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Abstract 

 

INTRODUCTION: Patellofemoral dysfunction following total knee replacement 

(TKR) is significant. Due to the intimate relationship of the femoral component 

and patella, aspects of knee arthroplasty such as femoral component malrotation 

and patellofemoral overstuff have been sited as predisposing factors to such 

complications. The principal structures of the extensor retinaculum act as a 

checkrein for the patella as it tracks over the femur. Little biomechanical 

information is available on the behaviour of these structures, or the effects of 

TKR on them.  

AIM: The aim of this thesis was to measure retinacular behaviour in the normal 

knee and following TKR. We hypothesise that TKR will cause significant 

elongation of the retinacula and this would be further deranged with the addition 

of femoral component malrotation and patellofemoral overstuff. METHODS: 

Retinacular length changes were measured by threading fine sutures along the 

retinacula and attaching these to displacement transducers. The intact knee was 

flexed-extended on a custom built rig, while the quadriceps were tensed. 

Measurements were repeated post-TKR (Genesis II CR, Smith & Nephew Co.), 

following internal/external rotation of the femoral component 5° and finally 

altering the resurfaced patellar thickness by 2mm increments. RESULTS: The 

medial patellofemoral ligament (MPFL) was close to isometric, whereas the 

lateral retinaculum slackened significantly with knee extension. TKR did not 

cause statistically significant elongation of the retinacula. Internal rotation of the 
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femoral component resulted in the MPFL slackening whereas external rotation 

resulted in the MPFL tightening as the knee extended. The lateral retinaculum 

showed no significant differences. Overstuffing the patellofemoral joint caused 

significant stretching of the MPFL at all angles of knee flexion, but very little 

change in the lateral retinaculum.  

CONCLUSION: This work has shown a correctly positioned TKR does not cause 

significant retinacular length changes sufficient to affect knee function. It has 

shown that small changes in femoral component rotation and patellofemoral 

overstuff of 4mm cause significant changes, particularly in the medial structures 

and not the lateral structures, contrary to current understanding. This work has 

described for the first time how the lateral retinaculum’s mobile attachments allow 

its principal fibres to move anteriorly and posteriorly with the patella, taking up 

any slack/tension produced by abnormal patellar shift/tilt. This work provides 

important insight into the contribution of the retinacula to patellofemoral 

biomechanics after knee replacements and may help in developing a more soft 

tissue friendly knee prosthesis.   
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1.1 The Extensor Retinaculum 

 

The retinaculum of the knee is a major restraint to medio-lateral    

displacement of the patella on the femoral trochlea. By definition, the term 

retinaculum means to tether or restrain and for that reason the term is used in 

anatomy to describe a halter or a band-like structure which serves this function.  

 

The patellar retinacula extend from the patella to the femoral condyles and to the 

lower margins of the condyles of the tibia; they are fibrous connective tissue 

structures expanding from the quadriceps tendon and from the lower margins of 

vastus medialis and lateralis. Based on anatomical dissections, the patellar 

retinaculum is divided into multiple fascial layers (Fulkerson et al, 1980; Warren 

et al, 1979; Terry et al, 1989). Dye et al (1993) divided the patellar retinaculum 

into five fascial layers: 
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Figure 1 : Line diagram showing the five fascial layers (A to E) of the extensor 

retinaculum from superficial to deep. Dye et al (1993) 

 

 

(A) Superficial arciform layer. 

(B) Intermediate Oblique Layer. 

(C) Deep Longitudinal Layer. 

(D) Deep Transverse Layer. 

(E) Deep Capsular Layer. 

 

The superficial arciform layer is comprised mostly of fibres with a transverse 

orientation over the patella and patellar tendon. The intermediate oblique layer is 

contributed to by the anterior most rectus femoris, vastus medialis and vastus 

lateralis, covering the patella and ending at the level of the inferior pole. The 

deep longitudinal layer is comprised primarily of the continuation of the 

longitudinal rectus femoris fibres, which continue distally to blend in with the 
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fibres of the patellar tendon. The deep transverse layer has been described as 

the lateral and medial patellofemoral ligaments. The deep capsular layer includes 

the lateral and medial patellomeniscal ligaments. 

 

Around the patellofemoral joint, the principal medial retinacular tissue is the 

medial patellofemoral ligament (MPFL). There have been various anatomical and 

biomechanical studies to characterise its form and function (Conlan et al, 1993; 

Hautamaa et al, 1998; Desio et al, 1998; Nomura et al, 2000). 

 

 Conlan et al (1993) reported that at 20° knee flexion, the MPFL contributed 53% 

of the restraint from the passive structures medial to the patella that restrain 

patellar lateral subluxation. The patellomeniscal ligament and related retinacular 

fibres in the deep capsular layer of the knee contributed a further 22% of the 

resistance, while the patellotibial band was ‘functionally unimportant’. In similar 

studies, Hautamaa et al (1998) and Desio et al (1998) reported that the MPFL 

contributed an average of 50% of the total medial restraint and 60% of the total 

restraining force, respectively, at 20° of knee flexion. Nomura et al (2000) and 

Amis et al (2003) looked at the contribution of the MPFL as a medial patellar 

stabiliser at different knee flexion angles. Both concluded that the MPFL’s 

contribution was greatest at low flexion angles (Nomura 0-30°, Amis 0-20°). 

 

Despite being the lateral counterpart of the medial patellofemoral retinacular 

structures, the lateral retinacular structures have been relatively overlooked, 
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while there have been recent studies into the functional significance of the medial 

retinacular structures in patellar stability (Conlan et al, 1993; Hautamaa et al, 

1998; Desio et al, 1998; Nomura et al, 2000; Amis et al, 2003). The 

counterbalancing act of the lateral patellar retinacular structures as a lateral 

stabiliser has been less well studied. 

  

The lateral retinaculum is not a distinct anatomical structure but is composed of 

various fascial structures on the lateral side of the patella. The description of the 

lateral retinaculum has been confusing because it is made up of condensations 

of tissue that intermix in a complex manner. There are various studies 

which describe the anatomy and there are significant differences in these 

descriptions (Blauth et al, 1983; Fulkerson et al, 1980; Dye et al, 1993; Kaplan et 

al, 1957; Kaplan et al, 1962; Merican et al, 2008; Puniello et al, 1993; Reider et 

al, 1981; Seebacher et al, 1982; Terry et al, 1986). In general, the studies concur 

that the deep fascia of the thigh goes over the patella and braces it, the iliotibial 

tract is a derivative of the deep fascia and by its expansions contributes to the 

retinaculum, the fibres of the quadriceps apparatus either directly or through 

aponeurotic expansions contribute to the retinaculum and that in the deeper 

layer there are transverse fibres that connect the underside of the iliotibial tract to 

the patella. The sequence and exact arrangement of the layers as well as the 

dimensions and attachments of the bands are contentious. 
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1.2 The function of the principal structures of the extensor retinaculum. 

 

There has recently been much interest in elucidating the function of the extensor 

retinaculum. Broadly speaking the retinaculum has two key roles: Firstly it serves 

a load-sharing function as a part of the extensor mechanism, decreasing the 

forces experienced by the patellar tendon (Powers et al 2006). Secondly, and 

most importantly, it acts as a medial and lateral stabiliser to the patella. This area 

has received a considerable amount of attention. However, due to the clinical 

significance of patellar dysfunction with maltracking and lateral subluxation in 

young active individuals (Fithian et al 2004) as well as post knee arthroplasty 

patients (Eisenhuth et al 2006) the majority of literature has been heavily 

weighted on exploring the principal structure and function of the medial 

retinaculum.   

 

1.2.1 The Medial Retinaculum  

 

The medial retinaculum consists of the medial meniscopatellar ligament and the 

MPFL. Current research suggests that the MPFL is a primary stabiliser to patellar 

lateral subluxation especially at low flexion angles (Hautamaa et al, 1998; 

Nomura et al, 2000; Amis et al, 2003). The superficial surface of the MPFL 

interdigitates with the deep fibres of the vastus medialis obliquus (VMO), 

suggesting that it may work in concert with the VMO. The VMO is a dynamic 

medial stabiliser of the patella working primarily in conjunction with the 
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quadriceps. Thus, the MPFL appears to draw the patella from its slightly 

lateralised position with the knee in extension and apply a pull to the patella, 

drawing it toward the trochlea such that the patella enters the trochlea during 

early knee flexion. Senavongse et al (unpublished) further described the 

importance of the MPFL and the bony trochlea in maintaining patellar balance 

throughout knee flexion (Graph A). 

 

Graph A depicts the importance of a normal trochlea without dysplasia in 

maintaining patellar balance throughout knee flexion. In addition, one can 

appreciate the importance of the medial patellofemoral ligament in stabilising the 

patella in the trochlea. 
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(Reproduced from Bicos et al (2007) with permission from A.Amis) 

 

The MPFL thus has a principal role in patellar stability at knee extension and 

early flexion. Here the ligament is under tension (Amis et al 2003). During knee 

flexion the MPFL loses tension as the patella engages into the trochlea. If the 

MPFL alone is divided, the patella displaces and tracks laterally in the presence 

of a laterally directed load. This can be restored to normal by reconstruction of 

the MPFL. (Nomura et al 2000) This demonstrates that the MPFL acts as a 

checkrein to laterally directed patellar forces (Sandmeier et al 2000). 

 

MPFL reconstruction is an important surgical option in the treatment of 

patellofemoral lateral instability. Success after MPFL surgery depends on a 

detailed understanding of precise MPFL attachment landmarks, compensation 

for trochlear deficiency and proper tensioning (Smirk et al, 2003; Steensen et al, 

2004; Amis et al, 2005). 

 

1.2.2 The Lateral Retinaculum 

 

The role of the lateral retinaculum in tracking and stability of the patellofemoral 

joint is recognised. Luo et al (1997) showed that the tensile stress of the lateral 

retinaculum in a cadaveric model significantly increased in early flexion, 

supporting the concept that abnormal retinacular tension results in patellar 

instability.  Lateral retinacular release is a surgical procedure that is sometimes 
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performed to treat patellofemoral pain, maltracking and instability. It has been 

considered to be a relatively benign procedure, which requires minimal surgical 

intervention and can cause only minor complications. A number of surgeons 

have suggested that this is a reasonable procedure to treat patellar lateral 

instability after the failure of conservative management (Krompinger et al, 1983; 

Hawkins et al, 1986). Although clinical studies have reported significant 

improvements in symptoms (Larson et al, 1978; Krompinger et al, 1983; Henry et 

al, 1986), biomechanical studies have suggested that the effect of its release on 

maintaining lateral stability in the intact patellofemoral joint may not be suitable 

for the treatment of patellar lateral maltracking (Tietge et al, 1991; Desio et al, 

1998; Ishibashi et al, 2002; Ostermeier et al, 2006; Christoforakis et al, 2006; 

Lattermann et al, 2007; Amis 2007) 

 

Desio et al (1998) investigated the soft tissue restraints both medially and 

laterally to lateral translation. They measured the restraining force versus 

displacement behaviour at 20° of knee flexion using cadaveric knees. They found 

that the medial patellofemoral ligament was the primary restraint to patellar 

lateral translation at 20°, contributing 60% of the total restraining force. They also 

found that the lateral retinaculum contributed 10%. This study had some 

weaknesses. Restraining force-displacement was only measured at one flexion 

angle, 20°.  They did not take onto account the effects of physiological 

quadriceps loading nor did they consider the contribution of loading the ITB. 

Despite this, their study contributed greatly to the understanding of the lateral 
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retinaculum. Their findings have been supported by a number of more recent 

studies. 

Ishibashi (2002) studied change in tension of the lateral retinaculum during 

surgery after an anteromedial tibial tubercle transfer in patients to determine 

whether concomitant lateral release would be beneficial in patellar maltracking. 

On average, there was an increase in tension after the transfer but there 

was variability between patients (Ishibashi 2002).  

 

 Ostermeier et al (2007) investigated patellofemoral position and retropatellar 

contact pressures in 8 fresh frozen cadavers. Patellar position and contact 

pressure were first investigated in intact knee conditions, then after a lateral 

retinacular release and a release of the medial and lateral retinaculae. The 

results of the study suggest that lateral retinacular release does not inevitably 

reduce lateral instability of the patella especially in knee extension. The study 

had a number of weaknesses which the authors noted. Firstly the simulated 

quadriceps muscle force represented a simplification of the physiologically 

divided muscle forces of the quadriceps muscle, which could decrease the effect 

of releasing the medial and lateral retinaculae (Christorakis 2006). Secondly, the 

ITB was not loaded and its contribution may, as stated by Kwak et al (2000), 

have a significant effect on patellofemoral kinematics. And finally, the knee joint 

was opened through a lateral parapatellar incision to implant the pressure 

sensitive film and was sutured after implantation. This might have had a 

significant effect on the results. 
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Christoforakis et al (2006) evaluated quantitatively the effects of lateral 

retinacular release on the lateral stability of the patella in a cadaveric study. A 

material testing machine was used to displace the patella 10mm laterally at knee 

flexion angles of 0-60° while measuring the required force. At 0°, 10° and 20° 

flexion the mean force required to displace the patella 10 mm laterally was 

reduced significantly due to lateral retinacular release, by 16–19%. The average 

force required to displace the patella was also reduced for larger flexion angles, 

although this was not statistically significant. As with all previous studies the ITB 

was not loaded and so the lack of its contribution may have had a significant 

effect on the results. The authors stated that physiological magnitudes were not 

applied to the extensor muscles due to tearing muscles. However this was one of 

the first studies to load the extensor mechanism ‘physiologically’: the individual 

components of the quadriceps muscle tensed in physiological directions and in 

proportion to their physiological cross sectional areas (Amis et al, 1996; 

Farahmand et al, 1998).  
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 Figure 2 illustrates how a deficiency in the lateral retinaculae may reduce the 

restraint to a lateral displacement. (MR – medial retinaculum, LR – lateral 

retinaculum) – Christoforakis et al, 2006. 

 

 

Figure 2 

 

A possible explanation for the controversy in clinical findings and biomechanical 

data is that the diagnosis of patellar instability may not have been differentiated 

from patellar maltracking related to tight lateral retinacula. If lateral retinacular 

releases in such cases have beneficial effects on patellar tracking this could be 

the reason for the improvement of the symptoms of the patients in the above 

clinical studies.  

 

The finding that lateral retinacular release decreased the lateral stability of the 

patellofemoral joint in normal knees suggests that further studies are necessary 

to quantify the behaviour of the principal structures of the lateral retinaculum and 

define its role in patellar tracking throughout knee flexion.  This may 

subsequently allow us to define better the role and limitations of lateral release in 
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patients with patellofemoral problems, and reinforce that this procedure should 

not be applied indiscriminately. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 31 

1.3 - Developing a Retinacular Model  

 

 A model is needed to relate the behaviour of the retinaculum to the movements 

of the patella. Amis et al (2006) looked at patellofemoral kinematics during flexion 

and extension in eight cadaveric knees. The knee joint was loaded 

physiologically so that the effects of both static and dynamic stabilisers of the 

patella were taken into account. The patella translated medially 4 mm to engage 

the trochlear groove at 20° knee flexion by contact at the proximal-lateral edge of 

the trochlea. This guided it distally and medially into full engagement. It was then 

carried progressively laterally (7 mm lateral by 90° knee flexion) in relation to the 

femoral shaft axis as the knee flexed. This corresponds primarily to the axis of 

the trochlear groove being inclined distal-lateral (Shih 2003). The patella 

effectively remained level in relation to the femoral articular surface below it. 
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The following figure (Fig 3) is a CT reconstruction showing the path the centre 

point of the patella takes as it tracks over the femur (Asano et al 2003) 

 

Figure 3 

It is important to note that patellar tracking is not influenced by the geometry of 

the trochlear groove alone—the path of motion will also depend on magnitudes 

and directions of the active muscle tensions and forces in the retinaculae. Amis 

et al (2003) stated that patellar medial-lateral translation is complex because of 

the significant role of the soft tissues near extension and the lesser though 

important effect throughout knee flexion. Medial and lateral forces are balanced 
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in a normal knee. Alterations in this medial – lateral equilibrium can lead to pain 

and instability (Insall et al 1984).   

In full active extension, the patella is tethered in a distal-medial-posterior 

direction by the tight medial retinaculum, particularly the medial patellofemoral 

ligament (Amis et al 2003) which is then the primary restraint against patellar 

lateral translation (Senavongse et al 2005). This ligament slackens as the patella 

moves medially in the first 20° of flexion and the patella is still not fully engaged 

in the trochlear groove, so that here the patella is least stable (Senavongse et al 

2002). The contribution of the MPFL thereafter is contentious. 

 

Amis et al’s (2003) subjective observations of the overall length change pattern 

of the natural MPFL suggest that the retinacular structures are tight in the 

extended knee, as the muscles pull the patella proximally, and slacken as it 

flexes. They stated that as the knee flexes, the distal aspect of the femur rolls 

back on the tibia, due to its cam shape, leaving a gap behind the patella. This 

gap represents the retinacular slackness that would occur if the patella were 

pulled back onto the femur (Image 1). 
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Image 1: The retinacula hold the patella tight against the femur when the knee is 

extended, but relaxes allowing the patella to fall away in the flexed knee, 

indicating slackening. View is looking distally, after removal of the quadriceps 

muscles, with knee flexed 15° and 90° degrees. (Figure taken with permission 

from Amis et al (2003) “Anatomy and Biomechanics of the medial patellofemoral 

ligament”) 

 

Smirk et al (2003) tried to identify the most suitable sites for graft attachment 

when reconstructing the MPFL. They compared the length change patterns when 

altering the bony attachment sites for the MPFL. Their findings concurred with 

Amis et al (2003) in showing that the length of a graft placed at the normal 

attachment site (FA) of the MPFL decreased in length (approximately 8mm) 

during knee flexion. However, the length change pattern was affected greatly if 
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the femoral fixation point moved as little as 5 mm from the normal femoral 

attachment (F1-F6) - Graph B. 

 

Graph B shows the average change in distance between the normal patellar 

attachment site and the femoral attachment sites.  

(Graph taken from Smirk et al (2003) “The anatomy and reconstruction of the 

medial patellofemoral ligament” The Knee 10: pp 221–227) 

 

In contrast, Nomura et al (2005) found when evaluating the changes in the 

tension of the MPFL in six fresh-frozen knees when a 10N force was applied to 

the quadriceps tendon, the MPFL was very taut at 0° of knee flexion, slightly 

relaxed within the range of 15°–30° of knee flexion, and relatively taut in 45°–

150° of knee flexion. In an earlier publication they, like Smirk et al (2003), noted 

that the length change pattern was affected greatly by the femoral fixation point. 
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Recent published work has provided considerable insight into the contribution of 

the medial static stabiliser, however there remains a number of shortfalls that 

show the need for further work. Amis et al (2003) highlighted that that their 

observations were subjective with no quantitative measurements. The same can 

be said for Nomura et al (2005). Though Smirk et al (2003) was the only study to 

measure length change patterns, the main criticism for his work would be the use 

of embalmed specimens whose soft tissue characteristics would differ greatly 

from that of fresh frozen cadavers.  Amis et al (2003) was the only study to load 

the extensor mechanism of the knee physiologically with a total of 175N. Both 

Smirk et al (2003) and Nomura et al (2005) loaded the extensor mechanism with 

only 1kg (approx 9.8N). A physiological muscle load may explain the findings of 

Amis et al. The greater forces applied to the extensor mechanism would draw the 

patella more proximal in extension, increasing the length and tension of the 

MPFL. As the knee flexed the patella would engage into the femoral trochlea and 

with deeper flexion be drawn further into the trochlea reducing the bone to bone 

distance of the MPFL attachments. This, coupled with femoral roll back could 

account for the observed slackening of the MPFL at higher angles of knee 

flexion.   

 

What can be concluded from previous work is that the MPFL is clearly not 

isometric. No published work has been found which has looked at ligament 

length changes and calculated the strain pattern of the MPFL in knees loaded 

physiologically. Such work would provide a better understanding of the function 
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of the MPFL and its contribution to patellar stability and tracking at higher angles 

of knee flexion. Such knowledge may be of value in the field of MPFL 

reconstruction and in other areas where patellofemoral biomechanics are altered 

such as in total knee arthroplasty.         

 

The contribution of the lateral retinaculum to patellar tracking has been similarly 

contentious. Shellock et al (1989) found the lateral retinaculum to be redundant 

after the first 30° of knee flexion despite the patella translating laterally, indicating 

that the tension from the ITB on its iliopatellar band is significant in positioning or 

drawing the patella laterally. 

 

 Kwak et al (2000) tested 5 cadaver knee specimens with the quadriceps loaded. 

They examined the varying patellar tracking and contact characteristics with the 

hamstrings and iliotibial band loaded and unloaded. With the iliotibial band 

loaded, the patella translated more laterally relative to the track it followed when 

the iliotibial band was not loaded. This lateral translation was accompanied by a 

lateral shift in the location of contact on both the patellar and femoral surfaces. 

Although the lateral translation could have been caused by tibial external 

rotation, Kwak et al (2000) stated that it was most likely due to the lateral pull of 

the iliotibial band, since lateral translation of the patella was not observed with 

even greater tibial rotation caused by loading of the hamstrings. 
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In a more recent clinical study of eighty patients, Herrington et al (2006) 

investigated the relationship between length of the iliotibial band using Ober’s 

test and medio-lateral position of the patella. Though the study presented a 

number of shortfalls in measuring techniques, it did show a weak correlation 

between the length of the iliotibial band and lateral displacement of the patella, 

especially with the knee extended. The results of this study only partially 

supported the hypothesis that there is a relationship between ITB length, lateral 

retinacular strain and patellar lateral displacement. 

 

 Previous studies have shown that a relationship exists between patellar tracking 

and retinacular tension. This relationship is clearly complex and changes 

throughout knee flexion. What is not known is how the principal structures of the 

medial and lateral retinaculum behave in relation to each other as the patella 

tracks over the femur. How these structures behave in pathology (ie. tight lateral 

retinaculum) and after surgical intervention such as knee total knee arthroplasty 

is also unclear.     

 

With the information from the previous studies the following models can be made 

illustrating the normal behaviour of the retinacula. 

 

Current research suggests that the MPFL is a primary stabiliser to patellar lateral 

subluxation, especially at low flexion angles. The ligament is tight at full 

extension, losing tension as the patella engages into the trochlea. The MPFL 
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also assists in guiding the patella smoothly into the femoral sulcus (Nomura et al, 

2000; Amis et al, 2003; Bicos et al, 2007).  

 

The following figure (Fig 4) illustrates the strain in the medial patellofemoral 

ligament (MPFL) during knee flexion (a) 0° (b) 45°(c) 90°. As the patella glides 

down and into the trochlear groove, the bony distance between origin and 

insertion of the MPFL decreases.  At higher knee flexion angles, we expect the 

MPFL to be slack. At this point the predominant contributors to patellar stability 

are the bony margins of the trochlear groove.   

(a) (b) (c)

Tight MPFL
Slack MPFL

 

Figure 4 (Adapted from Senavongse’s Thesis “Biomechanics of the 

Patellofemoral Joint” (2002)). 

 

One would expect similar behaviour in the lateral retinaculum. No quantitative 

data have been found showing which principal structures in the lateral 
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retinaculum contribute to patellar stability. Although contentious, some of the 

published anatomical dissection studies have highlighted the most substantial 

structure in the lateral retinaculum to be the ‘deep transverse fibres” (Fulkerson 

et al, 1980; Blauth et al, 1983; Dye et al, 1993). This thick group of fibres lies 

separate and superficial to the deep capsular layer (Dye et al, 1993).  Unlike the 

MPFL, that connects the patella to the femur, these fibres stretch from the lateral 

border of the patella to the iliotibial tract (Merican et al 2008).  

 

Figure 5 shows the retinacular layer deep to the superficial oblique retinaculum 

(Fulkerson et al 1980). The most substantial structure in this layer is the deep 

transverse fibre band which spans from the lateral border of the patella to the 

iliotibial tract. 

Figure 6: The iliotibial tract (T) is cut and 

reflected laterally to reveal the lateral 

horizontal retinaculum (rl) which originates 

from the lateral patellar margin and inserts 

into the deep layer of the iliotibial tract 

(Taken from Blauth et al (1983)) 



 41 

Thus, the deep transverse bands originate from and insert into two moving 

structures. With knee flexion the patella glides over the femoral condyle and into 

the trochlea while the ilitobial band moves posteriorly. In extension we speculate 

that the anteroposterior distance between the patella and the ilitobial band is less 

than the distance in flexion (Fig 7 - yellow dotted line). 

 

 

 

Figure 7: illustrates the position of the iliotibial band and its iliopatellar 

component when the knee is in extension and 90° flexion respectively. (1) femur, 

(2) patella, (3) Gerdy’s Tubercle, (4) tibia, (5) iliotibial band, (6) iliopatellar band, 

(7) yellow dotted line outlines the orientation and length of the deep transverse 

bands.  
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As the knee flexes a number changes can be observed:   

(1) As the iliotibial band moves posterior, its patellar and retinacular 

extensions fan out. 

(2)  The direction of pull of the iliopatellar band and underlying deep 

transverse fibres orientate to produce a force more directly on the patella, 

stabilising it within the trochlea.  

(3)  As the distance between the iliotibial band and the patella increases so 

too does the length of the underlying deep transverse band. 

 

 It is hypothesised that the tension in the deep transverse band increases as the 

knee flexes. Two studies have measured the tension in the lateral retinaculum. 

Luo et al (1997) in an in vitro study measured the tension across the thickest part 

of the lateral retinaculum which was deemed the “patellofemoral ligament”. 

Tension was measured at different angles of knee flexion with a buckle 

transducer on a loaded knee specimen. The effects of VMO atrophy and internal 

/ external tibial rotation were also examined. They found the tensile force 

increased from 0° to 60° of knee flexion and decreased thereafter. They noted 

statistically significant differences in the early stages of knee flexion from 0-15° 

and 15-30°. 

 

Ishibashi et al (2002) conducted similar measurements in vivo.  They measured 

the tensions in 21 patients (27 knees) with patellar lateral subluxation who were 

due to undergo anteromedial tibial tubercle transfer. In a similar method to Lou et 
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al (1997) a buckle transducer was placed over the thickest palpable portion of the 

ITB which they also deemed the “lateral patellofemoral ligament”. They then 

measured the tension in the ligament at knee flexion angles of 0-120°, before 

and after tibial tubercle transfer. Their results were comparable to Luo et al 

(1997) in that lateral retinacular tension increased significantly in early flexion 0-

30°. However, unlike Lou’s findings, tension continued to increase with knee 

flexion to a maximum at 120° - unless the patella dislocated before this point was 

reached. Further, they found that some knees displayed different patterns of 

behaviour depending on what point in knee flexion the lateral retinacular tensions 

peaked. A distinctive aspect of this study was that the operating surgeon used 

the tension measurements to aid his decision on whether a further retinacular 

release was needed following tibial tubercle transfer. Three patients had no 

increase of lateral patellofemoral ligament tension after anteromedial tibial 

tubercle transfer. In these patients, lateral retinacular release was not done and 

the author acknowledged that, so far, good results had been obtained in these 

patients. 

   

Studies analysing the biomechanical behaviour of the lateral retinaculum are 

sparse. The structure is complex and so determination of its material properties 

is very location dependant. Two criticisms can be drawn from current published 

work. Firstly, despite both studies stating that they measured the lateral 

patellofemoral ligament – their description of this structure as “the thickest part of 

the retinaculum” is inconsistent with previously published anatomical findings 
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(Kaplan et al, 1957; Fulkerson et al, 1980; Rieder et al 1981). Reider et al (1981) 

and Kaplan et al (1957) described the lateral patellofemoral ligament (or lateral 

epicondylopatellar ligament) as “a palpable thickening of the joint capsule 

connecting the patella with the femoral epicondyle”. Fulkerson (1980) identified 

the lateral patellofemoral ligament in the layer deep to the superficial oblique 

retinaculum. He described the structure as a thin tendinous expansion running 

from the lateral intermuscular septum and lateral epicondyle (proximally) to the 

lateral patella at its proximal to mid portion (distally). Further it lies proximal to the 

area which he describes as the thickest portion of the retinaculum – “the deep 

transverse layer”. It is more likely that this was the structure Luo and Ishibashi 

palpated. Certainly it is a structure that a buckle transducer could be attached to 

reliably. This confusion in nomenclature could result in subsequent investigators 

(who wish to repeat such work) actively seeking out the lateral patellofemoral 

ligament (a deep structure requiring substantial dissection to reach) and 

obtaining either incorrect or incomparable data.  

   

Secondly, although the authors state where the buckle transducer was placed, it 

is not clear to the reader how this was standardised. This undoubtedly is difficult 

to achieve, especially in vivo given variation in anatomy from knee to knee. 

However, standardising the position of the buckle transducer could have been 

done in relation to the patella and using anatomical landmarks such as distance 

from Gerdy’s tubercle. This is important In order to narrow the number of 

variables when taking measurements. This highlights the point both authors have 
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made, that measurement of loads in these structures is location dependent. This 

may account for the difference in behaviour of the lateral retinaculum at flexion 

angles above 60° between the two studies. It may also account for the different 

patterns of tension the lateral retinaculum displayed in Ishibashi et al’s 2002 

work. 

It is clear that further work is needed into the biomechanical behaviour of the 

lateral retinaculum. By this, we require: 

1) Standardisation of anatomy and its nomenclature.  

2) Identification of the principal structures that contribute to patellar stability 

in a similar manner to those carried out on the medial retinaculum 

(Hautamaa et al, 1998; Desio et al, 1998; Nomura et al, 2000; Amis et al 

2003). 

3)  And finally the behaviour of its principal structures in a normal knee and in 

a knee where the biomechanics are altered such as in total knee 

arthroplasty. 

 

Such investigation would provide a greater understanding of the lateral 

retinaculum’s contribution to patellofemoral biomechanics and how derangement 

of its function may cause some of the symptoms and complications we see after 

surgical interventions such as lateral release or TKR. 

 

The following models aim to give a simplified illustration of how the retinaculum 

may be expected to behave in relation to the movements of the patella. In reality 
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its behaviour will be more complicated than this because the retinaculum itself is 

inhomogeneous and as a result different areas of the retinaculum will behave 

differently in different regions. In addition the retinaculum is influenced not only 

by the bony structures of the knee but also by the dynamic stabilisers of the 

extensor mechanism, whose fibres interdigitate with the retinaculum. It is clear 

from the literature that quantitative analysis of retinacular behaviour is lacking. 

The purpose of the models is to suggest a set of parameters within which we 

hypothesise the retinaculum to behave in relation to patellar movement and knee 

flexion. In so doing, when data is acquired, the model can be improved until a 

more accurate picture of retinacular biomechanics is obtained.  
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Lat. Epicondyle Med. Epicondyle

ITB

Lat. Retinaculum Med. Retinaculum

Patella

Femur

Medial Tilt Lateral Tilt

(a)

(b)
(c)

 

Figure 8 

The above figure illustrates what we expect the strain in the medial and lateral 

retinaculum (in particular the MPFL and the deep transverse fibres of the lateral 

retinaculum) to be as a result of patellar tilt. (a) Illustrates the patella in neutral tilt 

when medial and lateral retinaculum are balanced. (b) Illustrates medial tilt of the 

patella, where the distance between the origin and insertion of the MPFL is 

shortened and that of the deep transverse fibres of the lateral retinaculum 

lengthened. As a result the MPFL is slack (blue) and the lateral retinacular fibres 

tight (red). (c) Illustrates lateral patellar tilt where the opposite is expected. 
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1.4 - Alteration in patellofemoral kinematics after total knee replacement 

 

Interest in studying the patellofemoral joint in TKA has increased in recent years, 

as problems here have been implicated as a common cause for revision TKA. 

 

The incidence of patellofemoral complications in total knee arthroplasty (TKA) 

has been reported to be as high as 12% (Boyd et al, 1993). Complications such 

as chronic pain, stiffness, component wear, osteonecrosis, malalignment, 

fractures, tracking abnormalities, loosening, subluxation, or dislocation have 

been described (Boyd et al, 1993; Armstrong et al, 2003; Fehring et al 2001; 

Eisenhuth et al 2006). Revision of the patellofemoral component has been 

reported in as many as 50% of revision TKAs (Brick et al 1988). The majority of 

patellofemoral complications are associated with abnormal patellar tracking along 

with abnormal contact pressures (Brick et al, 1988; Oishi et al, 1996). Alterations 

in patellofemoral kinematics may lead to increased polyethylene wear, aseptic 

loosening, and patellar instability (Laskin et al, 2004). 

 

Malalignment of the implant components may be the underlying reason for these 

failure modes. In particular, malrotation of the femoral component and 

overstuffing the patellofemoral joint have been speculated to contribute to a 

poorly functioning knee arthroplasty in a number of studies (Laskin et al, 1995; 

Berger et al 1998; Malo et al 2003; Eisenhuth et al 2006). 
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Biomechanical studies of total knee joint replacements have focused typically on 

kinematics of the implant parts (Stiehl et al 1997), stress on the polyethylene 

inlay (Liau et al, 2002; Sathasivam et al, 1997), contact pressures (Singerman et 

al, 1997; Komistek et al, 2000; Miller et al 2001) or patellar tracking (Heegaard et 

al, 2001; Armstrong et al, 2003). However, little is known about the mechanical 

implications of total knee replacements on the soft tissue capsule, in particular, 

the extensor retinaculum. These are important in patellofemoral joint stability and 

patellar tracking. 

 

1.4.1 - Femoral Component Malrotation 

 

Malalignment is the most frequently discussed complication in total knee 

replacement (Akagi et al, 1999; Berger et al, 1998; Eckhoff et al 1995; Laskin et 

al, 1995; Romero et al 2002). Malalignment of a measurable degree occurs in 

approximately 10–30% of patients, depending on the surgical technique and the 

anatomical landmarks used (Barrack et al 2001). Rotational malalignment of the 

femoral component is a common cause for revision surgery (Akagi et al 1999). 

Correct rotational positioning of the femoral component is crucial for optimal 

tracking of the patellofemoral joint and for a balanced flexion gap (Jerosch et al 

2002). The consequences of rotational malalignment of the femoral component 

include flexion gap asymmetry, patellar maltracking and varus or valgus 

malalignment of the lower extremity in the flexed position, taking the tibia out of 

the sagittal plane (Akagi et al 1999; Anouchi et al 1993; Berger et al 1998). 
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In clinical studies not all patients report unsatisfactory results. Some studies have 

reported that a relative internal rotation of the femoral component between 3° 

and 6° is tolerable (Barrack et al, 2001; Insall et al, 2002 ; Romero et al 2002), 

while external rotation of the femoral component has been reported as high as 8° 

without causing clinical problems (Nagamine et al, 1996). However, why some 

patients become so strongly symptomatic that they require revision surgery and 

others do not, is open to question. (See Table 1)  

 

Table 1: Summary of Clinical Observations for Femoral Component Rotations – 

Taken from: Zihlmann et al (2005) “Biomechanical background and clinical 

observations of rotational malalignment in TKA: Literature review and 

consequences” Clinical Biomechanics 20: pp 661–668 

 

In vitro studies have, to date, mainly looked at patellar tracking and/or contact 

pressures following femoral malposition in total knee arthroplasty. Results have 

been controversial. This controversy probably stems from the various 

experimental loading models used to simulate knee motion in these studies, the 

varying definition of what is considered the neutral axis of rotation of the femoral 
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component. Older studies have referenced the posterior condylar axis from which 

to rotate the femoral component (Rhoads et al, 1993; Anouchi et al, 1993). More 

recent studies have referenced the transepicondylar axis as the point of neutral 

rotation (Miller et al, 2001; Armstrong et al, 2003). 

 

Rhoads et al (1990), in a study that loaded the quadriceps as a single unit, 

concluded that 10° of femoral component external rotation relative to the 

posterior femoral condyles or 5 mm of lateral component placement produced 

patellar tracking similar to that of the intact knee. Medial femoral displacement or 

internal rotation of the femoral component produced abnormal patellar tracking 

patterns. 

 

Anouchi et al (1993) did not load the quadriceps in their cadaveric specimens. 

They found that 5° of external rotation of the femoral component from neutral 

axial alignment (posterior condylar axis) reproduced more normal tracking of the 

patella, as well as showing the most even distribution of patellofemoral contact 

area. They concluded that external rotation of the femoral component improved 

both patellar tracking and stability characteristics. 

 

Miller and Berger et al (2001) examined the effect of femoral component external 

rotation on patellar kinematics and the centre of pressure on the patellar 

prosthesis. They found that the femoral component that was aligned parallel with 

the transepicondylar axis resulted in more normal patellar tracking and minimised 
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patellofemoral shear forces early in flexion. The transepicondylar axis ranged 

between 0-5° from the posterior condylar axis. Any femoral component rotation 

external or internal to the transepicondylar axis worsened the medio-lateral shear 

forces on the patella early in flexion.  The patella also tilted significantly more 

laterally with external rotation. Miller and Zhang et al (2001) added that despite 

the tilt, patellar shift was not affected. 

 

In a more recent study Armstrong et al (2003) stated that femoral component 

external rotation malposition was worse for the patellar spatial position when 

compared to the intact knee - causing significant differences in spatial position of 

the patella in 2 planes with significant lateral shift and tilt. The investigators found 

this to occur when the femoral component was rotated externally 10°. However 

5° of external rotation showed similar patellar kinematics to the intact knee. It 

should be noted that Armstrong et al referenced the neutral axis of the femoral 

component at 3° of external rotation from the posterior condylar axis. Taking this 

into account abnormal patellar kinematics would have been observed at 13° of 

external rotation of the femoral component. This, in normal surgical practice is far 

beyond the limit of error seen in arthroplasty surgery.    

 

The literature suggests that with existing TKR designs, a certain amount of 

external rotation of the femoral component in TKR is favourable for 

patellofemoral kinematics and the overall function of the knee. The 

transepicondylar axis has now become popular in achieving the correct rotation. 
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Though in vitro studies have shown femoral component malposition affects 

patellofemoral kinematics - published work quantifying why this occurs has not 

been found.  Armstrong et al (2003) in their cadaveric work noted that the spatial 

position of the patella relative to the femoral shaft had changed with femoral 

component malposition suggesting that the soft tissues were abnormally 

tensioned. As mentioned in the previous section the retinacula contribute 

significantly to patellar stability (Senavongse et al, 2005) and alterations in 

patellar tracking may result in abnormal retinacular tensions. This is supported by 

several clinical studies which have shown that external rotation of the femoral 

component in line with the transepicondylar axis has resulted in a reduction in 

lateral release rates. (Akagi et al, 1999; Sodha et al, 2004; Newbern et al 2007).  

Excess femoral component internal rotation is reported to lead to increased 

medio-lateral patellar shear contact force and increased Q angle (Miller et al, 

2001). The lateral flange of the femoral component also rises, tilting the patella 

medially and stretching the iliotibial band. This will increase the likelihood of 

lateral retinacular release. Conversely excess external rotation may not only 

result in lateral shift and tilt of the patella (Armstrong et al, 2003), straining the 

medial structures, but may also lead to increased internal-external rotation of the 

tibiofemoral articulation and possibly lead to increased polyethylene wear (Miller 

et al, 2001). 

 

Retinacular tensions play an important role in patellofemoral stability especially in 

early knee flexion. Quantifying their role in patellofemoral kinematics may answer 
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a number of questions pertaining to why patellofemoral kinematics changes from 

the intact environment to that seen in total knee replacement and femoral 

component malposition. Even in experienced hands clinical estimation of the 

epicondylar axis is inaccurate and cannot be relied upon as the sole determinant 

of femoral component rotation (Kinsel et al 2005). This is especially pertinent in 

patients with advanced degenerative disease where anatomical landmarks are 

less distinct. In this situation knowledge of retinacular strain and the ability to 

“balance” medial and lateral retinacular structures may provide an alternative 

method of achieving optimal patellar tracking.   

 

1.4.2 - “Stuffing” the Knee Joint 

 

“Stuffing” of a joint occurs if an insufficient flexion, extension, or patello-femoral 

space is generated for the size of the implants inserted. It is said that overstuffing 

the patellofemoral compartment may lead to decreased flexion, patellofemoral 

maltracking, subluxation, increased patellofemoral forces and shear contributing 

to increased component wear, and possibly pain compromising the end result. 

(Laskin et al, 2004; Barrack et al, 2001; Oishi et al, 1996; Hsu et al, 1996; Star et 

al, 1996; Scuderi et al, 1994; Reuben et al, 1991). The posterior condyles 

commonly are referenced for sizing of the femoral component. The size of the 

femoral component usually is selected so that the anterior femoral resection does 

not notch the underlying cortical bone. An advantage of posterior referencing is 

accurate matching of the posterior bone resection to the posterior thickness of 
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the implant, thereby balancing the flexion gap.  However, any mismatch between 

the AP dimension of the host bone and AP dimension of the implant will manifest 

on the anterior resection and may alter knee kinematics. A femoral implant with 

an antero-posterior (AP) dimension less than that of the host bone will lead to 

notching of the anterior femoral cortex, whereas an implant with an AP dimension 

greater than that of the host bone may lead to anterior build-up or overstuffing 

(Mihalko et al, 2006). Patello-femoral over-replacement occurs if the anterior 

flange of the femoral implant, rather than being in contact, is anterior to the cut 

anterior surface of the femur (See Fig 9).        

(a) Femoral Component Correctly Sized

(b) Femoral Component Undersized (c) Femoral Component Oversized

“notched” femur

 

Figure 9 

The above figure shows (a) A correctly sized femur where the AP dimension of 

the host component matches the AP dimension of the host bone following 

femoral cuts. (b) An undersized femoral component, where the AP dimension of 
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the femoral component is less than that of the host bone. This has led to 

‘notching’ of the anterior femoral cortex. (c) An oversized femoral component 

where the anterior flange of the femoral component lies anterior to the cut 

anterior surface of the bone. 

 

As well as incorrect referencing, over-replacement of the patello-femoral space 

can occur if the anterior flange is thicker than the resection or if insufficient bone 

and cartilage are removed for the thickness of the patellar implant inserted. The 

ideal is to restore the original thickness of the patella after resurfacing (Marmor et 

al, 1988; Reuben et al, 1991).  

 

An excessively thick patella may not only result in the complications mentioned 

above but also cause practical problems for the surgeon in terms of closure due 

to the overstretched extensor retinaculum (Marmor et al, 1988).  

A thinner than normal patella may increase the risk of stress fracture of the 

patella. Reuben et al (1991) found patellar osteotomy, resulting in a bony patellar 

thickness of less than 15 mm, resulted in significantly increased surface strain. 

More recently, Lie et al (2005) came to similar conclusions. In their cadaveric 

study, they concluded that for normal activities, such as rising from a chair (1.8 

kN quadriceps tension) the patella appears safe against fracture with a minimal 

resection to 16mm thick. 

 Literature to date is in agreement regarding the importance of maintaining pre-

cut patellar thickness after resurfacing. However there remains some contention 
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between clinical (Greenfield et al, 1996; Ritter et al, 1999; Ikezawa et al, 1999; 

Koh et al, 2002; Bengs et al, 2006) and biomechanical (Reuben et al, 1991; Hsu 

et al 1996; Oishi et al, 1996; Star et al, 1996; Lie et al, 2005; Mihalko et al, 2006) 

studies regarding the outcome of over or understuffing when resurfacing the 

patella.  

 

Reuben et al (1991) and Lie et al (2005) both showed on cadaver knee joint 

models that decreasing the postoperative bony patellar thickness to15mm or 

16mm respectively resulted in increased patellar surface strain (See Graph C). 

However, Wulff et al (2000) showed the resurfaced patella is tolerant to 

incremental over-resection noting a 22% increase in surface strain in patella 

resected ideally to reproduce the original patellar height compared with a 25% 

increase in anterior cortex surface strain following over resection of the patella by 

just 2mm.These studies suggested a theoretical fracture risk if the residual bony 

thickness was too thin. 
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Graph C: Mean patellar surface microstrain (n=8) for the different stages of 

preparation, across a range of 0–90° knee flexion. Intact – intact knee, metal 

femur – TKA without patellar replacement, Cut 1 - Ideal patellar resection 

(15.9±0.8mm), Cut 2 – Ideal +2mm (13.4±0.7 mm) , Cut 3 – Ideal + 4mm 

(11.3±1.0 mm).  (Graph taken with permission from: Lie TT, Gloria N, Amis AA, 

Lee BPH, Yeo SJ, Chou SM  (2005)  “Patellar resection during total knee 

arthroplasty: effect on bone strain and fracture risk” Knee Surg Sports Traumatol 

Arthrosc 13 : 203–208) 

 

The effect of patellar thickness on contact pressures has been studied 

extensively. Star et al (1996) found that patellar thickness differences of even 
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10% significantly altered patellofemoral forces at higher angles of knee flexion 

(70-95°). See Graph: 

 

Graph D shows patellofemoral forces (Newtons) with the post – resurfacing 

patellar bone and patellar implant thicknesses averaging 90%, 100% and 110% 

of precut thickness. 

(Graph taken from -  Star MJ, Kaufman KR, Irby SE, et al (1996). “The effects of 

patellar thickness on patellofemoral forces after resurfacing”. Clin Orth Rel Res 

322 pp279 – 284) 

 

Oishi et al (1996) found significant increases in supero-inferior shear forces as 

well as medio-lateral shear forces in thicker patellar composites. 

Hsu et al (1996) in an exhaustive study measured patellar tracking, contact area 

and contact force characteristics in intact, unresurfaced and resurfaced knees 

with varying patella thicknesses. They similarly found a significant increase in 
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contact force in thicker patella composites. They also concluded that the 

influence of patellar thickness on patellar motion was significant in the 

mediolateral plane with the 2mm thicker group exhibiting an additional medial 

shift when compared with a thinner patella.  

The above studies have shown fairly consistent increases in patellofemoral 

contact forces with increased patellar thickness and increased knee flexion 

angles. These forces are potentially deleterious contributing to increased stress 

with associated polyethylene cold flow, which may result in delamination, wear 

debris and possible loosening. This may be further compounded by the finding of 

Hsu et al (1996) where medial shift can effectively increase the Q angle and 

increase the lateral quadriceps vector, especially in the last two thirds of the 

range of knee flexion in which patello-femoral contact forces are the highest.  

 

Despite the narrow margins of error advocated by biomechanical studies, clinical 

practice can present a number of problems where it may be impossible to 

preserve pre-cut patellar thickness without sacrificing adequate bone stock. In 

patients with smaller knees or those with severe patellar erosion, it is not always 

possible to leave the recommended patellar bone stock. 

 

Greenfield et al (1996) investigated the influence of patellar thickness in total 

knee arthroplasty (TKA) with routine patellar resurfacing, on the rate of lateral 

retinacular release. A study group comprised of 121 TKAs using surgical 

instrumentation allowing a measured resection of the patella was compared with 
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a control group comprised of 100 TKAs using an "eye-ball" technique for patellar 

resurfacing without particular attention to patellar thickness. A composite with 

patellar thickness equal to or slightly less than the original patella was attempted 

in the study group. With an average thickness difference of the patella in the 

study group of -1.58 mm the lateral retinacular release rate for patellar 

maltracking was reduced from 55% to12.4%. The variation in patellar thickness 

in the series often led to a residual bone thickness < 15 mm, with good clinical 

success noted in patients with bony patellar remnants of 12 to 13mm. 

 

Ritter et al (1999) in a case series of 1146 TKRs  performed on 769 patients 

found no difference in the clinical outcome between groups with patellar 

composites that were 2 mm more versus those that were 2 mm less than the 

original thickness. They refuted the need for reproducing the original patellar 

thickness after resurfacing. 

 

The theory of increased fracture risks in thin patellae was challenged further by 

Ikezawa et al (1999), who found that patellae with residual thicknesses as little as 

5 mm can provide favourable clinical results in revision TKAs. 

Koh et al (2002), compared the clinical outcomes of TKAs with residual bony 

patellar thickness !12 mm with TKAs with residual bony patellar thickness 

>12mm after patellar resurfacing. Their cohort of male and female patients (from 

Singapore) had a precut patellar thickness of 22.6mm and 22.7mm respectively. 

Therefore in order to allow a 9mm patellar button to be inserted the patella would 
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have to be resected to <12mm in order to restore pre-cut patellar thickness. They 

showed good results in patients where the patella was resected !12mm but the 

composite was restored to that of precut thickness.  

In a recent study Bengs et al (2006) measured the intraoperative effects of 

varying patellar button thickness on knee flexion.  They found that, on average, 

every additional 2 mm of composite patella thickness decreased 

intraoperative knee flexion by 3°.  There were some weaknesses in the 

methodology for the study in terms of inter and intraobserver variability in the use 

of visual goniometry when measuring knee flexion. However, they acknowledged 

that the decrease in knee flexion was modest even after increasing composite 

thickness by 8mm. 

This suggests that the extensor mechanism and soft tissue envelope have 

significant intra-operative elastic reserves and can accommodate a range of 

patellar composite thicknesses. It is important to note, however, in degenerative 

disease the bones, joint surfaces and the soft tissues are all involved in the 

pathological process. Fishkin et al (2002) measured ligament stiffness in the 

medial collateral ligament (MCL) and the lateral collateral ligament (LCL) after 

TKA in patients with osteoarthritis (OAP), in osteoarthritic cadaveric knees with 

similar varus deformity (OAC) and in normal cadaveric knees (NOA). Differences 

in stiffness between the OAP and OAC groups were not statistically significant (p 

> 0.05). However, the osteoarthritic groups (OAP and OAC) demonstrated a 

statistically significantly (p < 0.05) increase in ligament stiffness when compared 

to the NOA group. In flexion, stiffness of the medial and lateral compartments 
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was 71% and 69% greater, respectively, in OAP knees as compared to NOA. 

There was no significant difference in ligament stiffness between patients and 

cadaveric knees with osteoarthritis (OAP and OAC). If we speculate that the 

same pathological process occurs over the joint capsule, in particular the 

extensor retinaculum, then we would expect far less elastic reserve in 

osteoarthritic knees when compared to normal knees. Such discrepancies show 

the need for further work quantifying retinacular behaviour as this remains an 

unknown variable in knee biomechanics whose function has been speculated 

and observed but never quantified. Such work may explain some of the 

discrepancies noted between clinical and biomechanical research to date.    
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1.5 - Summary 

The extensor retinaculum acts as a checkrein for the patella as it tracks over the 

surface of the femur. The principal structures of the extensor retinaculum act as 

patellar stabilisers, especially in early knee flexion.  Due to the intimate 

relationship of the femoral component and patella, it is clear that alterations in 

femoral component position and rotation would influence patellar position and 

tracking (Anouchi et al, 1993; Nagamine et al, 1996; Armstrong et al, 2003). It is 

also recognized that overwhelming the soft tissue constraints of the 

patellofemoral joint, or so-called “overstuffing” the joint, can negatively impact on 

the patellar bone and patellar button composite. (Reuben et al, 1991; Hsu et al, 

1996; Oishi et al, 1996; Star et al, 1996; Malo et al, 2003; Lie et al, 2005; Mihalko 

et al, 2006; Eisenhuth et al, 2006). To date there is no data quantifying the 

effects of knee replacement on the extensor retinaculum. Given that the principal 

structures on the medial side (medial patellofemoral ligament) are cut during the 

common approaches to the knee joint (medial parapatellar, subvastus approach). 

And the principal structure on the lateral side (deep transverse fibres on the 

lateral retinaculum) are occasionally released, it is hypothesised that abnormal 

patellar tracking, especially in early knee flexion, may be affected as a result. An 

understanding of the biomechanics of these structures before and after knee 

replacement may provide important insight for surgeons into their contribution to 

patello-femoral biomechanics after wound closure, their effect on lateral release 

techniques and may help in developing a more soft tissue friendly knee 

prosthesis.  
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1.6 - Aims of this Thesis 

1) To measure retinacular behaviour in a normal knee as it flexes and 

extends. 

2) To test the hypothesis that insertion of a TKR may cause excessive 

stretching of the retinacula. 

 

3) To test the hypothesis that malrotation of the femoral component following 

TKR would lead to stretching of the retinacula. Because external rotation 

of the femoral component moves the prosthetic trochlea laterally, it was 

hypothesised that it would cause slackening of the lateral retinaculum and 

tightening of the medial retinaculum, and vice-versa for internal rotation.  

 

4) To test the hypothesis that overstuffing the patellofemoral joint after TKR 

may lead to excessive stretching of the retinaculae.   
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Chapter 2 

 

MATERIALS AND METHODS 
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This section of the study was performed with the aid of Mr. Azhar Merican who 

assisted in all aspects of specimen preparation, rig design, software 

programming and surgical approach.  

 

 2.1 - Specimen Preparation 

  

Eight knees were obtained from a tissue bank following approval from the 

Riverside Research Ethics Committee. They were sealed in polyethylene bags 

and frozen at -20°C prior to use. The mean age of the donors was 69 years (57 

to 87). The specimens were all right knees and included 20 cm each of femur 

and tibia. The specimens were thawed in a fridge at 3°C for 24-36 hours and kept 

moist using occasional water spraying. The skin and underlying fat were 

dissected taking care to preserve the retinacula, fascia of the quadriceps 

muscles and the iliotibial band (ITB). The quadriceps muscles were separated 

into six components as identified by Faramand et al (1998): rectus femoris (RF), 

vastus intermedius (VI), vastus lateralis longus (VLL), vastus lateralis obliquus 

(VLO), vastus medialis longus (VML) and vastus medialis obliquus (VMO). Each 

muscle component was wrapped and looped in a cloth strip that was secured by 

stitching through the whole muscle bulk. The RF and VI were looped together. 

The cloth strips provided a firm attachment for simulating the contraction of 

individual quadriceps components in active knee motion.  
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The femur and tibia were transected at approximately 20 and 15 cm above and 

below the knee joint line, respectively. The head of the fibula was fixed to the 

tibia by two bone screws, to maintain its anatomical position, and then the neck 

of the fibula was cut through and the distal part was removed. The femoral 

medullary cavity was excavated and dried, and a brass intramedullary sleeve 

was secured using polymethylmethacrylate bone cement. An intramedullary rod 

was cemented into the tibia to extend it distally. 

 

 2.1.1 - Cementing the femoral canal  

 

An intramedullary rod is often used to mount specimens in in-vitro patellofemoral 

joint investigations. Prior to Senavongse’s (2002) thesis, little importance has 

been given to the way in which the intramedullary rod is fixed within the femoral 

canal. Senavongse’s work showed that there are several factors related to the 

fixing of the intramedullary rod such as initial rotation and alignment. Failure to 

control or take reference may result in experimental errors and incompatible 

data. Our study set out to investigate retinacular behaviour in normal knees as 

well as replaced knees with variable femoral component rotations and 

patellofemoral joint thicknesses. As a result, the mounting system needed to be 

compliant enough to allow this but also rigid enough to prevent component 

movement during each stage of testing.  

 In this study, the intramedullary femoral mounting was made of two components 

- a brass outer sheath and a sliding inner stainless steel rod. 
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Image 2- Brass outer sheath / sleeve 

 

(a): Brass sheath with intra and extramedullary portions. 

 

(b): Extramedullary portion acts as a clamp to secure the inner steel rod. 
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The images above show the brass outer sheath. It had an internal diameter of 

10mm and consisted of two parts. The intramedullary portion was approximately 

15cm in length and was cemented into the femoral canal. The extramedullary 

portion had a larger external diameter approximately 5 cm in length. This 

extramedullary portion acted as a clamp, fixing the intramedullary rod at any 

desired position – proximal/distal and internal/external rotation. 

Image 3 – Intramedullary steel rod 

   (a): Inner steel rod 

 (b): Distal (femoral) end of steel rod  
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The above images show the intramedullary rod. It was 30cm long and made from 

stainless steel. It had a diameter of 10mm and was able to slide in and out of the 

brass tube with little resistance. The femoral end of the rod had been threaded to 

allow the femoral conversion module (see later) to be screwed onto it.  

 

Correct intramedullary cementing was essential for the purposes of subsequent 

experiments because with the construct assembled (Image 4) the position of the 

intramedullary rod would determine the position of the femoral component. In 

particular the antero-posterior (AP) positioning  
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Image 4: This image shows the components of the knee mounting (right). The 

assembled components (left) show the femoral conversion module screwed onto 

the distal end of the intramedullary steel rod, which in turn is slid into the outer 

brass sheath which is cemented into the femur. The sliding rod allows rotatory 

and proximal/distal control of the femoral component. AP position is determined 

by the cementing process. 
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The cementing process was developed through a process of trial and error. The 

main goals were to: 

1) ensure firm cementation of the brass sheath. 

2) ensure accurate centralisation so that the subsequent attached 

intramedullary alignment guide, conversion module and femoral 

component sat in the correct AP position. 

3) provide a clear channel for the inner steel rod to move freely. 

4) be a repeatable process. 

        

Firstly, femoral sizes were required after each specimen preparation. This was 

achieved by using the anterior referencing guide from the Genesis II referencing 

tray. The knee specimen was placed on a bench with the femur held horizontally. 

The posterior paddles of the referencing jig were slid underneath the lateral 

condyle. The dissected quadriceps muscles were then reflected from proximal to 

distal and a small incision was made in the suprapatellar pouch over the lateral 

trochlear facet. This allowed good bony contact for the anterior referencing 

femoral sizing stylus. The stylus was lowered to the lateral anterior cortex and 

the indicated size noted.  

 

 The knee specimen was then clamped to a retort stand, so that the femur was 

held vertically with the open canal facing upwards. The canal was reamed down 

to the femoral metaphysis and out to the cortices proximally. Any debris was 

washed out as best as possible and the canal dried.  
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A cement restrictor was placed around the extramedullary sheath. This was 

made by wrapping rubber bands around the junction between its middle and 

proximal third of the brass sheath. The number of rubber bands was sufficient to 

allow a snug fit of the brass sheath against the cortices. We found that applying 

cellotape over the rubber bands allowed the brass sheath to slide down the canal 

easily and also made subsequent removal of the metalware easier at the end of 

the experiment. The intramedullary steel rod was then slid into the sheath with 

the threaded distal end packed with tissue paper to prevent bone debris lodging 

inside it.  

 

Custom made nylon blocks were used to construct an effective extramedullary 

alignment guide for the intramedullary rod and sheath allowing correct positioning 

in the antero-posterior plane. Each block measured 40mm ! 50mm ! 20mm and 

had two parallel 10mm holes drilled through it.  See Fig 10:     
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Figure 10: The above figure is a schematic representation of the custom nylon 

block seen from the front and side. When sitting vertically, the distance from the 

centre of the posterior hole to the bottom of the anterior hole was equal to the 

distance from the centre of the threaded portion of the femoral conversion 

module to its anterior tip. Different nylon blocks were made to correspond with 

different sizes of femoral conversion modules.    

 

These blocks were designed to slide vertically over the intramedullary steel rod 

through the posterior hole. A second solid steel rod of the same length and 

diameter was slid through the anterior hole (AP alignment rod). These rods lay 

exactly parallel to each other. The entire construct was then passed downwards 

with the intramedullary brass sheath and steel rod pushed centrally into the 
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femoral canal and the AP alignment rod slid over the anterior (extramedullary) 

cortex of the femur. Ensuring that the correct nylon block was used for the size of 

the femur, the AP alignment rod was secured by a g-clamp when the 

undersurface of its distal end lay at the junction between the anterior femoral 

cortex and the flare of the trochlear facet. Seen sagittally this level corresponded 

to the level of the anterior femoral cut. See Image 5. 

 

Nylon Block

Alignment Rod

Brass sheath

Distal

Proximal

Anterior Posterior

Anterior cortex 
of femur

Lateral

Distal

Proximal

Medial

Image 5 (a)                                                       (b) 

 

The above images show the knee specimen from the side (a) and front (b) 

respectively. A custom nylon block is seen here attached to the intramedullary 

rod and sheath (posteriorly) and an extramedullary alignment rod (anteriorly). 
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The alignment rod was positioned centrally over the femoral shaft and along the 

anterior cortex. By ensuring the nylon block used corresponded with the size of 

the femur, the distal tip of the alignment rod corresponded to the level of the 

anterior cut. See Fig 11   

Distal Femur

Nylon Block

Extramedullary Alignment Rod

Intramedullary Rod

Intramedullary Brass 
Sheath

Level of Anterior Femoral Cut

Anterior

Posterior

Figure 11 

 

The above figure is a schematic representation of the construct used to ensure 

the intramedullary sheath and rod were cemented in the correct AP position. The 

sagittal view seen here shows the intramedullary sheath and rod within the 

femoral canal and the extramedullary rod aligned at the level of the anterior 

femoral cut. The two rods are held rigidly parallel by the custom made nylon 

block. 

 

The intramedullary rod and sheath were then pushed further into the femur until 

the extramedullary portion of the brass sheath lay just a few millimetres proximal 



 78 

to the cut end of the femur. The brass sheath was then rotated to ensure the 

clamp portion lay collinear with the linea aspera of the femur.  After ensuring all 

components were secure and that the cement restrictor was positioned deep 

within the canal, polymethylmethacrylate (PMMA) bone cement was poured into 

the femoral cavity. As the mixture started to cure, any remaining cement was 

formed into a collar around the junction of the femur and brass sheath to give 

extra stability. The PMMA was left to cure completely for 30 minutes. During this 

time the specimen was covered by a wet paper towel and occasionally sprayed 

with water to prevent tissue dehydration. Once the cement had polymerised, the 

nylon block and AP alignment rod were removed. The knee was unclamped from 

the retort stand and was ready for mounting onto the knee rig. 

 

2.2 - The Knee Rig 

 

The knee rig used in these experiments was a modified pneumatic knee 

extension rig originally designed by engineering undergraduates. The rig was 

designed to be fully automated with a motor to provide torque against knee 

extension and pneumatic cylinders to control the extensor muscles. However, 

over time, the pumps and motor had malfunctioned and the method of specimen 

mounting was not robust enough to provide the rigidity needed in this study.  Due 

to time constraints we opted to strip the rig down to a simpler, sturdier form with 

hanging weights to provide the necessary forces to the extensor muscles and a 
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handheld bar to flex the knee without producing abnormal moments (See Fig 

12): 

Figure 12  

 

The above figure provides a schematic outline of the apparatus: (1) Mounted 

Knee Specimen,(2) Optical transmitters, (3) Knee mounting platform,(4) Muscle 

alignment system, (5) Hanging weights 

 

A custom made mounting platform was designed to fit around the original rig. Not 

only did it have to hold the knee specimen but also perform a number of 

functions. The platform had to: 

1) Provide a rigid hold of the knee specimen during testing cycles. 
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2) Allow rotation of the knee specimen to be adjusted and controlled once 

mounted - so that the posterior condylar axis remained horizontal. 

3) Allow rotation of the inner steel rod within the cemented brass sheath to 

be controlled thus allowing adjustment of femoral component rotation.  

4) Not obstruct the nylon cables tensioning the extensor mechanism. 

 

The following figure is a schematic representation of the mounting platform: 

 

Figure 13 

 

The mounting block was made out of nylon and had 10mm diameter holes drilled 

front and back to accommodate the intramedullary steel rod. This allowed the 

knee specimen to be slid firmly onto the platform. The brass sheath was clamped 

to the intramedullary rod and then bolted to a custom designed brass plate on the 
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front of the block (femoral rotation system). The plate swivelled up to 30° degrees 

internally and externally about an arc which had its axis centred at the 

intramedullary rod. This construct allowed fine tuning of the rotational alignment 

of the knee specimen once it was mounted. The settings could be fixed by 

tightening a grub screw on the base plate (1). Thus, if the specimen was ever 

removed from the rig, it could be put back in its original position by reattaching 

the brass sheath to the brass plate. The rotation of the knee specimen was fixed 

with the most posterior parts of the femoral condyles horizontal in a distal-

proximal view. Once the knee specimen was secured to the platform the 

intramedullary rod could be unclamped from the brass sheath allowing it to rotate 

independently within the femoral canal. Rotation was controlled by way of a 

removable peg (2). This mechanism would subsequently allow rotation of the 

attached femoral component following TKA without disturbing the rotation of the 

whole knee specimen. Details of this will be explained later in this chapter. 

 

2.2.1 - Muscle Alignment System 

 

The design of the muscle alignment system was focussed on ensuring the 

alignment arms would give the correct angle of force application to the muscle 

with the minimum deflection when fully loaded. The alignment arms were made 

from stainless steel and had eyelets with polymer sheaths to allow nylon 

tensioning cables to pass through with minimal friction. In the original design, the 

lengths of the alignment arms were determined using trigonometric calculations. 
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It was found that for most muscles a 20cm rod would be comfortably long enough 

to obtain the maximum muscle angle required. The VLO and VMO alignment 

cables, however, consisted of a pulley and an angled arm. The cables, once 

through the alignment arms passed over pulleys (6 in total) and were attached to 

hanging weights which provided a total of 175N to the extensor mechanism. 

 Image 6  
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Figure 14 shows the muscle alignment system consisting of a rotating cylinder 

mechanism to allow the alignment arms to be adjusted, thereby providing the 

correct angle of tension to the extensor muscles.  
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The muscle alignment system was designed so that the arms could be adjusted 

when using left and right knee specimens. This flexibility was possible by the use 

of a ‘rotating cylinder system’. The cylinder was made up of individual discs that 

were designed to clamp around the metal shafts. The discs were held on one 

common central axis coincident with the axis of the femur. The discs rotated 

around the central axis and allowed the alignment arms to move in and out of 

grooves between the discs. Each alignment arm was clamped between two 

discs, which were held together by a large nut on the end of the shaft. A spring 

was incorporated into the design to allow fine adjustments of the arm without the 

discs slipping and losing all previous settings. 

The pulleys in the front alignment arms (for VMO and VLO) were designed to run 

on stainless steel bushes between two stainless steel washers. The position of 

the pulleys could be changed without clamping them tight. 

 

2.2.2 - Loading of the Extensor Mechanism 

 

The muscle alignment system on the joint testing rig allowed the individual 

application of extensor muscle forces along the orientation of principal muscle 

fibres. In order to load the quadriceps, three muscle groups (RF+VI, VLL and 

VML) were loaded via nylon cables that passed through the eyelets of the 

‘straight’ alignment arms. The two oblique muscle groups (VLO and VMO) were 

loaded in the correct physiological directions by cables routed via pulleys 

attached to ‘angled’ alignment arms.   A total load of 175N was applied to the 
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quadriceps muscle groups and 30N to the ITB by hanging fixed weights on the 

ends of the cables. All alignments were relative to the femoral axis (Farahmand 

et al 1998). VLL 14° lateral and 0° anterior; VLO 35° lateral and 33° posterior; 

VML 15° medial and 0° anterior; VMO 47° medial and 44° posterior; RF/VI 0° 

lateral and 0° anterior and ITB 0° lateral and 6° posterior.  The quadriceps 

tension distributions were according to the average physiological cross sectional 

areas of the muscles: RF/VI 35%, VLL 33%, VLO 9% VML 14% and VMO 9%. 

(Farahmand et al 1998) 

Figure 15 

 

 

 

 

 

 

 

 

 

  

 

Adapted from: W.Senavongse (2002) “Biomechanics of the Patellofemoral Joint” 

Thesis. University of London, using data from Faramand et al 1998.  

Physiological Muscle Loading.

Medial Lateral

(Relative to the femoral axis
in the frontal plane)

VLL -14deg lateral 
- 0deg anterior
- 58N (33%)

VLO – 35deg lateral
- 33deg posterior
- 16N (9%)

RF+VI – 0deg lateral
- 0deg anterior.
- 61N (35%)

VMO – 47deg medial
- 44 deg posterior
- 16N (9%)

VML – 15deg medial
- 0deg anterior
- 24N (14%)

ITB – 0deg lateral
- 6deg posterior
- 30N
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  Image 7: Top view of loaded knee. 

 Figure 17: Schematic representation   
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2.3 - Optical Tracking 

 

Tibiofemoral flexion was measured dynamically using the Polaris Optical 

Tracking System (NDI International, Waterloo, Ontario, Canada). One optical 

tracker was placed on the femur and one on the tibia. The specimen orientation 

was then defined by digitizing boney points using a Traxtal optical probe (Traxtal 

Inc, Toronto, Canada) with the knee specimen in full knee extension and the 

quadriceps tensed. 

The knee specimen was digitised in 2 stages. First a custom built digitising 

platform was used to define x and y coordinates. This mount consisted of a 

detachable nylon platform which sat above the knee specimen. See Image 7. 

 

Image 8: Digitising Platform.   



 88 

 

  

Figure 17  

 

The above image and figure show the digitising platform with two lines of shallow 

dimples drilled 10mm apart onto its surface. One line runs centrally along the 

length of the platform, in line with the anatomical axis of the femur and the other 

lies perpendicular to it at the distal end.  

 

The digitising probe was used to register four points on the digitizing platform - 

proximal, distal, medial and lateral. The platform was then removed and the 

loaded knee specimen was then co-registered by digitising a combination of 

secured optical trackers and bony landmarks on the femur and tibia. The femoral 
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coordinate system was centred and aligned to the anatomical axis and 

rotationally aligned with the most posterior aspects of the femoral condyles. With 

the knee in extension, the tibial coordinate system was based on this axis and 

the most medial and lateral points of the tibial condyles. The raw kinematic data 

was processed with Visual 3D (C-Motion Inc, Rockville, Maryland). The points 

which defined the local coordinate system of each bone were used to create 

bone segments in the software, the motions of which were linked to their 

respective trackers. The default Cardan sequence was x,y and z, where x is 

flexion-extension, y is abduction-adduction and z is internal-external rotation Fig 

19. This sequence was equivalent to the joint coordinate system for the knee 

(Grood et al, 1983; Merican et al 2008).  

 

 

                               Figure 18 
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2.4 - Measurement of Ligament Length Changes 

 

This study measured length changes in the principal structures of the medial and 

lateral parapatellar retinacula. On the medial side, the most important soft tissue 

structure for patellar stability was the medial patellofemoral ligament (MPFL) 

(Hautamaa et al, 1998; Conlan et al, 1993; Desio et al, 1997). The MPFL was 

found in all eight knee specimens running transversely between the proximal half 

of the medial border of the patella to the femur immediately proximal to the 

medial epicondyle in the second tissue layer, below the superficial fascia and 

above the capsule (Amis et al, 2003; Warren et al, 1979).  

Medial Collateral 
Ligament

Medial
Patellofemoral 
Ligament

Medial Epicondyle

Patella
Vastus 
Medialis 
Obliquis

Proximal

Distal Medial

Lateral

Superficial Fascia

 

Image 9: Shows a right knee specimen, anterior up. The VMO has been 

reflected upwards and the superficial fascia dissected to reveal the transverse 
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running fibres of the MPFL running with the second layer from the medial border 

of the patella to just proximal to the medial epicondyle. 

The lateral retinaculum was more complex, because of the overlying ITB passing 

alongside the patella giving a multilayered structure (Terry et al, 1986; Dye et al, 

1993; Merican & Amis, 2008). The deep aspect of the ITB acts as the origin for a 

distinct transverse lateral retinacular structure that attaches to the mid-lateral 

edge of the patella (Fulkerson et al; 1980). Although this is often called the lateral 

patellofemoral band, it is not attached to the femur, except indirectly via the 

proximal and distal attachments of the ITB (Kaplan et al, 1957; Terry et al, 1986; 

Merican & Amis, 2008). This “deep transverse band” is he most substantial 

structure, and it this which is transected in a conventional open lateral release 

procedure, so this was selected for length change measurements (See Images 9 

(a) and (b)). 
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Tibial Tubercle

Gerdy’s Tubercle

Patella

ITB

VLO

 

Image 10 (a) 

Lateral

Tibial Tubercle

Gerdy’s Tubercle

ITB

VLO

Patella

Image 10 (b)  
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The above images show the deep transverse fibres of the iliotibial band (iliotibial 

band-patella). (a) The superficial longitudinal fibres are split and detached to 

reveal (b) the underlying deeper fibres. These are transverse in orientation and 

attach the iliotibial band to the tendon of the vastus lateralis obliquus proximally 

(thick arrow) and the lateral edge of the patella distally (thin arrow). 

(Photographs taken with permission from Merican AM & Amis AA “Anatomy of 

the Lateral Retinaculum of the Knee” JBJS(Br) 2008; Vol 90-B. No 4: 527-534 

 

Length changes were measured using a monofilament suture attached to the 

sliding core of a Linear Variable Displacement Transducer (LVDTs - Solartron 

Metrology, UK). Linear displacement of the ferromagnetic core produced a 

voltage change that was recorded as length change (1"m resolution) using 

device-specific software (“Orbit” Excel, Solartron Metrology, UK). The suture was 

kept under a constant low tension (approx 0.2N) by attaching a rubber band to 

the LVDT core. 
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Base unit

Ferromagnetic chamber

Sliding core

Custom mount

Elastic band

Suture under tension

Image 11 (a)                                                  (b) 

 

The above images show the LVDTs used to measure ligament length changes in 

the principal structures of the medial and lateral retinaculum. (a) shows the 

chamber and sliding core attached to a base unit. The base units can be 

connected in series allowing readings from up to 30 separate transducers to be 

recorded. (b) shows an LVDT on a custom mount with a rubber band attached to 

it in order to keep the monofilament suture under constant tension.     

Monofilament sutures attached to the LVDTs were passed through tiny eye 

screws fixed to the bony origin and insertion of each of the ligaments mentioned 

above. The suture was pulled taut and held in place by a bead and crimp 

preventing it from slipping back (Fig 19). 
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Figure 19 

 

The above figure illustrates the set up and shows how, as the ligament lengthens 

the attached suture pulls the stroke arm of the LVDT out and vice versa. The 

suture slides through the first eye screw but is secured by a bead and crimp at 

the second screw eye. Monofilament sutures were found to slide easily within the 

ligament.  

 

A single monofilament suture (Ethilon 2/0, Ethicon, Edinburgh, UK) was used to 

measure length changes in the MPFL (See Images 12 (a), (b)). A suture was 

passed from the LVDT through a screw eye secured at the origin of the MPFL at 

the mid-point of its width, in the deepest part of the sulcus between the medial 

epicondyle and the adductor tubercle. The suture was then threaded along the 
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fibres of the ligament and finally secured at its attachment to the superomedial 

corner of the patella. This method has been used to measure length changes in 

the fibres of the anterior cruciate ligament (Amis & Dawkins 1991). 

A

proximaldistal Medial Epicondyle

VMO

Image 12(a)                                                (b) 

 

The above image (a) shows a right knee specimen viewed from the medial side. 

The specimen has tibial and patellar optical trackers mounted onto it. (b) is a 

schematic representation showing more clearly the monofilament suture passing 

through a screw eye attached at the origin of the MPFL just superior to the 

medial epicondyle. The suture then passes along the fibres of the MPFL to its 

insertion at the superomedial corner of the patella. As the length of the MPFL (A) 

changes with knee flexion/extension, reciprocal length changes of the suture are 

recorded by the attached LVDT. 

 

Because the deep transverse band in the lateral retinaculum originates and 

inserts into two mobile structures (ITB and lateral patella) it was necessary to 

measure motion of  the two structures separately in order to calculate the length 
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change of the fibres in between (Image 13 (a),(b)). With the quadriceps loaded 

and the knee extended, the palpably thick transverse band lay in a straight line 

from the superolateral corner of the patella passing posteriorly, to the deep 

aspect of the ITB. Movements were measured along one suture passing from an 

LVDT through an eyelet sutured into the ITB to the patella along the transverse 

band of fibres. A second LVDT measured movements with a suture passing to 

the ITB eyelet only. Thus length change in the deep transverse band was 

calculated by subtracting the two values. 

distalproximal

B
C B – C = D

D

ITB

Image 13 (a)                                              (b) 

The above image (a) shows a right knee specimen viewed from the lateral side. 

(b) is a schematic representation that shows more clearly the two sutures used to 

measure the length changes in the deep transverse fibres of the lateral 

retinaculum.  Suture (B) passes through the eyelet attached to the ITB, along the 

deep transverse band of fibres and attaches to the superolateral corner of the 

patella. Suture (C) is attached to the ITB eyelet alone. Thus length changes in 

the deep transverse fibres of the lateral retinaculum (D) were calculated by 

subtracting (C) from (B). 
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Before testing, 10 preconditioning cycles of passive knee flexion-extension were 

performed against the extending action of the quadriceps tension. This was done 

by pushing posteriorly on a nylon rod hand-held transversely across the end of 

the tibial intramedullary rod thus avoiding imposing secondary moments. 

Measurements were recorded while the knee extended slowly from 110° to 0° 

flexion under the action of the quadriceps. One cycle of flexion and extension 

took approximately 10 seconds. This allowed a sufficient number of data points 

to be recorded. Ligament length change data was stored for data analysis at 10° 

intervals. Testing was first conducted with the knee intact and then with a 

standard TKR installed in neutral rotation. Finally, internal/external rotation of the 

femoral component and patellofemoral overstuff were performed and tested. 

These will be described later in this chapter. Image 14 (a) and (b) shows the 

final rig set up.
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          Image 14(a)
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Optical Trackers Extensor mechanism 
under tension

Muscle Alignment 
System

Custom mounting 
blocks

Digitising Stylus
Support Pillar

LVDTs

Monofilament 
Sutures

Knee Specimen

Intramedullary 
Brass Sheath

Intramedullary 
Steel Rod

Image 14(b) 

 

The above image (a) shows the final rig set up prior to commencing data 

collection. (b) a schematic representation highlighting all the key components on 

the rig. A thick nylon pillar was wedged under the femur to support the knee 

specimen and prevent posterior movement of the specimen during flexion. 
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2.5 - Approach to the Knee Joint – The Transpatellar Approach 

 

In order to preserve the retinaculum and reduce confounding factors such as 

variable suture tensioning affecting ligament length changes after closure of a 

standard medial parapatellar approach, a novel transpatellar approach was used 

to access the knee joint. 

 

This approach has been described previously (Insall et al 1971) and although not 

used routinely, provides direct access to the knee joint with good exposure of the 

articular surface. This approach is reliable, repeatable and results in no 

significant length changes in the principal structures of the medial and lateral 

retinaculum and has been published (Merican et al 2008). 

 

  Before splitting the patella, two straight 1mm wires were passed across the 

medial-lateral width of the patella. The patella was predrilled with a cannulated 

drill. A fine saw was used to cut the patella lengthwise in a proximal-distal 

direction lateral to the midline (Image 15 (a), (b) and (c)). This was performed 

with the knee flexed to 90° and with tension applied to the quadriceps to stabilise 

the patella. When the cut was sufficiently deep, the last remaining bone was 

cracked open by wedging an osteotome in the gap. The split was completed by 

cutting the articular surface with a scalpel. This was extended distally and 

proximally in the line of the fibres of the patellar and quadriceps tendons, 

respectively. The patellar fat pad was partially excised to allow better 
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visualisation. For closure, the two cut surfaces of the patella were approximated 

and fixed with two 4.0mm cannulated semi-threaded cancellous screws. The 

blade of the saw was placed in the split before final tightening of the screws to 

prevent over compression of the patellar fragments. The split in the patellar 

tendon was left alone as it did not separate when the knee was loaded and 

flexed. The split in the quadriceps tendon was opposed with a continuous suture 

(nylon) which could be loosened and tightened when access to the joint was 

required. 

 

Image 15 

 

The above images show the patellar splitting approach. a) A saw is used and an 

osteotome completes the split in the patella from proximal to distal. b) Good 

visualisation of the knee is obtained. The predrilled holes can be seen on the 

lateral fragment and the mounting for a patellar tracker can be seen on the 

medial fragment. c) after closure of the approach with cannulated 4.0mm 

cancellous screws. Nylon cord (pink) was used to approximate the quadriceps 
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tendon without tension. This could be slackened and tightened if the joint needed 

to be re-accessed. 

 

2.6 - Total Knee Replacement 

 

A cruciate retaining TKR (Genesis II, Smith & Nephew, Memphis TN) was used. 

The procedure was performed by a consultant surgeon on all 8 knees as 

described in the published manual. The specimens had no femoral head or 

malleoli with which to perform extramedullary referencing, intramedullary 

referencing was used. Prior to any bone cuts a small screw was inserted into the 

medial aspect of the femur at the metaphyseal/ diaphyseal junction. This acted 

as a fixed landmark to allow measurement of the proximal-distal distance to the 

edge of the distal femur. This initial measurement acted as a datum to ensure 

that at each stage of the experiment there was no proximal/distal migration of the 

femoral component which would result in a change in joint height and erroneous 

results. Initial rotation of the femur was double checked by ensuring the posterior 

condyles were horizontal. See Images 16 (a) and (b) 
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Posterior Condyles

Spirit Level

Image 16 (a) 

 

The above image shows the posterior condyles lying horizontal. A large piece of 

wood and a metal plate lay against the posterior condyles and a spirit level 

confirmed correct rotation. If required, small adjustments could be made by 

rotating the brass plate on the mounting block (See Fig 13). 
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Distal Femur

Vernier Calipers
 

Image 16 (b) 

The above image shows the initial measurement being made to reference the 

proximal/distal position of the intact distal femur. This will ensure that at each 

stage of the experiment, with repeated measurement, the joint height remains 

unaltered.  

 

2.6.1 - Intramedullary Femoral Alignment and Rotation 

 

A 9.5mm femoral drill was used to open the femoral canal retrograde from the 

knee until the distal end of the intramedullary steel rod was just visible. Any 

debris within the distal end of the intramedullary rod was removed using a fine 
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pair of forceps. A separate custom made alignment rod with a threaded proximal 

end (male) was inserted into the femoral canal and screwed firmly into the 

(female) intramedullary rod. The valgus alignment assembly with the appropriate 

bushing was then slid along the alignment rod until it contacted the distal femur. 

Ensuring the posterior paddles on the valgus alignment assembly contacted the 

posterior condyles; the assembly was secured to the distal femur by impacting 

the floating pins. The posterior referencing alignment guide was attached to the 

valgus alignment assembly and the distal femoral cutting block slid over the top 

until it came to a stop.  The resection level was secured at ‘primary’ using two 

pins. The intramedullary alignment rod was unscrewed and the valgus alignment 

assembly was disengaged prior to resection. 

  

Image 17                     (a)                                      (b)                                    (c) 

 

The above images show (a) the custom alignment rod with the threaded end 

which screws into the distal end of the intramedullary steel rod (See Image 3(b)). 

(b) shows the posterior referencing and valgus alignment assembly secured to 

the femur by the floating pins and alignment rod, the distal femoral cutting block 
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sits on top of the assembly. (c) shows the distal femoral resection block secured 

at “primary”. 

 

Following distal femoral resection, the posterior referencing femoral sizing guide 

and stylus were secured flush with the flat cut surface of the distal femur and the 

posterior paddles contacted the posterior condyles. Placing the stylus on the 

antero-lateral cortex of the femur, the size of the femur was taken and the 

position marked using the floating pins. In all cases the femoral sizes remained 

consistent with measurements taken prior to cementation of the brass sheath. 

  Image 18 

The above image shows the femoral size being measured following the distal 

femoral cut. The intramedullary rod can be seen within the canal. 
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The whole assembly was then removed and the appropriate AP cutting block was 

secured onto the flat surface of the cut distal femur. The spikes on the AP cutting 

block were aligned with the holes made by the floating pins. Once secured flush 

with the distal femur the finishing bone cuts were made. A trial femoral 

component was then press fitted onto the distal femur and neutral rotation was 

ensured by checking that the posterior condyles remained horizontal. The design 

of the Genesis II femoral component is such that the medial posterior condyle of 

the implant is thicker than the lateral. Therefore, although the posterior condyles 

sat horizontally (balancing the flexion gap) the implant itself was orientated to 3° 

of external rotation from the posterior condylar axis (ie. in line with the 

transepicondylar axis).  Vernier calipers were used to ensure that the joint height 

was maintained. 

 

2.6.2 - Extramedullary Tibial Alignment and Rotation 

 

A 9.5mm pilot hole was made through the plateau and into the tibial canal. The 

correct left and right tibial cutting block was attached to the extramedullary 

alignment assembly. The rotation of the extramedullary tibial alignment guide 

was assessed by ensuring the alignment rod was in line with the junction 

between the medial one third and lateral two thirds of the tibial tubercle. 

Rotational alignment was critical due to the 3° of posterior slope cut. Tibial tray 

size was assessed by its coverage of the proximal tibia.  
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With the trial components inserted, flexion and extension gaps were checked 

visually by the operating surgeon and the appropriate polyethylene insert was 

fitted to ensure a stable knee. The tibial baseplate was then cemented using one 

mix of PMMA bone cement.  

 

2.6.3 - Implantation of femoral component and conversion module 

 

Having ensured the trial was correctly seated with its rotation and proximal/distal 

position noted the component was then removed revealing the cut bone ends. 

Added bone cuts were required on all surfaces to accommodate the thickness of 

the femoral conversion module and allow space to rotate the femoral component.  

Conversion Module

Intramedullary 
Rod

 

Image 19 
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The above image shows the distal femur with bone cuts. The intramedullary rod 

has been unclamped from the brass sheath and advanced distally to allow the 

correctly sized conversion module to be screwed on.  

 

Because of the method of cementation of the brass sheath (Section 2.1.1), the 

AP position of the intramedullary steel rod was such that when the femoral 

conversion module and femoral component had been secured to it, the anterior 

flange of the femoral component remained in line with the original anterior 

femoral cut. This was true for all different sizes thereby avoiding unintentional 

overstuffing of the patellofemoral joint or conversely notching the femur (See Fig 

20). 

femur

Intramedullary 
rod

Intramedullary 
sleeve

Cement 
restrictor

cement

Nylon Block

AP positioning rod
Conversion 
module

Femoral 
component

Anterior

Posterior

Distal Proximal

Figure 20 
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The above figure is a schematic representation showing how initial cementation 

using the extramedullary AP alignment rod and correctly sized nylon block 

allowed correct AP positioning of the steel intramedullary rod within the canal, so 

that when the corresponding femoral component and conversion module were 

screwed onto it, the anterior flange of the femoral component was flush with the 

initial anterior femoral cut thus maintaining the patellofemoral space.  

 

This approach allowed generous bone cuts to be made without loss of femoral 

component position.    

Trial Femoral Component

Conversion 
Module

Added bone 
cuts

Cement spacer

Tibial 
insertSplit patella

 

Image 20 
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The above image shows the trial femoral component and conversion module 

cemented together and seated over the distal femur. The construct is secured to 

the intramedullary rod, which is itself clamped to the cemented brass sheath. A 

space is left following additional bone cuts. A crude cement spacer was placed 

underneath the anterior flange of the femoral component to prevent unwanted 

rotation of the femoral component during initial testing cycles. The spacer was 

removed when component rotation was required.  

 

Image 21                                       (a)                                                             (b) 

 

The above image shows a right knee specimen viewed from the medial side. (a) 

shows how despite substantial bone cuts, the AP position of the femoral 

component is maintained as its position is determined by corrected initial 

positioning of the intramedullary rod. (b) shows a set of vernier callipers being 

used to ensure joint height is maintained following implantation of the femoral 

component.  
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Following implantation of the femoral component, flexion and extension gaps 

were reassessed subjectively in full extension and 90° of flexion. Neutral rotation 

of the femoral component was achieved by ensuring that the posterior condyles 

were horizontal after arthroplasty. The patella was resurfaced using a dome-

shaped onlay button centred over the median ridge and the original patellar 

thickness was restored within + 0.5 mm. The transpatellar arthrotomy was closed 

as described in the previous section using two 4mm cannulated cancellous 

screws, without disrupting the attachment points of the sutures used to measure 

the length changes of the retinacula. The cuts in the quadriceps tendon were 

approximated without tension using nylon cord.   

10 preconditioning cycles of passive knee flexion-extension were performed 

against the extending action of the quadriceps tension. Measurements were 

recorded while the knee was allowed to extend slowly from 110° to 0° flexion 

under the action of the quadriceps. Ligament length change data was recorded at 

10° intervals. 

 

2.7 - Femoral Component Rotation 

 

Femoral component rotation was achieved using a similar system to that 

described by Armstrong et al (2003). The intramedullary rod within the brass 

sleeve was custom made to secure onto a Smith and Nephew “Conversion 

Module” which itself was fixed to the proximal undersurface of the femoral 

component (See Fig 21).  
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Figure 21 (a)                                                                   (b) 

 

The above figure is an illustration showing the two aspects of experimental set up 

that allowed rotation of the femoral component in situ (a) shows the conversion 

module attached to the intramedullary steel rod. (b) shows the femoral 

component attached to the conversion module and added bone cuts over the 

anterior cortex and posterior condyles which allow component rotation. 

 

The length of the intramedullary rod was designed to be long enough for it to 

pass the entire length of the femur and mounting block. When unclamped from its 

brass sheath, rotation of the intramedullary rod at the proximal aspect of the knee 

rig resulted in rotation of the femoral component within the knee joint without 

disturbing the joint capsule or the orientation of the knee specimen. The amount 

of rotation was controlled by attaching a protractor to the proximal end of the 

mounting block.   
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        Image 22 

 

The above image shows a protractor attached to the proximal end of the 

mounting block. A pointer was attached to the proximal end of the intramedullary 

rod. At neutral rotation (posterior condyles horizontal), the pointer was set at 0°.  

5° of internal and external rotation were possible. We found that any further 

rotation was prevented by impingement of soft tissue structures. External rotation 

was restricted by impingement of the posterior medial condyle of the femoral 

component with the posterior cruciate ligament (PCL).  Internal rotation was 

restricted by the lateral condyle of the prosthesis abutting the insertion of the 

popliteus tendon.  

At each position of malrotation (5° internal and 5° external rotation) the 

intramedullary rod was clamped securely to the brass sleeve before performing 
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10 pre-conditioning motion cycles. Length change measurements were taken 

during the final extension cycle at 10° intervals. 

 

2.8 - Patellofemoral Overstuff 

 

The patella was resurfaced using a dome shaped onlay button centered along 

the median ridge on the undersurface of the patella. The polyethylene button had 

a countersunk hole drilled into the centre of it to allow it to be secured with a 

short cancellous screw instead of cementing.  Various patellar thicknesses were 

achieved by overresecting the patella by 2mm then placing 2mm thick nylon 

washers under the ‘onlay’ button to build up patellar thickness. The variables 

measured were 2mm understuff, pre-cut thickness, 2mm and 4mm overstuff. This 

was rechecked using vernier calipers prior to closure of the transpatellar 

arthrotomy.  

As previously, 10 preconditioning cycles were performed before length change 

measurements were taken on the last extension cycle. 
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(1)

(2)
(4)

(3)

Image 23                                     (a)                                                           (b) 

 

The above images show the patella resurfaced using an ‘onlay’ button (1). The 

thickness of the patella/bone composite was adjusted by adding a series of 2mm 

nylon washers under the button (2). The onlay button was secured to the patella 

using a countersunk cancellous screw (3). Final patellar bone/composite 

thickness was checked using a pair of calipers (4). 

 

 

 

 

 

 

 



 118 

2.9 - Statistical Analysis 

 

A two-way repeated-measures ANOVA with Bonferroni post-tests was used to 

test for differences in length of the MPFL and deep transverse band of the lateral 

retinaculum between  

1) the intact knee and TKR as the knee extended from 110° - 0°.  

2) different femoral component rotations as the knee extended from 110°- 0°. 

3) different patellar thicknesses as the knee extended from 110° - 0°. 

 

Significance was set at p<0.05 
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3.1 Length Change Behaviour in the Extensor Retinaculum and the Effects 

of Total Knee Replacement    

 

3.1.1 Results 

 

Raw data for ligament length changes in the MPFL and deep transverse fibres of 

the lateral retinaculum are given in Appendix 1: Section 1.1 (Tables 1-4). 

 

Average length changes in the medial and lateral retinacular stuctures before and 

after knee replacement are shown in Tables 2 and 3 

 
 
Tables 2 (a) and (b) shows the average length changes (mm) in the MPFL 

before and after knee replacement. 

 
 
(a) – Native                                    (b) – TKR  

 
 

  
  
  
  
  
  
  
  
  
  
  
   

 
 
 

 Average Std Dev. 

0 0 0 

10 -1.0 1.0 

20 -1.5 1.5 

30 -1.6 1.9 

40 -1.7 2.1 

50 -1.8 2.2 

60 -1.9 2.3 

70 -1.9 2.3 

80 -1.8 2.5 

90 -1.6 2.9 

100 -1.6 3.0 

110 -1.6 3.0 

 Average Std Dev. 

0 0.9 3.1 

10 0.8 2.9 

20 1.1 2.7 

30 1.4 2.6 

40 1.4 2.6 

50 1.0 2.5 

60 0.4 2.3 

70 -0.5 2.1 

80 -1.3 2.1 

90 -1.6 2.2 

100 -1.7 2.3 

110 -1.7 2.3 
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Tables 3 (a) and (b) show the average length changes (mm) of the deep 

transverse fibres of the lateral retinaculum before and after knee replacement. 

 
 
(a) – Native                                           (b) – TKR 

 
   
                                                                  
 
 
 
 
   

   

   

   

        

Ligament length changes in the native MPFL for all 8 knee specimens are shown 

in Graph 1. Six of 8 knee specimens showed a tightening of the MPFL during 

knee extension. Knees 4 and 6 showed an overall slackening during extension. 

None were isometric.  

 

The mean pattern of length change for the native MPFL was close to isometric 

with a tightening of 1.9±2.3mm (-4.3 to +4.7mm) (mean ± SD; range min-max) 

from 70° flexion to full extension; this did not reach significance (p=0.0874) 

Graph 2.  

 

 Average Std Dev. 

0 0 0 

10 0.8 1.0 

20 2.6 2.5 

30 4.2 3.7 

40 5.6 4.6 

50 6.4 5.2 

60 6.9 5.4 

70 7.3 5.5 

80 7.7 5.5 

90 7.9 5.3 

100 8.0 5.2 

110 8.0 5.0 

 Average Std Dev. 

0 -2.4 2.1 

10 -0.7 2.5 

20 2.2 2.5 

30 4.3 3.5 

40 5.5 4.4 

50 6.4 5.2 

60 7.1 5.8 

70 7.7 6.0 

80 7.9 6.3 

90 7.8 6.4 

100 7.7 6.1 

110 7.3 6.0 
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Ligament length changes in the deep transverse band of the lateral retinaculum 

in the native knee for all 8 knee specimens are shown in Graph 3. Six of 8 knee 

specimens showed a slackening of the lateral retinaculum throughout knee 

extension.  

 

The lateral retinaculum slackened by a mean of 8.0± 5.0mm (14.2 to 0.5mm) as 

the knee extended from 110° to 0° (p<0.0001) Graph 2.  

 

Ligament length changes in the MPFL after TKA for all 8 knee specimens are 

shown in Graph 4. Half the knee specimens showed a tightening of the MPFL as 

the knee extended to between 30 and 60° (Knee 3, 4, 5 and 6) followed by a 

slackening. The other half showed tightening of the MPFL throughout knee 

extension (Knee 1, 2, 7 and 8). None were isometric.  

 

The mean pattern of length change in the MPFL after TKA was close to isometric 

with a tightening of 3.0±1.9mm (-1.1 to +5.8mm) as the knee extended from 90° 

to 30° followed by a slackening of 0.5±2.2mm as the knee fully extended. While 

the overall pattern of MPFL length change was different (p<0.0001), between the 

native knee and post-TKR, post-testing did not show that there was significant 

differences at any specific angle of flexion (p>0.05). The largest difference, 

between the native knee and post TKR, was a mean of 3.1mm at 40° flexion, 

95% CI of difference: -0.3 to 6.5mm. The greatest stretching above the native 

length was a mean of 1.4mm at 30° flexion - Graph 5.   
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Ligament length changes in the deep transverse band of the lateral retinaculum 

after TKA for all 8 knee specimens are shown in Graph 6. 6 of 8 knee specimens 

showed a slackening of the lateral retinaculum from 70° knee extension.  

 

After TKR the lateral retinaculum was close to isometric as the knee extended 

from 110° to 70°, after which it slackened by 10.2+6.3mm (14.5mm slackening to 

0.5mm tightening) as the knee reached full extension. There was an overall 

mean slackening of 0.4mm post-TKR, p=0.0125 by ANOVA, ranging from 2.5mm 

slack at 0° (p<0.001 on post-testing, 95% CI -4.1 to -0.9mm) to 0.4mm tighter at 

70° (p>0.05 on post-testing from 10 to 110°).There was no significant difference 

seen in ligament length changes in the deep transverse band of the lateral 

retinaculum except in the last 10° of knee extension Graph 7. 
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Ligament Length Changes in the Native MPFL (n=8)
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Graph 2: Length changes of the MPFL and transverse fibres of the lateral 

retinaculum versus knee flexion, with the knee intact. (Mean plus SD, n=8) 

(Taken from: Ghosh KM et al (2008) “Length change patterns of the extensor 

retinaculum and the effects of knee replacement.” J Orthopaedic Res – in press)
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Ligament Length Changes in the Native Lateral Retinaculum (n=8)
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Ligament Length Changes in the MPFL after TKR (n=8)
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Graph 5: Length changes of the MPFL versus knee flexion after TKR, compared 

with the knee intact. (Mean plus SD, n=8). (Taken from: Ghosh KM et al (2008) 

“Length change patterns of the extensor retinaculum and the effects of knee 

replacement.” J Orthopaedic Res – in press)
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Ligament Length Change in the Lateral Retinaculum after TKR (n=8)
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Graph 7: Length changes of the lateral retinaculum versus knee flexion after 

TKR, compared with the knee intact. (Mean plus SD, n=8). (Taken from: Ghosh 

KM et al (2008) “Length change patterns of the extensor retinaculum and the 

effects of knee replacement.” J Orthopaedic Res – in press)
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3.1.2 Discussion 

 

There is increasing literature highlighting the importance of the extensor 

retinaculum in patellofemoral kinematics (Skalley et al 1993; Hautamaa et al 

1998; Desio et al 1998; Arendt et al 2002; Amis et al 2003; Christoforakis et al 

2006). The combination of high loads, small contact areas, changing contact 

points and the complex nature of patellar soft tissue attachments make the 

extensor mechanism particularly vulnerable to problems after total knee 

replacement.  The incidence of patellofemoral complications in total knee 

arthroplasty (TKA) has been reported to be as high as 12% (Boyd et al 1993). 

Complications such as chronic pain, component wear, osteonecrosis, 

malalignment, fractures, tracking abnormalities, loosening, subluxation, or 

dislocation have been described (Boyd et al 1993; Armstrong et al 2003; 

Eisenhuth et al 2006). Stiffness after TKA remains a disabling complication with 

prevalence reported from between 1.3% (Kim et al 2004) to as high as 12% 

(Daluga et al 1991).    

  

This study has presented data which is believed to be the first attempt at 

quantifying dynamic retinacular behaviour and the effect of knee replacement on 

it. Although direct comparisons cannot be made, this study produced a number of 

findings which are supported in current literature. 
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Native Knee 

 

Length change patterns of the MPFL in individual knee specimens (before and 

after TKA) were found to behave in a non-isometric manner (Graph 1 and 3). 

Despite the mean length change patterns being close to isometric (Graph 5) the 

general pattern seemed to agree with published literature showing the MPFL to 

be tight in extension and slack in flexion. Amis et al (2003) made similar 

subjective observations suggesting that the retinacular structures are tight in the 

extended knee, as the muscles pull the patella proximally, and slacken as it 

flexes. Smirk et al (2003) measured length change patterns at various MPFL 

graft sites. Despite using embalmed specimens and a quadriceps load of only 

1.25kg, they were the first to measure the slackening behaviour of the MPFL by 

placing the graft at its anatomical attachments (See Graph B, Pg.35). MPFL 

behaviour has had significant implications on reconstruction where the general 

consensus has been to restore ligament isometry (Davis et al 2002; Cossey et al 

2005; Bicos et al 2007). Theoretically this would prevent graft failure due to over-

stretching (O’Meara et al 1992). The results for native MPFL behaviour in this 

study support recent work in other laboratories favouring anisometric graft 

placement in order to achieve more physiological graft behaviour, with a 

decreasing length of the graft as the knee flexes (Thaunat et al 2007; Dejour et al 

2007).      
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Two knee specimens displayed a slackening of the MPFL as the knee extended. 

This may be due to a more distal patellar attachment site for the MPFL and/or a 

more proximal femoral attachment. Smirk et al (2003) showed similar length 

change characteristics after transposing the patellar attachment of the MPFL 

graft 5mm distally. It is speculated that length changes in more distal MPFL fibre 

bundles may show tightening with increased flexion if the femoral attachment is 

proximal and vice versa. 

 

A mean slackening of the deep transverse band of the lateral retinaculum 

occurred during knee extension as the ITB moved anteriorly bringing its 

attachment points closer together. No published data has been found on the 

length change patterns in the lateral retinaculum. If however, one attributes an 

increase in ligament length to an increase in ligament tension, there are two 

studies where tensile stress were measured in the lateral retinaculum where the 

results are comparable to the present study. Luo et al (1997) and Ishibashi et al 

(2002) both measured tensile stress in the “lateral patellofemoral ligament”. Lou 

et al (1997) performed measurements in vitro on physiologically loaded knee 

specimens, acknowledging the importance of loading the ITB. Ishibashi et al 

(2002) took in vivo measurements in patients requiring tubercle transfer for 

patellar lateral instability. Both studies demonstrated an increase in lateral 

retinacular tension as the knee flexed. Whereas Luo et al (1997) found maximal 

tensile stress to occur at 60°, Ishibashi et al (2002) found tensile stress to 
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increase throughout flexion (up to 120°). The results of the latter study were 

similar the present findings.  

 

Total Knee Arthroplasty 

 

The findings of this study showed - for the particular implant being tested – 

insertion of a TKA did not abnormally tension the retinaculum. In fact, during the 

last 10° of knee extension the deep transverse fibres of the lateral retinaculum 

slackened around 2.5mm. Here, the patella was proximal to the prosthetic 

trochlea so it is not clear why this happens. It is speculated that release of 

intracapsular tethers may have caused lateral tilt or shift of the patella which is 

why a reciprocal small though not significant increase in length was seen on the 

medial side (0.9mm±3.1 at 0°, 1.8mm±3.2 at 10°). 

 

Due to the intimate relationship between the extensor retinaculum and the 

patella, abnormal patellar tracking will result in abnormal length change patterns 

in the retinaculum. Unfortunately, at the time of writing, patellar tracking data was 

not collected. As a result it can only be speculated indirectly that if retinacular 

length change patterns were on the whole preserved after TKA, then patellar 

position would also be preserved. Chew et al (1997) used a biomechanical model 

similar to this study. Excluding the ITB, 3 groups of the quadriceps muscle as 

well as the hamstring muscles were each loaded separately based on their 

anatomical cross-sectional areas with the direction of the loading along the line of 
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action of each muscle. Patellar tracking in the normal knee was compared with 

that found with 3 different implant designs (Genesis II, Smith & Nephew, 

Memphis, TN; NexGen; Zimmer; PFC Sigma Total Knee System, Johnson & 

Johnson, New Brunswick, NJ), under similar tissue constraints and surgical 

conditions. They found that all three component designs had tracking 

characteristics similar to the intact knee. There was no significant difference in 

tracking between the different components. In similar work Armstrong et al (2003) 

analysed patellar tracking after TKA and following femoral component 

malposition. They also found no change in the spatial position of the patella after 

a standardised knee replacement (Nexgen, Zimmer, Warsaw, IN) when 

compared with the intact knee.  

 

Features of the implant may account for this behaviour. The asymmetric design 

of the Genesis II reproduces the anterior height of the femoral trochlea (with 

avoidance of anterior displacement of the femoral component) and aims to assist 

in the maintenance of proper tension in the extensor retinaculum. The trochlear 

groove lateralised and helps decrease the valgus force vector causing lateral 

displacement of the patella. These asymmetric designs have a theoretical 

advantage of earlier patellar capture because of the greater proximal extent of 

the lateral flange, decreased patellar shear because of the lateral displacement 

of the patellar groove, and less vastus medialis irritation because of a less 

prominent medial flange (Chew et al 1997). The dome-shaped design of the 

patellar component used in this study may allow more freedom of movement of 
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the patella in the prosthetic trochlear groove. So, even if the femoral groove may 

have been in an abnormal position, the design of the patella allows it to 

accommodate to this by tilting to maintain its position within the groove. 

 

A finding in the MPFL of half of the knee specimens following TKA was a relative 

tightening of the MPFL as the knee extended to 40° followed by a lesser 

slackening. Although found not to be statistically significant when compared to 

the native knee, this behaviour has not been described in previous literature. At 

this angle the patella tracked over the “hump” of the anterior flange of the 

prosthesis before sinking into the trochlear groove, and so it is where the bony 

attachments for the MPFL are furthest apart. It could be speculated that for this 

implant design, problems with patellofemoral overstuff or lateral tilting of the 

patella may be most evident here. This may vary with implant geometry. 

 

3.1.3 Conclusion 

 

We concluded that, in the natural knee, on average, the MPFL behaved in a 

manner close to isometric - tending to lengthen (a relative tightening) as the knee 

extended. The deep transverse band of fibres in the lateral retinaculum 

slackened significantly as the knee extended. Insertion of a particular type of 

prosthesis in the recommended manner resulted in no significant tensioning of 

the retinaculum when compared to the intact knee.      
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3.2 The Effect of Femoral Component Rotation on the Extensor 

Retinaculum of the Knee   

 

3.2.1 Results 

Raw data for ligament length changes in the MPFL and deep transverse fibres of 

the lateral retinaculum are given in Appendix 1: Section 1.2 (Tables 1-4)  

 

Average ligament length changes in the medial and lateral structures after 

internal and external rotation of the femoral component are shown in Tables 4 

and 4. 

 
Table 4 (a)-(c) shows average ligament length changes (mm) in the MPFL after 

rotation of the femoral component. 

 
(a) – Neutral Rotation         (b) - 5° Internal Rotation       (c) - 5° External Rotation 
 

 
                                                               
 
 
 

 Average Std Dev. 

0 0.9 3.1 

10 0.8 2.9 

20 1.1 2.7 

30 1.4 2.6 

40 1.4 2.6 

50 0.9 2.5 

60 0.4 2.3 

70 -0.5 2.1 

80 -1.3 2.1 

90 -1.7 2.2 

100 -1.7 2.3 

110 -1.7 2.3 

 Average Std Dev. 

0 -0.3 2.8 

10 -0.5 2.6 

20 -0.4 2.5 

30 -0.3 2.5 

40 -0.2 2.4 

50 -0.5 2.3 

60 -1.1 2.0 

70 -1.8 1.9 

80 -2.4 1.9 

90 -2.6 1.9 

100 -2.6 1.9 

110 -2.5 2.0 

 Average Std Dev. 

0 1.9 3.1 

10 2.2 2.9 

20 2.6 2.8 

30 2.8 2.8 

40 2.8 2.8 

50 2.5 2.7 

60 1.8 2.4 

70 0.9 2.2 

80 -0.1 1.9 

90 -0.8 1.8 

100 -1.1 1.8 

110 -1.2 1.8 
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Table 5 (a)-(c) shows average ligament length changes (mm) in the deep 

transverse fibres of the lateral retinaculum after rotation of the femoral 

component. 

(a) – Neutral Rotation          (b) – Internal Rotation 5°     (c) – External Rotation 5° 

 

Graphs of ligament length changes in the MPFL and the deep transverse band of 

the lateral retinaculum with the femoral component in neutral rotation for all 8 

knee specimens are as shown in the previous study (Graphs 5 and 7). 

 

The mean pattern of length change in the MPFL with the femoral component in 

neutral rotation was close to isometric with a tightening of 3mm±1.9 as the knee 

extended from 110° to 30° followed by a slackening of 0.5mm±2.2 as the knee 

fully extended. Whereas the lateral retinaculum showed, on average, a 

slackening of 7.9mm± 6.3 as the knee extended from 80°.  

 

 Average Std Dev. 

0 -2.5 2.1 

10 -0.7 2.5 

20 2.2 2.5 

30 4.3 3.5 

40 5.5 4.4 

50 6.4 5.2 

60 7.1 5.8 

70 7.7 6.0 

80 7.9 6.3 

90 7.8 6.4 

100 7.7 6.1 

110 7.3 6.0 

 Average Std Dev. 

0 -1.6 3.1 

10 0.1 3.0 

20 2.8 2.8 

30 4.7 3.9 

40 5.9 4.8 

50 6.8 5.4 

60 7.4 5.7 

70 7.9 5.9 

80 8.0 6.0 

90 8.1 6.2 

100 8.1 6.9 

110 7.7 6.0 

 Average Std Dev. 

0 -2.3 2.6 

10 -1.0 2.3 

20 1.6 2.1 

30 3.03 2.8 

40 4.20 3.4 

50 5.1 4.1 

60 5.9 4.7 

70 6.5 5.2 

80 7.0 5.3 

90 7.1 5.5 

100 7.2 5.4 

110 6.9 5.3 
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(Graphs of ligament length changes in the MPFL on all 8 knees after internal and 

external rotation of the femoral component can be found in Appendix 2. Section 

2.2 Graphs 1 and 2.) 

 

On average internal rotation of the femoral component resulted in an overall 

slackening of the MPFL. This was significant from 100-0° of knee extension. As 

the knee extended this became more significant. (100°- 0.9mm±0.3 (p<0.05), 90-

80° -1.03mm±0.1 (p<0.01), 70-0° -1.4mm±0.2 (p<0.001)) – See Graph 8  

 

On average external rotation of the femoral component resulted in a relative 

tightening of the MPFL when compared to neutral rotation. This was significant 

from 80-0° of knee extension. (80° -1.2mm±0.1 (p<0.01), 70-0° -1.4mm±0.1 

(p<0.001)). – See Graph 8 

 

(Graphs of ligament length changes in the deep transverse band of fibres of the 

lateral retinaculum on all 8 knees after internal and external rotation of the 

femoral component can be found in Appendix 2. Section 2.2 Graphs 3 and 4.) 

 

On average the lateral retinaculum showed no significant differences in ligament 

length change after internal or external rotation of the femoral component. -  See 

Graph 9.
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Average Ligament Length Changes in the Medial Patellofemoral Ligament after Internal and External 

Rotation of the Femoral Component 5 degrees (n=8)
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Average Ligament Length Changes in The Deep Transverse Fibres of the Lateral Retinaculum after Internal 

and External Rotation of the Femoral Component 5 Degrees (n=8)
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3.2.2 Discussion 

 

Patellofemoral problems account for a considerable proportion of complications 

after total knee arthroplasty, which include prosthetic loosening, wear and failure, 

patellar instability and patellar fracture (Akagi et al 1999). Many of these 

patellofemoral complications may be associated with suboptimal patellar tracking. 

Thus, a better understanding of patellofemoral joint biomechanics is needed. 

Literature to date suggests that with existing TKR designs, a certain amount of 

external rotation of the femoral component is favourable for patellofemoral 

kinematics and the overall function of the knee. The transepicondylar axis has 

now become popular in achieving the correct rotation. Although in vitro studies 

have shown that femoral component malposition affects patellofemoral 

kinematics and a number have speculated that abnormal tensioning of the soft 

tissues may also occur (Armstrong et al 2003; Akagi et al 1999; Laskin et al 

2004; Sodha et al 2004) there has been no published work quantifying this. 

 

This study found that internal and external rotation of the femoral component of 

just 5° resulted in significant length change patterns particularly in the medial 

structures (MPFL). External rotation resulted in an increase in length of the MPFL 

which can be interpreted as a relative “tightening”. Internal rotation of the femoral 

component conversely resulted in a decrease in length of the MPFL – a relative 

“slackening”. Significant differences in length change patterns occurred over a 

wider arc of motion when the femoral component was internally rotated (100-0°). 
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Femoral component rotation did not cause significant effects on length change 

patterns of the deep transverse fibres of the lateral retinaculum. 

 

The Genesis II femoral component is asymmetrical and not designed to be 

rotated. The laterally sloping trochlear groove and prominent lateral flange are 

designed for early capture and replication of normal patellar tracking. The 

previous study found that, when inserted correctly, the Genesis II total knee 

system resulted in no significant differences in length changes patterns in the 

principal structures of the medial and lateral retinaculum. However, accurate 

insertion of the implant is not always possible especially in patients with 

advanced degenerative disease where bony landmarks are difficult to identify 

(femoral epicondyles, posterior condyles). In such situations malrotation may 

occur (Kinsel et al 2005).   

 

It is proposed that the patella moves with the prosthesis when the femoral 

component is malrotated. This is more significant in extension where malrotation 

causes more marked changes in trochlear groove position than in flexion 

because the anterior flange is anterior to the axis of rotation, while the distal 

groove lies over the axis. In addition the groove is deeper and wider in flexion 

and the dome-shaped design of the patellar component allows more freedom, so 

even though the femoral groove may be in an abnormal position, the design of 

the patella allows it to accommodate to this by tilting to maintain its position within 

the trochlear groove. 
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 External rotation of the femoral component shifts the trochlear groove laterally 

and decreases the effectiveness of the lateral ridge in resisting lateral translation 

of the patella. This is partly counteracted by the reduction of lateral forces from 

the loss of Q angle, however, there is a resultant lateral shift and tilt of the 

patella in relation to the femur (Armstrong et al 2003; Anouchi et al 1993), 

resulting in the MPFL being pulled tight.  

 

Conversely, internal rotation of the femoral component causes the lateral flange 

to rise, shifts the trochlear groove medially and only the shallow medial condylar 

facet resists medial translation of the patellar component. The subsequent medial 

translation and medial tilt (in comparison to the original datum) of the patellar 

component causes a reduction in the length on the MPFL – a relative 

“slackening”.  

 

The lateral retinaculum, however, behaved in a surprising manner. Although it 

displayed length change patterns opposite to the medial side – a relative 

slackening (reduction in length) in external rotation and a relative tightening 

(increase in length) in internal rotation – none of these changes were significant. 

It is proposed that as the deep transverse fibres of the lateral retinaculum 

originate from the ITB, this mobile structure (normally) moves backwards and 

forwards not only with knee flexion and extension but also with patellar tilt and 

shift. Thus external femoral component rotation resulting in relative lateral tilt and 

lateral shift of the patella causes the deep transverse fibres of the lateral 
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retinaculum to move posteriorly with the ITB and so length changes within the 

transverse band are non-significant. It is proposed that in degenerative disease, 

these structures are stiffer (Fishkin et al 2002) and tethered to the bone. Thus, 

length changes are more significant resulting in abnormal tensioning of the lateral 

retinaculum (Fig 22). 

 

Fig 22 is a schematic representation of how it may be speculated that the 

principal structures of the medial and lateral retinaculum behave with malrotation 

of the femoral component. External rotation results in the patella moving laterally 

along with the trochlear groove, resulting in the bony origin and insertion of the 

MPFL moving apart resulting in an increase in length. Internal rotation results in 

the opposite. On the lateral side, however, the insertion of the deep transverse 

band of the lateral retinaculum is the mobile ITB. Thus, with internal and external 
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rotation of the femoral component the patella moves medially and laterally 

(respectively) with the trochlear groove, however it could be speculated that the 

ITB moves forward and back with the patella, resulting in the relative distance 

between the origin and insertion of the deep transverse band remaining 

approximately constant. 

 

No other studies that have measured ligament length change patterns in the 

extensor retinaculum after knee replacement or after femoral component rotation 

have been found. Nor has there been any published work that has described the 

behaviour of the lateral retinaculum in this manner. 

 

Most studies examining femoral component rotation have rotated the femoral 

component from the posterior condylar axis to the transepicondylar axis and have 

duly noted more physiological tracking characteristics. As the Genesis II system 

is designed to sit in external rotation from the posterior condylar axis 

(approximately 3°), direct comparisons with other published work requires that 

the implants tested were taken beyond the transepicondylar axis in both 

directions.   

 

Armstrong et al (2003) in their cadaveric work noted that the spatial position of 

the patella relative to the femoral shaft had changed with femoral component 

malposition. Although this is largely due to the change in position of the trochlear 
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groove within which the patella sits, they also speculated that the soft tissues 

may be tensioned abnormally. 

  

Miller et al (2001) examined the effect of femoral component rotation on patellar 

kinematics and the centre of pressure on the patellar prosthesis. They found that 

the femoral component that was aligned parallel with the transepicondylar axis 

resulted in more normal patellar tracking and minimised patellofemoral shear 

forces early in flexion. Any femoral component external or internal to the 

transepicondylar axis worsened the mediolateral shear forces on the patella early 

in flexion. The patella also tilted significantly more laterally with external rotation 

relative to the transepicondylar axis, similar to the present findings. 

 

Several clinical studies have shown that external rotation of the femoral 

component in line with the transepicondylar axis has resulted in a reduction in 

lateral release rates. (Akagi et al 1999; Sodha et al 2004; Newbern et al 2006).  

Excess femoral component internal rotation has been reported to lead to 

increased mediolateral patellar shear contact force and increased Q angle (Miller 

et al 2001). The lateral flange of the femoral component also rises, tilting the 

patella medially and stretching the iliotibial band. This will increase the likelihood 

of lateral retinacular release. This study failed to show any significant length 

changes, away from the length change patterns in neutral rotation, in the lateral 

retinaculum following femoral malrotation.  
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3.2.3 Conclusion 

 

Malrotation of the femoral component following TKA results in significant 

differences in length change patterns within the principal structures of the medial 

and lateral retinaculum. External rotation of the femoral component resulted in 

fewer significant length changes than internal rotation. Femoral malrotation 

affected the MPFL and not the lateral retinaculum, contrary to popular 

understanding, with internal rotation slackening the MPFL and external rotation 

tightening it. 
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3.3 The Effect of Overstuffing the Patellofemoral on the Extensor 

Retinaculum of the Knee 

 

3.3.1 Results 

Raw data on all 8 specimens for ligament length changes in the MPFL and deep 

transverse fibres of the lateral retinaculum: 

! With the resurfaced patellar thickness equal to pre cut thickness are given 

in Appendix 1: Section 1.1 (Table 3 and 4)   

! With the patellofemoral joint understuffed 2mm are given in Appendix 1: 

Section 1.3 (Tables 1 and 4) 

! With the patellofemoral joint overstuffed 2mm are given in Appendix 1: 

Section 1.3 (Tables 2 and 5) 

! With the patellofemoral joint overstuffed 4mm are given in Appendix 1: 

Section 1.3 (Tables 3 and 6)  

 

Graphs of ligament length changes for all 8 knee specimens are given in 

Appendix 2: Section 2.3. 

 

Average ligament length changes in the medial and lateral retinacular structures 

for each condition are given in Tables 6 and 7 below. 
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Table 6 (a)-(d) shows ligament length changes  (mm) in the MPFL after varying 

the thickness of the resurfaced patella. 

 
(a) – Understuff 2mm                                      (b) – Precut Thickness 
 
                                                                               

 Average Std Dev. 

0 -0.7 2.6 

10 -0.6 2.6 

20 -0.4 2.7 

30 -0.3 2.7 

40 -0.3 2.6 

50 -0.5 2.5 

60 -0.9 2.2 

70 -1.6  2.0 

80 -2.4 2.0 

90 -2.8 2.1 

100 -2.9 2.1 

110 -2.9 2.1 

 
 
 
 
(c) – Overstuff 2mm                                          (d) – Overstuff 4mm 
 

 Average Std Dev. 

0 1.9 3.4 

10 2.0 2.9 

20 2.3 2.8 

30 2.4 2.7 

40 2.4 2.7 

50 2.0 2.5 

60 1.3 2.2 

70 0.4 2.0 

80 -0.4 1.7 

90 -0.9 1.8 

100 -1.1 1.9 

110 -1.2 1.9 

 
 
 
 
 
 

 Average Std Dev. 

0 0.9 3.1 

10 0.8 2.9 

20 1.1 2.7 

30 1.4 2.6 

40 1.4 2.6 

50 1.0 2.5 

60 0.4 2.3 

70 -0.5 2.1 

80 -1.3 2.1 

90 -1.6 2.2 

100 -1.7 2.3 

110 -1.7 2.3 

 Average Std Dev. 

0      2.9     3.5 

10      3.1     2.9 

20      3.5     2.6 

30      3.8     2.6 

40      3.8     2.5 

50      3.5     2.4 

60      2.9     2.3 

70      1.9     1.9 

80      1.1     1.7 

90      0.5     1.8 

100      0.3     2.0 

110      0.2     2.0 
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Table 7 (a)-(d) shows average ligament length changes (mm) in the deep 

transverse fibres of the lateral retinaculum after varying the thickness of the 

resurfaced patella. 

 

(a) – Understuff 2mm                                (b) – Precut thickness 
 

                         
 
                                                                        
 
 
 
 
 
  
  
  
  
  

           
 
(c) – Overstuff 2mm                                   (d) – Overstuff 4mm 
 

 
 
 

   

 

 

 

 

 

 

 Average Std Dev. 

0 -2.5 2.1 

10 -0.7 2.5 

20 2.2 2.5 

30 4.3 3.5 

40 5.5 4.4 

50 6.4 5.1 

60 7.1 5.8 

70 7.7 6.0 

80 7.9 6.3 

90 7.8 6.4 

100 7.7 6.2 

110 7.3 6.0 

 Average Std Dev. 

0 -3.1 4.1 

10 -1.6 3.7 

20 1.6 3.1 

30 4.2 3.7 

40 5.6 4.5 

50 6.5 4.9 

60 7.4 5.3 

70 8.2 5.6 

80 8.5 5.8 

90 8.7 5.9 

100 8.6 5.9 

110 8.3 5.7 

 Average Std Dev. 

0 -1.8 2.4 

10 -0.3 2.2 

20 2.4 2.0 

30 4.4 3.6 

40 5.3 4.1 

50 6.4 4.9 

60 7.0 5.4 

70 7.6 5.7 

80 7.8 5.8 

90 7.9 5.8 

100 7.8 5.7 

110 7.7 5.5 

 Average Std Dev. 

0 -1.2 3.3 

10 0.7 3.5 

20 3.6 3.5 

30 5.5 4.2 

40 6.6 4.8 

50 7.6 5.3 

60 8.2 5.6 

70 8.9 6.1 

80 9.2 6.2 

90 9.3 6.3 

100 9.2 6.3 

110 8.8 6.4 
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Understuffing the patella by 2mm resulted in the MPFL slackening by 1.4±0.2 

mm as the knee extended from 100 to 0°, p<0.0001 by ANOVA. Post-testing 

found that this was not significant in the flexed knee (p>0.05 for 100°-70°), but 

became significant as the knee extended (p<0.05 for 50°, 60°; p<0.01 for 40°-0°) 

(Graph 10). 

 

Overstuffing the patella 2mm stretched the MPFL by 1.0±0.2 mm, p<0.0001 by 

ANOVA (Graph 10). Post-testing found that this was not significant in the flexed 

knee (p>0.05 for 100°-30°), became significant near extension (p<0.05 for 20°, 

10°), but was not significant at 0°. 

 

Overstuffing the patella by 4mm resulted in a significant overall increase in length 

of the MPFL of 2.3±0.2mm, p<0.0001 by ANOVA (Graph 10). Post-testing found 

that this was significant at every angle of knee extension: p<0.001 for 100° to 0°. 

 

Reducing the thickness of the patella by 2 mm did not have a significant overall 

effect on the length of the lateral retinaculum (p=0.4912 by ANOVA), nor did 

overstuffing by 2 mm (p=0.3464) (Graph 11). When the patella had been 

overstuffed by 4 mm, the lateral retinaculum was stretched by 1.1±0.5 mm 

(p=0.0108 by ANOVA), but there were no significant changes found at any 

specific angle of knee flexion on post-testing (p>0.05)  
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Average Ligament Length Change in the Medial Patellofemoral Ligament (MPFL) after Resurfacing the Patella to 

Varying Composite Thicknesses (n=8)
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Graph 10 
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Average Ligament Length Change in the Deep Transverse Fibres of the Lateral Retinaculum after Resurfacing 

the Patella to Varying Composite Thicknesses (n=8)
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3.3.2 Discussion 

 

This study found that increasing patellar thickness did not lead to matching 

changes in the principal structures of the medial and lateral retinaculum. As the 

patellofemoral joint was increasingly overstuffed, there was an increase in length 

of the MPFL which can be interpreted as a relative tightening. These length 

changes did not vary directly with the different thicknesses of the patellar 

composites used. The medial structures were affected more than the lateral 

structures, where overstuffing the patellofemoral joint did not lead to significant 

length changes in the deep transverse band of the lateral retinaculum. 

 

There is no published literature to date that is directly comparable with this study. 

Biomechanical studies have looked at surface strain following over/under 

resection of the resurfaced patella (Reuben et al 1991; Lie et al 2005; Wulff et al 

2000) contact forces and patellofemoral kinematics (Oishi et al 1996; Hsu et al 

1996; Star et al 1996). An earlier stage of this study has shown the contrasting 

length change patterns between the medial and lateral retinacula after total knee 

arthroplasty. It has also been found that increasing the patellar thickness by 

increments of 2mm did not result in similar increases in ligament length. It may 

be speculated that this is related to changes in shift and tilt of the patella as a 

result of overstuffing the joint. This is corroborated by Hsu et al (1996); they 

measured patellar tracking, contact area and contact force characteristics in 

intact, unresurfaced and resurfaced knees of varying patellar thicknesses. They 
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found that a thicker patella (+2mm) remained laterally tilted during most of the 

knee flexion angles, and had a constant additional medial shift in comparison to a 

thinner patella. We speculate that this medial shift resulted in the smaller length 

changes seen in our study, particularly in the medial structures. 

 

A number of studies have found that the patellofemoral joint is able to withstand a 

degree of overstuffing. Oishi et al (1996) found that in patellae with “precut plus 

2mm” thickness, there was no significant difference in mediolateral shear or 

anteroposterior compressive forces. Similarly, Ritter et al (1999), in a case series 

of 1146 TKRs performed on 769 patients, found no difference in clinical outcome 

between groups with patellar composites that were 2mm more versus 2mm less 

than the original thickness. They refuted the need for reproducing the original 

patellar thickness after resurfacing. Bengs et al (2006) found on average a 3° 

loss of intraoperative flexion angle for every 2mm of additional composite 

thickness; however they noted no alteration in patellar tracking characteristics in 

patellae augmented by as much as 8mm. They suggested that the “extensor 

mechanism and soft tissue envelope have significant intraoperative elastic 

reserve and can accommodate a range of patellar composite thicknesses”. 

Although the present study found that 2mm overstuff did not lead to significant 

length changes in the medial retinaculum, 4mm overstuff led to significant length 

changes in the MPFL at all angles of flexion. It must be noted, however, that the 

measurements in this thesis were made on intact extensor retinacular structures 

whereas Bengs et al (2006) performed their measurements with the medial 
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parapatellar retinaculum open. Thus, patellar kinematics was likely to be altered 

in that study, particularly at early flexion angles.    

    

The lateral retinaculum behaved in a manner seen in the previous studies. 

Patellofemoral overstuff did not cause significant changes in the length of the 

deep transverse fibres. It can be speculated that the ITB moves backwards and 

forwards not only with knee flexion and extension but also with the patellar tilt 

and shift that accompany the movement of the patella within the prosthetic 

trochlea. Thus a relative lateral tilt of the patella allows the deep transverse fibres 

of the lateral retinaculum to move posteriorly along with the ITB, so that relative 

length changes within the transverse band are non-significant. It has been 

proposed that, in degenerative disease, these structures are stiffer and tethered 

to the bone (Fishkin et al 2002), resulting in abnormal tensioning of the lateral 

retinaculum. This concurs with Greenfield et al (1996) who found a significant 

reduction in lateral release rates for patellar maltracking in the group where the 

patella/bone composite was cut thinner. 

 

3.3.3 Conclusion 

 

We conclude that overstuffing the patellofemoral joint does lead to an increase in 

length of the principal retinacular structures. However, this is not a direct 

relationship. It has been shown for the first time that the medial structures are 

more significantly affected than the lateral structures. It has also been shown that 
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the extensor retinaculum can compensate for a degree of overstuff (2mm). This 

may be useful to the surgeon in situations where it may be impossible to 

preserve the pre-cut patellar thickness without sacrificing adequate bone stock.   
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Chapter 4 

 

GENERAL DISCUSSION 
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Knee replacement is considered by some surgeons to be first and foremost a soft 

tissue operation - the goal being to restore normal anatomy and biomechanics. 

Modern implants have certain design features that aim to do both and are 

rigorously tested to demonstrate their ability to maintain good knee kinematics 

and patellar tracking. By achieving normal kinematics it is inferred that normal 

soft tissue behaviour is also preserved. For patients, knee arthroplasty remains a 

highly successful procedure, however, poor results from stiffness, anterior knee 

pain, patellar maltracking and wear remain problematic (Laskin et al 2004). 

Implant design, positioning and surgical technique have often been blamed for 

such complications but often the cause is unknown. The soft tissues clearly play 

a role, but their contributions in patellofemoral kinematics have only recently 

been understood. The manner in which their behaviour is affected by knee 

arthroplasty has only ever been speculated in published literature. Until now, no 

quantitative data has been available to show this. 

 

The structure of the extensor retinaculum has been well described (Fulkerson et 

al, 1980; Warren et al, 1979; Terry et al, 1989; Dye et al 1993); its importance in 

patellofemoral kinematics has been studied over the past 15 years (Conlan et al, 

1993; Hautamaa et al, 1998; Desio et al, 1998; Nomura et al, 2000). However, 

the affects of its dysfunction has only become a subject of increasing interest 

over the past 10 years (Hautamaa et al, 1998; Nomura et al, 2000; Amis et al, 

2003; Fithian et al 2004; Eisenhuth et al 2006). Around that time implant 

morphology began to change to asymmetrical designs to resemble the normal 
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femoral anatomy and aid patellofemoral and tibiofemoral kinematics. The 

Genesis II TKR (Smith & Nephew; Memphis, Tennessee) donated for this work is 

a good example of a widely used modern implant. It was introduced more than 10 

years ago and has a number of the features found in current TKRs (Laskin 2005). 

The femoral component has an asymmetric trochlear groove orientated laterally 

and an elevated lateral flange to optimise patellar tracking (Kaper et al 2000). It 

also has a novel 3° external rotation built-in to allow the component to sit along 

the transepicondylar axis.  

 

The purpose of this thesis was to gain some insight into the behaviour of the soft 

tissues around the knee and how they are affected following total knee 

arthroplasty. The goals set during this period of work were to identify the principal 

soft tissue stabilisers within the extensor retinaculum; develop a repeatable 

method of measuring their dynamic behaviour without affecting their properties; 

measure their behaviour on the native knee and after knee replacement with 

minimal soft tissue disruption and introduce common iatrogenic errors associated 

with arthroplasty such as femoral component malrotation and patellofemoral 

overstuff. This led to a number developments:  

! The custom knee rig was designed to load the quadriceps in their 

physiological directions, accounting for the effect of ITB tension.  

! The rig provided a sturdy platform on which arthroplasty could be 

performed without altering the position of the specimen.  



 162 

! The intramedullary mounting system, though described in other work 

(Armstrong et al 2003), was a robust method of mounting the knee 

specimen as well as controlling femoral component rotation.  

! The transpatellar approach became a novel method of accessing the knee 

joint without disrupting the medial and lateral parapatellar soft tissues 

(Merican et al 2008).  

! The use of monofilament sutures and displacement transducers (LVDTs) 

was found to be the most durable method of quantifying ligament length 

change behaviour – being able to withstand the knocks and jolts of 

arthroplasty surgery without affecting the properties of the soft tissues. 

! Time stamping of data collected from the optical tracker and the LVDTs 

allowed dynamic recording of ligament length changes during flexion and 

extension. 

   

The first study yielded data on the length changes of both the medial and lateral 

patellar retinacula during knee extension, and on the effects of TKR on those 

length change patterns. In the intact knee, there were contrasting length change 

patterns, between the medial and lateral retinacula: the MPFL was close to 

isometric across the range of motion. In contrast, the finding that the transverse 

fibres of the lateral retinaculum slackened progressively by a mean of 8mm when 

the knee was extended is in accordance with the motion of the ITB alongside the 

knee, moving anteriorly with knee extension and then pulling posteriorly in 

flexion. The implantation of a knee replacement did not cause significant 
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stretching of the retinacula. The MPFL was 3mm tighter than normal across the 

arc from 60 to 10 degrees extension while the lateral retinaculum slackened 2mm 

in the terminal 20 degrees of knee extension.  Neither of these changes took the 

lengths of the retinacula above 2mm extension beyond their normal mean 

maximum lengths. Thus, these findings did not support the hypothesis that TKR 

causes retinacular tightness that might inhibit the range of knee motion. Using 

the assumption that length changes in the retinacula will be affected by 

alterations of the femoral condylar geometry and the tracking of the patella, so 

this study implies that this particular TKR design when positioned in the correct 

alignment did not alter patellar tracking significantly. 

 

The second study found that just 5° internal or external rotation of the femoral 

component resulted in significant length changes in the MPFL. External rotation 

resulted in an increase in length of the MPFL which can be interpreted as a 

relative tightening. Internal rotation of the femoral component conversely resulted 

in a decrease in length of the MPFL – a relative slackening. Significant 

differences in length change patterns occurred over a wider arc of motion when 

the femoral component was internally rotated (100-0°).  Because it is guided by 

the trochlear groove, the patella moves with the prosthesis when the femoral 

component is malrotated. This is more significant in knee extension, where 

malrotation causes more marked changes in trochlear groove position than in 

flexion where the groove is close to the axis of rotation of the femoral component. 
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The lateral retinaculum, however, behaved in an unexpected manner: femoral 

component rotation of +/- 5° did not cause significant changes in the length of the 

deep transverse fibres. This suggests that the ITB moves backwards and 

forwards not only with knee flexion and extension but also with the patellar tilt 

and shift that accompany the movement of the prosthetic trochlea. Thus femoral 

component external rotation resulting in relative lateral tilt and shift of the patella 

allowed the deep transverse fibres of the lateral retinaculum to move posteriorly 

and the ITB with them, and so length changes within the transverse band were 

non-significant. It has been proposed that, in degenerative disease, these 

structures are stiffer and tethered to the bone (Fishkin et al 2002), resulting in 

abnormal tensioning of the lateral retinaculum if a TKR is malrotated. 

 

The final study found that over- or under-stuffing the patellofemoral joint caused 

more stretching-slackening of the MPFL than of the transverse ITB-patellar band 

of the lateral retinaculum. The length changes that were caused in the retinacula 

by the under or overstuffing were overlaid onto the patterns of length changes 

that occurred in response to the knee flexing and extending. In view of the well-

known occurrence of lateral retinacular releases in some series of TKR, the lack 

of effect of overstuffing the patellofemoral compartment on the lateral 

retinaculum, accompanied by significant effects on the MPFL, was not what had 

been anticipated, and did not conform to the initial hypothesis. 
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The differing effects of overstuffing the patellofemoral compartment, on the MPFL 

versus the ITB-patellar band, may be explained by reference to their structural 

properties and attachments. The ITB-patellar band has much greater tensile 

stiffness than the MPFL (Mountney et al 2005; Merican et al 2008), which means 

that, as the patella is lifted away from the femur, it will stretch less in response to 

the same load. The dome of the patellar button is usually medialised during TKR, 

as in this experiment, in order to reproduce the relative sizes of the medial and 

lateral facets of the patella and to reduce the need for lateral releases. The 

corollary of this is that for the reduction of stretching and tension in the lateral 

retinaculum, so the tension in the MPFL will rise for the patella to remain 

balanced. Our first study showed that the MPFL was relatively isometric as the 

knee flexed-extended, whereas the ITB-patellar band slackened by 8 mm as the 

knee extended.  This, again, reflects the ITB moving anteriorly alongside the 

knee during extension, as it passes to Gerdy’s tubercle. This mobile lateral 

attachment means that, instead of stretching the ITB-patellar fibres, overstuffing 

could result simply in a slight anterior movement of the ITB. 

 

The main limitations of this study were that the experiments were performed on 

normal cadaveric knees, without overt signs of degenerative disease. Thus, we 

could not simulate pathological changes in the soft tissues that may be relevant, 

such as tight bands in the lateral retinaculum. It could be speculated that the 

presence of such pathology would magnify the changes produced in this 

experiment. The force applied to the quadriceps was limited by tearing of the 
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muscles, and so normal physiological magnitudes were not attained. In addition, 

the muscle tension was constant at all angles of knee flexion, whereas in life the 

tension increases as we squat down. In addition, the extensor muscles alone 

were loaded, and the effects of antagonistic muscle co-contraction on the 

retinacula are unknown. This may have affected the length change patterns 

presented. Knee flexion beyond 110° would have been desirable, but the rig 

design prevented this. The measurement of absolute strain instead of ligament 

length changes may have been favourable however in our experience available 

strain gauges of appropriate size were not robust enough to remain on the 

specimen during knee replacement.  A final limitation is that the ‘length changes’ 

presented represent changes in the distance from end-to-end of each retinacular 

structure, but do not give information about how tight, or stretched, they were. 

That is because we could not reliably identify the transition from slack to taut 

states, that is the zero point for measurements of stretching, a common problem 

in work of this nature.     

 

Despite these limitations this is the first study to measure reliably length change 

patterns in the intact medial and lateral retinacula before and after TKR, examine 

the effects of femoral component rotation and patellofemoral overstuff. 

Measurements were made dynamically in order to capture transient events. The 

muscles were loaded in physiological directions and the ITB was also loaded; it is 

known to affect patellar tracking  
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Following the completion of this work a number of fundamental questions are left 

unanswered, suggesting the need for further work. The extensor retinaculum is 

an inhomogeneous and anisotropic structure. From the graphs and tables of raw 

data (Appendix) it is clear that the length changes in both medial and lateral 

retinacular structures are not uniform. Certainly, this will vary from knee to knee, 

but fundamentally within the ligament itself. It is speculated that in the same way 

as the collateral ligaments (Sugita et al 2001; Park et al 2005), different fibre 

bundles in the MPFL and deep transverse fibres of the lateral retinaculum tighten 

and slacken differentially as the knee flexes and extends. This could be 

measured using the same technique, by placing multiple monofilament sutures in 

different regions of the ligament (superior, middle and distal). This will provide 

better understanding on ligament behaviour that may improve surgical 

reconstruction. 

 

The ability to measure strain or tension in these structures would have added 

more clinically relevant power to the study. As mentioned previously; identifying 

the point of inflection in these structures (ie. the point at which the structure is 

neither tight nor slack) is highly subjective and open to large errors. Placing a 

small strain gauge on a ligament not only alters the properties of the structure but 

also only records strain across the portion of tissue being measured and is not 

representative of the whole ligament. Large variable deformations of a ligament 

cannot be adequately quantified by one-dimensional and/or localised 

measurements (Butler et al 1978). To obtain accurate measurement of non-
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uniform strains over the entire surface of structures like the MPFL, a photoelastic 

coating or other optical techniques to measure strain may be a useful in future 

studies (Hirokawa et al 2001). The obtained images of the photoelastic fringe 

patterns may yield significant information for understanding how the strain 

distributions along the fibre bundles change in association with knee motion. 

However, this still leaves the dilemma of determining the “zero” or “inflection” 

point of the ligament. 

 

This experimental design can be used to test other knee replacement systems 

looking at the effect of various component designs on soft tissues. Of particular 

interest is the advent of gender specific knees (Macdonald et al 2008).   Implant 

manufacturers have begun to decrease the medio-lateral dimension of their 

femoral implants in 

response to the data showing narrower aspect ratios observed in the female 

femur (Hitt et al 2003). Knee systems have also addressed the potential to 

overstuff the anterior aspect of the smaller female femur: the Zimmer Gender 

Solutions High-Flex Knee (Zimmer, Inc, Warsaw, Ind) by a thinner anterior flange 

of the femoral component, and Triathlon Triathlon Knee System (Stryker 

Orthopaedics, Mahwah, NJ). by a 7° anterior angle that allows a certain level of 

component downsizing without notching the femur (Greene 2007). The data in 

this thesis showed that the MPFL lengthened as the prosthetic knee extended to 

40°, before slackening towards full knee extension. Although not statistically 

significant, this was the region where the largest differences in ligament lengths 
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occurred between native and prosthetic knee. This reflects the angle of knee 

flexion at which the patella tracks over the anterior flange of the femoral 

component. Here the MPFL is at its tightest and joint reaction forces on the 

patellofemoral joint are at their greatest. Under physiological loads, these may be 

significant, and though we did not look at differences in the male and female 

knee, further work looking at ligament length changes on female knees after 

conventional and gender specific knee replacements may provide added 

evidence for the necessity for these implants.       

 

Finally, as developments in knee arthroplasty advance, in vivo data is becoming 

more important for the operating surgeon.  Developing this method for in vivo 

work would achieve more clinically relevant results. This may be possible if the 

displacement transducers could either be sterilized or kept out of the sterile 

surgical field. Data on ligament length change patterns within the extensor 

retinaculum may help the surgeon to “balance” the patellofemoral joint to achieve 

optimal patellofemoral kinematics in the same way that the flexion and extension 

gaps are balanced in order to achieve optimal tibio-femoral kinematics. Such 

knowledge might improve the outcome of knee arthroplasty.       
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Appendix 1 
 
Section 1.1 
 
 
Ligament Length Changes (mm) in the MPFL (Native Knee) 
 
 
Table 1  
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 0 0 0 0 0 0 0 0 

10 -1.03 -1.69 -0.14 0.046 -1.73 -0.03 -0.86 -2.75 

20 -1.43 -3.11 -0.14 1.01 -2.89 -0.63 -2.76 -1.88 

30 -1.58 -3.93 -0.21 1.59 -2.88 -0.30 -3.77 -1.97 

40 -1.72 -4.29 -0.42 1.68 -2.94 0.11 -4.15 -1.95 

50 -1.89 -4.36 -0.68 1.48 -3.17 0.61 -4.43 -1.94 

60 -1.96 -4.54 -0.87 1.23 -3.43 1.01 -4.57 -1.93 

70 -1.96 -4.71 -1.09 0.86 -3.43 1.58 -4.59 -1.90 

80 -1.77 -4.84 -1.21 0.84 -3.40 2.26 -4.59 -1.89 

90 -1.47 -4.99 -1.41 0.86 -3.21 3.80 -4.60 -1.89 

100 -1.33 -5.12 -1.65 0.86 -3.05 4.13 -4.60 -1.90 

110 -1.35 -5.12 -1.85 0.84 -3.04 4.34 -4.59 -1.90 

 
 
 
Ligament Length Changes (mm) in the Deep Transverse Fibres of the Lateral 
Retinaculum (Native Knee) 
 
 
Table 2 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 0 0 0 0 0 0 0 0 

10 -0.08 1.64 0.82 0.10 2.07 1.77 -0.95 0.84 

20 -0.59 4.89 1.35 3.18 5.85 4.40 -1.08 2.64 

30 -0.75 8.34 3.32 4.58 8.54 7.55 -0.38 2.83 

40 0.28 11.97 4.39 6.29 10.15 9.28 0.20 2.26 

50 0.67 13.97 4.67 7.84 10.83 10.84 0.57 2.05 

60 0.71 14.56 4.92 8.28 11.93 11.61 0.97 2.37 

70 0.73 14.52 5.20 8.76 12.73 12.36 1.81 2.035 

80 0.74 14.12 5.52 9.14 13.68 12.86 3.37 2.14 

90 0.75 13.45 5.84 9.29 14.16 13.32 4.52 2.27 

100 0.44 12.59 6.14 9.13 14.23 13.36 6.28 1.92 

110 0.44 11.94 6.42 8.74 13.96 13.36 7.40 2.03 
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Ligament Length Changes (mm) in the MPFL after Total Knee Arthroplasty (TKR) 
 
Table 3 
 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -2.71 0.72 1.42 -1.60 0.41  -1.86 5.78 4.99 

10 -3.19 0.63 2.87 -1.01 0.63 -1.73 5.74 2.68 

20 -3.18 0.56 3.56 0.37 1.138 -0.80 5.64 1.74 

30 -3.11 0.42 4.30 1.28 1.152 0.24 5.56 1.18 

40 -3.11 0.13 4.49 1.41 0.95 0.86 5.32 0.85 

50 -3.13 -0.31 4.03 0.73 0.078 1.02 4.87 0.65 

60 -3.33 -1.05 2.80 -0.22 -0.95 1.10 4.13 0.52 

70 -3.68 -2.14 1.81 -1.25 -2.23 0.51 2.24 0.50 

80 -4.30 -3.33 0.91 -1.75 -3.02 -0.23 0.92 0.50 

90 -4.68 -4.13 0.83 -1.99 -3.19 -0.72 0.07 0.57 

100 -4.75 -4.58 0.85 -2.07 -3.12 -0.72 0.07 0.66 

110 -4.77 -4.60 0.88 -2.27 -3.03 -0.71 0.07 0.71 

 
 
 
Ligament Length Changes (mm) in the Deep Transverse Fibres of the Lateral 
Retinaculum after TKR 
 
Table 4 
 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -1.33 -1.56 -2.83 -3.97 -2.59 -2.74 -6.10 1.31 

10 -0.45 1.23 -0.67 -1.39 0.22 -2.48 -5.22 3.00 

20 0.33 5.94 2.83 2.20 5.12 0.12 -1.62 2.56 

30 0.52 9.31 4.89 4.45 8.42 4.96 -0.44 2.14 

40 0.17 12.00 6.03 6.38 9.52 8.19 0.24 1.73 

50 -0.04 13.67 6.55 8.58 10.50 10.01 0.37 1.84 

60 0.10 14.87 6.64 9.63 11.55 11.98 0.53 1.41 

70 0.42 15.65 6.66 10.09 12.43 13.38 1.44 1.45 

80 0.32 15.80 6.79 10.19 13.02 14.23 1.65 0.89 

90 -0.27 15.70 6.93 9.99 13.14 14.17 2.17 0.67 

100 -0.54 15.23 7.09 9.53 13.15 13.54 2.86 0.66 

110 -1.15 14.77 7.24 8.46 12.38 12.96 3.00 0.488 
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Section 1.2 
 
 
Ligament Length Changes (mm) in the MPFL after Internal Rotation of the 
Femoral Component 5° 
 
 
Table 1 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -2.22 -1.86 1.25 -3.39 -1.31 -2.34 4.09 3.34 

10 -2.92 -2.03 1.86 -3.18 -1.27 -1.90 3.39 2.37 

20 -4.10 -2.12 2.43 -2.15 -0.90 -0.95 3.37 0.93 

30 -4.19 -2.24 3.20 -0.93 -0.71 -0.43 3.31 -0.01 

40 -3.87 -2.37 3.30 -0.58 -0.71 -0.14 3.13 -0.50 

50 -3.63 -2.78 2.59 -0.86 -1.22 -0.05 2.66 -0.82 

60 -3.62 -3.37 1.57 -1.72 -2.10 0.09 1.63 -0.97 

70 -3.75 -4.23 0.51 -2.50 -3.26 -0.28 0.24 -1.01 

80 -3.98 -5.01 0.04 -2.93 -4.20 -1.00 -0.95 -1.00 

90 -3.99 -5.70 0.00 -3.08 -4.28 -1.57 -1.47 -0.97 

100 -3.87 -5.78 0.17 -3.07 -4.18 -1.62 -1.47 -0.93 

110 -3.86 -5.79 0.24 -3.06 -3.99 -1.43 -1.42 -0.76 

 
 
 
Ligament Length Changes (mm) in the MPFL after External Rotation of the 
Femoral Component 5° 
 
 
Table 2 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -1.25 3.40 2.31 -1.00 2.18 -1.15 7.51 3.98 

10 -1.39 3.35 3.41 -0.39 2.43 -0.45 7.69 2.62 

20 -1.44 3.26 5.09 0.80 2.86 0.69 7.70 1.80 

30 -1.38 3.17 5.68 1.43 2.92 1.33 7.58 1.41 

40 -1.29 2.96 6.17 1.72 2.90 1.61 7.39 1.14 

50 -1.29 2.34 6.12 1.34 2.00 1.75 6.84 0.91 

60 -1.37 1.25 5.17 0.39 1.04 1.80 5.56 0.82 

70 -1.76 -0.10 4.33 -0.80 -0.61 1.08 4.17 0.77 

80 -2.25 -1.47 3.10 -1.51 -1.51 0.12 2.19 0.77 

90 -2.78 -2.56 2.01 -1.80 -2.21 -0.48 0.75 0.77 

100 -2.92 -3.34 1.61 -1.94 -2.45 -0.66 -0.01 0.77 

110 -2.95 -3.49 1.48 -2.03 -2.47 -0.57 -0.50 0.80 
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Ligament Length Changes (mm) in the Deep Transverse Fibres of the Lateral 
Retinaculum after Internal Rotation of the Femoral Component 5° 
 
 
Table 3 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -0.71 2.32 -2.78 -3.79 -2.04 -2.09 -6.90 2.75 

10 -0.25 4.77 -0.18 -1.67 -0.60 -0.64 -4.60 3.93 

20 0.589 8.22 2.92 2.13 4.06 2.63 -1.57 3.87 

30 0.46 11.40 4.77 5.34 7.47 5.71 -0.83 3.28 

40 0.24 14.08 5.80 7.21 9.74 6.96 -0.13 3.08 

50 0.20 15.57 6.85 9.29 11.22 8.11 0.55 2.55 

60 0.63 16.22 6.96 10.35 11.81 10.05 0.78 2.57 

70 0.83 16.58 7.06 10.70 12.64 11.33 1.51 2.21 

80 0.65 16.79 7.22 10.95 13.19 11.55 1.92 1.93 

90 -0.15 16.77 7.41 10.93 13.33 12.10 2.25 1.96 

100 -0.19 16.63 7.59 10.60 13.23 12.13 2.77 1.75 

110 -1.23 16.56 7.83 9.42 12.30 11.85 3.98 1.28 

 
 
 
Ligament Length Changes (mm) in the Deep Transverse Fibres of the Lateral 
Retinaculum after External Rotation of the Femoral Component 5° 
 
 
Table 4 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -1.21 -2.08 -1.17 -3.54 -2.68 -5.04 -5.74 2.79 

10 -0.68 0.20 0.37 -1.10 -1.53 -3.80 -4.41 2.67 

20 0.48 3.91 2.73 2.05 3.69 -0.45 -2.10 2.42 

30 0.51 6.91 4.14 3.61 6.48 1.56 -1.06 2.12 

40 0.40 9.21 5.39 5.88 7.90 2.75 0.34 1.80 

50 0.18 11.31 6.51 7.31 9.34 4.08 0.45 1.91 

60 0.18 12.61 7.20 8.75 10.25 5.79 0.63 1.62 

70 0.26 13.51 7.48 9.74 11.60 7.51 0.77 1.31 

80 0.33 14.03 7.69 9.99 12.14 8.78 1.21 1.49 

90 -0.03 14.18 7.79 9.82 12.49 9.85 1.55 1.28 

100 -0.15 13.76 7.86 9.63 12.56 10.41 2.28 1.06 

110 -1.03 13.54 7.96 8.99 12.18 9.98 3.42 0.91 
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Section 1.3 
 
Ligament Length Changes (mm) in the MPFL after understuffing the resurfaced 
patella 2mm 
 
 
Table 1 
 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -2.71 -1.54 0.03 -2.93 -2.39 -1.98 4.69 1.25 

10 -2.89 -1.67 2.05 -2.89 -2.36 -1.69 4.46 -0.21 

20 -2.83 -1.92 3.44 -2.38 -2.11 -1.14 4.33 -0.81 

30 -3.15 -2.17 3.64 -1.40 -2.08 -0.44 4.23 -1.19 

40 -3.03 -2.33 3.59 -0.58 -2.26 -0.10 3.91 -1.30 

50 -2.80 -2.79 3.22 -0.37 -2.76 -0.13 3.24 -1.31 

60 -2.72 -3.43 2.64 -0.64 -3.32 -0.19 1.57 -1.30 

70 -2.79 -4.29 1.76 -1.60 -4.04 -0.62 -0.31 -1.30 

80 -3.28 -5.10 0.87 -2.18 -5.11 -1.30 -1.67 -1.25 

90 -3.56 -5.62 0.42 -2.56 -5.60 -1.70 -2.40 -1.09 

100 -3.55 -5.78 0.23 -2.77 -5.60 -1.86 -3.07 -1.02 

110 -3.52 -5.77 0.17 -2.94 -5.59 -1.64 -3.25 -0.91 

 
 
 
Ligament Length Changes (mm) in the MPFL after overstuffing the resurfaced 
patella 2mm 
 
 
Table 2 
 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -0.03 1.20 1.63 -1.40 1.77 -1.63 7.73 6.46 

10 -0.25 1.20 2.90 -0.24 2.04 -1.26 7.87 4.06 

20 -0.48 1.18 3.67 0.93 2.48 -0.35 8.16 2.60 

30 -0.67 1.11 4.42 1.73 2.59 0.30 8.09 1.89 

40 -0.66 0.93 4.40 1.86 2.56 0.78 7.90 1.49 

50 -0.69 0.42 3.84 1.30 1.79 0.88 7.32 1.11 

60 -1.02 -0.49 2.84 0.21 1.23 0.78 6.06 0.86 

70 -1.57 -1.80 1.75 -0.87 0.58 0.47 4.38 0.68 

80 -2.25 -2.83 0.76 -1.76 0.10 -0.09 2.22 0.64 

90 -2.77 -3.90 0.34 -2.27 0.11 -0.63 0.84 0.65 

100 -2.79 -4.41 0.33 -2.43 0.20 -0.88 0.36 0.66 

110 -2.69 -4.51 0.33 -2.48 0.16 -0.99 -0.03 0.83 
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Ligament Length Changes (mm) in the MPFL after overstuffing the resurfaced 
patella 4mm 
 
 
Table 3 
 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 0.24 2.34 1.84 -0.70 3.33 0.12 8.68 7.63 

10 0.30 2.38 3.61 0.56 3.55 0.36 8.97 4.87 

20 0.41 2.54 4.53 2.27 4.11 1.69 9.03 3.33 

30 0.62 2.52 5.82 2.93 4.36 2.35 8.99 2.82 

40 0.81 2.35 5.79 3.01 4.35 2.89 8.91 2.39 

50 0.76 1.90 5.41 2.43 3.89 3.08 8.53 2.20 

60 0.47 1.19 4.32 1.43 3.22 3.06 7.68 2.06 

70 -0.19 -0.16 2.82 0.47 2.31 2.82 5.41 2.04 

80 -0.82 -1.37 1.73 -0.64 1.83 2.20 3.51 2.05 

90 -1.51 -2.04 1.18 -1.34 1.83 1.56 2.55 2.10 

100 -1.64 -2.47 1.02 -1.81 1.91 1.18 2.45 2.19 

110 -1.66 -2.72 0.97 -1.92 1.93 0.78 2.45 2.24 
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Ligament Length Changes (mm) in the Deep Transverse Fibres of the Lateral 
Retinaculum after understuffing the resurfaced patella 2mm 
 
Table 4 
 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -2.14 -1.73 -4.82 -3.55 -2.84 -6.24 -8.97 5.23 

10 -1.27 1.83 -1.21 -3.74 -1.86 -4.97 -6.66 4.83 

20 0.05 7.11 1.57 -0.85 1.09 2.28 -2.91 4.16 

30 0.27 10.22 3.84 2.25 7.06 6.99 -0.97 3.81 

40 0.21 12.91 5.24 4.23 9.10 8.90 0.33 3.60 

50 0.01 14.30 6.31 6.18 10.39 10.52 0.96 3.56 

60 0.72 15.31 6.92 7.14 11.55 12.20 1.76 3.47 

70 1.00 16.05 6.99 8.92 12.46 13.73 2.73 3.38 

80 0.98 16.32 7.02 9.83 12.97 14.64 3.28 3.32 

90 0.84 16.22 7.14 9.96 13.57 15.23 3.56 3.31 

100 0.49 15.53 7.25 9.93 13.60 15.42 3.98 3.00 

110 0.25 15.20 7.39 9.55 13.09 14.49 4.02 2.68 

 
 
 
Ligament Length Changes (mm) in the Deep Transverse Fibres of the Lateral 
Retinaculum after overstuffing the resurfaced patella 2mm 
 
Table 5 
 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -2.02 -1.13 -4.48 -3.91 -1.46 -0.68 -3.86 2.92 

10 -0.92 0.70 -2.38 -1.76 -0.22 1.37 -2.98 3.69 

20 0.10 4.58 1.03 1.57 4.76 4.16 -0.27 3.31 

30 -0.08 9.86 3.06 4.09 8.49 6.27 0.52 2.85 

40 -0.23 12.01 4.67 5.94 9.06 7.35 1.31 2.51 

50 -0.26 13.49 5.65 7.60 11.17 9.30 1.62 2.51 

60 0.02 14.41 6.01 8.69 12.09 11.15 1.76 2.16 

70 0.55 15.31 6.06 9.46 12.84 12.61 2.30 2.05 

80 0.61 15.48 6.22 9.85 12.99 13.06 2.46 2.00 

90 0.13 15.45 6.37 9.70 13.00 13.46 3.22 1.84 

100 -0.24 14.99 6.57 9.05 12.90 13.44 3.96 2.01 

110 -0.77 14.71 6.69 8.22 11.85 13.15 5.93 1.68 
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Ligament Length Changes (mm) in the Deep Transverse Fibres of the Lateral 
Retinaculum after overstuffing the resurfaced patella 4mm 
 
 
Table 6 
 
 

 KNEE 1  KNEE 2 KNEE 3 KNEE 4 KNEE 5 KNEE 6 KNEE 7 KNEE 8 

0 -1.50 -0.28 -5.30 -2.22 -1.82 -4.91 4.25 2.53 

10 -0.84 2.37 -3.36 -0.29 0.30 -3.13 7.14 3.62 

20 0.16 7.20 -0.61 2.72 4.77 1.94 9.89 2.99 

30 0.19 10.76 1.27 4.56 7.99 5.02 11.60 2.96 

40 -0.02 12.94 2.69 6.23 9.04 6.98 12.61 2.32 

50 -0.15 14.34 3.38 7.76 10.81 9.58 13.16 2.36 

60 -0.13 14.84 3.81 8.74 11.80 11.08 13.58 2.25 

70 0.14 15.36 3.89 9.20 12.76 13.15 14.79 2.11 

80 0.20 15.47 4.10 9.35 13.47 13.72 15.06 1.96 

90 -0.05 15.26 4.29 9.26 13.51 14.22 15.56 2.16 

100 -0.01 14.89 4.44 9.17 13.417 14.03 15.77 2.03 

110 -1.32 14.64 4.58 8.27 12.91 13.63 15.58 1.80 
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Appendix 2 
 
Section 2.1 
 
 

Ligament Length Changes in the Native MPFL (n=8)
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Ligament Length Changes in the Native Lateral Retinaculum (n=8)
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Ligament Length Changes in the MPFL after TKR (n=8)
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Ligament Length Change in the Lateral Retinaculum after TKR (n=8)
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Section 2.2 
 
 

Ligament Length Change in the MPFL after Internal Rotation of the Femoral Component 5 deg (n=8)
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Ligament Length Change in the MPFL after External Rotation of the Femoral Component 5 deg (n=8)
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Ligament Length Change in the Lateral Retinaculum after Internal Rotation of the Femoral Component 5 deg (n=8)
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Ligament Length Change in the Lateral Retinaculum after External Rotation of the femoral component 5 

deg (n=8) 

-10

-5

0

5

10

15

20

0 20 40 60 80 100 120

Knee Flexion Angle (degrees)

L
ig

a
m

e
n

t 
L

e
n

g
th

 C
h

a
n

g
e
 (

m
m

)

KNEE 1

KNEE 2

KNEE 3

KNEE 4

KNEE 5

KNEE 6

KNEE 7

KNEE 8

Graph 4 
 
 



 183 

Section 2.3 
 

Ligament Length Changes in the MPFL after 2mm understuff following TKR (n=8)
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Ligament Length Changes in the MPFL after patellar overstuff 2mm (n=8)
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Ligament Length Changes in the MPFL after patellar overstuff 4mm (n=8)
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Ligament Length Changes in the Lateral Retinaculum after patellar understuff 2mm (n=8)
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Ligament Length Changes in the Lateral retinaculum after patellar overstuff 2mm (n=8)
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Ligament Length Change in the Lateral Retinaculum after patellar overstuff 4mm (n=8)

-10

-5

0

5

10

15

20

0 20 40 60 80 100 120

Knee Flexion Angle (degrees)

L
ig

a
m

e
n

t 
L

e
n

g
th

 C
h

a
n

g
e
 (

m
m

)

KNEE 1

KNEE 2

KNEE 3

KNEE 4

KNEE 5

KNEE 6

KNEE 7

KNEE 8

 
Graph 6 
 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 187 

References 

 

Akagi,M.,Matsusue,Y., Mata,T., Asada,Y., Horiguchi,M.,et al.(1999) “Effect of 

rotational alignment on patellar tracking in total knee arthroplasty.” Clin. Orthop 

Relat Res.366:155–163. 

 

Amis AA, Dawkins GP (1991) “Functional anatomy of the anterior cruciate 

ligament. Fibre bundle actions related to ligament replacements and injuries” J 

Bone Joint Surg (Br) 73(2): 260-267. 

 

Amis AA, Farahmand F (1996) “Biomechanics Masterclass: extensor mechanism 

of the knee”. Current Orthop.10:102–109. 

 

Amis AA, Firer P et al (2003) “Anatomy and biomechanics of the medial 

patellofemoral ligament (Review)” The Knee 10:215–220. 

 

Amis AA, Oguz C et al (2005) “The effect of trochleoplasty on patellar stability 

and tracking in-vitro.” Paper presented at: ISAKOS Congress; April 3-7, 2005; 

Hollywood, Fla. 

 

Amis AA, Senavongse W, Bull AM.(2006) “Patellofemoral kinematics during knee 

flexion-extension: an in vitro study.” J Orthop Res. Dec; 24(12):2201-11. 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Bull+AM%22%5BAuthor%5D
file://localhost/Users/miltonghosh77/Downloads/javascript:AL_get(this,%20'jour',%20'J%20Orthop%20Res.')%3B
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Amis+AA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Senavongse+W%22%5BAuthor%5D


 188 

Amis AA (2007) “Current concepts on anatomy and biomechanics of patellar 

stability”. Review Article. Sports Med Arthrosc. Rev; 15: 48-56. 

 

Anouchi YS, Whiteside LA, Kaiser AD, Milliano MT (1993) “The effects of axial 

rotational alignment of the femoral component on knee stability and patellar 

tracking in total knee arthroplasty demonstrated on autopsy specimens.” Clin. 

Orthop Relat Res. 287:170-177. 

 

Arendt EA, Fithian DC, Cohen E. (2002) “Current concepts of lateral patella 

dislocation.” Clin Sports Med; 21:499–519. 

 

Armstrong A, Brien HJC et al (2003) “Patellar position after knee arthroplasty” 

The Journal of Arthroplasty Vol. 18 (June) No. 4:458-465. 

 

Asano T, Akagi M et al (2003) “In Vivo Three-Dimensional Patellar 

Tracking on the Femur” Clin Orthop Relat Res. 413:222–232. 

 

Barrack R, Schrader T, Bertot A, Wolfe M, Myers L.(2001) “Component rotation 

and anterior knee pain after total knee arthroplasty.” Clin Orthop. 392:46–55. 

 

Barrack RL, Burak C. (2001) “Patella in total knee arthroplasty.” 

Clin Orthop Relat Res. 389:62-73. Review 



 189 

Bengs BC, Scott RD. 2006 “The effect of patellar thickness on intraoperative 

knee flexion and patellar tracking in total knee arthroplasty.” Journal of 

Arthroplasty 21(5): 650-655. 

 

Berger RA, Crossett LS (1998) “Malrotation causing patellofemoral complications 

after total knee arthroplasty” Clin Orthop Relat Res 356:144–153. 

 

Bicos J, Fulkerson JP, Amis A. (2007) “Current Concepts Review: The Medial 

Patellofemoral Ligament” The American Journal of Sports Medicine, Vol. 35, No. 

3: 484-492 

 

Blauth M, Tillman B (1983). “Stressing on the human femoro-patellar joint. 

Components of a vertical and horizontal tensile bracing system.” Anat. 

Embryology. 168 (1):117-23. 

 

Boyd AD Jr., Ewald FC et al (1993) “Long-term complications after total knee 

arthroplasty with or without resurfacing of the patella.” J Bone Joint Surg Am 

75:674. 

 

Brick GW, Scott RD (1998) “The patellofemoral component of total knee 

arthroplasty.” Clin Orthop Relat Res 231:163-171. 

 

 



 190 

Butler DL, Grood ES, Noyes FR (1978) “Biomechanics of Ligaments and 

tendons.” Exercise and Sports Science Reviews 6:125-181 

 

Chew JTH, Stewart NJ, Hanssen AD et al (1997) “Differences in patellar Tracking 

and knee kinematics among three different total knee designs” Clinical 

Orthopaedics & Related Research (345): 87-98. 

 

Christoforakis J, .Bull AM et al (2006). “Effects of lateral retinacular release on 

lateral stability of the patella.” Knee Surg Sports Traumatol Arthrosc. 14:237-277. 

 

Conlan,T, Garth, W.P et al (1993) “Evaluation of medial soft tissue restraints of 

the extensor mechanism of the knee.” JBJS (Am).75:682-693. 

 

Cossey AJ, Paterson R (2005) “A new technique for reconstructing the medial 

patellofemoral ligament” Knee; 12:93-98. 

 

Daluga D, Lombardi Jr AV, Mallory TH, et al (1991) ”Knee manipulation following 

total knee arthroplasty: analysis of prognostic variables.” J Arthroplasty; 6:119. 

 

Davis DK, Fithian DC (2002) “Techniques of medial retinacular repair and 

reconstruction.” Clin Orthop Relat Res 402: 38-52. 

 

 



 191 

Dejour D, Le Coultre B (2007) “Osteotomies in patello-femoral instabilities.” 

Sports Med Arthrosc;15(1):39-46. Review. 

 

Desio DS, Burk RT, Bachus KN (1998) “Soft tissue restraint to lateral patellar 

translation in the human knee.” Am J Sports Med.26:59-65. 

 

Dye, S.F. (1993) “Patellofemoral anatomy. The patellofemoral joint.” (Edited by 

Fox,J.M. and Del Pizzo, W.) Pp.1-12, McGraw-Hill, New York. 

 

Eckhoff D, Piatt B, Gnadinger C, Blaschke R. (1995) “Assessing rotational 

alignment in total knee arthroplasty.” Clin Orthop Relat Res. 

318:176–181. 

 

Eisenhuth SA, Saleh KJ (2006) “Patellofemoral instability after total knee 

arthroplasty”  Clin Orth Rel Res. 446:149–160. 

 

Farahmand F, Senavongse W, Amis AA (1998) “Quantitative study of the 

quadriceps muscles and trochlear groove geometry related to instability of 

the patellofemoral joint”. J Orthop Res 16:136–143. 

 

Fehring TK, Odum S et al (2001) “Early failures in total knee arthroplasty”. Clin 

Orthop Relat Res.392:315–318. 

 



 192 

Fishkin Z, Miller M, Ritter C et al (2002)  “Changes in human knee ligament 

stiffness secondary to osteoarthritis” Journal of Orthopaedic Research. 20: 204-

207. 

 

Fithian DC, Paxton EW et al (2004) “Indications in the treatment of patellar 

instability” J Knee Surg. Jan;17(1):47-56. 

 

Fulkerson, J.P and Gossling, H.R. (1980). “Anatomy of the knee joint lateral 

retinaculum”. Clin Orthop Relat Res.153:183-188. 

  

Fulkerson, J.P. et al. (1985).”Histological evidence of retinacular nerve injury 

associated with patellofemoral malalignment.” Clin Orthop Relat Res.197:196-

205. 

 

Ghosh KM, Merican AM, Iranpour F, Deehan DJ, Amis AA (2009) "Length 

change patterns in the extensor retinaculum and the effects of total knee 

replacement" J Orthop Res (2009) 27(7): 865-70.  

 

Greene KA “Gender-specific design in total knee arthroplasty (2007) ” J 

Arthroplasty. Oct; 22(7 Suppl 3):27-31. 

 



 193 

Greenfield MA, Insall JN et al (1996) “Instrumentation of the patellar osteotomy in 

total knee arthroplasty: the relationship of patellar thickness and lateral 

retinacular release.” Am J Knee Surg: 9:129-131. 

 

Grood ES, Suntay WJ. (1983) "A joint coordinate system for the clinical 

description of three-dimensional motions: application to the knee.” Transactions 

of the ASME105:136-144. 

 

Hawkins RJ, Bell RH, Anisette G (1986) “Acute patellar dislocations. The natural 

history.” Am J Sports Med 14:117–120. 

 

Hautamaa PV, Fithian DC et al (1998) “Medial soft tissue restraints in lateral 

patellar instability and repair.” Clin Orthop Relat Res. 349:174-182. 

 

Heegaard JH, Leyvraz PF et al (2001) “A computer model to simulate patellar 

biomechanics following total knee replacement: the effects of femoral component 

alignment” Clinical Biomechanics (16):415-423. 

 

Henry JH, Goletz TH, Williamson B (1986) “Lateral retinacular release in 

patellofemoral subluxation. Indications, results, and comparison to open 

patellofemoral reconstruction”. Am J Sports Med 14:121–129. 

 



 194 

Herrington L, Rivett N et al (2006) “The relationship between patella position and 

length of the iliotibial band as assessed using Ober’s test”. Manual Therapy 11: 

182–186. 

 

Hirokawa S, Yamamoto K, Kawada T (2001) ”Circumferential measurement and 

analysis of strain distribution in the human ACL using a photoelastic coating 

method.” J Biomech. Sep; 34(9):1135-43. 

 

Hitt K, Shurman JR, Greene K, et al (2003) “Anthropometric measurements of 

the human knee: correlation to the sizing of current knee arthroplasty systems. J 

Bone” Joint Surg Am. 85:115. 

 

Hsu HC, Luo ZP, Rand JA, et al (1996). “Influence of patellar thickness on 

patellar tracking and patellofemoral contact characteristics after total knee 

arthroplasty”. J Arthroplasty 11:69-80. 

 

Hsu L C, Luo Z P et al (1997). “Influence of lateral release on patellar tracking 

and patellofemoral contact characteristics after total knee Arthroplasty”. Journal 

of Arthroplasty 12(1):74-83. 

 

Ikezawa Y, Gustilo RB (1999) “Clinical outcome of revision of the patellar 

component in total knee arthroplasty: a 2-to 7-year follow-up study.” J Orthop Sci 

4(2): 83-88. 



 195 

 

Insall J (1971) “A midline approach to the knee” J Bone Joint Surg (Am) 53: 

1584-1586. 

 

Insall JN (1984) “Surgery of the Knee”. New York, Churchill Livingstone. 

 

Insall J, Scuderi G, Komistek R et al (2002) “Correlation between condylar lift-off 

and femoral component alignment”. Clin Orthop Relat Res. 403:143-152. 

 

Ishibashi, Yasuyuki MD et al (2002). “Lateral patellar retinaculum tension in 

patellar instability.” Clin Orthop Relat Res 397:362-369. 

 

Jerosch,J., Peuker,E.,Philipps et al (2002) “Inter-individual reproducibility in 

perioperative rotational alignment of femoral components in knee prosthetic 

surgery using the transepicondylar axis.” Knee Surg Sports Traumatol Arthrosc. 

10(3):194–197. 

 

Kaper B, Woolfrey M, Bourne RB (2000) “The effect of built-in external femoral 

rotation on patellofemoral tracking and complications following total knee 

arthroplasty.” J Arthroplasty.15:964-969. 

 

Kaplan EB et al (1957) “Surgical approach to the lateral (peroneal) side of the 

knee joint.” Surg Gynecol Obstet, 104:346-56. 



 196 

 

Kaplan EB et al (1962) “Some aspects of functional anatomy of the   

human knee joint.” Clin Orthop Relat Res 23:18-29. 

 

Kawamura H, Bourne RB (2001) ”Factors affecting range of flexion after total 

knee arthroplasty.” J Orthop Sci; 6:248. 

 

Kim J, Nelson CL, Lotke PA. (2004). “Stiffness after total knee arthroplasty. 

Prevalence of the complication and outcomes of revision. J Bone Joint Surg (Am) 

86A:1479–1484. 

 

Kinzel V, Ledger M, Shakespeare D (2005) “Can the epicondylar axis be defined 

accurately in total knee arthroplasty?” The Knee (12):293– 296. 

 

Koh JSB, Yeo SJ (2002) “Influence of patellar thickness on results of total Knee 

arthroplasty” The Journal of Arthroplasty 17(1): 56-61. 

 

Komistek RD, Dennis DA, Mabe JA, Walker SA (2000) “An in vivo determination 

of patellofemoral contact positions.” Clin Biomech 15(1): 29-36. 

 

Krompinger WJ, Fulkerson JP (1983) “Lateral retinacular release for intractable 

lateral retinacular pain.” Clin Orthop Relat Res 179:183–188. 

 



 197 

Kwak SD, Ahmad CS, Gardner TR et al (2000) “Hamstrings and iliotibial Band 

forces affect knee kinematics and contact pattern” Journal of Orthopaedics 

Research (10):101-108. 

 

Larson RL, Cabaud E, Slocum DB, James SL, Keenan T, Hutchinson T (1978) 

“The patellar compression syndrome. Surgical treatment by lateral retinacular 

release.”  Clin Orthop Relat Res 134:158–167. 

 

Laskin R. (1995) “Flexion space configuration in total knee arthroplasty.” J. 

Arthroplasty 10 (5):657–660. 

 

Laskin R, Beksac B (2004) “Stiffness after total knee arthroplasty.” J Arthroplasty 

19(4) Suppl.1. 

 

Laskin RS. (2005) “Total knee replacement using the Genesis II prosthesis: a 

five-year follow-up study of the first 100 consecutive cases.” Knee.12:163-167. 

 

Lattermann C, Toth J, Bach BR (2007) “The role of lateral retinacular release in 

the treatment of patellar instability” Sports Med Arthrosc Rev; 15: 57-60. 

 

Liau JJ, Cheng CK, Huang CH, Lo WH (2002) “The effect of malalignment on 

stresses in polyethylene component of total knee prosthesis – a finite element 

analysis” Clin Biomech 17(2): 140-6 



 198 

 

Lie DTT, Gloria N, Amis AA et al (2005) “Patellar resection during total knee 

arthroplasty: effect on bone strain and fracture risk” Knee Surgery Sports 

Traumatol Arthrosc 13:203-208. 

 

Luo ZP, Sakai N, Rand et al (1997) “Tensile stress of the lateral patellofemoral 

ligament during knee motion”. The American Journal of Knee Surgery 10(3): 139-

144. 

 

Macdonald SJ, Charron KD, Bourne RB et al (2008) “The John Insall Award: 

gender-specific total knee replacement: prospectively collected clinical 

outcomes.” Clin Orthop Relat Res. 466(11):2612-6. 

 

Malo M, Vince KG et al (2003). “The unstable patella after total knee arthroplasty: 

Etiology, prevention, and management.” J Am Acad Orthop Surg.11: 364–371. 

 

Marmor L, (1988) “Technique for patellar resurfacing in total knee arthroplasty.” 

Clin Orthop Relat Res 230:166 -167. 

 

Merican AM, Amis AA. (2008) “Anatomy of the lateral retinaculum of the knee.” J 

Bone Jt Surg (Br) 90-B: 527-534. 

 



 199 

Merican AM, Ghosh KM, Deehan D, Amis AA. (2008) “The trans-patellar 

approach (patellar split): a less-invasive approach for the knee in the laboratory.” 

J Orthop Res - in press. 

 

Mihalko W, Fishkin Z (2006)”Patellofemoral overstuff and its relationship to 

flexion after total knee arthroplasty” Clin Orthop Relat Res. 449: 283–287. 

 

Miller MC, Berger RA, Petrella AJ et al (2001) “Optimizing femoral component 

rotation in total knee Arthroplasty”. Clin Orthop Relat Res. 392:38-45. 

 

Miller MC, Zhang AX, Petrella AJ, et al (2001),”The effect of component 

placement on knee kinetics after arthroplasty with an unconstrained prosthesis.” 

J Orthop Res 19:614. 

 

Mountney J, Senavongse W, Amis AA, Thomas NP (2005) “Tensile strength of 

the medial patellofemoral ligament before and after repair or  reconstruction.” J 

Bone Jt Surg (Br) 87B:36-40. 

 

Nagamine R, Whiteside LA et al (1996). “Effect of medial displacement of the 

tibial tubercle on patellar position after rotational malposition of the femoral 

component in total knee arthroplasty”. J Arthroplasty 11:104-110. 

 



 200 

Newbern G, Faris P, Ritter M (2006) “A clinical comparison of patellar tracking 

using the transepicondylar axis and the posterior condylar axis” The Journal of 

Arthroplasty 21(8):1141-1146. 

 

Nomura E, Horiuchi Y, Kihara M. (2000) “Medial patellofemoral ligament restraint 

in lateral patellar translation and reconstruction.” The Knee 7.121-127. 

 

Nomura E, Inoue M, Osada N (2005) “Anatomical analysis of the medial 

patellofemoral ligament of the knee, especially the femoral attachment.” Knee 

Surg Sports Traumatol Arthrosc.13:510–515. 

 

Oishi CS, Kaufman KR et al (1996) “Effects of patellar thickness on compression 

and shear forces in total knee arthroplasty.” Clin Orthop Relat Res. 331; 283–

290. 

 

O’Meara PM, O’Brien WR, Henning CE (1992)” Anterior cruciate ligament 

reconstruction stability with continuous passive motion: the role of isometric graft 

placement.” Clin Orthop Relat Res 277:201 –209. 

 

Ostermeier S, Holst M et al (2006) “Dynamic measurement of patellofemoral 

kinematics and contact pressure after lateral retinacular release: an in vitro study” 

Knee Surg Sports Traumatol Arthrosc.May;15 (5):547-54. 

 



 201 

Park SE, DeFrate LE et al (2005) “The change in length of the medial and lateral 

collateral ligaments during in vivo knee flexion”. Knee 12(5):377-82. 

 

Powers CM, Chen Y (2006) “Role of peripatellar retinaculum in transmission of 

forces within the extensor mechanism” J Bone Joint Surg (Am) 88A:2042-2048. 

 

Puniello MS (1993) “Iliotibial band Tightness and medial patellar glide in patients 

with patellofemoral dysfunction.” Journal of Orthopaedic & Sports Physical 

Therapy 17:144-148. 

 

Reider B, Marshall JL et al (1981) “The anterior aspect of the knee joint” J Bone 

Joint Surg (Am) 63A:351-356. 

 

Rhoads DD, Noble PC, Reuben JD, et al (1990) “The effect of femoral 

component position on patellar tracking after total knee arthroplasty.” Clin Orthop 

Relat Res 260:43-51. 

 

Reuben JD, McDonald CL, Woodard PL, et al (1991).”Effect of patella thickness 

on patella strain following total knee arthroplasty.” J Arthroplasty 6:251-258. 

 

Ritter MA, Pierce MJ et al (1999) “Patellar complications (total knee arthroplasty): 

effect of lateral release and thickness.” Clin Orthop Relat Res 367:149-157. 

 



 202 

Romero J, Duronio J F, Sohrabi A et al,(2002) “Varus and valgus flexion laxity of 

total knee alignment methods in loaded cadaveric knees.” Clin Orthop Relat Res 

394:243–253. 

 

Sandmeier RH, Burks RT et al (2000) ”The effect of reconstruction of the medial 

patellofemoral ligament on patellar tracking”. Am J Sports Med 28:345-349. 

 

Sathasivam S, Walker PS (1997) “Computer model to predict subsurface 

damage in tibial inserts in total knees” J Orthop Res 16(5): 564-71. 

 

Scuderi GR, Insall JN, Scott NW. (1994) “Patellofemoral pain after total knee 

arthroplasty”. J Am Acad Orthop Surg 2(5):239-246. 

 

Seebacher JR, Inglis AE et al (1982) “The structure of the posterolateral aspect 

of the knee.” J Bone Joint Surg (Am) 64A: 536-41. 

 

Senavongse W (2002) “Biomechanics of the Patellofemoral Joint.” Thesis. 

Submitted Imperial College London. 

 

Senavongse W, Amis AA. (2005) “The effects of articular, retinacular, or 

muscular deficiencies on patellofemoral joint stability” J Bone Joint Surg (Br). 

87(4):577-82. 

 

file://localhost/Users/miltonghosh77/Downloads/javascript:AL_get(this,%20'jour',%20'J%20Bone%20Joint%20Surg%20Br.')%3B


 203 

Shellock F, Mink J et al (1989) “Patellar tracking abnormalities: clinical 

experience with kinematic MR imaging in 130 patients”. Radiology. 172: 799–

804. 

 

Shih YF, Bull AMJ, Amis AA. (2003) “Geometry of the distal femur: comparison of 

the cartilaginous and osseous characteristics of the trochlear groove.” Knee Surg 

Sports Traumatol Arthrosc 12:300–306. 

 

Singerman R, Pagan H, Peyser AB, Goldberg VM. (1997) “Effect of femoral 

component rotation and patellar design on patellar forces” Clin Orthop Relat Res 

334:345-353. 

 

Skalley TC, Terry GC, Teitge RA (1993) “The quantitative measurement of 

normal passive medial and lateral patellar motion limits”. Am J Sports Med 21: 

728–732. 

 

Smirk C, Morris H et al (2003) “The anatomy and reconstruction of the medial 

patellofemoral ligament” The Knee 10: 221–227. 

 

Sodha S, Kim J, Kevin B, McGuire (2004) “Lateral retinacular release as a 

function of femoral component rotation in total knee arthroplasty” The Journal of 

Arthroplasty 19(4): 459-463. 

 



 204 

Star MJ, Kaufman KR, Irby SE, et al (1996). “The effects of patellar thickness on 

patellofemoral forces after resurfacing”. Clin Orthop Relat Res 322: 279-284. 

 

Steensen R, Dopirak RM et al (2004) “The anatomy and isometry of the medial 

patellofemoral ligament: implications for reconstruction” Am J Sports Med 32(6): 

1509-1513. 

 

Stiehl, J.B., Dennis, D.A., Komistek et al (1997). “In vivo kinematic analysis of a 

mobile bearing total knee arthroplasty.” Clin Orthop Relat Res 345: 60–65. 

 

Sugita T, Amis AA “Anatomic and biomechanical study of the lateral collateral 

and popliteofibular ligaments”. The American Journal of Sports Medicine 29(4): 

466-472. 

 

Teitge RA (1991) “iatrogenic medial patellar dislocation.” Orthop Trans; 15: 747. 

 

Terry, G.C. (1989) “The anatomy of the extensor mechanism.” Clin Sports Med 

8:163-177. 

 

Terry GC, Hughston JC et al (1986) “The anatomy of the iliopatellar band and 

iliotibial tract.” American Journal of Sports Medicine 14:39-45. 

 



 205 

Thaunat M, Erasmus PJ (2007) “The favourable anisometry: An original concept 

for medial patellofemoral ligament reconstruction” The Knee 14(6): 424-428. 

 

Warren, LF, Marshall, JL (1979) “The supporting structures and layers on the 

medial side of the knee: an anatomical analysis.” J Bone Joint Surg (Am). 

61A:56-62. 

 

Wulff W, Incavo SJ (2006) “Arthroplasty on patellar strain – a comparison of 

resurfacing versus inset implants.” J Arthroplasty 15(6):778-782. 

 

Zihlmann MS, Stacoff A, Romero J et al (2005) “Biomechanical background and 

clinical observations of rotational malalignment in TKA: Literature review and 

consequences.” Clinical Biomechanics 20:661–668. 

 

 
 

 

 

 


