect the onset of vasti muscles. Accordingly, the EMG signals were analysed using 

a direct visual determination of vasti onset. To improve accuracy of this parameter, a 

mean value of three estimations was taken. This resulted in a parameter which was 

shown to produce poor to moderate reliability (Tables A2-5 and A2-6). Therefore the 

development of an automatic algorithm to more accurately detect the onset of vasti 

activities would clearly prove beneficial in future studies. 

6.8 Future work 

To analyse the motion of the lower extremity, understanding the activity of trunk in 

accordance with the distal parts of body would be useful in future work. This would 

enable examination of the effect of alteration in the centre of body mass on the 

kinetic and kinematic data of lower extremities during static activities. Therefore 

capturing bilateral motion of the trunk and legs using additional cameras in an 

expanded laboratory space, would enable the examination of trunk motion on the 

biomechanics of the lower extremities. 

A future study could involve the integration of MR imaging with the motion analysis 

system to measure the length of the quadriceps lever arm directly during the 

functional activity. Such a method to estimate the lever arm for each individual 

would increase the reliability of the kinetic data. Using this technique the contact 

area of PFJ could also be directly estimated during the activity. Future work may also 
focus on analysing the biomechanics of PFJ using MRI and on motion analysis, 

separately during both leg press and squatting exercises. 

To find the individual effects of patellar tape on the PFPS subjects and excluding the 

potential intervention of other confounding factors, the performance of a placebo 

randomized-control trial might prove the neurophysiological mechanisms of patellar 

taping and beneficial in a future study. These circumstances in addition to recruiting 

sufficient sample size will contribute to an extensive double-blinded control trial. 

Indeed, application of a placebo tape in a group of subjects with PFPS may reveal 

whether the PFJRF are reduced compared with subjects using therapeutic tape. The 
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study would also benefit from the rigorous monitoring of the compliance of subjects 

to perform the exercises in the future. Direct supervision of subjects to perform the 

exercises on a daily basis would determine the actual effects of exercises on pain- 

related symptoms. 

6.9 Conclusion 

9 Effects of the patellar tape on kinetic data of PFPS and healthy subjects are 

not identical. While the tape could decrease the kinetic values in PFPS 

subjects, it did not alter corresponding values in healthy subjects. The 

decreased kinetic data in PFPS subjects may be related to the effect of 

patellar tape to diminish the length of quadriceps lever arm and consequently 

apply smaller extensor moment to the knee joint. This lever arm may be also 

affected by a possible alteration in the centre of body mass during single leg 

squatting. 

" Application of patellar tape during the 2-5 week follow-up period was shown 

to exhibit no discernible effect on the ratio amplitude of vasti in PFPS 

subjects. Short- term application of the patellar tape also did not influence the 

ratio amplitude of vasti in healthy subjects. 

" Short-term application of the patellar tape had a very temporary effect on the 

EMG timing of vasti in the healthy subjects, but the onset of the two muscle 

groups were reversed during both immediate and the 2-5 week application of 

the tape in the PFPS subjects. This event may be attributed to the recruiting 

home exercises with the patellar tape, contributing earlier activation of the 

VMO than the VL or their balanced activation. 

" Decreased kinetic and kinematic data, may explain the mechanism of pain 

reduction following application of the patellar tape. Indeed, a probable 

shortening of the quadriceps lever arm, may be attributed to the function of 

patellar tape on the patella. This factor results in a decreased value of the 

knee extensor moment and thus the PFJRF value. Reduction of pain in 

subjects with PFPS may be therefore attributed to the effect of tape in 

decreasing the value of PFJRF. 
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Appendix 1: Summary table of anthropometric 
data (From Winter, 1990) 

Center of Mast/ Radius of Gyration/ 

Segment Wiight! Segment Length Segment Length 

Segment Definition Total Body Weight Proximal Distal C of G Proximal Distal Density 

Hind Wrist utis/knuc]de U middle 0.006 M 0506 0.494 P 0.297 0587 0377 M 1.16 
finget 

Forearm Elbow uislulnu styloid 0.016 M 0.430 0.570 P 0.303 0526 0.647 M 1.13 
Upper arm Glenohumeral uisklbow axis 0.028 M 0.436 0364 P 0.322 0542 0.645 M 1.07 
Forearm and hand Elbow uislulau stybid 0.022 M 0.682 0318 P 0.468 0.827 OS65 P 1.14 
Total um Genen m eral jointMnu 0.050 M 0330 0.470 P 0.368 0.645 0596 P 1.11 

sqWd 
Foot Lateral malloolur/head 0.0145 M 050 050 P 0.475 0.690 0.690 P 1.10 

Mdaam1 u 
Leg Femoral candylealmedial 0.0465 M 0.433 0561 P 0302 0528 0.643 M 1.09 

milkdus 
Thigh Greater trochinterfic ril 0.100 M 0.433 0567 P 0.323 0540 0.653 M 1.05 

contles 
Foot and Iq Femoral ceodyles/medial 0.061 M 0.606 0.394 P 0.416 0.735 0.572 P 1.09 

Taw leg 
malls" 

Grater trochinter/medial 0.161 M 0.447 0553 P 0326 OS60 0.650 P 1.06 
m alkolus 

Had and neck C1Ti and It nb/oar canal 0.081 M 1.000 - PC 0.495 1.116 - PC 1.11 
Söoulder macs Steraodav'icalat joint/ - 0.712 0.288 - - - 1.04 

u 
Thora C7-Tffl2-L1 and diaphragm' 0.216 PC 0.82 0.18 - - - 0.92 
Abdomen T12-LUL4-LS' 0.139 LC 0.44 0.56 - - -- 
Pdvi U-L$lpeata troduatce 0.142 LC 0.105 0.895 - - -- 
Thau and abdomen C7T11L4-1S 0.355 LC 0.63 037 - - -- 
Abdomen and pelvis T12-L118reata trochantex' 0.281 PC 0.27 0.73 - - - 1.01 
Trunk Greater troc a ntal 0.497 M 0.50 030 - - - 1.03 

J 
Trunk head neck Greater troclanterl 0378 MC 0.66 0.34 P 0303 0.830 0.607 M- 

HAT Greater troduted 0.678 MC 0.626 0.374 PC 0.496 0.798 0.621 PC - 

HAT Greater trochtaterhaid nb 0.678 1.142 - 0.903 1.456 -- 
'NOTE: Tkm egacuu an presented relative to the length between the greeter trochanter and the glenobumeal joint. 
£owce Ceder M. Dempua via Miller and Nelm; Biomahania of Sport, Len and Febiger, Philadelphia, 1973. P. Dempster via Plegenboetl Patients of 
Hwnae Motion, Pneticea Heil, Inc. Englewood Cifp, N. J., 1971. L, Dempster via Pla<enhoe! from living subject; Patent of Hwean Uotim, Prentice' 
Hell, Inc.. Englewood Clif6, N. 1., 1971. C, Calculated. 
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Appendix 2: Tables related to the chapter 4 
Table A2-1 CV of the PFJRF measurement (between session repetitions) during eccentric phase of 
single leg squatting at 30 degrees of the knee flexion on both knees (S =Subject, R= repetition) 

CV of the PFJRF 

for the right 

knees (%) 

CV of the PFJRF 

for the left knees 

(%) 

S1 RI 5.84 4.80 

S1 R2 6.58 3.79 

S2 R1 5.40 1.79 

S2 R2 4.52 4.74 

S3 R1 1.63 1.94 

S3 R2 2.72 4.35 

S4 R1 5.12 1.15 

S4 R2 3.31 3.47 

SS R1 7.31 7.50 

SS R2 1.81 6.30 

S6 R1 0.95 2.90 

S6 R2 1.52 2.54 

S7 R1 1.50 4.50 

S7 R2 4.82 0.98 

S8 R1 4.77 6.00 

S8 R2 3.95 1.78 

S9 R1 1.76 3.22 

S9 R2 4.51 5.71 

S10 R1 2.03 4.44 

S10 R2 5.04 3.87 

204 



Table A2-2 CV of the PFJRF measurement (within session repetitions), during eccentric phase of 
single leg squatting at 30 degrees of the knee flexion on both knees (S = Subject, R= repetition) 

CV of the PFJRF for the 

right knees (%) 

CV of the PFJRF for the 

left knees (%) 

Si R1 6.93 0.12 

Si R2 0.73 7.09 

Si R3 8.98 2.80 

S2 RI 0.82 0.54 

S2 R2 1.20 5.15 

S2 R3 2.31 5.16 

S3 RI 0.88 1.96 

S3 R2 0.63 2.97 

S3 R3 0.34 3.93 

S4 Ri 0.55 12.66 

S4 R2 0.31 12.66 

S4 R3 4.26 5.08 

S5 RI 1.42 1.56 

S5 R2 3.99 1.82 

S5 R3 3.63 1.67 

S6 Ri 0.93 2.03 

S6 R2 0.27 0.18 

S6 R3 0.15 0.76 

S7 R1 1.98 1.37 

S7 R2 0.45 6.07 

S7 R3 3.39 0.71 

S8 RI 1.89 1.68 

S8 R2 5.68 3.25 

S8 R3 4.42 4.05 

S9 Ri 5.07 3.33 

S9 R2 0.59 1.25 

S9 R3 3.39 0.20 

S10 Ri 2.25 1.34 

S10 R2 1.06 5.42 

S10 R3 3.19 5.36 
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Table A2-3 CV of the VMONL amplitude measurement (between session repetitions) during 
eccentric phase of single leg squatting at 30 degrees of the knee flexion on both knees (S = Subject, R 
= repetition) 

CV of the VMO/VL 

amplitude for the 

right knees (%) 

CV of the VMO/VL 

amplitude for the left 

knees (%) 

Si RI 7.22 4.76 

Si R2 7.31 12.19 

S2 RI 3.48 4.54 

S2 R2 10.34 10.71 

S3 RI 8.33 1.25 

S3 R2 5.00 12.00 

S4 RI 1.05 10.52 

S4 R2 2.04 3.61 

S5 RI 2.83 0.93 

S5 R2 1.88 0.97 

S6 RI 19.17 2.56 

S6 R2 19.35 2.43 

S7 RI 4.54 11.84 

S7 R2 2.27 4.54 

S8 RI 4.22 4.05 

S8 R2 1.21 10.76 

S9 R1 15.15 4.68 

S9 R2 5.74 8.33 

S10 RI 4.54 2.43 

S10 R2 2.27 3.44 
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Table A2-4 CV of the VMONL amplitude measurement (within session repetitions), during eccentric phase of 
single leg squatting at 30 degrees of the knee flexion on both knees(S = Subject, R= repetition) 

CV of the VMO/VL 

amplitude (%) (R knees) 

CV of the VMO/VL 

amplitude (%) (L Knees) 

S1 R1 1.31 6.49 

S1 R2 1.14 6.74 

Si R3 0.00 5.88 

S2 Ri 4.81 7.50 

S2 R2 6.45 2.29 

S2 R3 0.00 0.00 

S3 RI 1.31 13.88 

S3 R2 5.81 0.00 

S3 R3 3.52 1.23 

S4 Ri 4.12 13.51 

S4 R2 4.12 4.76 

S4 R3 0.00 1.25 

S5 R1 0.96 3.80 

S5 R2 0.93 1.88 

S5 R3 0.92 0.95 

S6 Ri 6.77 3.70 

S6 R2 17.74 6.25 

S6 R3 10.97 1.25 

S7 RI 3.52 1.19 

S7 R2 2.27 9.30 

S7 R3 1.09 21.79 

S8 RI 13.33 11.59 

S8 R2 10.38 17.64 

S8 R3 7.69 1.38 

S9 RI 22.53 4.76 

S9 R2 28.94 8.57 

S9 R3 8.53 9.85 

S10 RI 3.52 0.00 

S10 R2 2.27 7.14 

S10 R3 1.09 4.65 
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Table A2-5 CV of the VMO-VL onset measurement (between session repetitions) during eccentric 
phase of single leg squatting at 30 degrees of the knee flexion on both knees(S = Subject, R= 
repetition) 

CV of the VMO- 

VL onset for the 

right knees (%) 

CV of the VMO-VL 

onset for the left knees 

(%) 

Si R1 16.95 14.36 

Si R2 15.39 13.77 

S2 RI 8.65 8.33 

S2 R2 11.34 10.51 

S3 RI 19.52 16.68 

S3 R2 21.36 20.92 

S4 R1 41.95 38.75 

S4 R2 36.15 29.78 

S5 R1 24.73 25.31 

S5 R2 21.44 23.62 

S6 RI 10.36 8.43 

S6 R2 12.77 9.54 

S7 RI 9.55 12.39 

S7 R2 12.26 15.13 

S8 RI 17.15 16.62 

S8 R2 19.36 16.55 

S9 R1 14.30 13.20 

S9 R2 16.74 18.92 

S10 R1 22.31 19.53 

S10 R2 18.54 20.32 
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Table A2-6 CV of the VMO-VL onset measurement (within session repetitions), during eccentric 
phase of single leg squatting at 30 degrees of the knee flexion on both knees(S = Subject, R= 
repetition) 

CV of the VMO-VL onset 
(R knees) (%) 

CV of the VMO-VL onset 
(L Knees) (%) 

Si Ri 15.61 13.23 

Si R2 15.90 16.87 

Si R3 13.36 12.74 

S2 Rl 0.00 8.90 

S2 R2 9.32 9.64 

S2 R3 18.24 15.22 

S3 RI 20.17 18.32 

S3 R2 17.67 19.54 

S3 R3 14.50 12.38 

S4 Ri 48.65 37.61 

S4 R2 40.31 42.85 

S4 R3 35.27 34.19 

S5 RI 16.44 14.71 

S5 R2 14.30 10.72 

S5 R3 10.88 11.56 

S6 Ri 8.86 10.17 

S6 R2 10.32 12.48 

S6 R3 6.37 0.00 

S7 RI 12.45 15.31 

S7 R2 11.36 14.52 

S7 R3 13.33 14.16 

S8 Ri 14.15 17.26 

S8 R2 10.52 13.37 

S8 R3 9.68 12.59 

S9 Rl 18.51 14.62 

S9 R2 20.16 16.37 

S9 R3 17.36 16.52 

S10 Ri 27.75 30.64 

S10 R2 22.61 26.91 

S10 R3 22.15 25.71 
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Appendix 3: Supplementary information for 
chapter 5 

A3-1 Information sheet for subjects with PFPS 

41 

Barts and The London Centre for Sport and Exercise Medicine ~Gýý Barts and the London School of Medicine and 
Queen Mary's School of Medicine and Dentistry Dentistry 

Mann Ward 
The Mile End Hospital 

Bancroft Road 
London El 4DG 

Telephone: +44 (0)20 7223 8839 
Fax: +44 (0)20 8983 6500 

Mr Peter Hamlyn B. S. c., MB. BS., M. D., F. R. C. S., F. I. S. M. 
Consultant of Neurological and Spinal Surgeon 

Director - Centre for Sports & Exercise Medicine 

Information sheet of subjects with PFPS 

Study title: The effects of patellar taping on patellofemoral pain 
syndrome (PFPS) 
(Version 4: 11.05.2006) 

Invitation paragraph 
You are being invited to take part in a research study. Before you decide, it is important for 

you to understand why the research is being done and what it will involve. Please take time 
to read the following information carefully and talk to others about the study if you wish. We 
have the agreement of your physiotherapy department for you to take part in this study. 
Thank you for reading this information sheet. 

The purpose of this study 
You may know that the knee is common site for injury and patellofemoral pain syndrome 
(PFPS) or pain around the kneecap (patella) is one of the most common disorders affecting 
young active adults. People with this disorder are often referred for physiotherapy. The 

physiotherapy may include exercises and a specific technique namely patellar taping to 

reduce pain. This research project is being undertaken as part of a PhD education 
qualification. The aim of this study is to investigate whether pain reduction using tape is due 

to its ability to provide a corrective effect (biomechanical correction) on the kneecap. To test 
this theory we aim to measure the forces of the kneecap on patients with PFPS and compare 
these with the results obtained from healthy subjects. This will be done by: 

a) Asking questions about your pain level and history of your condition, 
b) Examining your leg and kneecap 

c) Measuring the forces on your knee joint during knee bending 
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A3-1 Information sheet of subjects with PFPS (Continued) 

Why have you been chosen? 
As a person with PFPS, you have been chosen to take part in this study. We aim to test about 
15 people with this condition to find useful information. For this reason we are asking you to 
take part in this study. 

Do you have to take part? 
Deciding on whether or not to take part is up to you. If you decide to take part you will be 
given this information sheet to keep and be asked to sign a consent form. If you decide to 
take part you are still free to withdraw at anytime, without giving any reason and it will not 
affect the usual treatment you receive. If you choose to withdraw from the study any 
information that has been formerly collected will be processed as part of the study. If you 
decide to take part you will be invited to our laboratory in Queen Mary University of London 
for testing. 

What are the criteria to take part? 
To take part you will need to be aged between 16 and 40 without having: 

a) any history of injury, inflammatory or infectious diseases in your knee 
b) any history of dislocation or partial dislocation of your kneecap 
c) signs of secondary osteoarthritis (if X-ray is available) or history of surgery in your 

knee joint 

What happens to you if you take part? 
We will ask you to come to the Kidman laboratory located within the Engineering Building 
at Queen Mary University of London, Bancroft Road (about 250 meters from Mile End 
Hospital) and ask questions about your knee pain. Then we will measure your height, weight, 
length of your leg and evaluate your kneecap, knee and lower limb muscles. Next, you need 
to wear a pair of shorts as reflective markers and sticky pads will be put on your leg. You 
will then be asked to stand on one leg on a force plate and bend your knee. A video camera 
will record the movement, the force plate will record the forces and the sticky pads will 
record the muscle activity. 

After these measurements we will apply patellar tape on your knee according your kneecap 
condition and repeat the same measurements with the tape in place. At the end of the first 
session you will be instructed to perform some home exercises and also be instructed to 
independently apply the tape, reapply daily and wear it during all active daily hours for the 
duration of follow up. You will need to be checked and evaluated weekly and you will be 
asked to come in for a final session for testing, exactly the same as the first session. 

We are therefore asking you to come to 2 testing sessions to measure your knee in addition 
to the physiotherapy treatment you have been referred for. 

Your duration of participation in the study will not be more than 6 weeks. We can reimburse 
you for reasonable travel expenses (maximum £20). 

Are there any side effects? 
As long as you are not allergic to elastoplast or your skin is easily irritated there are no side 
effects. If you do suffer any discomfort using the patellar tape the study will be stopped 
immediately. 
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A3-1 Information sheet of subjects with PFPS (Continued) 

Are there any possible benefits of taking part? 
The data from this study may help us to understand the mechanism of pain relief and 
consequently why you developed pain. It may also provide valuable management strategies 
for prevention in the future. You will be informed about the results if you wish. 

What if something goes wrong? 
This study does not involve anything outside routine clinical care. However, if you are 
harmed by taking part in this research project, there are no special compensation 
arrangements. If you are harmed due to someone's negligence, then you may have grounds 
for a legal action but you may have to pay for it. Regardless of this, if you wish to complain, 
or have any concerns about any aspects of the way you have been approached or treated 
during the course of this study, the normal National Health Service complaints mechanisms 
should be available to you for impartial advice and complaints. So you can initially contact 
Patient Advice and Liaison Services (PALS) by telephone on 0207 943 1335 or by email on 
pals@bartsandthelondon. nhs. uk . 

Will your taking part in the study be kept confidential? 
All information collected about you will be kept strictly confidential. The researchers 
comply with the Data Protection Act 1998 and any personal details will be handled 

accordingly. Your GP will be informed about your taking part in the study if you wish. 

Who is organising and funding the research? 
The study is organised by Dr Zoe Hudson and her PhD student at Queen Mary University of 
London. The study is funded by Queen Mary University of London. 

Who has reviewed the study? 
The study has been reviewed by the East London and City Research Ethics Committee. 

Contact for further information: 
If you do decide to take part you will be given this information sheet to keep and be asked to 
sign a consent form. If you are interested in taking part in this study or would like more 
information please contact Mr Javid Mostamand by email on i. mostamand@gmul. ac. uk or 
by telephone on 0208 223 8839. You can also contact Dr Zoe Hudson by email on 
Z. Hudson@gmul. ac. uk or by telephone on 0208 223 8839. 
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A3-2 Consent form for PFPS subjects 

of, 

2? d Barts and The London Centre for Sport and Exercise Medicine 

Queen Mary's School of Medicine and Dentistry 
Barts and the London School of Medicine and 

Dentistry 
Mann Ward 

The Mile End Hospital 
Bancroft Road 

London El 4DG 
Telephone: +44 (0)20 7223 8839 

Fax: +44 (0)20 8983 6500 
Mr Peter Hamlyn B. S. c., MB. BS., M. D., F. R. C. S., F. I. S. M. 

Consultant of Neurological and Spinal Surgeon 
Director - Centre for Sports & Exercise Medicine 

CONSENT FORM 
Title of Project: the effects of patellar taping on patients with patellofemoral pain 
syndrome (PFPS) 

Name of Researcher: Javid Mostamand 

(Version 4: 11.05.2006) Please initial boxes 

1. I confirm that I have read and understand the information sheet dated 11.05.2006 Q 
(Version 4.0) for the above study. I have had the opportunity to consider the information, 
ask questions and have had these answered satisfactorily. 

2. I understand that my participation is voluntary and that I am free to withdraw at any Q 
time, without giving any reason, without my medical care or legal rights being affected. 

3. I understand that relevant sections of any of my medical notes and data collected during 
the study, may be looked at by responsible individuals from Queen Mary University of Q 
London from regulatory authorities or from the NHS Trust, where it is relevant to my taking 
part in this research. I give permission for these individuals to have access to my records 
whilst respecting m rights under the Data Protection Act 1988. 

Q 
4. I wish to mGP being informed of my participation in the study 

5. I wish to be informed of the results of the study when it has been completed 
Q 

Q 
6.1 agree to take part in the above study 

Name of Patient Signature Date 

Name of Person taking consent Signature Date 
(if different from researcher) 

Name of Researcher Signature Date 

When completed, 1 for patient; 1 for researcher site file; 1 (original) to be kept in medical note 
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A3-3 Information sheet for healthy subjects 

IN 
Centre for Sport and Exercise Medicine Barts and The London Barts and the London School of Medicine and 

Queen Mary's School of Medicine and Dentistry Dentistry 
Mann Ward 

The Mile End Hospital 
Bancroft Road 

London El 4DG 
Telephone: +44 (0)20 7223 8839 

Fax: +44 (0)20 8983 6500 
Mr Peter Hamlyn B. S. c., MB. BS., M. D., F. R. C. S., F. I. S. M. 

Consultant of Neurological and Spinal Surgeon 
Director - Centre for Sports & Exercise Medicine 

Healthy Subjects Information Sheet 

Study title: The effects of patellar taping on patellofemoral pain 
syndrome (PFPS) 

(Version 4: 11.05.2006) 

Invitation paragraph: 
You are invited to take part in a research study. Before you decide it is important for you to 
understand why the research is being done and what it will involve. Please take time to read 
the following information. 
Thank you for reading this information sheet. 

The purpose of this study: 
You may know that the knee is common site for injury and patellofemoral pain syndrome 
(PFPS) or pain around the kneecap (patella) is one of the most common disorders affecting 
young active adults. People with this disorder are often referred for physiotherapy. The 

physiotherapy may include exercises and a specific technique namely patellar taping to 
reduce pain This research project is being undertaken as part of a PhD education 
qualification. The aim of this study is to investigate whether pain reduction using tape is due 
to its ability to provide a corrective effect (biomechanical correction) on the kneecap. To test 
this theory we aim to measure the forces of the kneecap on patients with PFPS and compare 
these with the results obtained from healthy subjects. 

Why have you been chosen? 
As a healthy person with no knee pain you have been chosen to take part in this study. We 

aim to test about 15 healthy people . For this reason we are asking you for your time to do the 
study. 

Do you have to take part? 
Deciding whether or not to take part is up to you. If you decide to take part you will be given 
this information sheet to keep, and be asked to sign a consent form. Then you will be invited 
to our laboratory in Queen Mary University of London for testing. If you don't agree to take 
part in this study, this will not affect your future study and /or career. 
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A3-3 Information sheet of healthy subjects (Continued) 

What are the criteria to take part? 
To take part you will need to be aged between 16 and 40 and have no current history (within 
last 6 months) of injury or pain associated with the lower limbs and spinal column. 

What happens to you if you take part? 
We will ask you to come to the Kidman laboratory located within the Engineering Building 
at Queen Mary University of London, Bancroft Road (about 250 meters from Mile End 
Hospital). Then we will measure your height, weight and length of your leg. Then you need 
to wear a pair of shorts and reflective markers and sticky pads will be put on your leg. You 
will then be asked to stand on one leg on a force plate and bend your knee. A video camera 
will record the movement, the force plate will record the forces and the sticky pads will 
record the muscle activity. 
Your duration of participation in this study will not be more than 1 hour. 

Are there any side effects? 
There are absolutely no side effects as the only thing being done is to stick the markers and 
electrodes (for a short period) on the legs. 

What happens if there is a problem? 
If you are harmed by taking part in this research project, there are no special compensation 
arrangements. If you are harmed due to someone's negligence, then you may have grounds 
for a legal action but you may have to pay for it. Regardless of this, if you wish to complain, 
or have any concerns about any aspects of the way you have been approached or treated 
during the course of this study, you can contact Chief Operating Officer for the Barts and the 
London, Queen Mary School of Medicine and Dentistry, Wardens Office, 32 Newark Street, 
Whitechapel, London EI 2AA. 

Will your taking part in the study be kept confidential? 
All information collected about you will be kept strictly confidential. The researchers 
comply with the Data Protection Act, 1998 and any personal details will be handled 
accordingly. 

Who is organising and funding the research? 
The study is organised by Dr Zoe Hudson and her PhD student at Queen Mary University of 
London. The study is funded by Queen Mary University of London. 

Who has reviewed the study? 
The study has been reviewed by the East London and City Research Ethics Committee. 

Contact for further information: 
If you do decide to take part you will be given this information sheet to keep and be asked to 
sign a consent form. If you are interested in taking part in this study or would like more 
information please contact Mr Javid Mostamand by email on j. mostamand@gmul. ac. uk or 
by telephone on 0208 223 8839. 
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A3-4 Consent form for healthy subjects 

oil 

GQa Barts and The London Centre for Sport and Exercise Medicine 
Barts and the London School of Medicine and 

Queen Marys School of Medicine and Dentistry Dentistry 
Mann Ward 

The Mile End Hospital 
Bancroft Road 

London El 4DG 
Telephone: +44 (0)20 7223 8839 

Fax: +44 (0)20 8983 6500 
Mr Peter Hamlyn B. S. c., MB. BS., M. D., F. R. C. S., F. I. S. M. 

Consultant of Neurological and Spinal Surgeon 
Director - Centre for Sports & Exercise Medicine 

CONSENT FORM FOR HEALTHY SUBJECTS 

Title of Project: the effects of patellar taping on patients with 
patellofemoral pain syndrome (PFPS) 

Name of Researcher: Javid Mostamand 
(Version 4: 11.05.2006) 

Please initial boxes 

1. I confirm that I have read and understand the information sheet dated 11.05.2006 Q 
(Version 4.0) for the above study. I have had the opportunity to consider the information, 
ask questions and have had these answered satisfactorily. 

2. I understand that my participation is voluntary and that I am free to withdraw at any 
time, without giving any reason, without my legal rights being affected. 

Q 

3. I understand that relevant sections of my data collected during the study, may be 
looked at by responsible individuals from Queen Mary University of London from regulatory Q 
authorities or from the NHS Trust, where it is relevant to my taking part in this research. I 
give permission for these individuals to have access to my records whilst respecting my 
rights under the Data Protection Act 1988. 

4. I wish to be informed of the results of the study when it has been completed F-I 
5.1 agree to take part in the above study 

Name of subject Signature Date 

Name of Person taking consent Signature Date 
(if different from researcher) 

Name of Researcher Signature Date 

When completed, 1 for subject; 1 for researcher site file; 
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A3-5 Visual Analogue Scale (VAS) 

The visual analogue scale (VAS) is used for initial assessment of 

your pain during clinical assessment. You will be asked to score the 

level of pain on this scale during every evaluation session. 

Using the provided scale, please indicate your pain degree during 
shallow single-leg squatting. 

Notice: 

Please make a mark on the line as shown in the example. 0 means no pain and 
10 is the worst pain you can imagine 

For example: 

0 

What is your pain degree at this time? (Point on scale) 

0 

10 

10 
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A3-6 Tests of normality for data of PFPS subjects 

Shapiro-Wilk 

Statistic df Sig 

Pain level during first session (13T) 0.96 18 0.61 
Pain level during first session (WT) 0.96 18 0.66 

Pain level during last test session (AT) 0.97 18 0.90 

Shapiro-Wilk 

Statistic df Sig 

PFJRF of unaffected knee 0.94 18 0.38 
PFJRF of affected knee (BT) 0.94 18 0.30 
PFJRF of affected knee (WT) 0.90 18 0.07 
PFJRF of affected knee (AT) 0.91 18 0.09 

Shapiro-Wilk 

Statistic df Sig 

VMO/VL amplitude of unaffected knee 0.66 18 <0.01 
VMO/VL amplitude of affected knee (BT) 0.79 18 0.001 
VMONL amplitude of affected knee (WT) 0.71 18 <0.01 
VMO/VL amplitude of affected knee (Al) 0.78 18 0.001 

Shapiro-Wilk 

Statistic df Sig 

VMO-VL onset of unaffected knee 0.94 18 0.36 
VMO-VL onset of affected knee (BT) 0.94 18 0.37 
VMO-VL onset of affected knee (WT) 0.96 18 0.75 
VMO-VL onset of affected knee (AT) 0.95 18 0.48 

218 



A3-7 Tests of normality for data of healthy subjects 

Shapiro-Wilk 

Statistic df Sig 

PFJRF of right knees of healthy subjects 
PFJRF of left knees of healthy subjects 

0.96 
0.95 

18 
18 

0.76 
0.45 

Shapiro-Wilk 

Statistic df Sig 

VMONL amplitude of right knees of healthy 0.976 18 0.90 
subjects 

VMONL amplitude of left knees of healthy 0.911 18 0.09 
subjects 

Shapiro-Wilk 

Statistic df Sig 

VMO-VL onset of right knees of healthy 0.94 18 0.32 
subjects 

VMO-VL onset of left knees of healthy 0.92 18 0.12 
subjects 
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A3-8 Individual PFJRF values, normalized for body weight of both genders of subjects with PFPS and 
healthy controls in different tape conditions. M and SD represent mean and standard deviation, 
respectively. 

Weight 

Normalised PFJRF In male subjects 
with PFPS (Body weight) 

Weight 

Normalised 
PFJRF In 

male controls 
(Body weight) 

(kg) UnNT BT WT AT (kg) NTHS 
75 2.93 3.29 2.94 2.75 84 2.76 
74 2.91 3.12 3.00 2.87 90 3.15 
51 2.42 2.44 2.34 2.31 76 2.54 
60 2.44 2.36 1.96 1.67 80 2.29 
57 3.50 3.41 3.12 2.97 81 2.44 
69 2.72 2.93 2.68 2.55 78 2.89 
78 2.51 2.67 2.25 2.06 82 3.06 
84 2.59 2.63 2.32 2.23 68 2.85 
68 2.60 2.69 2.33 2.31 82 2.53 
79 2.73 2.87 2.62 2.58 72 2.71 
76 2.20 3.35 2.38 2.37 77 2.73 

M 70.09 2.69 2.89 2.54 2.42 M 79.09 2.72 
SD 10.26 0.35 0.37 0.36 0.38 SD 5.94 0.26 

Normalised PFJRF In female subjects 
with PFPS (Body weight) 

Normalised 
PFJRF In 
female 

controls 
(Body 

weight) 

86 2.55 2.56 2.41 2.27 53 3.04 
73 3.33 3.05 2.89 2.77 59 1.71 
70 3.08 2.92 2.73 2.62 56 2.45 
83 2.32 2.43 2.16 2.04 66 3.14 
68 2.73 3.00 2.72 2.65 57 3.21 
61 2.84 2.84 2.56 2.40 60 3.35 
73 2.57 3.56 2.89 2.89 68 2.48 

M 73.43 2.77 2.91 2.62 2.52 M 59.86 2.77 
SD 8.62 0.34 0.37 0.27 0.30 SD 5.40 0.58 
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