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ABSTRACT 

 

The shape of the knee’s trochlear groove is a very important factor in the overall 

stability of the knee. However, a quantitative description of the normal three-dimensional 

geometry of the trochlea is not available in the literature. This is also reflected in the poor 

outcomes of patellofemoral arthroplasty (PFA). In this study, a standardised method for 

femoral parameter measurements on three-dimensional femur models was established. 

Using software tools, virtual femur models were aligned with the mechanical and the 

posterior condylar planes and this framework was used to measure the femoral parameters 

in a repeatable way. An artificial neural network (ANN), incorporating the femoral parameter 

measurements and classifications done by experienced surgeons, was used to classify 

knees into normal and abnormal categories. As a result, 15 knees in the database were 

classified by the ANN as being normal. Furthermore, the geometry of the normal knees was 

analysed by fitting B-spline curves and circular arcs on their sagittal surface curves to prove 

and reconfirm that the groove has a circular shape on a sagittal plane. Self-organising maps 

(SOM), which is a type of ANN, was trained with the acquired data of the normal knees and 

in this way the normal trochlear geometry could be predicted. The prediction of the anterior-

posterior (AP) distance and the trochlear heights showed an average agreement of 97 % 

between the actual and the predicted normal geometries. A case study was conducted on 

four types of trochlear dysplasia to determine a normal geometry for these knees, and a 

virtual surface reconstruction was performed on them. The study showed that the trochlea 

was deepened after the surface reconstruction, having an average trochlea depth of 5.5 mm 

compared to the original average value of 2.9 mm. In summary, this research proposed a 

quantitative method for describing and predicting the normal geometry of a knee by making 

use of ANN and the femoral parameters that are unaffected by trochlear dysplasia. 
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UITTREKSEL 

 

Die vorm van die trogleêre keep is ’n belangrike faktor in patella-stabiliteit. Tog is ’n 

kwantitatiewe beskrywing van die normale driedimensionele geometrie van die troglea nog 

nie beskikbaar nie, wat duidelik blyk uit die swak uitkomste van patellofemorale artroplastie 

(PFA). In hierdie studie is ’n gestandaardiseerde metode vir die meting van femorale 

parameters op grond van driedimensionele femurmodelle ontwikkel. Die femurmodel is in 

lyn gebring met die meganiese en posterior kondilêre vlak, welke raamwerk gebruik is om 

die femorale parameters op ’n herhaalbare wyse te meet. Die normale knieë is 

geklassifiseer met ’n kunsmatige neurale netwerk (ANN), wat die femorale parameter-mate 

sowel as die chirurgiese klassifikasie ingesluit het, en 15 knieë is gevolglik as normaal 

aangewys. Die normaleknie-geometrie is ontleed deur B-latkrommes en sirkelboë op die 

sagittale oppervlak-kurwes aan te bring om te bewys en te herbevestig dat die keep uit ’n 

sirkelvorm op ’n sagittale vlak bestaan. Die ingesamelde data van die normale knieë is 

ingevoer by selfreëlende kaarte (SOM), synde ’n soort ANN, wat die navorser in staat gestel 

het om die normale trogleêre geometrie te voorspel. Die voorspelling van die anterior-

posterior (AP) afstand en die trogleêre hoogtes toon ’n gemiddelde ooreenkoms van meer 

as 97 % tussen die werklike en voorspelde normale geometrie. ’n Gevallestudie is op vier 

soorte trogleêre displasie uitgevoer om die normale geometrie te voorspel en ’n 

oppervlakrekonstruksie daarop uit te voer. Hierdie studie het getoon dat die troglea ná 

oppervlakrekonstruksie verdiep was, met ’n gemiddelde trogleadiepte van 5.5 mm in 

vergelyking met die aanvanklike gemiddelde waarde van 2.9 mm. Hierdie navorsing het dus 

’n metode aan die hand gedoen vir die kwantitatiewe beskrywing en voorspelling van 

normale geometrie met behulp van ANN sowel as met die femorale parameters wat nie 

deur die trogleêre displasie geraak word nie. 
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Normalised B-spline basis function 

Control point of B-spline 

Knot vector 

Data points of sagittal curve 
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1 INTRODUCTION 

1.1 Background 

The knee is the largest and the most complex joint in the lower extremity. It is prone 

to injury because it bears heavy loads during every day and athletic activities. In double leg 

stance each knee takes 50 % of the body weight, in single leg stance it increases to four 

times the body weight while in activities like running and squatting it can increase up to 

seven times the body weight (Merchant, 1988; Wilk et al., 1998). 

The knee joint basically consists of three compartments; there are two compartments 

between the upper and lower legs and the third compartment between kneecap (patella) and 

the front of the upper leg (femur) is the patellofemoral joint (Figure 1.1). The patella slides on 

the groove of the femur, the trochlea, as the knee bends (flexes) and straightens (extends). 

The focus of this thesis will be on the patellofemoral joint.  

In the patellofemoral joint, the bony structures are held together by strong ligaments 

and the muscles of extensor mechanism to provide joint stability (Birrer and O'connor, 2004). 

The articular surfaces of the bones are covered with articular cartilage which is the weight 

bearing surface of the joint. In situations like osteoarthritis, the joint surfaces can wear away 

to an extent that there is a bone on bone articulation which causes pain and impair joint 

mobility (Enderle et al., 2005). 

    

Figure 1.1: Anterior view of patellofemoral joint 

Patella 
(knee cap) 

Femur  
(thigh bone) 

Tibia  
(shin bone) 

Trochlea 
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Patellofemoral joint disorders are commonly found in all age groups and are one of 

the most common sport injuries that clinicians encounter (Zaffagnini et al., 2010). About 15 

to 33 % of active adults and 21 to 45 % of adolescents suffer from patellofemoral pain (Wilk 

et al., 1998). Approximately 11 % of males and 24 % of females over 55 years old have 

isolated patellofemoral arthritis (Davies et al., 2002). These studies show that there is a large 

scope for investigating the cause and the treatments of patellofemoral disorders. 

Patellofemoral pain is a predisposing factor to patellofemoral osteoarthritis (Utting et 

al., 2005) and mainly caused by overloading (Juhn, 1999). An overloaded patellofemoral 

joint is caused by malalignment and instability between the patella and the trochlea. The high 

pressure developed in the joint leads to articular cartilage damage, which causes pain. 

Patellar instability is caused by an inadequate soft tissue (the muscles and the ligaments) 

support, or by an abnormally shaped trochlea, or in most cases by a combination of the two.  

There is a high correlation between the shape of the trochlea and the patellofemoral 

joint function (Balcarek et al., 2010; Balcarek et al., 2011). 85 % of patients who suffered 

from recurrent patellar dislocation also had trochlear dysplasia (abnormally shaped trochlea) 

(Dejour et al., 1994). Trochlear dysplasia was identified in 16 % of patients with anterior knee 

pain, whereas only 2.7 % of the normal group had trochlear dysplasia (Keser et al., 2008). 

These studies show the importance of the patellofemoral joint shape, especially of the 

trochlea, in the optimal functioning of the joint.  

The depth of the trochlear groove, the flatness of the lateral facets, and the existence 

of a bump on the anterior trochlea were found to be the key factors that cause an unstable 

patella (Balcarek et al., 2010). Orthopaedic surgeons make a quantitative measurement of 

these features by using radiographs, computed tomography (CT), and magnetic resonance 

(MR) images in order to identify trochlear dysplasia. Trochlear dysplasia can also be 

qualitatively identified by looking for certain indications such as the “crossing sign” from the 

side view of x-rays and a sagittal slice of the MR or CT scans (Dejour et al., 1994).  

The main cause of the patellofemoral pain and instability should be identified to select 

an appropriate treatment regime. If the shape of the trochlea is the key factor, a bony 

surgical procedure such as trochleoplasty (correcting the shape of the trochlea) can be 

considered. On the other hand, if the major problem is an inefficiency of the soft tissue 

support, a surgical reinforcement of the soft tissues can be done. It is important to be able to 

identify the major component contributing to the instability and address that in order to have 

a satisfactory surgical result.  
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1.2 Motivation 

The following factors are the motivation for this study: 

 researchers are not in agreement on the groove orientation, trochlear length and the 

condyle curvatures; 

 the measurements on CT or MR scans are influenced on the alignment of the femur 

during scanning. A measurement method which is not influenced by the orientation of 

the femur is needed; 

 there are considerable geometrical differences between normal trochleas and the 

current prostheses designs (Varadarajan et al., 2011). This is reflected in the poor 

outcomes of patellofemoral arthroplasty (PFA), requiring surgical revisions or 

conversion to total knee arthroplasty (TKA) (Donell and Glasgow, 2007); 

 the shape of the trochlea of the total knee arthroplasty (TKA) prosthesis design is the 

main determinant factor for the success of the procedure (D'Lima et al., 2003; 

Kulkarni et al., 2000). Better understanding of the normal trochlea geometry leads to 

better prosthesis design; 

 a comprehensive knowledge for the normal groove geometry is needed including its 

orientation, length and the curvatures to design a custom fit prosthesis that can 

restore the normal trochlea for the specific geometry and size of the patient’s knee; 

and 

 surgeons require a guideline for selecting an appropriate treatment regime during 

surgical planning. With better understanding of the normal trochlea shape, surgeons 

can decide whether or whether not the trochlea shape has to be altered as the 

treatment. 

1.3 Objectives  

If a measurement dataset describing the three-dimensional geometry of the normal 

trochlea is available, the normal geometry of a dysplastic femur can be predicted. This 

prediction can show which features are responsible for trochlear dysplasia and can help 

orthopaedic surgeons to plan the knee surgery better and choose a suitable treatment 
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regime. The predicted normal geometry can also be used as the guideline for trochleoplasty 

by showing where and to what extent it has to be resurfaced. This study aims therefore to 

quantify the normal trochlea geometry by: 

 reviewing literature in order to determine and summarise the current techniques used 

to quantify the trochlea shape; 

 generating three-dimensional femoral models from CT scans; 

 standardising the measurement method on three-dimensional femoral models to 

acquire femoral parameters; 

 comparing three different trochlea classification methods (qualitative, quantitative and 

artificial neural networks (ANN)); 

 conducting a curvature analysis by means of a sagittal curve fitting to the trochlea;  

 testing the accuracy of the normal geometry prediction method using self-organising 

maps (SOM); and 

 conducting a case study to suggest an appropriate treatment regime for  knees with 

trochlear dysplasia. 

1.4 Scopes and Limitations 

The scope of this study is restricted to: 

  a description of the osseous (i.e., bones only) geometry of the trochlea; 

 the identification of the proximal trochlear dysplasia (trochlear dysplasia refers to 

proximal dysplasia in general terms); and 

 the suggestion of a treatment regime that alters the bony geometry of the trochlea. 

It is also important to note the limitations of this study: 

 only the osseous geometry of the trochlea is analysed and soft tissue was excluded 

because only CT scans were available (unlike bones, soft tissue is not easily 

discernible for segmentation purposes); 

 the relative position of the patella to the femur (e.g., the patellar height) was not 

investigated since its position is dependent on the knee flexion angle; and 
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 the influence of the distal dysplasia on the patellofemoral function is not yet well 

researched, therefore, this study was restricted to the proximal dysplasia which has 

been shown to cause patellar instability. 

1.5 Thesis Layout 

This chapter has introduced the concept of the patellofemoral joint shape and 

outlined the main challenges and objectives associated with describing a normal trochlea 

shape.  An outline of the rest of the study follows.    

Chapter 2 presents a comprehensive review of the literature on the shape of the 

patellofemoral joint. Emphasis is placed on previous clinical findings, theories and 

methodological contributions quantifying the shape of the patellofemoral joint. In Chapter 3, 

the methods for three-dimensional femoral model generations from CT scans, as well as the 

standardised method for measuring femoral parameters of these models are described. This 

is followed by an illustration of three different methods for identifying trochlear dysplasia and 

a comparison of the results (Chapter 4), while an outline of the method and results for 

validating a normal trochlea geometry prediction tool is provided in Chapter 5. Chapter 6 

presents a case study on which the normal geometry prediction tool is applied to knees with 

trochlear dysplasia. Chapter 7 summarises the major conclusions and the key contributions 

of this thesis as well as the limitations of this research, leading to the recommendations for 

future work.  
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2 LITERATURE REVIEW 

This chapter starts with the basic anatomy and the biomechanics associated with the 

patellofemoral joint function. The shape of the normal trochlea is described, followed by the 

various methods that identify trochlear dysplasia.  

2.1 Anatomical Terms and References of the Patellofemoral Joint 

2.1.1 Orientation and the movement of the patellofemoral joint 

There are three anatomical planes that pass through the body and that are 

perpendicular to each other, namely the sagittal, transverse, and coronal planes. On these 

planes, the anatomical directional terms describe the position of the anatomical structures 

(Figure 2.1). 

                 

 

Figure 2.1: Three anatomical views of the left knee with the anatomical directional 

terms 

The main patellofemoral movements are the flexion (bending) and extension 

(straightening) motions. At full extension, the patella rests above the femoral groove and as 

the knee flexes, the patella slides onto the distal groove (Figure 2.2). The patella undergoes 

three translational movements (medial-lateral, anterior-posterior, proximal-distal) as well as 

three rotational movements (flexion-extension, medial-lateral, and internal-external), while 

the femur flexes and extends on the tibia (Katchburian et al., 2003).  
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Figure 2.2: Illustration of the movement of the patellofemoral joint 

2.1.2 Referencing axes on the femur  

Knee alignment influences stability of the joint, patellar tracking and the long-term 

effects of reconstruction surgeries (Balcarek et al., 2010; Luo, 2004). Some studies have 

shown that poor outcomes after total knee arthroplasty (TKA) are due to the misalignment in 

rotation (Miller et al., 2001; Sikorski, 2008). This highlights the importance of using correctly 

defined reference axes during surgery (Lustig et al., 2008). 

The rotational alignment of the femur is described around the epicondylar axes or the 

posterior condylar axis. There are two epicondylar axes: the surgical and the clinical. These 

axes are defined by the connection to the attachment sites of the lateral collateral ligament 

(LCL) and the medial collateral ligament (MCL) (Berger et al., 1993). The clinical epicondylar 

axis is the line connecting the prominence of the medial epicondyle (labelled MP in Figure 

2.3) and the lateral epicondylar prominence (labelled LP in Figure 2.3). The surgical 

epicondylar axis is the line connecting the sulcus of the medial epicondyle (labelled MS in 

Figure 2.3) and the lateral epicondylar prominence. The posterior condylar axis is defined as 

the tangential line to the most posterior points on the condyles (Asano et al., 2004) (Figure 

2.3).  Berger et al. (1993) showed that the surgical epicondylar axis is more reliable and 

reproducible than the clinical epicondylar axis, whereas the posterior condylar axis is more 

reproducible than the epicondylar axes for determining the rotational alignment of the femur 

(Victor et al., 2009). 
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Figure 2.3: Anatomical landmarks and reference axes on the transverse view of distal 

femur edited from Asano et al. (2004) 

                                           

Figure 2.4: Defining anatomical axes (red and blue) and mechanical axis (green) 
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The anatomical axis of the femur describes the position of the shaft of the femur on 

the sagittal and the coronal planes. Luo (2004) presented two suitable methods for defining 

the anatomical axis. The first method relies on the line drawn from the centre of the knee to 

the shaft centre 1. The centre of the knee is the centre of the tibiofemoral joint and the 

femoral shaft centre 1 is the intersection point of the lines that bisect the femur in proximal-

distal and medial-lateral directions (Figure 2.4). The second method relies on the line drawn 

from the centre of the femoral shaft 1 to the mid-point of the medial-lateral line drawn 10 cm 

above the surface of the knee (shaft centre 2 in Figure 2.4). The second method is preferred 

since it produces an axis closer to the centre of the femoral shaft (Luo et al., 2001; Moreland 

et al., 1987). The mechanical axis is the line connecting the centre of the knee and the 

centre of the femoral head (Figure 2.4). It represents the load-bearing axis of the femur 

(Cooke et al., 2007; Luo, 2004).  

2.2 The Factors Affecting Patellofemoral Joint Stability 

The soft tissue and the osseous geometry of the femur are the main features that 

maintain patellofemoral joint stability. It has been illustrated that an unstable patella is 

associated with many patellofemoral disorders such as patellofemoral pain, patellofemoral 

osteoarthritis, and patellar dislocation. Stability of the patella can be restored with ligament 

reconstruction (e.g., medial patellofemoral ligament (MPFL) reconstruction), bonny 

realignment (e.g., tibial tubercle osteotomy), and/or changing the shape of the trochlea (e.g., 

trochleoplasty). In order for a successful surgery, it is important to determine which 

anatomical factors are responsible for patellar instability before any surgical intervention. 

This section presents the anatomy of some key soft tissue stabilisers and their functions in 

stabilising the patella, as well as the osseous geometry of the trochlea and its functions. 

2.2.1 Soft tissues and their functions 

The cartilage covers the articulating surfaces of the femur, the patella, and the tibia, 

protecting the bones from direct contact with each other and providing a smooth surface. 

The menisci are thick semi-lunar shaped cartilaginous structures rested on the tibial cartilage 

and function as shock absorbers (Figure 2.5). The femur undergoes rotational and 

translational movements on the menisci during the knee flexion. The cartilage contributes to 

the joint stability by exerting reactive forces onto the articulating surfaces. 
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Figure 2.5: Cartilage on the knee joint and the menisci 

The patella is anchored to the knee by the active and passive soft tissue stabilisers. 

The active contraction of the quadriceps muscle provides stability to the patella. The 

quadriceps muscle splits into six different components and exert pulling forces on the patella 

in the proximal and side directions: vastus lateralis longus (VLL), vastus lateralis obliquus 

(VLO), vastus medialis longus (VML), vastus medialis obliquus (VMO), rectus famoris (RF) 

and vastus intermedius (VI). Weakened quadriceps components may contribute to patellar 

instability (Farahmand et al., 1998).  

In addition to the active muscle tensions, the ligaments play an important role as 

passive stabilisers of the patella. Medial patellofemoral ligament (MPFL in Figure 2.6) has 

been shown to be one of the key features that prevent the patella from dislocating laterally at 

the full extension of the knee. Patellar dislocation occurs most commonly at full extension 

and the MPFL tension is at its greatest at this position (Amis et al., 2003). If the MPFL does 

not provide enough tension, MPFL reconstruction is performed to ensure patellar stability. 

The lateral retinaculum (LR in Figure 2.7) is the fibrous tissue that holds the patella to 

the femur on the lateral side of the knee. Although it is not common, an over tightened LR 

can contribute to lateral patellar instability, and, lateral retinacular release (LRR) can be 

considered to reduce the tension on the lateral side (Henry et al., 1986). However an 

isolated LRR has only a little role in stabilising the patella (Christoforakis et al., 2006; 

Lattermann et al., 2007). 

The quadriceps tendon (QT in Figure 2.6) attaches the patella to the quadriceps 

muscle and the patella tendon (PT in Figure 2.6) connects the patella to the tibia. In this way 

the patella is stabilised in proximal and distal direction. Lateral patellar dislocation can occur 

  Menisci 

 Tibial cartilage 

Patellar cartilage 

Femoral cartilage 
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if the attachment site of the patella tendon on the tibia (tibial tubercle) is lateralised and the 

patella is pulled outwards towards a lateral direction. In a case like this, tibial tubercle 

osteotomy can be performed to change the direction of the pulling force applied on the 

patella by the extensor mechanism.  

The medial collateral ligament (MCL in Figure 2.6) and the lateral collateral ligament 

(LCL) make connections between the femur and the tibia. The attachment sites of these 

ligaments on the femur are used as morphological landmarks to define epicondylar axes 

(Griffin et al., 2000).  

      

Figure 2.6: Medial anatomy of the patella stabilisers edited from Amis et al. (2003) 

                 

Figure 2.7: Anterior view of the soft tissue stabilisers edited from O’Neil (1997) 
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2.2.2 Shape of the trochlea  

The trochlea has a complex three-dimensional shape and its orientation, length, and 

curvature varies amongst individuals (Feller et al., 2007). This makes it difficult to define the 

normal trochlear geometry. However, it is generally agreed that normal knees have deeper 

trochlear grooves than abnormal knees, with higher trochlear facets on the lateral side than 

the medial side (Figure 2.8). As a result of the normal alignment of the lower extremity and 

the origins of the extensor mechanism, the patella experiences greater force towards the 

lateral than the medial direction, and the prominence of the lateral facet and the depth of the 

trochlea prevents the patella from dislocating laterally (), The role of the groove in stabilising 

the patella was demonstrated by Jafaril et al. (2008), who showed that a shallower trochlear 

groove makes the patella unstable and shifts it laterally while the geometry of the patella is 

unchanged. Senavongse et al. (2005) showed that the flattened anterior lateral facet affects 

patellar stability more than the VMO and the MPFL at full extension of the knee. This implies 

that if the degree of trochlear dysplasia (abnormality of the trochlea shape) is severe, 

performing a soft tissue reinforcement (e.g., MPFL reconstruction) and a bony realignment 

(e.g., tibial tubercle osteotomy) may not be effective enough to restore the patellar stability. 

In these cases it might be indicated to also change the trochlear geometry (i.e., perform a 

trochleoplasty). 

                                              

Figure 2.8: Anatomy of the trochlea 

Trochleoplasty can be performed in a severe degree of trochlear dysplasia with no 

cartilaginous damage. Trochleoplasty reshapes the osseous geometry of the trochlea, thus it 

is more invasive than soft tissue reconstructions, or bony realignments. The published 

outcomes were satisfactory in terms of preventing the re-dislocation and the satisfaction 

index (Beaufils et al., 2012). If isolated patellofemoral arthritis presents, patellofemoral 

arthroplasty (PFA) can be considered to provide a smooth articulating surface and to change 

the bone geometry to a more normal shape (Figure 2.9). 
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Figure 2.9: Illustration of patellofemoral arthroplasty (PFA) adapted from Farr et al. 

(2008) 

2.3 Identification of Trochlear Dysplasia 

Identifying and classifying the severity of trochlear dysplasia is important for surgeons 

when selecting the surgical methods to restore the normal patellofemoral joint function. 

Conventionally, X-rays were used for examining the knees, but computed tomography (CT) 

and magnetic resonance (MR) images are now also widely used. Although some studies 

(Biedert et al., 2011; Iranpour et al., 2010b; Muller et al., 2010) used three-dimensional 

computer models created from CT or MR scans to analyse the geometry of the femurs, it is 

not used widely in the clinical context. Trochlear dysplasia can be identified by either 

qualitative or quantitative methods. The qualitative method is dependent on the surgeon’s 

decision, is made by identifying certain indicative features. The quantitative method is 

applied when certain morphologies are measured quantitatively and trochlear dysplasia is 

identified with the thresholds of the measurements. This section lists some key qualitative 

and quantitative methods that were established by various researchers. 

2.3.1 Qualitative methods for identifying trochlear dysplasia 

H. Dejour et al. (1990) established a qualitative definition of the trochlear dysplasia 

based on the “crossing sign” (encircled in Figure 2.10), using the true lateral view of the x-

rays. The crossing sign appears when the two condylar outlines cross the outline of the 

trochlear floor. The trochlear dysplasia was classified into three categories, based on the 

severity of the dysplasia: type I indicates minor dysplasia and type III indicates major 

dysplasia (Figure 2.10). The crossing sign is present in 96 % of patients with patellar 

dislocation (1994).  
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Figure 2.10: Classification of trochlear dysplasia developed by H. Dejour et al. (1990) 

adapted from Zaffagnini et al. (2010) 

Based on the findings of H. Dejour (1990), D. Dejour et al. (2007) defined the four 

grades of trochlear dysplasia: type A, B, C and D (Figure 2.11). D. Dejour’s classification 

includes the “supra-trochlear spur” which represents the global prominence of the trochlea 

and the “double contour” sign (Zaffagnini et al., 2010). The supra-trochlear spur makes the 

patella “ski jump” when it engages the femur, and the double contour sign indicates that the 

medial facet is too low. 

     

Figure 2.11: Trochlear dysplasia classification reproduced from D. Dejour et al. (2007)  

Biedert et al. (2011) created three-dimensional computer models, segmenting the 

bones and cartilage of the distal femurs from the MR images slice by slice to compare the 

trochlear geometry between normal and dysplastic trochleas. Normal trochleas showed that 
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their lateral trochlear facets were higher than the medial trochlear facets, separated by the 

central trochlear groove. Biedert et al. (2011) proposed two types of trochlear dysplasia: 

proximal (Figure 2.12a) and distal (Figure 2.12b). Proximal trochlear dysplasia is 

characterised by a trochlear bump, flat or too short trochlea. Distal trochlear dysplasia is 

characterised by abnormal length of the distal lateral condyle, but depth of the trochlea is 

within normal range. However, “proximal trochlear dysplasia” and “distal trochlear dysplasia” 

are not widely used terms and “trochlear dysplasia” usually refers to proximal trochlear 

dysplasia in general. The identification method for distal trochlear dysplasia is not yet well 

researched and its influence on patellofemoral function is still unknown (Biedert et al., 2011).  

 

      

Figure 2.12: Three-dimensional model of the distal femur adapted from Biedert et al. 

(2011) 

2.3.2 Quantitative methods for identifying trochlear dysplasia 

Trochlear dysplasia is characterised by the flattened trochlea and its flatness is 

identified by quantitative measurements of the depth of the trochlea and the sulcus angle. 

The flatness of the lateral facet is identified by the lateral trochlear inclination (LTI) and the 

trochlear facet asymmetry (TFA) shows the medial-lateral location of the groove. These 

parameters are measured on CT or MR images and their threshold values have been 

determined in previous research (Dejour et al., 1994; Fucentese et al., 2007; Pfirrmann et 

al., 2000). However, researchers do not agree on the threshold values, mainly because: 1) 

different measurement methods were applied; and 2) the selection of the measurement slice 

is not standardised. This makes it difficult to compare and use the results obtained from 

previous studies. The following section describes the key femoral parameters measurement 

methods implemented by various researchers for identifying trochlear dysplasia. 

 

L                                           M 

(a) Proximal trochlear dysplasia     (b) Distal trochlear dysplasia 

L                                  M 
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 Measurement planes 

The values of the measurements vary significantly with the selection of the 

measurement plane. Teichtahl et al. (2007) measured the sulcus angle on two different 

measurement planes (distal and proximal), showing that there is considerable difference in 

the sulcus angle value depending on the selection of the measurement plane (Figure 2.13). 

Fucentese et al. (2007) measured the sulcus angle on two different measurement planes, 

and the difference in mean sulcus angles measured from different measurement planes was 

30.2°. 

 

 

Figure 2.13: MR image of trochlear groove on distal and proximal plane adapted from 

Teichtahl et al. (2007) 

Pfirrmann et al. (2000) measured the trochlear depth (TD) using MR images on the 

transverse planes 1 cm, 2 cm, and 3 cm above the tibiofemoral joint. It was demonstrated 

that the measurement taken on the 3 cm above the tibiofemoral joint (measurement plane 1) 

showed the most relevant difference between the dysplastic group and the control group. On 

the other hand, Escala et al. (2006), also using MR images, measured the trochlear depth on 

two different measurement planes: one that goes through the most anterior point of the 

trochlear groove (measurement plane 4), and the one that the intercondylar tunnel (Figure 

2.14) is visualised with the semi circumferential shape of the roman arch (measurement 

plane 2). A statistical analysis indicated that the trochlear depth measurement showed 

higher sensitivity and specificity on measurement plane 2 for discriminating the dysplastic 

knees from the non-dysplastic ones. Carrillon et al. (2000) measured the lateral trochlear 

inclination (LTI) on the axial plane (on which trochlea is initially completely covered with 

cartilage) to identify the trochlear dysplasia (measurement plane 3). Four different 

measurement planes have been described, measurement plane 1, 2, 3 and 4 (Table 2.1). 

 

     Distal                                   Proximal 
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Table 2.1: Transverse measurement planes 

measurement plane description reference 

measurement plane 1 3 cm above the tibiofemoral joint Pfirrmann et al. (2000)  

measurement plane 2 
first proximal slice that intercondylar tunnel  is 
visualised with the semi circumferential 
shape of roman arch 

Escala et al. (2006) 

measurement plane 3 
first proximal slice on which trochlea is 
initially completely covered with cartilage 

Carrillon et al. (2000) 

measurement plane 4 
slice that goes through the most ventral point 
of the trochlear groove 

Escala et al. (2006) 

 

 

Figure 2.14: The roman arch is visible on the transverse slice 

The results are however contradictory: Pfirrmann et al. (2000) showed that the TD 

measured on measurement plane 1 has higher specificity than on the distal planes in 

identifying trochlear dysplasia, while Escala et al. (2006) noted different results. When these 

four planes were regenerated on MR slices using a three-dimensional model, it showed that 

the measurement planes 1, 3 and 4 were closely located to one another while the 

measurement plane 2 was positioned significantly distally from the other three measurement 

planes (Figure 2.15). This example highlights the possibility that the variability may be 

introduced by the alignment or flexion of the knee during scanning, demonstrating that there 

is a need for standardisation of the measurement procedure. 
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Figure 2.15: MR image of measurement planes of the same femur 

 

 Trochlear depth (TD) 

Trochlear depth (TD) is the parameter that quantifies the flatness of the trochlear 

groove. A deeper groove may indicate a stable patella. The measurement method, as well 

as the measurement plane selection method, varies. The TD (line OH in Figure 2.16a) is 

either measured as the shortest distance between the deepest point of the trochlear groove 

(point O in Figure 2.16a) and the line drawn from the most anterior point of the lateral 

condyle to the most anterior point of the medial condyle (line AB in Figure 2.16a) (Martino et 

al., 1998) or using anterior-posterior (AP) distances (Figure 2.16b). 

         

Figure 2.16: (a) Trochlear depth (b) Anterior-posterior (AP) distances on a transverse 

slice 

Measurement plane 1 Measurement plane 2 

Measurement plane 3 Measurement plane 4 

A 
H 

B 

O 

a = lateral AP  

b = medial AP 

c = middle AP 

a c b 

Posterior condylar line 

(a)                                                        (b)  

 MP4      

 MP1      

 MP3      

 MP2      

 MP4      

 MP1      

 MP3      

 MP2      
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Three AP distances can be measured on the trochlea: the lateral AP distance, the 

middle AP distance and the medial AP distance. The lateral and the medial AP distances are 

measured from the posterior condylar line to the most anterior points of the lateral and the 

medial facets (line a and b in Figure 2.16b) respectively. The middle AP distance is 

measured from the posterior condylar line to the deepest point of the trochlear groove (line c 

in Figure 2.16b). Using these AP distances, the trochlear depth can be defined as the 

difference between the lateral AP and the middle AP distances (Martinez et al., 1983), or 

from the following equation (Balcarek et al., 2010): 

    
   

 
    (1) 

where,    is the lateral AP distance, b is the medial AP distance, and c is the middle 

AP distance. 

Since the trochlear depth is measured differently by various researchers, the 

suggested cut-off values did not agree. The summary of the trochlear depth measurement 

performed by various researchers is provided as follows (Table 2.2): 

Table 2.2:  Trochlear depth measurement on dysplastic knees by different researchers 

measurement 
plane 

scan 
method 

sample 
size 

age range mean threshold reference 

 [patient] [years] [mm] [mm] [mm]  

measurement 
plane 1 

MR 101 14–40 0.9–6.0 0.9 – Balcarek et al. (2010) 

MR 16 16–59 -6.5–2.7 -0.6 < 3 Pfirrmann (2000) 

measurement 
plane 2 

MR 59 16–45 1.2–13.3 4.2 < 5 Escala et al. (2006) 

measurement 
plane 4 

MR 59 16–45 -1.6–8.3 3.3 < 4 Escala et al. (2006) 

 Sulcus angle 

The sulcus angle represents the depression of the trochlear groove relative to the 

femoral condyles, and is typically measured from the two tangential lines of each trochlear 

facet (Balcarek et al., 2010). The sulcus angle is measured from the skyline view of 

radiographs (Teichtahl et al., 2007) or it is measured on a transverse measurement plane 

when CT or MR scanning is used (Figure 2.17).  
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Figure 2.17: Sulcus angle measurement on a transverse slice 

An increased sulcus angle indicates the existence of trochlear dysplasia. Insall et al. 

(1983) showed that a sulcus angle between 140° and 150° causes patellar pain and that a 

sulcus angle between 150° and 160° causes patellar instability, whereas Martino et al. 

(1998) suggested the normal range of 125° and 143°. Dejour et al. (1994) recommended the 

cut off value of greater than 145  for identifying trochlear dysplasia (Table 2.3). 

Table 2.3: Summary of sulcus angle measurements on dysplastic knees from various 

studies 

measurement 
plane 

scan 
method 

sample 
size 

age range mean threshold reference 

 [patient] [years] [°] [°] [°]  

skyline view x-ray 49 14–51 – 144 > 145 Dejour et al. (1994) 

measurement 
plane 1 

MR 101 14–40 138–166 152 – 
Balcarek et al. 

(2010) 

measurement 
plane 3 

MR 25 14–49 146–167 156 – 
Salzmann et al. 

(2010) 

 Lateral trochlear facet inclination (LTI) 

The lateral trochlear inclination (LTI) quantifies the flatness of the lateral trochlear 

facet by measuring the angle between the posterior condylar line and the tangential line to 

the lateral facet of the trochlea (Figure 2.18) (Keser et al., 2008). Carrillon et al. (2000) 

demonstrated that a low LTI value (lower than 11°) indicates the existence of patellar 

instability and anterior knee pain. However, researchers do not agree on the suggested cut-

off values for the LTI (Table 2.4). 

Sulcus angle                                       

M 
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Figure 2.18: Lateral trochlear facet inclination (LTI) measurement 

 

Table 2.4: Lateral trochlear inclination (LTI) measurement on dysplastic knees by 

different researchers 

measurement 
plane 

scan 
method 

sample 
size 

age range mean threshold reference 

 [patient] [years] [°] [°] [°]  

measurement 
plane 2 

MR 59 16–45 1–23 12.5 < 14 Escala et al. (2006) 

measurement 
plane 3 

MR 30 15–42 – 6.17 < 11 Carrillon et al. (2000) 

MR 25 14–49 – 11.63 – Salzmann et al. (2010) 

measurement 
plane 4 

MR 59 16–45 0–23 9.6 < 12 Escala et al. (2006) 

 Trochlear facet asymmetry ratio (TFA) 

Trochlear facet asymmetry (TFA) shows the relative position of the trochlear groove 

in a medial-lateral direction. It is the ratio of the medial trochlear facet length (line   in Figure 

2.19) to the lateral facet length (line   in Figure 2.19) and is calculated with the following 

equation (Balcarek et al., 2010):  

TFA =           (2) 

where,   is the medial trochlear facet distance and b is the lateral trochlear facet distance. 

L         LTI                                        M 

Posterior condylar line 
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Figure 2.19: Measurement of lateral and medial trochlear facet lengths 

Pfirrmann et al. (2000) showed that there is a significant increase in asymmetry in 

dysplastic knees and suggested a cut-off value of 40 % (Table 2.5). This threshold had 100 % 

sensitivity and 96 % specificity for discriminating trochlear dysplasia.  

Table 2.5: Trochlear facet asymmetry measurement on dysplastic knees by different 

researchers 

measurement 
plane 

scan 
method 

sample 
size 

age range mean threshold reference 

 [patient] [years] [%] [%] [%]  

measurement 
plane 1 

MR 101 14–40 11.4–57.4 34.9 – 
Balcarek et al. 

(2010) 

MR 16 16–59 0.0 –40.0 12.0 < 40.0 
Pfirrmann et al. 

(2000) 

measurement 
plane 3 

MR 25 14–49 – 57.14 – 
Salzmann et al. 

(2010) 

 Anterior-posterior to medial-lateral ratio (AP/ML) 

Biedert et al. (2009) measured the AP distances (Figure 2.16b) on the first transverse 

slice on which the cartilage covers the entire width of the trochlea beginning proximally 

(measurement plane 3). The medial to lateral (ML) distance of the femur was measured from 

the measurement slice. No statistical significance of the lateral AP/ML between normal and 

dysplastic femurs was found, whereas the medial and middle AP/ML increased significantly 

in the dysplastic group (Table 2.6). This finding suggests that the raised centre of the groove 

and the medial facet results in a flattening of the groove rather than decreased lateral 

trochlear height. This study also demonstrates the importance of investigating the AP 

distances of the femur because an appropriate type of trochleoplasty can be selected if the 

pathologic feature is correctly identified. 

  

b a 
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Table 2.6: Anterior-posterior to medial-lateral ratio results from Biedert et al. (2009) 

 

normal femur dysplastic femur student’s t-test  

[%] [%] p value 

lateral AP/ML 73–90 73–89 0.082 

middle AP/ML 66–84 69–85 < 0.001 

medial AP/ML 67–88 70–85 < 0.001 

 Ventral trochlear prominence (VTP) 

The ventral trochlear prominence (VTP) indicates the distance between the most 

ventral (anterior) point of the trochlear floor and the tangential line to the anterior cortex of 

the femur. It quantitatively indicates the existence of the supra-trochlear spur (Figure 2.20), a 

bump on the anterior trochlea which makes the patellar “ski jump”, thus causing patellar 

instability (Zaffagnini et al., 2010). 

 

 

Figure 2.20: Ventral trochlear prominence (VTP) measurement edited from Pfirrmann 

et al. (2000) 

The VTP is measured from the true lateral view of radiographs (Dejour et al., 1994) or 

on the mid-sagittal plane (which goes through the deepest point on the trochlear groove) 

when measured on CT or MR images (Pfirrmann et al., 2000). Dejour et al. (1990) 

suggested that a VTP value greater than 3 mm indicates trochlear dysplasia, but different 

threshold values were suggested for the MR images (Table 2.7). 

 

 

Supra-trochlear spur 

Anterior cortex of the femur 

VTP 
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Table 2.7: Summary of ventral trochlear prominence measurements on dysplastic 

knees from various studies 

scan 
method 

sample 
size 

age range mean  threshold reference 

 [patients] [years] [mm] [mm] [mm]  

x-ray 49 14–51 0.8–5.6 3.2 > 3 Dejour et al. (1994) 

MR 16 16–59 6.9–15.5 9.3        > 8 Pfirrmann et al. (2000) 

MR 59 16–45 0.8–8.9 4.8 > 4 Escala et al. (2006) 

 

    

 

 

  

Stellenbosch University  http://scholar.sun.ac.za



 

25 

 

3 THREE-DIMENSIONAL MODEL GENERATION AND FEMORAL 

PARAMETER MEASUREMENTS 

This chapter describes the segmentation methods for three-dimensional femur 

models from CT images. The accuracy of the segmentation technique, as well as the effects 

of the smoothing tool on the change in volume of the segmented femur model (used to 

produce a smooth surface) was evaluated. A repeatability and reproducibility (R&R) test was 

conducted to validate the measurement system accuracy. The reference framework and the 

coordinate system, in which the femoral parameters were measured, were defined. Finally, 

the measurement procedure and the results are presented. 

3.1 Ethical Approval and Study Population 

For the purpose of this thesis, existing CT images of the lower human body (taken 

during a research study performed by the Department of Mechanical and Mechatronic 

Engineering of Stellenbosch University, entitled “Investigating patellofemoral behaviour: An 

experimental and theoretical approach” (project number, NO8/02/029/2008)), were used. 

The ethical approval for this project was granted by the Committee for Human Research, 

Faculty of Health Sciences, Stellenbosch University in 2008 in accordance with the 

Declaration of Helsinki. 18 volunteers (7 males and 11 females between the ages of 19 and 

65) were imaged with a computed tomography (CT) scanner (using a Siemens Emotion 16; 

130 kV) after obtaining informed consent. None of the volunteers complained of knee pain or 

had any prior surgery performed on their knees. All scan data was made anonymous and it 

was impossible to identify individuals. 

3.2 Validation of the Three-dimensional model Generation and Measurement 

Systems 

3.2.1 Segmentation techniques from CT Scans  

The volunteers’ femurs and patellas were segmented from the CT images (Figure 

3.1) using an automated segmentation algorithm for skeletal bones and then refined with a 

manual procedure that included the use of single and multi-slice edit tools (Mimics, 

Materialise, Leuven, Belgium). This segmentation technique has been described previously 

by Muller et al. (2010). The segmentation from CT has been benchmarked against laser 

scanning in a previous study (Van Schalkwyk, 2010) and the spatial accuracy was found to 
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be 99.7 %. These three-dimensional models developed in Mimics were imported into 3-matic 

(Materialise, Leuven, Belgium) to take measurements.                             

 

 Figure 3.1: Three-dimensional model was generated by segmenting CT scans 

3.2.2 Testing the effect of the smoothing tool on the accuracy of the model 

The smoothing tool of Mimics was used to generate a smooth surface and to 

eliminate the rough surface introduced during the manual segmentation procedure. 

However, there was a risk of changing the shape of some important features. Therefore, it 

was necessary to examine the shape changes of the femur models in terms of their volume 

and dimensions. The smoothing effect was examined for seven randomly selected three-

dimensional femur models by means of comparing the volume and measurements of the 

femur models before and after smoothing.  

First, the volume difference before and after smoothing was measured. The average 

volume reduction was 0.25 % of the original femur model (Table 3.1). The 0.25 % reduction 

of the volume cause a 0.02 mm decrease in the radius of the cylinder with 500 000 mm3 

volume and 500 mm length when only a change in the radial direction is considered 

(illustrated in Figure 3.2) (the average volume of a femur is approximately 500 000 mm3). 

Therefore, the radial distance change due to the volume reduction was considered negligible 

because it is less than the required accuracy of 1 mm, which is the level of the accuracy 

given by the surgical tools. 

Segmentation 
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Figure 3.2: The assumptions made to estimate the effect of the change in volume due 

to the smoothing effect on the model features 

Secondly, two surface curves were generated on the measurement plane, one from 

the femur before smoothing and the one after smoothing. On the measurement plane, the 

sulcus angles and the maximum distance between the two surface curves were measured 

(Figure 3.3). The average sulcus angle difference was 0.32° with a maximum of 1.03°. The 

mean value of the maximum distances between the two curves was 0.3 mm, with the 

maximum value of 0.41 mm. The change of these measurements was considered 

acceptable since they were comparable to the required accuracy for surgeries that are 1 mm 

and 1°. The methods used to create the measurement plane and to measure the sulcus 

angle are described in the following sections. 

 

Figure 3.3: Measurement of the sulcus angles and maximum distance between the 

surface curves 

500 mm 

Decrease in radius: 
0.02 mm 

Cylinder with 
500000 mm3 

volume 

Cylinder after 
0.25 % volume 
reduction 
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Table 3.1: The parameters of the model before and after smoothing effect 

model 
no. 

volume 
before 

smoothing 

volume 
after 

smoothing 

volume 
reduction 

sulcus 
angle before 
smoothing 

sulcus 
angle after 
smoothing 

sulcus 
angle 

difference 

maximum 
distance 
between 

curves before 
and after 

smoothing 

[mm
3
] [mm

3
] [%] [°] [°] [°] [mm] 

B012L 475195 473719 0.31 144.36 145.22 0.86 0.41 

B013L 760889 759446 0.19 138.30 138.33 0.03 0.35 

B014L 399728 398521 0.30 139.15 140.18 1.03 0.41 

B015L 469951 468784 0.25 145.15 145.44 0.29 0.13 

B016L 680621 679180 0.21 144.48 144.33 0.15 0.31 

B017L 512190 510864 0.26 153.00 153.38 0.38 0.17 

B021L 459446 458360 0.24 150.87 150.64 0.23 0.33 

average 536860 535553 0.25 145.04 145.36 0.32 0.30 

3.2.1 Validation of the measurement system with repeatability and reproducibility 

(R&R) test 

The reliability of the measurement system and the inter-observer variability was 

tested by performing a repeatability and reproducibility (R&R) test (using the range and 

average method (Barrentine, 2002)). The repeatability represents the variability within the 

measurement system, while the reproducibility reflects on the variability introduced by 

different observers. Thirty measurements were taken by each observer, having 15 parts, two 

trials and two observers. The reference system reproducibility relies on the selection of the 

cylinder and the sphere fitting regions to generate the anatomical and the mechanical axes. 

Since the establishment of the reference framework is based on these axes, they determine 

the reliability of the coordinate system. Therefore the variability of generating these axes and 

the relative location to each other was tested by measuring the angle between them. In this 

way, the measurement system reliability can be tested in cases where it is considered 

acceptable if the R&R variability is less than 20 % (according to the guideline provided by 

Barrentine (2002)) (Table 3.2). The anatomical and the mechanical axes generation method 

is described in the following sections. 
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Table 3.2: Guideline for acceptance of the measurement system repeatability and 

reproducibility 

R&R variability in % acceptability 

10 % or less excellent 

11 % to 20 % adequate 

21 % to 30 % marginally acceptable 

over 30 % unacceptable 

The percentage of the R&R variability was calculated to be 5.30 %. This 

measurement system showed to have an excellent acceptability by having a R&R variability 

of less than 10 % (Table 3.3). The R&R variability and the part variability do not add to 100 % 

because the calculations were made in a vector form. For example, a vector addition was 

used to add repeatability variability and reproducibility variability to attain R&R variability. 

Table 3.3: Result for repeatability and reproducibility (R&R) test 

variability type % of the total variability 

repeatability 3.61 

reproducibility 3.88 

R&R 5.30 

part variability 99.86 

total variability 100.00 

3.3 Femoral Parameter Measurements and the Findings 

The techniques for establishing the reference framework and the summary of the 

methods and femoral parameters measurements are provided in this section.   

3.3.1 Reference and coordinate system 

A cylinder was fitted to the femoral shaft to approximate the anatomical axis. This 

was achieved by selecting the region between the lesser trochanter and the section where 

the condyles of the distal femur start (Figure 3.4). The axis of this cylinder represents the 

anatomical axis. Thereafter the spherical portion of the femoral head was selected to 

approximate the hip centre (Figure 3.5). A line was connected from the intersection point 

between the anatomical axis and the distal femur to the centre of this sphere to define the 

mechanical axis (Figure 3.6). 
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Figure 3.4: Highlighted region of the femoral shaft 

 

Figure 3.5: Generation of the best fit sphere to the highlighted surface of the femoral 

head 

 

Figure 3.6: Generation of the anatomical and mechanical axes 

Once the femoral axes (anatomical and mechanical) were constructed, the posterior 

condylar plane was defined on the three-dimensional model as the first referencing plane 

(Figure 3.7). The collaborating orthopaedic surgeon suggested that the posterior condylar 

axis is typically used as a reference during the patellofemoral surgery since it is easier to 

define than the epicondylar axes. Posterior condylar axis is the line joining the most posterior 

points of the lateral and the medial condyles. The posterior condylar plane, which contains 

the posterior condylar axis and is parallel to the mechanical axis, is then generated. 

Condyles of distal femur 
Lesser trochanter 
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Figure 3.7: Construction of the posterior condylar plane 

The distal plane was defined next: it went through the most distal points of both 

condyles and was perpendicular to the posterior condylar plane. The most distal points were 

determined by viewing the femur in a position perpendicular to the posterior condylar plane 

(Figure 3.8). 

At the most posterior point of the lateral condyle, the measurement plane (Figure 3.8) 

was generated to be parallel to the distal plane. The distance between the distal plane and 

the measurement plane is approximately 2 cm (Table A1 and A2, Appendix A). Considering 

the thickness of the cartilages on the femur and the tibia, this distance is comparable to 

measurement plane 1 (Table 2.1), which is located approximately 3 cm above the 

tibiofemoral joint. Pfirrmann et al. (2000) noted the most significant difference between the 

normal and dysplastic groups when the parameters are measured on measurement plane 1, 

when compared with measurements on planes 1 cm and 2 cm above the tibiofemoral joint. 

The measurement plane does not go through the most posterior points of both the condyles, 

but only touches the lateral condyle. The trochlear depths, the sulcus angles, lateral 

trochlear inclination (LTI), trochlear facet asymmetry (TFA) and the AP distances were 

measured on the measurement plane. 

Posterior condylar plane 

M 

L 

Mechanical axis 

Lateral and medial posterior condylar points 
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 Figure 3.8: Illustration of the distal and measurement planes 

 

The origin of the coordinate system was defined on the same view that the distal 

plane and measurement plane generated (Figure 3.8). The origin lies on the trochlear 

groove, giving the greatest orthogonal distance to the distal plane when the femur is viewed 

from the anterior side, perpendicular to the posterior condylar plane. Positive X was defined 

as the anterior to posterior direction perpendicular to the posterior condylar plane; positive Y 

as the distal to proximal direction parallel to the mechanical femoral axis and positive Z from 

lateral to medial direction of the line orthogonal to the XY plane (Figure 3.9). A defined 

coordinate system is useful for analysing curves with Matlab (MathWorks Inc, 

Massachusetts, USA) to which coordinates of the points on the curves were imported. The 

analysis of the curve is described in Chapter 5. 

                                          

 

Figure 3.9: The coordinate system for the femur model 
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3.3.2 Femoral parameter measurement techniques 

 Trochlear depth 

The trochlear depth was measured on the intersection curve between the surface of 

the distal femur and the measurement plane following the method described by Martino et al. 

(1998). The shortest distance from the deepest point of the trochlear groove to the line 

joining the most anterior point of the lateral facet and the most anterior point of the medial 

facet was measured (Figure 3.10). The most anterior points were determined using the 

posterior condylar plane as the reference. 

 

Figure 3.10: Measurement of the trochlear depth 

 Sulcus angle 

The sulcus angle is the angle between the tangent lines of the lateral and medial 

facets. However, the facets are often curved and variability is introduced when the observer 

defines the tangential lines of the facets. Therefore the most anterior points of the lateral and 

the medial facets were defined first, using the posterior condylar plane as a reference. Then 

the deepest point of the trochlear groove was selected using the same reference. The sulcus 

angle connecting these three points was then measured (Figure 3.11).  
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Figure 3.11: Measurement of the sulcus angle 

 Lateral trochlear facet inclination (LTI) 

The LTI is the angle between the tangential line to the lateral facet and the posterior 

condylar line (Fucentese et al., 2007). However, the LTI varies, depending on the point 

where the tangent is defined on the lateral facet. Therefore, to reduce the variability, the 

angle between the posterior condylar plane and the line joining the most anterior point of the 

lateral trochlear facet and the deepest point of the trochlear groove on the measurement 

plane was measured (Figure 3.12). These points were selected using the posterior condylar 

plane as a reference. 

 

Figure 3.12: Measurement of lateral trochlear inclination (LTI)  
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 Trochlear facet asymmetry (TFA) ratio 

The trochlear facet asymmetry (TFA) was calculated with a slight modification of 

equation (2) (refer to Section 2.3.2), and the equation is as follows: 

TFA =           (3) 

where,   is the line joining the most anterior point of the medial facet and the deepest 

point of the trochlear groove and   is the line joining the most anterior point of the lateral 

facet and the deepest point of the trochlear groove (Figure 3.13). All of these points were 

identified on the measurement plane, using the most posterior condylar plane as a reference.  

 

Figure 3.13: Illustration of the trochlear asymmetry ratio measurement method 

 Anterior-posterior (AP) distances 

The lateral anterior posterior (AP) distance was defined as the distance between the 

most anterior point of the lateral facet and the posterior condylar plane. The middle AP was 

then defined to be the distance between the posterior condylar plane and the deepest point 

of the trochlear groove. Finally, the medial AP medial distance was measured from the most 

anterior point of the medial facet to the posterior condylar plane (Figure 3.14).  

Stellenbosch University  http://scholar.sun.ac.za



 

36 

 

 

Figure 3.14: Measurement of the anterior-posterior (AP) distances 

 Medial-lateral (ML) distance 

The medial-lateral (ML) distance of the femur was measured on the three-

dimensional femur model. On the most medial and the most lateral points of the femur, 

planes were generated to be in parallel with the anatomical axis and perpendicular to the 

posterior condylar plane (Figure 3.15).  

 

Figure 3.15: Medial-lateral (ML) distance measurement 

 Ventral trochlear prominence (VTP) 

The ventral trochlear prominence (VTP) is typically measured on the true lateral view 

of X-rays or on the mid-sagittal slice of CT or MR images. The mid-sagittal slice was 

generated at the origin of the three-dimensional models to be parallel to the mechanical axis 

Most medial point 

Posterior condylar plane 

Most lateral point 

ML distance 

Planes are parallel to anatomical axis and 
orthogonal to posterior condylar plane 
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and perpendicular to the posterior condylar plane (Figure 3.16). This plane is now named the 

mechanical middle plane and will be used for the curvature analysis in the later sections. 

 

Figure 3.16: Schematic of the mechanical middle and posterior condylar planes 

On the mechanical middle plane, the most anterior point can be selected using the 

posterior condylar plane as a reference. Then a tangential line was drawn to the ventral 

cortical surface of the distal femur. The shortest distance from the most anterior point to this 

tangential line was measured to define the VTP (Figure 3.17). 

 

 

Figure 3.17: Lateral view for defining ventral trochlear prominence (VTP) 

3.3.3 Findings from the femoral parameter measurements 

Besides the trochlear facet asymmetry (TFA in Table 3.4), no statistically significant 

difference was found between the femoral parameters of the left and the right knees. 

However, no knees were classified as abnormal according to the TFA, as detailed in 

Most anterior point of the 
trochlear groove 
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Appendix B (Table B1 and B2). More left knees than right knees were dysplastic and this 

might have been reflected in the data, not necessarily illustrating the morphological 

difference due to the side of the femur. 

The male and female femurs were then compared and it showed that there was a 

significant difference in trochlear depth, trochlear facet asymmetry and middle AP/ML ratio 

(Figure 3.5). This statistical difference according to gender could be due to having more 

female knee samples that were classified as dysplastic (Table B1 and B2). Another 

contributing factor to this difference could be the size difference (the female femurs is usually 

smaller than that of males). The values of all the femoral parameters measured are listed in 

the Appendix A (Table A1 and A2). 

 

Table 3.4: Comparison between right and left femurs 

parameters 

right femur left femur student's 
t-test 

p value mean 
standard 
deviation 

mean 
standard 
deviation 

trochlear depth [mm] 5.77 1.79 5.32 1.67 0.2215 

LTI [°] 20.53 5.12 18.48 3.38 0.0830 

sulcus angle [°] 141.40 8.81 142.74 7.62 0.3141 

TFA [%] 67.77 10.30 60.67 9.85 0.0210 

VTP [mm] 2.58 1.15 2.59 0.97 0.4881 

AP (medial) / ML 0.75 0.02 0.76 0.02 0.0728 

AP (middle) / ML 0.69 0.04 0.71 0.04 0.0751 

AP (lateral) / ML 0.78 0.03 0.79 0.04 0.0902 

angle between anatomical axis 
and mechanical axis [°] 

5.15 0.53 5.24 0.64 0.3229 

angle between anatomical plane 
and mechanical plane [°] 

5.03 0.53 5.03 0.75 0.5000 

angle between mechanical plane 
and distal plane [°] 

94.43 1.66 94.25 1.50 0.3659 

 

 

 

 

 

 

 

Stellenbosch University  http://scholar.sun.ac.za



 

39 

 

Table 3.5: Comparison between male and female groups 

parameters 

male group female group student's 
t-test 

p value mean 
standard 
deviation 

mean 
standard 
deviation 

trochlear depth [mm] 6.65 1.39 4.84 1.36 0.0007 

LTI [°] 20.04 3.80 19.16 4.80 0.2816 

sulcus angle [°] 139.38 7.84 143.77 8.05 0.0584 

TFA [%] 68.70 5.60 61.37 12.03 0.0203 

VTP [mm] 2.63 1.05 2.56 1.07 0.4245 

AP (medial) / ML 0.75 0.02 0.76 0.03 0.1444 

AP (middle) / ML 0.68 0.03 0.71 0.04 0.0253 

AP (lateral) / ML 0.77 0.03 0.79 0.04 0.0623 

angle between anatomical axis 
and mechanical axis [°] 

5.19 0.66 5.19 0.55 0.4982 

angle between anatomical plane 
and mechanical plane [°] 

5.08 0.65 5.00 0.64 0.3528 

angle between mechanical plane 
and distal plane [°] 

94.60 1.63 94.17 1.52 0.2125 

3.4 Discussion 

Smooth, three-dimensional models were generated from CT scans and their 

measurements were taken with an accuracy level of 1 mm and 1°. The reliability of the 

measurement method was examined using the repeatability and reproducibility (R&R) test 

and it was shown to be acceptable. The standardised methods for femoral parameter 

measurement were established to be performed on the three-dimensional models, 

eliminating the error due to the misalignment scanning.  

The femoral parameters measurements showed that there were more morphological 

differences due to the gender than could be attributed to the particular side of the femur. Due 

to the limited sample size, it was, however, assumed in this study that the side of the knee 

and the gender do not influence the classification of the knee as normal or dysplastic. The 

measured femoral parameters will then be used to classify the femurs as either normal or 

abnormal, depending on the existence of trochlear dysplasia, as presented in the next 

chapter.  

 
  

Stellenbosch University  http://scholar.sun.ac.za



 

40 

 

4 CLINICAL CLASSIFICATION OF NORMAL AND ABNORMAL KNEES 

This chapter provides the procedures followed to identify the femurs with trochlear 

dysplasia by means of three different approaches. First, the femurs were classified 

quantitatively, using only the femoral parameters. Then the qualitative classification was 

done by experienced orthopaedic surgeons. Lastly, artificial neural networks (ANN) were 

used to match the femoral parameters to the qualitative classification. These three different 

classification methods were compared and then a set of normal knees were selected for the 

normal geometry analysis. 

4.1 Quantitative Classification with Femoral Parameters 

The cut-off values of the femoral parameters for identifying trochlear dysplasia were 

defined from literature (Table 4.1). The knees were classified according to these parameters: 

trochlear depth, sulcus angle, ventral trochlear prominence (VTP), trochlear facet asymmetry 

(TFA), and lateral trochlear inclination (LTI). The “overall quantitative classification” was 

made by following the classification that three or more parameters indicated abnormality. 

This was then compared with the surgeons’ “overall qualitative classification” and to the 

classification made by an artificial neural network (ANN). 

Table 4.1: Cut-off values for identification of trochlear dysplasia for different femoral 

measurements 

femoral measurements the knee is dysplastic if: reference 

trochlear depth < 5 mm Escala et al. (2006) 

sulcus angle > 145° Dejour et al. (1994) 

TFA < 40 % Pfirrmann et al. (2000) 

LTI < 14° Escala et al. (2006) 

VTP > 3 mm Dejour et al. (1994) 

 

The classification made by the parameters agreed on 14 out of 36 knees only (38.9 

% agreement) and they were all normal knees. This was because the TFA classified all the 

knees as normal. The trochlear depth and the sulcus angle showed high agreement on the 

classification (88.9 %). The classification result for each femur is given in Appendix B. 

4.2 Qualitative Classification by Surgeons 

The knees were qualitatively classified using Dejour’s (2007) classification method 

for trochlear dysplasia as the guideline. Three experienced orthopaedic surgeons (Erasmus, 
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Stellenbosch medi-clinic; Dejour, Lyon-Ortho-Clinic; Arendt, University of Minnesota) 

examined the lateral view of the three-dimensional femoral models and the first transverse 

CT slice on which the “roman arch” was visible when examined from the distal to proximal 

side (Figure 4.1). The surgeons identified the signs of trochlear dysplasia from these two 

images of each femur model and classified them into either normal or abnormal. The “overall 

surgeons’ classification” was made by following the categorisation that two or more surgeons 

agreed on.  

 

Figure 4.1: (a) Lateral view of the distal femur, (b) First transverse CT slice on which 

the roman arch is visible when examined from the distal side. 

All three surgeons classified 25 knees (69.4 % agreement) into the same category, 

with a greater agreement than the agreement between the femoral parameters (38.9 %). The 

agreement between the “overall quantitative classification” and the “overall surgeons’ 

classification” was 75 %. These results show that there is a correlation between the 

surgeons’ qualitative classification and the quantitative classification using the femoral 

parameters, although it is not clearly visible. The artificial neural network (ANN) was used to 

take both the qualitative and quantitative nature of the classification into account.  

4.3 Classification with Artificial Neural Networks Pattern Recognition Tool 

An artificial neural network (ANN) has advantages over the traditional statistical 

procedures like the Bayesian decision theory (Duda and Hart, 1973), the latter which works 

well only with sufficient understanding of the target value and the underlying probability of 

the model. On the other hand an ANN is a data-driven self-adaptive mathematical modelling 

method which enables the data to adjust itself through a number of hidden-layer neurons. 

There is no need for probability assumption for this model. Another advantage of ANN is that 

complex parameter space is used to identify its inter-relationship for a classification (Baxt, 

1990), although this means that the performance of ANN has to be tested to find the optimal 

number of hidden-layer neurons and the number of parameters. However, because of these 

 (a)                                                       (b) 

 

Roman arch  
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advantages of the ANN, it is suitable for classification of the dysplastic femur (which is 

dependent on the complex and nonlinear relationship between the femoral parameters). The 

combined effect of the femoral parameters can be compared to the surgeon’s classification 

and be interpreted in a simpler way. 

4.3.1 Overview of the procedure 

The input parameters (Table 4.2) of the database of the 36 femurs were trained with 

the pattern recognition function within the ANN toolbox provided by Matlab R2010b 

(MathWorks Inc, Massachusetts, USA). The parameters of the femurs with the matching 

output and the ones without matching output were input to train the data: the parameters 

with matching output (18 normal and 7 dysplastic femurs) gave information for the ones 

without matching output (11 unclassified femurs), which enabled the data to group itself in a 

self-adaptive way (Figure 4.2). The matching output is the known answer to the input; the 

classification that all three surgeons agreed upon in this case. The training based on the 

Levenberg-Marquardt optimisation was used for updating the weights of the multiple layered 

feed-forward neural networks. The femurs were classified as either normal or abnormal as a 

result of the training. The output (classification) would not necessarily be the same as the 

“matched output” because the output relied more on the pattern of the data than the given 

answer. Some of the knees were classified as abnormal by the ANN even though all 

surgeons classified them as normal. 

 

 

                                                     

 

 

 

 

 

Figure 4.2: Classification method using pattern recognition function of artificial neural 

networks (ANN) 

Input 
parameters 

Hidden layer 
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Output 

         Unknown Answer:  
11 femurs with no matching 
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within surgeons 

 

          Known Answer:  
25 femurs with matching 
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100% agreement in 
surgeons’ classification 

 

Normal  
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4.3.2 Selection of optimum number of input parameters and number of hidden 

layer neurons 

There are two factors that influence the classification of the ANN: the number of the 

input parameters, and the number of the hidden-layer neurons. The various combinations of 

these factors were tested to find the optimal condition to maximise the agreement between 

the surgeons’ overall classification and the classification made by the ANN. First, the 

statistical overlap factor (SOF) of each parameter was calculated in order to examine the 

separation between the distributions of the normal and abnormal femurs. This was done to 

select the possible input parameters. The knees on which all the surgeons were in 

agreement were used in this phase. The SOF was proposed by Mdlazi et al. (2007) as 

represented in the equation below: 

       
     

         
  (4) 

where    and    are the averages of the distributions,   and    are their respective 

standard deviations. The higher SOF value indicates the greater separation between the 

normal and abnormal values of the parameters. 

The number of the input parameters was varied between the four and 10 parameters 

with the highest SOF values, while the number of hidden-layer neurons was varied between 

2n-3 to 2n+3, where n is the number of the input parameters. This gives 49 possible 

combinations of different number of input parameters and number of hidden-layer neurons. 

The average agreement between the ANN and the surgeons’ overall classifications over 15 

identical runs was recorded for the each combination. The average goal function was 

recorded as well: it indicates the error between the estimation. 

Table 4.2: Selected parameters for network training and their statistical overlap factor 

Input parameters SOF 

trochlear depth 1.29 

AP middle / ML 1.21 

LTI 1.14 

sulcus angle 1.12 

AP medial / ML 0.78 

AP lateral / ML 0.54 

TFA 0.53 

angle between anatomical and mechanical axes 0.21 

angle between anatomical and mechanical planes 0.17 

angle between mechanical and distal planes 0.13 
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The maximum average agreement over the 15 runs was 80.6 % (minimum 

agreement: 63.6 %) when the number of input femoral parameters was eight (with 19 

hidden-layer neurons with the standard deviation of 0.136 %) (Table C1 and C2, Appendix 

C). The average goal function was 0.164 (Table C3) with the standard deviation of 0.154 

(Table C4). At this optimum combination of the number of parameters and hidden-layer 

neurons, the ANN classified 17 knees as normal and 19 knees as abnormal.  

The following table (Table 4.3) outlines the extent of agreement between the ANN 

and the quantitative and qualitative classifications. The trochlear depth showed the highest 

agreement with the ANN amongst all the femoral parameters (75 %) which suggests that it 

may be used for identification of trochlear dysplasia. The details of the comparison amongst 

the different classification methods are provided in Appendix B. 

Table 4.3: Agreement between ANN and other classification methods 

agreement between femoral parameters’ quantitative 
classification and ANN [%] 

agreement between surgeons’ qualitative 
classification and ANN [%] 

trochlear 
depth 

VTP 
sulcus 
angle 

TFA LTI 
overall 

quantitative 
classification 

Erasmus Dejour Arendt 
overall 

surgeons’ 
classification 

75.0 69.4 69.4 47.2 55.6 66.7 77.8 41.7 83.3 80.6 

4.4 Analysis of Classification Methods  

The student’s t-test was conducted for the normal and abnormal femur groups 

classified by the ANN to identify parameters that are suitable indicators of trochlear dysplasia. 

The trochlear depth, sulcus angle and middle AP/ML had a p value less than 0.001, 

achieving 99.9 % confidence level. The new cut- off values for these three parameters was 

suggested with the use of the box-whisker plots (Figure 4.3 and Table 4.4).  

 

Figure 4.3: Box-whisker plot for trochlear depth, sulcus angle and middle AP/ML 
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Table 4.4: The mean and standard deviation of the input parameters for the normal 

and dysplastic groups 

parameters 

normal group dysplastic group student's 
t-test 

p value 

new cut-
off value mean 

standard 
deviation 

mean 
standard 
deviation 

trochlear depth [mm] 6.46 1.39 4.73 1.60 0.0007 5.4 

LTI [°] 21.60 3.96 17.63 3.98 0.0026 – 

sulcus angle [°] 137.73 6.09 145.94 7.91 0.0007 142 

TFA [%] 67.52 8.88 61.28 11.29 0.0382 – 

VTP [mm] 2.14 1.02 2.98 0.93 0.0072 – 

AP (medial) / ML 0.74 0.02 0.76 0.03 0.0093 – 

AP (middle) / ML 0.67 0.03 0.72 0.04 0.0001 0.7 

AP (lateral) / ML 0.77 0.03 0.80 0.03 0.0038 – 

angle between 
anatomical axis and 
mechanical axis [°] 

5.19 0.41 5.19 0.72 0.4865 – 

angle between 
anatomical plane and 
mechanical plane [°] 

5.05 0.50 5.02 0.75 0.4507 – 

angle between 
mechanical plane and 

distal plane [°] 
94.60 1.82 94.10 1.28 0.1749 – 

The sensitivity and specificity test for identifying the trochlear dysplasia was 

conducted on the old and new cut-off values of these three parameters. The sensitivity and 

specificity was improved with the new cut-off values (Table 4.5). With the new trochlear 

depth cut-off value and the measuring method proposed by this study, it yielded higher 

sensitivity and specificity than a study by Escala et al. (2006) who presented sensitivity of 

0.86 and specificity of 0.72. 

Table 4.5: Sensitivity and specificity for identifying trochlear dysplasia 

parameter trochlear depth sulcus angle middle AP/ML 

cut-off value 
new: 

5.4 mm 
old: 

5.0 mm 
new: 
142° 

old: 
145° 

new: 
0.7 

sensitivity 0.88 0.87 0.84 0.80 0.81 

specificity 0.76 0.71 0.82 0.67 0.70 

4.5 Discussion 

Thirty six femurs were classified using three different methods: 1) widely used 

femoral parameters for identifying trochlear dysplasia; 2) experienced orthopaedic surgeons 
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using CT scans; and 3) artificial neural networks (ANN) which incorporates the femoral 

parameters and the surgeons’ classification. For the ANN, an optimal running condition was 

tested to be eight input parameters, with 19 hidden-layer neurons. The input parameters 

were: trochlear depth, sulcus angle, TFA, LTI, AP/ML, angle between anatomical and 

mechanical axes. 

A 80.6 % agreement between the ANN and the surgeons’ classification was 

achieved, compared to the 69.4 % agreement amongst the surgeons. The ANN classification 

was made by matching and identifying the pattern between the parameter values and the 

surgeons’ decisions. The minimum agreement between the qualitative and ANN 

classification was 41.7 % which indicates that the surgeon’s classification may not always 

match the quantitative data. This motivates the added consultation of a quantitative guideline. 

The classification by ANN showed a 66.7 % agreement with the femoral parameters, 

compared to the 38.9 % agreement amongst the femoral parameters. The low agreement 

amongst the femoral parameters is because no femur was classified as dysplastic according 

to the cut-off value suggested for TFA (40°). This showed that some femoral parameters 

were not suitable for discriminating trochlear dysplasia, or new cut-off value had to be 

determined.  

A student’s t-test was therefore conducted for all the femoral parameters. Three 

parameters showed a statistically significant difference between the normal and abnormal 

group within 99.9 % confidence level with the newly suggested cut-off values: trochlear 

depth (5.4 mm), sulcus angle (142°), and middle AP/ML (0.7). The sensitivity and specificity 

was improved with the new thresholds in classifying trochlear dysplasia. The trochlear depth 

showed the highest sensitivity (88 %) and the sulcus angle showed the highest specificity 

(82 %).   

As the result of the ANN classification, 17 femurs were classified as normal and 

nineteen femurs as abnormal. However, there were two of the normal femurs that exhibited a 

ventral prominence (VTP) higher than 3 mm and a bump was identified on the trochlea. In 

collaboration with an experienced orthopaedic surgeon (Erasmus, Stellenbosch medi-clinic), 

it was decided that these two knees should be taken out of the normal knee database to 

ensure an accurate geometry analysis. Therefore, 15 normal knees were identified in this 

chapter which will be used for the analysis and prediction of the normal trochlea as 

presented in the next chapter. 
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5 ANALYSES FOR NORMAL TROCHLEA PREDICTION 

This chapter describes the investigation of the trochlea geometry of the 15 normal 

knees which were identified in the previous chapter. Using the least squares theorem, the 

sagittal shape of the trochlear groove was approximated by B-spline and constant radii 

curves. Based on these analyses, the method for normal trochlea prediction by means of the 

self-organising maps (SOM) was validated by examining the error between the predicted 

values from SOM and the measured parameters of the normal knees.  

5.1 Sagittal Surface Curve Analysis 

5.1.1 Sagittal surface curve generation and selection methods 

Four medial and four lateral duplicate planes were created by sequentially moving 

the mechanical middle plane medially and laterally, creating nine slicing planes with 3 mm 

spacing (Figure 5.1). Intersection curves between the femoral surface and the nine slicing 

planes were then generated using the generating curves tool in 3-Matics software. The 

coordinates of these curves were exported to Matlab for further analysis. 

 

Figure 5.1: Mechanical middle plane (red) and other sagittal slicing planes (blue) 

Since only the articulating surface on the trochlea was the subject of interest, the 

following portions of the surface curves were selected: the curve between the most anterior 

point and the sulcus terminalis (seen in Figure 5.2a), which indicates the distal termination of 
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the trochlear groove. In the cases where the sulcus terminalis were invisible, the section of 

the curve between the most anterior point and the most distal point was selected (Figure 

5.2b). 

 

Figure 5.2: Selection of the portion of the curve to be analysed (red) a) on a lateral 

slice (L3) and b) medial slice (M1)  

5.1.2 Generation of B-spline curves and finding the centres of the curvatures 

The shape of the curves was examined by fitting a B-spline curve on the trochlea in 

the sagittal direction in each slice. The centre of curvature of each curve was then plotted. A 

3rd order B-spline curve was fit to the data points by following a similar procedure described 

by Kosel et al. (2010). The B-spline curve was mathematically approximated with the least 

squares method (Piegl, 1997) to produce a smooth curve, thereby eliminating noise in the 

data (refer to Appendix D for calculations). The number of the control points was set to be 

five. However, if the maximum error between the data points and the B-spline exceeded the 

limit of 0.3 mm, then the number of control points was increased until the maximum error 

became smaller than the limit. The distance between the adjacent points on the B-spline 

curve was set to be 0.1 mm. 

After generating the B-splines, the centre of the curvature was estimated using the 

three consecutive points (points P1, P2, and P3 on Figure 5.3) on the B-spline curve (curve 

AB on Figure 5.3) by fitting a circle that goes through these three points. If a line is drawn 

from the centre to a chord of a circle, the line meets the chord at its midpoint with the angle 

of 90°. Using this property, the centre point of curvature can be estimated, assuming that the 

three consequent points are on a circle. Perpendicular lines are drawn from the midpoints of 

the chords (M1 and M2 on Figure 5.3) and the intersection point (C1 on Figure 5.3) is the 

centre point of the curvature. This procedure was repeated for all the points on the B-spline 

(a)                                                           (b) 
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to plot a distribution of the estimated centre of the changing curvatures (estimated centres 

are seen in Figure 5.4). 

 

Figure 5.3: Centre of curvature estimation method 

 

Figure 5.4: Centres of the curvatures for the points on B-spline curve fit to a sagittal 

surface curve (M2) 

5.1.3 Circular arc fitting using least squares theorem 

Iranpour et al. (2010a) showed in their study that a circle could be fit to the middle of 

the trochlea and its lateral and medial sections within a tolerance of 0.3 mm. However, the 

distribution of the centre of the curvature obtained by the B-spline fitting showed that the 

selected region cannot be estimated with a single centred circular arc (Figure 5.5a). Since it 

has been shown previously that the trochlea can be considered circular in the sagittal plane, 

the B-spline and a circular arc were both fitted onto the same data points to identify the 

circular region. The data point of the curve was then removed from the distal side until the 

centre of the B-spline’s curvature and the centre of the circle was in close proximity (Figure 

5.5b), since the centres estimated with the B-splines will coincide with the centres of the 

circular arc for the curve to be circular. The maximum error between the data points and the 

circular arc was defined to be 0.5 mm (Table E1, Appendix E). The average distance 

between the centre points from the two methods (B-spline and least squares) were also 

measured.  

Control point 

Centres of curvature 

B-spline 
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Figure 5.5: Selecting the circular portion of a sagittal surface curve (M2) 

The trochlear flexion angle and the radius of the circular arc were then measured to 

describe the circular region. The trochlear flexion angle is measured from the centre point of 

the circular arc and it indicates the circular region of the sagittal curves (Figure 5.6a). The 

distances between the centre point and the data point were plotted against the trochlear 

flexion angle to illustrate the region represented with a single radius (Figure 5.6b) As the 

position of the centre point is known, the radius and trochlear flexion angle of the circular arc 

and the circular portion of the trochlea could be replicated on any sagittal slice.  

 

         

Figure 5.6: (a) Trochlear flexion angle and (b) radius for the circular region (blue line) 
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5.1.4 Results of the curve analysis 

This study reconfirmed that the trochlear groove can be considered circular in the 

sagittal view parallel to the mechanical axis, with at least 40° and at most 90° of trochlear 

flexion angle, with an average of 56.3°. The average distance between the centre points of 

the sagittal curve plots was 2.9 mm (Table 5.1). This distance resulted from imperfect arcs of 

the B-spline curves, although it effectively found the circular regions. The selected circular 

region had a minimum tolerance of 0.03 mm, the maximum of 0.5 mm and the mean of 

0.2 mm between the data points and the estimated circular arcs. The radius of the circular 

arc as well as the AP distance for each slice was measured. These parameters are used to 

predict the normal geometry using self-organising maps (SOM) as described in the following 

sections. The details of the measurements are provided in the Appendix E. 

Table 5.1: Results of curve analysis 

 

slice plane 

L1 L2 L3 L4 M1 M2 M3 M4 middle mean 

average distance 
between B-splines 
and least squares 

centre points 

[mm] 2.7 2.8 3.8 3.9 3.0 2.8 2.5 1.8 2.4 2.9 

average radius of 
the circular arc 

[mm] 24.7 24.7 24.9 24.8 22.1 20.4 20.3 20.6 22.8 22.8 

average trochlear 
flexion angle 

[°] 50.0 52.7 60.7 62.3 60.0 59.7 55.3 56.3 50.0 56.3 

5.1.5 Plane fitting to the centre points of the least squares circular arcs 

Once the circular region of the surface curve was defined by fitting the circular arcs, it 

was observed that the centre points of these arcs were lying on a plane, even though they 

were not collinear. The best fit plane was defined through the centre points from each of the 

nine sagittal slices using the least squares method, thereby forming the centre plane. Then 

the position of this centre plane was described by measuring the rotation around the X-axis 

and Z-axis and then by the translation in the Y direction when using the X-Z plane at the 

origin as the reference (Figure 5.7).  
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Figure 5.7: Centre plane position 

The orthogonal distances between the centre points and the centre plane were 

measured and the tolerance was found to be 1 mm, while the mean value of the average 

error over the 9 slices was 0.42 mm (Table 5.2). The measurement for each femur model is 

provided in Appendix E (Table E5).  

The above finding is significant because if the centre plane can be accurately 

positioned, the centre points of the circular arcs can be estimated. Thus the geometry of the 

anterior trochlea can be estimated. The intersection between the centre plane and the slice 

would be present as a line on the slice plane on which the centre lies. The centre point of the 

circular arc can be positioned using the AP height and the radius. However, the X-rotation 

showed a high variability with a standard deviation of about 50 % of the mean value. Also, no 

obvious and visible trend between the position of the centre plane and other femoral 

parameters were observed. These challenges lead to the validation of the geometry 

prediction method using the centre plane as one of the parameters. In the following section, 

the validation method and result for predicting the position of the circular arcs, using a type 

of artificial neural networks, is discussed.  

Table 5.2: Summary of centre plane fitting result 

 

X-rotation Z-rotation Y-translation 
average error between centre 

points and centre plane 

[°] [°] [mm] [mm] 

mean -10.52 -132.46 18.99 0.42 

standard 
deviation 

5.50 29.51 2.88 0.26 

 

Centre plane 

Reference plane 
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5.2 Validation for Normal Trochlea Geometry Prediction Method: Self-

Organizing Maps (SOM)  

5.2.1 Introduction 

Self-organising maps (SOM) is a type of artificial neural network (ANN) (developed by 

Kohonen (1997)) which identifies the hidden relationship between high dimensional data by 

mapping it onto a regular low-dimensional grid. One of advantages of the SOM is that 

missing data can be predicted based on the other data provided within the database. Using 

this property of the SOM, the values of the parameters for the normal femurs can be 

predicted. Like other ANN tools, the SOM also required the testing for the optimal conditions; 

the optimal grid size of the SOM had to be decided. This section therefore provides the 

method and results for testing the accuracy of the SOM application on normal knee 

parameter prediction. The optimal grid size was determined during the process so that the 

prediction best matched the actual values.  

5.2.2 Materials and methods 

Using the SOM toolbox developed for Matlab, the network was trained and then a 

prediction, with 28 input variable sets of the 15 normal femurs, was made. There are two 

types of input variables, namely dysplasia independent and dysplasia dependent variables. 

Dysplasia independent variables are parameters that did not show a statistically significant 

difference between the normal and abnormal groups (Table 5.3, Figure 5.8a), therefore, 

used as the input signal to search for appropriate values for dysplasia dependent variables. 

Dysplasia dependent variables are parameters affected by trochlear dysplasia; hence they 

were used to predict the normal geometry. The dysplasia independent variables were the 

medial-lateral (ML) distance, the distance between the measurement and the distal planes 

(MD), the angle between the distal and mechanical planes (DM) and the angle between the 

mechanical and anatomical planes (MA). The dysplasia dependent parameters were the 

radius and the anterior-posterior (AP) distance of the 9 slices, the centre plane location 

parameters (X-rotation, Z-rotation and Y-translation) and finally, the trochlear heights (lateral, 

middle, medial). The trochlear heights (Figure 5.8b) were measured to find out what caused 

the trochlear dysplasia: whether the trochlear is flattened due to the raised groove or the 

decreased facet heights. 
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Table 5.3: Statistical difference between normal and dysplastic groups  

dysplasia independent parameter 
student's t-test 

p value 

measurement plane-distal plane distance (MD) 0.47 

medial-lateral distance (ML) 0.27 

angle between mechanical and anatomical axes (MA) 0.45 

angle between distal and mechanical planes (DM) 0.36 

                

                         

Figure 5.8: a) Trochlear dysplasia independent parameters b) Trochlear heights 

To test for the optimal grid size of the SOM, four dysplasia independent parameters 

and 24 dysplasia dependent parameters of 14 normal knees were used for training. Then, 

only the dysplasia independent parameters of the 15th normal knee were input to the SOM as 

the “test sample” to predict its values of the dysplasia dependent parameters. The prediction 

was made by comparing the input data with the best matching unit (BMU) of the trained 

dataset. The procedure was repeated to test all 15 knees, and the difference between the 

prediction and the actual data was recorded. This procedure (Figure 5.9) was repeated for 

the SOM grid size between 6x6 and 10x10. 

The accuracy increased when the prediction was made separately for each of the 

four types of the dysplasia dependent parameters (location of the centre plane, radius, AP 

distance, and trochlear height) rather than predicting all the parameters together. Therefore 

the optimal grid size testing was done separately. 

(a)                                                  (b) 
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Figure 5.9: Schematic of testing normal geometry prediction method using Self-

Organising Maps (SOM) for one sample 

5.2.3 Results and discussion 

The radius of the circular arcs and the AP distance were predicted with an average 

agreement of 88.4 % and 97.8 % at its given optimal grid size (Table 5.4). The average 

errors were 2.8 mm and 1.4 mm for the radius and AP distance respectively. The agreement 

between the predicted and the actual values of the plane location parameters and the 

trochlear heights was higher than 94.0 %, except for the X-rotation (46.5 % agreement Table 

5.5). The error of the X-rotation prediction was 5°.  This error changes the Y-coordinate of 

the centre points the most significantly on the sagittal slices lying furthest from the origin, i.e. 

L4 and M4 planes. The effect on the Y-coordinate was estimated with the length of an arc 

with a 12 mm radius and the angle of 5°, resulting 1.1 mm position change. The low 

agreement of the X-rotation can be due to the nature of the sample, which also showed a 

high variability, since its standard deviation was about 50 % of the mean value. With the grid 

size of 7x10, the X-rotation had a minimum agreement of 18.0 % showing that the prediction 

is greatly influenced by the selection of the SOM grid size (Table 5.5). 

Table 5.4: Average % agreement between the measured and predicted values of radius 

and AP distance 

parameter grid size 
slice plane 

L1 L2 L3 L4 M1 M2 M3 M4 middle mean 

radius 
max at 9x8 88.0 91.0 88.2 88.3 83.9 91.6 91.1 88.4 85.0 88.4 

min at 7x8 83.9 91.7 87.7 88.8 80.6 88.6 90.0 86.4 84.9 87.0 

AP 
distance 

max at 8x6 97.8 97.8 98.0 98.1 97.6 97.6 97.6 97.6 97.6 97.8 

min at 10x10 97.1 97.1 97.4 97.6 97.0 97.2 97.3 97.2 96.8 97.2 
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Table 5.5: Average % agreement between the measured and predicted values of 

location of plane and trochlear heights 

location of the plane  trochlear heights  

grid size X-rotation Z-rotation Y-translation grid size lateral middle medial 

max at 10x6 46.5 95.6 94.2 max at 10x9 97.6 98.0 97.3 

min at 7x10 18.0 95.0 94.1 min at 9x8 96.9 97.1 96.7 

The pattern of the medial-lateral distance (ML) shows similar patterns to the AP 

distances (Figure 5.10) and the trochlear heights (Figure 5.11). This suggests a linear 

relationship, since the AP distances and the trochlear heights increase with an increase in 

the ML distance.  

 

Figure 5.10: SOM pattern of the trochlear dysplasia independent parameters and 

anterior-posterior (AP) distances 

 

Figure 5.11: SOM pattern of the trochlear dysplasia independent parameters and the 

trochlear heights 

Trochlear dysplasia 
independent 
parameters 

AP distances 

Trochlear dysplasia 
independent 
parameters 

Trochlear heights 
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The AP distances and the trochlear heights were shown to be the most reliably 

predicted parameters, having an average agreement higher than 97 %. These parameters 

determine the anterior shape of the trochlear groove. On the other hand, the radii and the 

location of the plane determine the distal shape of the trochlea and these parameters were 

predicted with less agreement (47 % – 96 %). This sums up that the proposed prediction 

method predicts the proximal geometry of the trochlear groove more accurately than the 

distal shape. This could be due to the variability in the distal shape of the normal femur 

models used for this research. The trochlear dysplasia classification was dependent on 

Dejour’s method (2007) and it only identifies the high VTP or flattened trochlea which refers 

to proximal dysplasia, whereas Biedert et al. (2009) showed the existence of distal trochlear 

dysplasia which was characterised by a flat distal lateral condyle. This normal geometry 

prediction method using SOM can therefore only be used for predicting the normal geometry 

of the proximal trochlea.  

With the resulted accuracy of the prediction tool in this validation, it was shown that 

the SOM can predict the anterior heights of the trochlea within an agreement level of 97 %. 

Although the prediction accuracy exceeded the required accuracy of 1 mm and 1°, it can still 

be used to predict the normal geometry for dysplastic knees to serve as a guideline for knee 

surgery planning. For example, this proposed method would be able to suggest that the 

sulcus needs to be deepened for a flat trochlea and indicate the approximate position of the 

normal sulcus, but would not be able to give an accurate number for it. As much as the 

numeric guideline could be useful to achieve an optimum result in knee surgeries, the 

surgeons usually have an estimation of the normal geometry while performing the surgery. 

Therefore a number may not be as necessary if a qualitative guideline (for example that the 

groove has to be deepened or the facet has to be elevated) is given. The accuracy of the 

prediction may be increased with an increased number of the samples in the database of the 

SOM. 

5.3  Overview of the Normal Trochlear Geometry Analyses and Prediction 

In this chapter, the sagittal shape of the anterior part of the 15 normal knees were 

analysed and it was reconfirmed that they were circular within 0.5 mm tolerance. The centre 

points of a femur were shown to be co-planar within the tolerance of 1 mm and this plane 

was defined as the centre plane. This observation led to a possibility that the centre points 

could be positioned using the location of the centre plane and the radius and AP distance of 

each sagittal slice. However, the rotation around the X-axis showed the highest variation, 
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having a standard deviation of 52 % of the mean value. Therefore, SOM was used to test the 

relationship between the parameters to determine whether training the SOM with the data of 

the normal knees would lead to a prediction of the values for the dysplastic knees. 

The SOM prediction and the original data had the highest average agreement of 

98.0 % (AP distance and trochlear height) and the lowest was 46 % (X-rotation of the centre 

plane) on their optimal grid size. The low agreement for the X-rotation could be ascribed to 

the high variability of distal geometry within the samples. This suggests that this proposed 

method for predicting the normal trochlea can be used as a guideline for the surgical 

treatment of proximal dysplasia, although an accurate quantification may be limited.  
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6 CASE STUDY: RECONSTRUCTION OF THE TROCHLEAR GROOVE 

OF THE DYSPLASTIC KNEES USING NEURAL NETWORKS 

This chapter presents a case study of four femurs with varying degrees of trochlear 

dysplasia. These dysplastic knees were remodelled by means of the parameters predicted 

with self-organising maps (SOM) which utilised the database of the femoral parameter of the 

15 normal knees. After the surfaces were remodelled, an appropriate type of trochleoplasty 

was suggested based on the femoral parameters and the changes to the geometry.  

Three trochleoplasty procedures were considered in this case study: a lateral facet 

elevation, a sulcus deepening trochleoplasty and a sulcus depression trochleoplasty.  A 

lateral facet elevation is less invasive and surgically less demanding, but it may result in an 

excessive trochlear prominence which increases the compression force between the patella 

and the femur (Dejour and Le Coultre, 2007). On the other hand, a sulcus deepening 

trochleoplasty results in proximal realignment without elevation although it might affect the 

congruency between the patella and trochlea. Also, the sulcus deepening procedure is more 

invasive and technically demanding than a lateral facet elevation. A depression 

trochleoplasty, with a retro trochlear wedge resection, can be performed on the knees with 

an excessive anterior trochlear prominence (supra trochlear spur) to decrease the instability 

of the patella (Goutallier et al., 2002). This procedure is technically less demanding and less 

invasive than a sulcus deepening trochleoplasty, while the congruency of the patella and 

femur is unaltered. It only decreases the prominence of the proximal trochlea and the sulcus 

angle is not changed. 

6.1 Materials and Methods 

Four dysplastic knees were remodelled (type A, B, C and D dysplasia according to 

the method proposed by Dejour et al. (2007)). The SOM was trained with the database of the 

parameters from the 15 normal knees. The dysplasia independent variables were then input 

to the trained SOM to predict the normal values of the dysplasia dependent variables of the 

dysplastic knees. Using the predicted values, the centre plane was created and it appeared 

as a line on the sagittal slices. The centre point of the circular arc was positioned on the 

centre plane using the AP distance and the radius. The predicted surface curve (the circular 

arc) was then drawn from the centre point, joining the rest of the surface curve (Figure 6.1). 

This procedure was done for all nine sagittal slices.  
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Figure 6.1: Sketch on a medial sagittal plane (M2) showing the prediction of the 

anterior portion using SOM estimation 

The surface of the dysplastic femur was morphed to the nine predicted surface 

curves with the circular arcs on their anterior region to remodel the anterior femoral surface 

by using the morphing tool and smooth tool of 3-Matic. The trochlear depth, VTP, sulcus 

angle, TFA, LTI and AP/ML ratios were measured before and after the remodelling 

procedure. The most appropriate trochleoplasty, i.e., a sulcus deepening, a facet elevation, 

or a retro-trochlear wedge procedure, was then identified. 

6.2 Results and discussion of the Surface Prediction and Remodelling 

After the trochlear groove remodelling, the femoral parameter measurements 

indicated that the trochlear geometry was restored to normal (Table 6.1). The mean trochlear 

depth was 5.5 mm (normal range > 5.4 mm) compared to the mean trochlear depth of 2.9 

mm before the remodelling. The ventral trochlear prominence (VTP) was also corrected from 

an average value of 4.1 mm to a value of 0.0 mm (normal range < 3 mm), and the mean 

sulcus angle was corrected from 154° to 138° (normal range < 142°). The average LTI 

changed from 12.6° to 21.5°. The mean value of the trochlear facet asymmetry (TFA) was 

corrected from 55.1 % to 60.1 % (normal range > 40 %). Although no femur was classified as 

abnormal according to TFA with the given threshold (Section 2.3.1), it still showed a 

significant increase of 5 %. 
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The medial and the middle AP distances decreased after the trochlea surface was 

remodelled by 2.0 % and 4.4 % on average respectively, whereas the average change in 

lateral AP/ML was only 0.5 %. This result was consistent with Biedert et al. (2009) who 

showed a statistically significant difference in the middle and the medial AP/ML between the 

normal and abnormal groups, while no significant difference was shown for the lateral 

AP/ML. This illustrates that the raised groove and the medial facet is a more common cause 

of trochlear dysplasia rather than the lowered lateral trochlear facet. 

Table 6.1: Key femoral parameters for dysplastic femurs before and after virtual 

surface reconstruction 

type of femur 

trochlear 
depth 

VTP 
sulcus 
angle 

TFA LTI 
lateral 
AP/ML 

middle  
AP/ML 

medial 
AP/ML 

[mm] [mm] [°] [%] [°] [%] [%] [%] 

dysplasia type A 2.5 1.8 155.2 39.0 13.7 80.5 73.5 75.8 
corrected 4.7 0.0 140.2 59.1 19.6 80.1 71.5 76.8 

dysplasia type B 4.1 3.2 148.0 69.9 10.6 81.4 76.9 83.2 
corrected  5.6 0.0 139.0 65.9 20.5  81.4 71.6 77.9 

dysplasia type C 2.7 5.4 150.7 35.1 14.5 80.7 73.6 76.3 
corrected 6.3 0.0 132.9 58.1 26.6 80.2 67.4 73.3 

dysplasia type D 2.2 5.9 163.4 76.2 11.7 77.7 72.5 73.8 
corrected 5.5 0.0 140.5 57.1 19.5 76.6 68.2 73.1 

mean(dysplastic) 2.9 4.1 154.3 55.1 12.6 80.1 74.1 77.3 
mean(corrected) 5.5 0.0 138.1 60.1 21.5 79.6 69.7 75.3 

The trochlear heights of all four dysplastic knees were measured and then compared 

to the values predicted by SOM. This was done to examine whether the height of the lateral 

trochlear facet should be changed as well, since the peak of the lateral facet was not 

included within the remodelled region (the remodelled region is highlighted in Figure 6.2). 

The result indicated that the middle trochlear height had to be deepened by at least 

3 mm in most cases, which is consistent with the middle AP/ML measurements. The medial 

trochlear height indicated that a decrease greater than 3 mm is needed for one femur and 

that the remodelling region covers the full medial facet. The peak of the lateral facet was not 

included in the remodelling region but the suggested changes based on the prediction were 

less than 1 mm for all four femurs, which can be considered as not significant (Table 6.2). 

Table 6.2: Trochlear height difference between the measurement and the prediction  

dysplasia 
type 

the predicted trochlear height value is smaller than the original 
measurement by 

x: less than 1 mm   -: between 1mm and 3 mm    - -: greater than 3 mm 

lateral middle medial 

type A x - x 

type B x - - - - 

type C x - - x 

type D x - - x 
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The anterior view of the dysplastic femur before and after the surface morphing was 

captured (Figure 6.2). The femurs had deeper grooves after the remodelling with decreased 

VTP and the groove orientation of the type B femur was also corrected from being more 

externally rotated than normal femurs. This shows that results from the SOM and the 

trochlear surface remodelling method can be used to predict and visualise the normal 

geometry of the dysplastic knees. Surgeons can use this to visualise the outcome of the 

surgery during the planning step. 

 

                                         

Figure 6.2: Anterior view of dysplastic femurs before and after surface remodelling 
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6.3 Clinical Suggestions and Trochleoplasty Selection 

The four considered cases suggested that either a sulcus deepening or a sulcus 

depression trochleoplasty would be an appropriate option. The lowered lateral facet was not 

identified as the cause of trochlear dysplasia in this case study, but the raised groove and 

the medial facet were the key factors. This was demonstrated in the previous chapter 

(Section 6.2) by comparing the measured and the predicted values of the trochlear heights, 

which suggested less than 1 mm change on the lateral trochlear height. This result was 

consistent with the findings that lateral AP/ML ratio change was significantly less than the 

decrease in medial and the middle AP/ML ratios after the surface remodelling. To summarise, 

a lateral facet elevation was not suggested because the prediction indicated that the lateral 

trochlear height should not be raised, but the groove should rather be deepened. An 

elevation of the lateral facet is not advised as it will induce excessive pressure between the 

femur and the patella. 

For the type A femur, trochleoplasty was considered to be not appropriate since its 

ventral trochlea prominence (VTP) was within the normal range. The geometrical change of 

this femur was not significant when the anterior view before and after the remodelling was 

observed (Figure 6.2), in spite of the trochlear depth (2.5 mm) and the sulcus angle (155.2°). 

Trochleoplasty was therefore not a suitable treatment for this type because of its invasive 

nature. A medial patellofemoral ligament (MPFL) reconstruction with or without tibial tubercle 

osteotomy may be a more suitable and effective treatment strategy, depending on the 

patellar alignment and the laxity of the MPFL. Suggesting a soft tissue realignment 

procedure is, however, outside the scope of this study.  

The type B femur had TFA within the normal range (69.9 %) but the sulcus angle 

(148°) and the trochlear depth (4.1 mm) values were within abnormal range. However it had 

the deepest groove depth and the smallest sulcus angle amongst the four dysplastic knees. 

Also, the type B femur is the only one with the medial trochlear height higher than the lateral 

height. This can be corrected by taking out a wedge which is thicker on its medial side than 

the lateral side, performing a depression trochleoplasty. The VTP and LTI and the orientation 

of the groove can also be restored as a result, while keeping the sulcus angle and the 

trochlear depth unaltered. Although depression trochleoplasty would result in decreased AP 

distances, this procedure is less invasive than the sulcus deepening.  

All the parameters were within the abnormal range for the type C and D femurs, 

except for the LTI (14.5°) of the type C femur and the TFA (76.2 %) of the type D femur. 
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These knees had lower trochlear depth (< 3 mm) and higher sulcus angle (> 150°) than the 

type B femur. The VTP values of the type C and D femurs are higher than that of the type B 

femur - these femurs could therefore be suitable candidates for depression trochleoplasty if 

the groove geometry was less flattened. Hence a sulcus deepening was suggested for both 

type C and D since the trochlear depth and the sulcus angle cannot be changed with a 

depression trochleoplasty. Although a sulcus deepening is a more invasive procedure than a 

depression method, a sulcus deepening can reshape the femoral trochlea to match the 

predicted normal AP distances, whereas depression trochleoplasty results in decreased AP 

distances (Table 6.3).  

The effect of a trochlear depression procedure on the femur with a severe degree of 

dysplasia (type D) was examined by performing a virtual depression trochleoplasty. The AP 

distances were decreased (light blue lines in Figure 6.3 show the predicted surface) as a 

result of the depression trochleoplasty but it effectively corrected the proximal shape of the 

femur by correcting the VTP (Figure 6.3). If the absolute AP distances of a femur are not 

important, this procedure is suitable for knees with a severe degree of dysplasia, because it 

is technically less demanding and a less invasive method than deepening trochleoplasty. 

However, the relationship between the function of the patellofemoral joint and its AP 

distances were not studied sufficiently enough to draw a conclusion at the current stage. 

Nevertheless, it is important to note that Biedert et al. (2009) have previously shown the 

significance of the AP/ML ratio, which was reconfirmed by the findings of this study (Section 

5.2). This illustrates a possibility for having a normal range of the trochlear heights or the AP 

distances for the given ML distance, i.e. size of the knee. 

Table 6.3: Femoral parameters before and after the virtual depression trochleoplasty 

type of femur 

trochlear 
depth 

VTP 
sulcus 
angle 

TFA LTI 
medial 
AP/ML  

middle 
AP/ML  

lateral 
AP/ML  

[mm] [mm] [°] [%] [°] [%] [%] [%] 

dysplasia type D 2.2 5.9 163.4 76.2 11.7 73.8 72.5 77.7 

corrected with depression 
trochleoplasty 

2.5 0.0 161.5 70.8 10.9 71.2 69.3 73.3 
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Figure 6.3: The anterior view of type D dysplastic femur before and after virtual 

trochleoplasty (the light blue lines show the guidelines for the surface morphing) 

Another drawback of a depression trochleoplasty is that it does not change the sulcus 

angle and trochlear depth (Table 6.3), the latter which was shown to be the most appropriate 

parameter for identifying trochlear dysplasia, followed by the sulcus angle (Chapter 4). 

Therefore, a depression trochleoplasty would be the most appropriate procedure for knees 

with a congruent patella and femur with the normal values of the trochlear depth and sulcus 

angle with the supra trochlear spur. On the other hand the sulcus deepening can correct the 

alignment and congruency of the patella and the femur, and is therefore more appropriate for 

the femurs with a higher degree of dysplasia and with an incongruent patella and femur set. 

Jafaril et al. (2008) demonstrated that deepened trochlear grooves make the patella more 

stable and medialise the patella even when the geometry of the patella is unchanged. This 

finding supports the theory that a change in the geometry of the trochlear groove (while the 

geometry of the patella is unaltered), strengthens its role in stabilising the patella. 

6.4 Overview of the Case Study 

This case study demonstrated that the normal geometry of knees with trochlear 

dysplasia could be predicted by using the database of SOM consisting of the femoral 

parameters of the normal knees. The predicted normal geometry was reconstructed on the 

four dysplastic femur models. Appropriate surgical methods were recommended for each 

type of dysplasia by comparing the femoral parameter measurements on the original and the 

remodelled femurs, as well as visually examining them. 

A virtual depression trochleoplasty was performed to demonstrate an application of 

the three-dimensional model modifications. This enables the surgeons to postulate the result 

of knee surgeries. The visualisation of the result prior to surgery decreases the chance that 
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an inappropriate surgical procedure is chosen by a surgeon, and therefore the possibility of 

serious complications and surgical revision are limited.   
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7 CONCLUSIONS 

This chapter lists the major findings and the conclusions of this study. It then focuses 

on the clinical aspect of this study, which is followed by the limitations and the future work for 

further improvements. 

7.1 Summary of Methods in Context of the Literature Study 

7.1.1 Three-dimensional model generation 

For the purpose of this thesis three-dimensional computer models were generated 

from CT scans using the same technique described by Muller et al. (2010). The same 

commercial software packages (Mimics, Materialise, Leuven, Belgium) were also used. 

7.1.2 Reference framework 

Iranapour et al. (2010b) aligned the femur with the reference plane, generated by 

connecting the sphere centres that were fit to the medial and lateral condyles, and the 

femoral head. They defined the trochlear axis as the line joining the centres of two spheres 

fit to the each side of the articulating surfaces on the trochlea. Iranapour et al. (2010a; 

2010b) showed that the circular path of the trochlear groove is aligned with the trochlear 

axis. The mechanical axis is also aligned closely with the trochlear groove on the coronal 

plane. The alignment between the trochlear axis and the posterior condylar axis was not 

examined. Eckhoff et al. (2001) showed that the groove is positioned between anatomical 

and mechanical axes on the coronal plane and it is perpendicular to the posterior condylar 

axis.  This also confirms that the groove is circular when viewed on the sagittal plane. Both 

authors investigated the osseous geometry only.  

Considering the results obtained by both authors, this study analysed the sagittal 

shape of the trochlear groove, aligned with the mechanical axis and perpendicular to the 

posterior condylar axis. The femur was aligned using the anatomical axis which was 

generated by fitting a cylinder to the femoral shaft. The trochlear axis was not used because 

the sphere fitting is dependent on selecting the fitting region on the facets of the trochlea, 

which do not have a full spherical shape. This means that the procedure cannot not be easily 

standardised.  

An advantage of the framework used for this thesis is that a coordinate system was 

developed. Another advantage is that identification of the posterior condyles and the femoral 
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shaft is relatively easier than defining the trochlear axis by identifying the spherical region of 

the distal trochlea. Afore mentioned studies analysed only the deepest path of the groove 

whereas this study generated multiple sagittal slices to analyse the shape of the medial and 

lateral facets of the trochlea as well. 

7.1.3 Parameter measurement 

The measurement planes are defined on the CT or MR scans and the four different 

selection methods are commonly used amongst the previous studies (refer to section 2.3). 

This study uses three-dimensional computer models to generate the measurement plane 

once it is properly aligned. This method is more repeatable than taking measurements on CT 

and MR images because the measurement is not affected by the alignment and knee flexion 

of the femur during the scanning.  

7.1.4 Sagittal curve analysis method 

The sagittal curves were analysed using B-splines. A method similar to the one of 

Kosel et al. (2010), who analysed the curvature of the distal femoral condyles, was used. 

This study fixed the number of the control points to five and this simplified the analysis. The 

tolerance level was set at 0.3 mm. Kosel et al. (2010) plotted the centres of the curvature of 

the B-splines to show that the condyles are not circular in shape. This study used the centre 

of the curvatures, by comparing it to the centre of the circles fit to the original data points, to 

identify the circular region.  

7.1.5 Artificial neural networks (ANN) 

Cloete (2009) classified the normal and abnormal gait using artificial neural networks 

(ANN). Three different training functions based on Levenberg-Marquardt optimization, the 

back propagation method and variable learning rate gradient decent algorithm were tested 

for their accuracy where after the Levenberg-Marquardt method was selected. Using the 

same methods, this study identified the femurs with trochlear dysplasia and the normal 

knees by training the network with the Levenberg-Marquardt optimisation function.  

ANN can also be applied to the selection of the correct size of a prosthesis by 

feeding the size of the patient’s knee into a self-organising maps (SOM) (a type of ANN) in 

order to predict the normal size (Van den Heever et al., 2011; Van Schalkwyk, 2010). Van 

Schalkwyk (2010) used a 10x10 grid size with a database of 12 parameters of 24 healthy 

knees whereas Van den Heever et al. (2011) used a 35x9 grid size which corresponds to 35 
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samples and 9 parameters. None of these researchers tested the accuracy of the different 

grid sizes because it is not critical for selecting the prosthesis size. However, the effect of the 

grid size had to be tested in this study of which the aim is to predict the normal geometry as 

accurately as possible. 

7.2 Summary of Outcomes and Major Conclusions 

7.2.1 Standardised three-dimensional model measurement system 

A standardised femoral parameter measurement system on three-dimensional 

femoral models was established. By performing the measurements on three-dimensional 

models, the measured values can be measured and compared in a more repeatable manner 

since it is not affected by the alignment of the femur during the scanning as opposed to 

measuring on X-rays, CT and MR images. The standard deviation of the sulcus angle 

measurement on a CT scan was 2.25 times higher than the standard deviation of the sulcus 

angle measured on a three-dimensional model (Appendix G). 

The accuracy of the segmentation technique from CT scans was 99.7 % for creating 

three-dimensional models. The level of the measurement accuracy was about 1 mm and 1°, 

which is comparable to the surgical equipment tolerance level. A repeatability and 

reproducibility (R&R) test showed that the established femoral parameter measurement 

system framework has an excellent reliability. 

7.2.2 Trochlear dysplasia identification 

An artificial neural network (ANN) was employed to match the qualitative 

classification made by surgeons and the qualitative femoral parameter measurements to 

identify the femurs with trochlear dysplasia and the normal femurs. The agreement between 

the ANN and the surgeons’ classification was 80.6 % in comparison to the agreement within 

the surgeons’ classification of 69.4 %, showing that ANN can be used as an objective tool 

which incorporated the surgeons’ decisions and the numerical data. 

Three femoral parameters which are appropriate for identifying trochlear dysplasia 

were suggested with the new threshold: trochlear depth (< 5.4 mm), sulcus angle (> 142°), 

and middle AP/ML (> 0.7). The mean sensitivity and the specificity were improved by 3 % 

and 12 % respectively.  
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7.2.3 Normal geometry 

Nine sagittal slices were created on each femur and the sagittal shape of a normal 

trochlea was shown to be circular arcs with the maximum angle 40° and the maximum of 90° 

within a tolerance of 0.5 mm. The centre points of the circular arcs were shown to be not 

collinear but coplanar. The groove was aligned with the mechanical plane, which is parallel 

to the mechanical axis and perpendicular to the posterior condylar axis.  

A linear relationship between the medial-lateral (ML) distance and the anterior-

posterior (AP) distance was observed and was shown to be a reliable guide line for 

predicting the normal geometry with an agreement level higher than 97 %. The peak of the 

lateral facet (lateral trochlear height) was measured on four dysplastic knees and the normal 

values were predicted with self-organising maps (SOM) and the difference between the 

measurement and the prediction was less than 1 mm for all four knees. On the other hand, 

the predicted values were significantly lower than the measured values for the middle and 

the medial trochlear heights. This illustrates a possibility that trochlear dysplasia is caused by 

a raised groove rather than a lowered lateral facet.  

7.3 Clinical Applications 

7.3.1 Prosthesis design 

A good patellofemoral arthroplasty (PFA) prosthesis design should replicate the 

normal geometry of the trochlea, and the findings of this study suggest it should have the 

following characteristics: 

 a circular sagittal shape;  

 asymmetrical in medial-lateral direction (trochlear facet asymmetry is not 100 % 

for normal knees); 

 aligned in a way that the mechanical axis is parallel to the sagittal plane; 

 the AP height is appropriately positioned with the corresponding ML distance (the 

suggested values for the medial AP/ML is 70 %); 

 the lateral facet should be higher than the medial facet; 

 the trochlear depth should be greater than 5.4 mm; and 
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 the lateral trochlear facet inclination (LTI) should be greater than 142°. 

7.3.2 Surgical planning 

On the four dysplastic knees, of which each represents each of the four trochlear 

dysplasia types, the normal trochlea geometry was predicted with the SOM. Then the 

surface of the trochlea was remodelled to the predicted normal geometry to visualise the 

normal shape. A type of trochleoplasty was selected for each femur by comparing the 

geometry of the trochlea before and after the remodelling. The remodelled surface could 

visualise the effect of the deepening trochleoplasty and can give a feel for the surgeons by 

how much the bone has to be removed and where. A lateral facet elevation trochleoplasty 

was not suggested for any of the four knees because the SOM prediction suggested that the 

peak of the lateral facet did not have to be increased, instead, it suggested that the height of 

the groove (middle trochlear height) had to be lowered. In order to decrease the height of the 

groove, either a deepening or a depression trochleoplasty was suggested. 

Both a depression and a deepening trochleoplasty were performed on the type D 

femur and the result of the two different procedures was compared visually. It illustrated that 

the outcomes of different types of trochleoplasty can be visualised prior to the surgical 

intervention. This should help surgeons to select the most appropriate procedure and plan 

the knee surgery better. 

7.4 Limitations and Future Work 

7.4.1 Number of the samples  

This study only had 36 samples, which included 15 normal femurs. The sample size 

was not big enough to examine the morphological difference between the age, sex, the 

severity and the type trochlear dysplasia, and therefore, only considered the presence of 

proximal dysplasia. With more of the samples categorised into type A, B, C and D trochlear 

dysplasia by surgeons due to its severity, the artificial neural network (ANN) can also classify 

the knees into different types of the dysplasia.  

The presence of the distal dysplasia can be examined by the surgeons and it is 

anticipated that the angle between the mechanical and the distal planes (DM) should have 

significant difference between the groups with and without distal dysplasia. Again, this can 

potentially be identified with the ANN if more samples are provided and the same applies to 
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identification of the morphological differences according to the gender and the age. The 

accuracy of the SOM prediction can also be increased as a result of the sample size. 

7.4.2 Cartilaginous geometry of the trochlea 

This study segmented the femoral models from the CT scans, which visualise the 

osseous geometry well, but not the soft tissues. For this reason, the cartilaginous geometry 

could not be analysed which reflects the true articulating geometry. As a future study, the 

three-dimensional cartilaginous geometry can be analysed using models segmented from 

MR images, which visualise the soft tissues better than CT scans.   

7.4.3 Relative patellar position and geometry to the femur 

The congruency between the trochlea and the patella and the relative position of the patella 

to the femur for the normal and abnormal knees were not studied. The reason being that the 

position of the femur is sensitive to the flexion angle and quadriceps muscle activation, and 

this information was unavailable. Some studies (Grelsamer et al., 2008; Insall et al., 1983) 

however illustrated that the normal knees have more congruent patella and femur set than 

abnormal knees. Therefore, as a future study, patellofemoral parameters such as the patella 

tilt and the patella height can be added to the measurements set to examine the location of 

the patella at a known knee flexion angle with and without the muscle activation. This should 

provide the information regarding the role of the soft tissues and the muscles in their roles for 

stabilising the patella. With this information available, surgeons can decide which soft tissue 

realignment procedure is indicated. For example, if a type A dysplasia knee has a recurrent 

lateral patellar dislocation, a medial patellofemoral ligament (MPFL) reconstruction would be 

an appropriate procedure. Depending on the alignment and height of the patella, a tubercle 

osteotomy can also be considered. Therefore the relative position between the patella and 

the femur can be added to future studies.  

7.4.4 Alignment of the lower limb 

The relationship between the geometry of the patellofemoral joint and the alignment 

of the lower limb was not studied. The alignment is affected by the internal-external rotation 

of the knee and the foot and no data was available regarding the alignment and the position 

of the feet and the knee.  

The relationship between the geometry of the patellofemoral joint and the alignment 

of the lower limb can be studied with the scans of the lower limb at a fixed position and 
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rotation of the feet and the knee. In this way, the mechanics of the lower body and the knee 

function and its geometry can be studied. 
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APPENDIX A: MEASUREMENTS OF PATELLAR PARAMETERS 

Table A1: Patellar parameters for right knees 

femur 
model 

number 
gender 

angle 
between 

anatomical 
axis and 

mechanical 
axis 

MA DM MD 
trochlear 

depth 
sulcus 
angle 

LTI VTP ML 
trochlear facet 

asymmetry 
AP distance 

[°] [°] [°] [mm] [mm] [°] [°] [mm] [mm] 
FL 

[mm] 
FM 

[mm] 
ratio 
[%] 

lateral 
[mm] 

middle 
[mm] 

medial 
[mm] 

B002R M 5.85 5.83 93.53 22.69 3.88 151.52 15.55 2.97 90.66 21.35 12.56 58.82 66.67 61.31 66.09 

B003R F 5.49 5.46 94.83 24.41 2.82 159.17 11.24 4.34 91.58 24.59 11.48 46.68 73.38 68.63 70.54 

B004R F 6.02 6.02 94.32 15.61 4.38 147.67 17.89 2.51 74.69 19.54 13.2 67.55 60.28 54.21 57.48 

B005R F 5.67 5.67 93.00 20.33 6.25 137.46 24.12 1.21 78.63 20.14 15.11 75.02 62.70 54.47 59.25 

B006R F 4.44 4.33 93.3 17.30 6.44 133.35 24.39 3.84 79.26 18.87 14.35 76.04 59.57 51.76 57.13 

B007R F 5.09 4.92 92.29 16.02 5.95 139.07 31.43 1.31 73.90 20.22 13.19 65.23 56.09 48.71 53.75 

B008R F 5.09 4.92 93.64 13.99 5.94 136.83 20.09 1.21 76.52 19.52 13.82 70.79 56.02 49.32 54.73 

B009R F 5.14 4.85 93.69 14.09 5.84 137.96 20.75 1.07 76.18 18.42 14.63 79.42 56.13 49.60 54.92 

B010R M 5.48 5.07 93.29 21.35 9.10 127.31 27.40 3.33 89.55 24.28 17.85 73.51 71.72 60.44 67.99 

B011R M 5.29 5.29 93.31 18.67 8.52 131.48 24.29 2.07 81.31 24.05 18.28 76.00 61.79 51.89 59.40 

B012R M 4.86 4.85 95.01 19.55 6.00 139.78 20.42 1.57 82.69 20.19 15.38 76.17 62.37 55.18 60.39 

B013R M 5.68 5.52 98.21 20.79 7.16 139.99 17.63 4.30 96.68 25.82 17.67 68.43 72.04 64.19 71.00 

B014R F 4.75 4.69 95.58 15.35 7.25 131.90 24.19 2.23 76.27 19.04 14.69 77.15 57.67 49.87 56.71 

B015R F 5.02 4.98 97.29 16.91 5.90 138.90 20.73 2.84 78.63 21.71 13.78 63.47 61.00 53.32 58.12 

B016R M 4.78 4.74 95.19 22.06 6.79 139.02 23.66 3.81 88.3 22.28 17.23 77.33 71.07 62.14 67.27 

B017R F 5.45 5.00 95.66 22.68 2.86 155.77 16.01 3.03 80.06 18.90 10.70 56.61 66.61 61.40 62.92 

B020R M 3.94 3.88 95.63 20.06 5.74 145.85 16.04 1.13 83.77 24.52 16.31 66.51 66.29 59.52 64.59 

B021R F 4.57 4.57 91.91 20.06 3.07 152.08 13.65 3.62 74.29 20.55 9.28 45.158 61.83 56.98 59.27 

mean 
 

5.15 5.03 94.43 19.00 5.77 141.40 20.53 2.58 81.83 21.33 14.42 67.77 63.51 56.27 61.20 
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Table A2: Patellar parameters for left knees 

femur 
model 

number 
gender 

angle 
between 

anatomical 
axis and 

mechanical 
axis 

MA DM MD 
trochlear 

depth 
sulcus 
angle 

LTI VTP ML 
trochlear facet 

asymmetry 
AP distance 

[°] [°] [°] [mm] [mm] [°] [°] [mm] [mm] 
FL 

[mm] 
FM 

[mm] 
ratio 
[%] 

lateral 
[mm] 

middle 
[mm] 

medial 
[mm] 

B002L M 6.13 6.05 93.20 22.78 5.31 143.93 18.63 3.02 89.36 20.95 14.54 69.40 68.06 61.37 65.73 

B003L F 5.91 5.89 93.69 21.79 3.06 156.92 13.91 3.09 93.43 24.74 11.11 44.90 72.17 66.20 68.00 

B004L F 5.93 5.90 94.33 15.68 4.51 146.62 16.12 2.08 75.10 23.00 11.99 52.13 60.43 54.04 57.59 

B005L F 5.67 5.66 92.22 16.13 4.99 142.6 19.47 2.71 77.39 21.38 12.31 57.57 64.40 57.24 61.03 

B006L F 3.91 3.45 92.28 18.64 5.50 137.96 20.18 3.59 77.26 18.24 13.29 72.86 58.28 51.99 56.94 

B007L F 5.44 5.05 93.79 18.70 4.16 147.25 16.88 3.24 72.82 19.98 11.75 58.80 59.48 53.68 56.89 

B008L F 4.68 4.43 94.47 16.38 4.36 144.78 16.74 1.57 75.99 17.13 12.49 72.91 57.16 52.23 56.18 

B009L F 4.75 3.91 93.58 20.91 6.70 132.06 27.11 2.15 80.44 25.42 12.42 48.85 68.13 56.54 60.96 

B010L M 5.37 5.02 93.12 23.56 8.25 129.30 24.70 1.94 89.43 24.16 16.15 66.84 72.27 62.20 69.29 

B011L M 5.71 5.66 92.98 18.65 9.18 127.68 21.16 2.51 81.98 25.95 17.51 67.47 61.46 52.11 61.18 

B012L M 5.29 5.29 93.14 19.68 5.34 143.55 16.77 1.92 83.45 21.82 14.08 64.52 62.54 56.24 60.98 

B013L M 5.66 5.56 96.50 25.26 7.63 137.99 19.59 4.48 96.87 25.73 18.21 70.77 73.01 64.34 71.25 

B014L F 4.82 4.65 93.81 18.42 5.13 139.31 18.52 1.31 76.07 17.66 12.69 71.85 58.07 53.07 57.86 

B015L F 5.09 5.09 97.60 22.10 4.97 145.02 17.20 1.53 79.13 24.86 12.49 50.24 63.35 55.99 59.81 

B016L M 4.46 4.39 95.00 24.45 5.35 145.23 19.64 1.71 87.86 23.64 14.48 61.25 71.63 63.68 67.46 

B017L F 5.70 5.30 95.83 21.72 3.35 152.17 16.23 3.17 79.7 20.07 10.74 53.51 65.71 60.09 62.25 

B020L M 4.16 4.03 96.29 20.01 4.78 148.79 15.15 1.99 83.45 22.64 14.67 64.79 66.03 60.11 64.17 

B021L F 5.57 5.26 94.58 19.56 3.25 148.10 14.63 4.57 72.15 19.66 8.55 43.48 61.85 56.89 59.43 

mean  5.24 5.03 94.25 20.25 5.32 142.74 18.48 2.59 81.77 22.06 13.30 60.67 64.67 57.67 62.06 
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APPENDIX B: CLASSIFICATION RESULTS 

Table B1: Quantitative and qualitative classification for trochlear dysplasia of right knees (A: dysplastic femur N: normal femur) 

femur model 
number 

gender 

quantitative classification with femoral ratios qualitative classification by surgeons 

classification 
by ANN 

trochlear 
depth 

VTP 
sulcus 
angle 

TFA LTI 

overall Erasmus Dejour Arendt overall has 
trochlear 

dysplasia if: 
< 5 mm > 3 mm > 145° < 40 % < 14° 

B002R M A N A N N N N N N N N 

B003R F A A A N A A A N A A A 

B004R F A N A N N N A N A A A 

B005R F N N N N N N N N N N N 

B006R F N N N N N N A N A A A 

B007R F N N N N N N N N N N N 

B008R F N N N N N N A N N N N 

B009R F N N N N N N N N N N N 

B010R M N A N N N N N N N N A 

B011R M N N N N N N N N N N N 

B012R M N N N N N N A N N N N 

B013R M N A N N N N N N N N N 

B014R F N N N N N N N N N N N 

B015R F N N N N N N N N N N N 

B016R M N A N N N N N N N N A 

B017R F A A A N N A A N A A A 

B020R M N N A N N N A N A A A 

B021R F A A A N A A A A A A A 
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Table B2: Quantitative and qualitative classification for trochlear dysplasia of left knees (A: dysplastic femur N: normal femur) 

femur model 
number 

gender 

quantitative classification with femoral ratios qualitative classification by surgeons 

classification 
by ANN 

trochlear 
depth 

VTP 
sulcus 
angle 

TFA LTI 

overall Erasmus Dejour Arendt overall 
has trochlear 
dysplasia if: 

< 5 mm > 3 mm > 145° < 40 % < 14° 

B002L M N A N N N N N N N N A 

B003L F A A A N A A A A A A A 

B004L F A N A N N N A A A A A 

B005L F A N N N N N N N N N A 

B006L F N A N N N N A N A A A 

B007L F A A A N N A N N N N A 

B008L F A N N N N N A A A A A 

B009L F N N N N N N N N N N N 

B010L M N N N N N N N N N N N 

B011L M N N N N N N N N N N N 

B012L M N N N N N N A A N A A 

B013L M N A N N N N N N N N N 

B014L F N N N N N N N A N N N 

B015L F A N A N N N N A N N N 

B016L M N N A N N N N N N N N 

B017L F A A A N N A A A A A A 

B020L M A N A N N N A A A A A 

B021L F A A A N N A A A A A A 
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APPENDIX C: TESTING FOR OPTIMAL RUNNING CONDITION OF 

ARTIFICIAL NEURAL NETWORKS (ANN) PATTERN RECOGNITION 

Table C1: Average agreement over 15 runs 

number of input 
parameters (n) 

number of hidden-layer neurons 

2n - 3 2n - 2 2n - 1 2n 2n + 1 2n + 2 2n + 3 

10 79.6 69.8 75.4 74.6 66.1 72.4 70.7 

9 78.0 71.3 74.4 75.4 72.8 73.1 69.8 

8 76.5 74.6 78.0 75.4 68.0 69.6 80.6 

7 73.3 67.4 70.9 72.2 75.0 72.6 76.7 

6 70.2 63.9 66.9 71.3 70.6 73.7 67.6 

5 64.3 72.4 71.7 72.6 65.6 70.4 70.0 

4 67.8 76.1 71.3 73.0 66.7 69.0 67.2 

 
high agreement      low agreement 

 

Table C2: Standard deviation of the agreement over 15 runs 

number of input 
parameters (n) 

number of hidden-layer neurons 

2n - 3 2n - 2 2n - 1 2n 2n + 1 2n + 2 2n + 3 

10 0.177 0.196 0.167 0.169 0.143 0.177 0.160 

9 0.155 0.194 0.140 0.120 0.174 0.145 0.141 

8 0.099 0.145 0.165 0.183 0.193 0.203 0.136 

7 0.161 0.186 0.115 0.152 0.116 0.106 0.102 

6 0.205 0.198 0.150 0.171 0.153 0.065 0.199 

5 0.176 0.183 0.152 0.105 0.155 0.175 0.119 

4 0.173 0.104 0.121 0.128 0.129 0.209 0.102 

 
high agreement      low agreement 

 

Table C3: Average goal function over 15 runs 

number of input 
parameters (n) 

number of hidden-layer neurons 

2n - 3 2n - 2 2n - 1 2n 2n + 1 2n + 2 2n + 3 

10 0.121 0.212 0.169 0.205 0.284 0.269 0.228 

9 0.168 0.189 0.180 0.186 0.231 0.279 0.217 

8 0.173 0.195 0.161 0.186 0.240 0.235 0.164 

7 0.178 0.262 0.219 0.180 0.233 0.216 0.207 

6 0.207 0.276 0.263 0.208 0.284 0.213 0.287 

5 0.265 0.299 0.256 0.240 0.279 0.193 0.236 

4 0.210 0.178 0.239 0.208 0.270 0.200 0.256 

 
low error      high error 
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Table C4: Standard deviation of the goal function over 15 runs 

number of input 
parameters (n) 

number of hidden-layer neurons 

2n - 3 2n - 2 2n - 1 2n 2n + 1 2n + 2 2n + 3 

10 0.114 0.148 0.170 0.175 0.150 0.221 0.161 

9 0.146 0.188 0.141 0.120 0.182 0.245 0.154 

8 0.105 0.141 0.169 0.161 0.198 0.190 0.154 

7 0.126 0.172 0.128 0.121 0.165 0.108 0.189 

6 0.170 0.181 0.128 0.152 0.196 0.097 0.212 

5 0.158 0.253 0.203 0.182 0.146 0.143 0.136 

4 0.115 0.128 0.134 0.135 0.102 0.161 0.093 

        
low error         high error 
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APPENDIX D: EQUATIONS FOR B-SPLINES 

 

 

 

 

 

 

 

 

Figure D1: B-spline curve 

 

The B-spline curve,      is defined as follows: 

 

      
           

   

         
   

 (5) 

where    is a control point and      is normalised B-spline basis function of degree k 

 

For the given set of data points     ,         , a  th degree non-rational B-spline 

curve was interpolated with a global approximation method. A parameter value,    , is 

assigned to each     and an appropriate knot vector,            , is selected to set up a 

(n+1) x (n+1) system of linear equations. 

 

                      

 

   

 (6) 

   

   is a control point and     is chosen with the chord length method as follows: 

 

             

 

   

 (7) 

         
         

 
 (8) 

 where,   is total length of chord,          , and       ,       

 

The distribution of     is reflected on the placement of the knots. If   is a positive real 

number, denote by          the largest integer such that     .       knots are needed 

in total with     internal knots and       internal knot spans. Let 

  
   

     
 (9) 

 

   

   

   

   

   

   

   

   

Stellenbosch University  http://scholar.sun.ac.za



 

86 

 

 

Then, define the internal knots by 

                           

               +                          

                                

(10) 

 

This was done to ensure that                   . 

Now let 

 

                                                 (11) 

 
Then linear least squares fitting technique is applied: 

         (12) 

 
Where N is (m - 1) x (n - 1) matrix of scalars  
 

    

                     

   
                         

  (13) 

 
 
R is the vector of n-1 points 

    

                           

   
                               

  (14) 

 
And  

   
  

 
    

  (15) 
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APPENDIX E: SAGITTAL CURVE ANALYSES RESULTS 

Table E1: Radius of circular arc  

  

sagittal slice [mm] 

L1 L2 L3 L4 M1 M2 M3 M4 middle average 

B002R 23.21 24.79 23.61 24.79 21.58 21.05 21.15 21.17 22.45 22.64 

B005R 24.85 23.22 23.34 22.81 21.38 18.98 18.02 17.09 23.39 21.46 

B007R 26.64 29.02 22.05 23.18 18.52 21.39 18.72 16.31 23.99 22.20 

B008R 20.71 20.37 20.16 22.91 20.90 21.30 21.04 16.78 20.68 20.54 

B009R 20.54 19.83 22.03 23.03 20.84 20.36 21.83 16.87 20.61 20.66 

B011R 21.61 26.63 31.03 28.80 22.18 15.84 15.45 16.26 21.16 22.11 

B012R 24.85 26.20 25.85 26.22 23.12 22.26 21.59 22.26 24.80 24.13 

B014R 21.51 22.08 22.65 23.26 20.80 19.34 19.90 24.34 21.07 21.66 

B015R 18.63 22.98 23.27 22.92 18.18 17.26 19.52 24.96 17.22 20.55 

B009L 27.47 23.22 22.94 20.68 15.15 15.95 19.33 16.22 26.11 20.79 

B010L 35.06 29.31 30.83 28.39 35.47 29.73 26.28 25.08 32.38 30.28 

B011L 17.58 20.96 29.40 30.91 14.57 15.57 17.11 17.02 14.00 19.68 

B014L 24.68 24.13 23.93 20.46 18.00 17.06 16.55 26.37 23.35 21.61 

B015L 26.25 25.21 24.39 23.78 28.50 20.31 20.29 23.94 29.11 24.64 

B016L 36.19 32.28 27.25 29.71 31.63 29.08 28.17 23.57 20.98 28.76 

mean 24.65 24.68 24.85 24.79 22.05 20.37 20.33 20.55 22.75 22.78 

 

Table E2: Trochlear flexion angle of circular arc  

 

sagittal slice [°] 

L1 L2 L3 L4 M1 M2 M3 M4 middle average 

B002R 45 45 60 60 90 90 45 60 60 62 

B005R 40 50 50 60 45 65 65 50 50 53 

B007R 40 60 50 55 85 66 50 55 45 56 

B008R 50 55 60 60 65 55 50 65 60 58 

B009R 60 50 65 65 65 55 45 70 50 58 

B011R 50 55 55 80 45 45 40 60 60 54 

B012R 50 50 60 50 45 50 60 50 40 51 

B014R 45 60 60 60 60 55 60 55 50 56 

B015R 50 50 60 65 50 50 55 55 50 54 

B009L 50 60 80 80 60 70 70 50 50 63 

B010L 70 60 80 70 60 65 55 60 55 64 

B011L 65 55 45 60 55 60 60 70 55 58 

B014L 40 50 70 65 70 65 70 50 40 58 

B015L 50 45 60 55 55 50 55 40 40 50 

B016L 45 45 55 50 50 55 50 55 45 50 

mean 50 53 61 62 60 60 55 56 50 56 
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Table E3: Maximum error between data point and least squares circle 

  
sagittal slice [mm] 

L1 L2 L3 L4 M1 M2 M3 M4 middle average  

B002R 0.09 0.04 0.08 0.08 0.04 0.16 0.09 0.10 0.13 0.09 

B005R 0.10 0.16 0.12 0.13 0.10 0.03 0.12 0.15 0.11 0.11 

B007R 0.28 0.30 0.35 0.46 0.08 0.17 0.18 0.09 0.09 0.22 

B008R 0.08 0.10 0.20 0.23 0.18 0.18 0.16 0.14 0.18 0.16 

B009R 0.14 0.09 0.18 0.23 0.17 0.12 0.17 0.15 0.21 0.16 

B011R 0.41 0.29 0.42 0.44 0.43 0.13 0.48 0.48 0.07 0.35 

B012R 0.11 0.08 0.15 0.18 0.09 0.16 0.15 0.05 0.13 0.12 

B014R 0.22 0.21 0.09 0.15 0.23 0.07 0.15 0.29 0.18 0.18 

B015R 0.21 0.19 0.05 0.12 0.20 0.13 0.08 0.18 0.10 0.14 

B009L 0.19 0.17 0.21 0.09 0.35 0.33 0.14 0.20 0.28 0.22 

B010L 0.30 0.36 0.24 0.16 0.44 0.20 0.14 0.20 0.50 0.28 

B011L 0.33 0.23 0.33 0.27 0.28 0.28 0.26 0.16 0.26 0.27 

B014L 0.20 0.27 0.10 0.27 0.25 0.25 0.25 0.23 0.17 0.22 

B015L 0.21 0.19 0.21 0.16 0.22 0.13 0.15 0.12 0.17 0.17 

B016L 0.42 0.34 0.35 0.26 0.38 0.24 0.20 0.11 0.35 0.14 

mean  0.22 0.20 0.20 0.22 0.23 0.17 0.18 0.18 0.20 0.19 

min 0.08 0.04 0.05 0.08 0.04 0.03 0.08 0.05 0.07 0.09 

max 0.42 0.36 0.42 0.46 0.44 0.33 0.48 0.48 0.50 0.35 

 

Table E4: Average distance between the centre points of the B-spline and circular arc 

  
 sagittal slice [mm] 

L1 L2 L3 L4 M1 M2 M3 M4 middle 

B002R 0.26 0.34 0.58 0.58 0.16 0.54 0.40 0.63 0.68 

B005R 0.18 1.83 0.45 0.57 0.63 0.01 0.48 0.91 0.83 

B007R 1.48 5.60 31.97 39.42 0.02 0.63 0.26 0.65 0.09 

B008R 0.40 0.37 0.27 0.86 0.46 0.32 0.33 0.26 0.88 

B009R 0.43 0.40 0.20 4.81 0.36 0.21 0.20 0.23 1.10 

B011R 0.42 3.71 2.64 0.87 4.04 0.49 2.79 0.21 8.87 

B012R 6.23 0.96 1.13 0.06 0.85 1.84 3.15 0.49 0.87 

B014R 0.32 7.68 0.30 1.28 5.80 0.44 0.74 8.52 6.41 

B015R 0.34 0.97 0.15 0.79 2.74 0.38 0.10 1.35 0.59 

B009L 4.37 3.04 6.06 0.20 7.07 7.55 0.99 3.82 1.04 

B010L 1.01 0.36 0.39 0.38 1.30 6.82 2.20 1.09 1.45 

B011L 5.18 13.45 8.71 0.29 3.68 14.30 17.11 2.05 1.45 

B014L 0.87 1.25 0.37 0.82 7.34 0.32 2.94 0.94 0.30 

B015L 1.26 2.14 2.08 1.01 9.86 0.56 3.44 5.11 2.99 

B016L 16.96 0.43 2.23 6.67 0.63 7.59 2.97 0.66 7.97 

 mean 2.65 2.84 3.83 3.91 3.00 2.80 2.54 1.80 2.37 
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Table E5: Centre plane location 

  

X-rotation Z-rotation Y-translation 
average error 

between centre 
points 

[°] [°] [mm] [mm] 

B002R -3.38 -135.03 20.99 0.05 

B005R -6.97 -146.21 18.56 0.12 

B007R -16.87 -138.21 16.88 0.50 

B008R -5.20 -139.89 18.58 0.22 

B009R -4.61 -138.91 18.66 0.21 

B011R -18.22 -149.81 17.47 0.53 

B012R -8.48 -143.51 18.91 0.27 

B014R -3.69 -138.99 16.24 0.13 

B015R -10.62 -139.31 17.36 0.48 

B009L -15.62 -151.86 24.58 0.84 

B010L -9.19 -144.02 22.30 0.64 

B011L -19.73 -76.81 13.37 0.24 

B014L -7.57 -47.71 19.06 0.64 

B015L -12.77 -153.85 18.48 0.60 

B016L -14.90 -142.85 23.49 0.87 

mean -10.52 -132.46 18.99 0.42 

standard 
deviation 

5.50 29.51 2.88 0.26 

 

Stellenbosch University  http://scholar.sun.ac.za



 

90 

 

Table E6: Average % agreement between the prediction and the measured anterior-posterior (AP)  

 
B015L B016L B014L B011L B010L B015R B014R B013R B012R B011R B009R B008R B005R B002R B007R 

6x6 0.63 1.13 1.76 1.79 5.30 4.17 1.65 5.82 0.77 3.52 2.19 2.62 0.52 2.83 3.65 

6X7 0.56 4.16 2.15 1.26 4.81 3.45 2.12 5.22 1.53 2.51 1.49 1.30 0.40 2.45 3.11 

6X8 0.62 1.43 1.37 1.53 6.10 4.32 2.63 7.57 2.05 1.28 0.85 1.09 2.21 3.15 3.11 

6X9 1.00 3.96 1.01 1.77 3.45 2.66 1.98 5.62 1.08 1.71 0.73 0.70 1.05 5.14 4.44 

6X10 1.74 2.82 0.76 1.95 4.19 3.35 1.80 6.31 2.69 1.47 0.86 1.84 1.38 3.88 5.14 

7X6 0.68 1.92 1.21 1.74 5.89 4.22 1.79 7.12 0.82 2.29 1.32 1.65 0.59 4.31 2.91 

7X7 0.67 1.87 1.23 1.06 5.15 3.59 2.03 7.27 0.77 2.07 1.60 1.67 0.68 3.14 2.72 

7X8 1.09 1.38 1.40 1.72 5.68 3.39 2.66 6.63 0.77 1.92 1.26 1.60 1.66 4.11 2.68 

7X9 1.75 1.53 1.04 0.99 6.51 3.90 1.69 6.17 2.54 2.29 0.88 1.31 0.55 4.81 2.67 

7X10 0.98 1.30 2.61 1.34 6.49 0.78 2.50 5.61 2.38 1.55 0.80 1.29 1.68 4.98 5.13 

8x6 0.56 1.27 1.60 1.25 3.92 3.99 1.79 5.90 0.98 1.85 0.65 0.99 1.11 4.33 2.72 

8x7 0.57 1.25 1.63 1.14 6.21 3.12 2.15 6.34 1.24 2.52 0.81 0.90 0.98 4.31 2.59 

8x8 0.51 0.97 2.28 1.63 5.02 3.06 2.55 7.12 2.10 2.18 1.14 0.73 0.86 4.31 2.54 

8x9 0.51 2.24 1.72 1.90 3.86 4.30 3.38 5.75 1.63 2.00 0.93 1.29 0.55 4.14 5.59 

8x10 1.25 1.57 1.95 1.95 3.79 3.96 2.93 5.78 2.91 2.03 0.77 0.37 0.64 4.25 5.16 

9x6 0.52 3.63 1.38 1.21 5.31 4.22 1.92 5.60 1.62 1.26 0.58 0.92 1.02 4.35 3.35 

9x7 0.67 0.99 2.31 1.61 6.37 4.42 0.23 5.75 2.01 2.45 0.84 1.63 0.90 4.63 2.59 

9x8 1.51 1.66 0.46 1.10 4.24 4.13 2.33 5.78 2.58 1.98 0.87 1.24 2.64 4.71 2.59 

9x9 1.51 2.80 2.69 1.99 3.81 4.32 2.19 6.25 3.43 1.44 0.42 0.38 1.14 5.21 2.54 

9x10 0.53 2.37 3.07 2.11 4.78 4.12 2.50 6.09 3.66 2.28 0.30 0.37 1.14 5.01 2.53 

10x6 0.63 0.99 0.68 1.50 5.60 4.32 1.09 5.28 1.24 1.86 0.80 1.31 1.06 4.68 3.34 

10x7 0.61 2.24 3.74 1.35 5.84 3.57 1.22 6.08 2.69 1.54 0.41 0.50 1.21 4.68 2.68 

10x8 0.92 0.99 1.25 1.09 4.90 2.41 2.45 6.15 1.14 1.59 0.30 0.63 1.01 5.03 5.70 

10x9 1.22 2.12 2.15 1.57 4.90 1.88 0.19 6.15 3.19 1.95 0.31 0.37 1.27 5.03 5.99 

10x10 0.53 2.77 1.05 1.85 5.21 3.98 0.20 6.02 5.71 1.66 0.31 0.33 1.25 5.03 5.94 
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Table E7: Average % agreement between the prediction and the measured radius of the circular arcs 

 
B016L B015L B015L B014L B011L B010L B015R B014R B013R B012R B011R B009R B008R B007R B005R B002R 

6x6 18.21 11.32 11.32 9.83 9.88 18.90 3.96 8.33 12.54 8.12 14.25 12.99 10.40 15.63 16.53 15.41 

6X7 17.72 7.88 7.88 10.76 14.95 12.29 3.90 9.95 12.61 7.96 14.95 12.20 9.62 16.35 18.28 15.42 

6X8 17.94 8.80 8.80 10.76 14.99 12.59 4.51 10.90 12.62 7.55 16.10 9.42 6.56 16.38 15.78 14.72 

6X9 17.46 7.36 7.36 10.35 15.55 12.83 5.72 12.26 13.97 7.65 16.74 9.32 6.23 15.66 18.33 15.51 

6X10 18.20 7.32 7.32 10.10 14.82 13.25 9.18 12.12 13.97 7.41 19.37 6.19 3.51 16.46 16.70 15.34 

7X6 18.27 9.20 9.20 14.17 12.95 12.35 3.67 8.42 13.36 4.71 16.71 12.97 9.62 16.35 16.09 15.67 

7X7 18.34 7.26 7.26 10.26 15.35 13.43 2.21 8.07 15.75 4.65 16.86 12.03 9.41 16.43 17.57 16.21 

7X8 18.13 8.25 8.25 10.02 14.65 21.08 7.20 11.00 16.97 4.75 18.59 9.22 7.24 16.63 16.36 15.62 

7X9 18.62 7.15 7.15 10.05 13.93 12.87 3.56 8.18 15.59 11.78 19.38 6.64 3.49 16.46 16.62 15.05 

7X10 18.62 6.92 6.92 10.05 15.73 13.23 5.13 11.26 14.99 13.22 18.87 6.06 3.35 15.79 17.88 15.05 

8x6 18.30 8.49 8.49 10.11 16.15 20.66 5.92 10.14 13.08 8.99 16.44 11.59 5.80 16.42 16.02 16.18 

8x7 18.36 7.60 7.60 10.17 16.30 12.66 5.21 9.98 14.70 10.14 17.38 8.01 5.64 15.70 16.31 16.18 

8x8 19.05 7.88 7.88 10.23 16.30 12.28 5.16 11.71 14.71 6.04 18.91 9.16 3.26 16.63 17.38 15.12 

8x9 19.12 6.97 6.97 10.23 16.33 13.20 8.15 8.15 16.44 10.90 19.31 6.08 2.87 16.89 16.70 15.22 

8x10 18.72 6.55 6.55 14.56 16.30 12.73 5.78 11.88 16.44 11.42 20.03 4.47 2.87 16.89 16.86 15.30 

9x6 17.78 9.43 9.43 10.10 14.84 21.28 8.98 11.43 13.72 5.55 15.15 8.52 4.04 15.70 17.62 15.44 

9x7 19.15 7.83 7.83 10.31 16.15 12.80 8.35 11.21 15.48 7.30 17.92 6.92 3.34 16.60 17.86 15.32 

9x8 19.12 6.24 6.24 10.23 15.91 12.59 4.44 11.63 14.98 4.55 14.54 5.32 4.00 16.60 17.88 15.08 

9x9 19.12 6.66 6.66 10.20 16.73 12.66 4.72 8.13 15.83 7.30 19.91 4.62 2.82 16.89 17.61 15.30 

9x10 19.12 8.39 8.39 10.20 16.03 13.01 5.71 11.49 17.30 5.96 19.53 4.09 2.82 15.14 16.75 15.27 

10x6 18.24 8.09 8.09 10.21 15.98 11.47 6.97 11.41 15.77 5.60 14.97 8.09 4.04 15.89 17.62 15.42 

10x7 18.37 7.28 7.28 10.24 15.99 11.92 4.98 8.94 15.82 6.40 17.15 8.85 4.30 15.70 17.77 15.36 

10x8 19.12 7.09 7.09 10.24 16.72 12.45 6.96 11.05 15.85 4.45 19.48 5.31 2.70 16.56 17.78 15.28 

10x9 19.13 8.38 8.38 10.18 16.35 12.47 6.96 12.42 15.86 7.10 17.76 4.62 2.81 14.53 17.84 15.28 

10x10 19.18 8.37 8.37 13.70 16.35 13.70 3.03 11.51 15.59 7.95 19.37 4.32 2.41 15.15 16.16 15.19 
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Table E8: Average % agreement between the prediction and the measured radius of the trochlear heights 

 
B016L B015L B014L B011L B010L B015R B014R B013R B012R B011R B009R B008R B007R B005R B002R 

6x6 1.01 0.79 1.15 0.98 4.31 5.29 1.07 6.24 1.25 3.00 1.14 1.74 4.83 2.50 2.81 

6X7 2.71 0.53 1.65 0.66 7.30 3.96 1.23 6.22 0.82 2.52 1.87 2.23 2.84 0.60 3.10 

6X8 1.63 0.53 2.07 1.11 6.24 4.55 1.99 6.26 2.14 2.65 1.26 2.24 2.43 1.79 3.24 

6X9 3.74 1.39 2.76 2.25 3.66 0.73 1.40 6.46 1.77 2.82 1.04 2.17 3.80 1.14 4.93 

6X10 1.13 0.53 3.45 1.34 3.96 2.44 2.40 6.56 3.62 2.58 0.87 1.55 4.10 1.17 3.90 

7X6 3.21 0.81 2.50 1.44 3.22 3.85 1.91 7.45 2.40 2.52 1.49 1.49 3.00 1.63 3.76 

7X7 2.13 1.09 2.53 1.56 4.95 4.54 1.79 7.45 1.24 2.77 1.36 1.73 2.43 0.43 3.35 

7X8 1.80 1.87 2.05 1.19 5.14 3.64 0.82 6.71 2.37 2.76 0.67 1.72 2.41 2.17 3.49 

7X9 4.21 0.56 3.18 2.19 4.34 4.80 0.62 6.60 4.27 2.86 1.13 1.58 4.04 0.96 4.54 

7X10 0.75 0.49 3.18 2.53 3.82 2.52 2.18 6.46 4.78 2.75 1.07 2.21 5.29 0.85 4.45 

8x6 1.39 0.69 1.46 1.80 5.16 5.03 2.01 6.71 2.86 2.66 1.36 1.72 2.43 2.16 3.78 

8x7 1.18 0.63 1.47 2.10 6.40 2.75 2.01 7.24 2.03 2.59 1.35 1.72 2.43 0.49 3.69 

8x8 1.18 0.70 2.33 1.99 4.36 4.21 0.57 7.17 2.00 2.53 0.70 1.10 2.43 0.96 3.70 

8x9 2.94 0.89 1.18 2.15 4.16 3.90 1.86 6.95 2.18 2.47 0.72 0.83 5.04 1.65 4.54 

8x10 0.93 0.70 1.77 2.25 3.88 4.21 2.07 7.10 2.23 2.60 0.72 0.83 5.10 1.15 4.95 

9x6 3.68 0.78 1.69 1.60 4.51 4.04 2.99 6.79 3.13 2.37 0.77 1.07 5.25 0.84 4.58 

9x7 3.90 1.34 1.75 2.10 4.20 3.97 1.56 7.02 2.40 2.76 0.72 0.83 5.08 1.17 4.69 

9x8 1.94 0.58 3.99 2.27 5.28 4.77 1.56 7.02 3.14 2.66 0.81 0.83 5.05 2.63 4.55 

9x9 1.51 0.61 1.83 2.28 5.20 4.60 1.81 6.45 1.94 2.56 0.39 0.66 5.11 2.37 4.72 

9x10 1.44 0.39 1.27 2.22 5.32 5.07 3.29 6.43 2.14 2.52 0.39 0.66 4.53 1.10 4.74 

10x6 0.96 0.66 1.77 2.09 4.62 3.85 0.16 6.61 2.27 2.72 0.77 1.07 5.36 1.22 4.91 

10x7 0.78 0.36 2.99 2.21 4.55 3.33 1.69 6.58 1.71 2.67 1.13 1.46 2.63 2.88 4.56 

10x8 1.03 0.51 1.77 2.54 4.63 2.45 3.13 7.14 3.74 2.67 0.43 0.49 2.40 2.44 4.82 

10x9 1.03 0.36 1.77 2.28 5.20 3.78 2.43 7.00 0.61 2.62 0.39 0.32 2.40 0.99 4.57 

10x10 1.03 0.42 2.01 2.54 5.57 5.07 2.07 7.14 2.71 2.65 0.45 1.50 2.38 1.51 4.74 
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Table E8: Average % agreement between the prediction and the measured radius of the plane location 

 
B015L B016L B014L B011L B010L B015R B014R B013R B012R B011R B009R B008R B005R B002R B007R 

6x6 0.63 2.82 9.29 10.90 1.28 6.66 1.55 7.06 0.71 1.35 1.72 2.26 5.91 5.28 8.06 

6X7 1.34 4.42 9.65 11.01 2.84 5.42 1.55 7.04 1.97 1.61 1.72 0.95 5.91 4.91 8.23 

6X8 0.89 3.86 8.51 9.96 3.34 6.16 2.17 6.97 0.81 5.65 1.70 0.70 5.97 4.92 8.27 

6X9 0.67 3.49 9.38 5.96 3.34 6.15 5.01 7.11 0.80 5.69 1.71 1.88 5.85 4.96 8.35 

6X10 2.07 3.54 10.13 5.98 2.72 6.38 2.37 7.11 0.74 5.83 1.36 0.94 6.00 4.84 8.40 

7X6 0.74 3.28 9.21 6.60 3.04 8.69 1.83 7.13 2.17 2.45 1.70 0.76 5.93 6.22 8.37 

7X7 0.65 3.31 8.25 9.55 4.13 5.69 2.09 7.61 3.28 1.03 1.59 0.67 5.65 5.93 8.86 

7X8 0.61 3.16 9.94 6.15 4.13 5.54 2.08 7.13 0.76 5.54 1.70 1.00 5.88 5.13 8.66 

7X9 1.63 2.79 9.99 6.12 2.37 6.15 2.43 7.61 1.76 5.69 1.69 1.03 6.05 5.48 7.59 

7X10 1.62 2.81 10.80 6.25 4.15 6.24 7.11 7.72 1.66 6.24 1.35 1.03 6.00 5.48 8.63 

8x6 1.00 2.15 9.28 6.04 3.87 8.57 1.83 7.16 2.15 5.50 1.65 1.32 5.68 4.78 9.50 

8x7 0.99 2.76 9.79 6.68 2.71 6.60 2.10 7.43 3.56 5.54 1.64 1.04 5.78 5.15 7.88 

8x8 0.62 2.76 10.13 6.17 2.82 6.66 2.17 7.40 3.75 3.94 1.69 1.06 5.83 5.15 7.62 

8x9 1.67 2.79 9.88 6.14 2.30 6.30 2.37 7.14 4.56 5.69 1.36 1.16 6.05 5.10 8.71 

8x10 1.67 2.78 8.44 6.15 4.16 6.29 7.46 7.77 1.73 5.67 1.32 1.17 6.06 5.10 7.74 

9x6 0.73 2.67 10.79 6.81 3.74 6.17 1.47 6.99 0.77 3.43 1.49 1.67 5.99 5.71 9.51 

9x7 1.82 3.39 8.78 6.40 2.08 7.86 1.53 7.79 4.33 5.54 1.78 1.05 6.08 5.86 7.70 

9x8 0.78 2.68 9.14 6.10 2.08 6.59 1.43 7.77 4.36 6.19 1.34 0.96 6.09 5.16 7.62 

9x9 0.78 2.94 8.59 6.09 2.14 6.59 2.50 7.76 4.37 6.24 1.32 1.16 6.09 5.16 7.63 

9x10 1.66 2.84 8.59 6.21 2.22 6.80 1.47 7.76 0.86 6.24 1.45 1.16 6.06 5.19 9.57 

10x6 0.53 3.35 6.46 6.06 4.02 7.39 1.45 7.16 4.03 1.18 1.46 1.05 6.08 5.49 9.51 

10x7 1.82 2.59 10.51 6.55 3.39 6.08 1.40 7.42 4.53 4.30 1.47 0.99 6.04 4.60 7.73 

10x8 0.80 2.59 8.50 6.67 2.14 6.46 7.48 7.77 0.88 4.38 1.34 0.96 6.15 4.11 7.75 

10x9 0.99 2.61 8.97 6.69 2.14 7.69 7.50 7.77 4.80 6.19 1.30 1.16 6.21 4.33 7.63 

10x10 0.74 2.77 8.44 6.50 2.16 6.56 7.27 7.88 5.83 6.19 1.51 0.98 6.07 4.29 9.76 
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APPENDIX F: SAGITTAL CURVES OF THE NORMAL KNEES 

Table F1: B-spline curve and least squares circular arc fitting to the sagittal surface 

curves of the normal knees 

model slice 

X-coordinate [mm] vs Y- coordinate 
[mm] 

trochlear flexion angle [°] vs distance 
between the centre of the arc [mm] 

and the data point 

blue circles: centres of the curvature  
(b-spline) 

red circle: centre of the circular arc  
(least squares) 

light blue: sagittal surface curve 

green: circular section of the sagittal 
surface curve 

red: non-circular section of the sagittal 
surface curve 

yellow: radius of the circular arc 
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APPENDIX G: COMPARISION OF THE SULCUS ANGLE MEASUREMENT 

METHODS 

To demonstrate that the measurements performed on a three-dimensional model is 

more repeatable than on the CT scans, 50 identical measurements of the sulcus were 

recorded for each of the two methods on the same femur. On the CT scan, the sulcus angle 

was measured on the measurement plane 4 (Figure 2.13), the slice which goes through the 

most anterior point of the trochlea. On the three-dimensional model, the measurement was 

performed on the measurement plane as defined in the Chapter 3.3.2. 

  

No significant difference of the sulcus angle was shown between the two groups in 

sulcus angle having a confidence level higher than 99.99 % but the standard deviation of the 

sulcus measured on the CT scan was higher than the measurements on the three-

dimensional (3D) model by 2.25 times (Table G1). The distribution of the data also shows 

that the measurement on the three-dimensional model was more repeatable with a smaller 

range (Figure G1). 

 

Table G1: Sulcus angle measurements on a CT scan and on a three-dimensional 

model 

 

sulcus angle [°] t-test  
(p value) CT scan 3D model 

average 136.6 139.1 
< 0.0001 

standard deviation 2.7 1.2 

 

 

Figure G1: Sulcus angle measurements on a CT scan and on a three-dimensional (3D) 

model 
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