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Abstract 

Introduction: Congruent, low-friction movement between the articulating surfaces of a synovial 

joint is a crucial prerequisite for sustained and efficient joint function. However, where 

disorders in joint formation or maintenance (homeostasis) occur, mechanical overloading and 

osteoarthritis (OA) will follow. OA is the most common chronic joint disease with a global 

prevalence of 7%. Knee OA constitutes 83% of the global disease burden for OA. The 

prevalence exacerbates over time and is expected to continue to increase due to ascending 

obesity and trends of an aging population. Counterintuitively, little is known about the ethology 

and causes of the onset and progression of the disease. As in vivo measurement of knee joint 

contact forces remains challenging, computational musculoskeletal modelling becomes more 

popular for non-invasive estimation of joint loading distribution. Typically these methods 

depend on cumbersome and time-consuming manual segmentation of joint geometry. The 

current study aims to validate an automated method for personalized distal femoral cartilage 

mapping developed within the department of orthopaedics at Ghent University Hospital (UZ). 

Materials and methods: A total of 30 subjects were included in the current validation study. 

They underwent a kinetic study and magnetic resonance imaging (MRI) of the lower 

extremities. A three-dimensional image (3D) of the distal femur, proximal tibia and right distal 

femoral cartilage was generated by manual segmentation. The femur, required for the 

cartilage mapping, was reconstructed by a statistic shape model (SSM). Cartilage geometry 

prediction using a node-specific thickness map was compared with manual segmentation.  

Results: The validation study of automated distal femoral cartilage mapping resulted in a 

median Root Mean Square Error (RMSE) (0.6723 mm), Average Surface Distance (ASD) 

(0.5580 mm) and Hausdorff Distance (HD) (2.4165 mm) with their corresponding range. Visual 

illustration of site-specific anomalies describes the regions of greatest error.  

Discussion: The error relative to the local cartilage thickness is a tolerable deviation. The 

median HD indicates that further optimisation of the method is warranted. Despite the high HD 

values, the average error is relatively low. Thus, there is a large distribution in the accuracy of 

prediction in a subject. The range of the RMSE, ASD and HD indicates a large interpersonal 

variation. The main prediction error is located frontally, proximally and bilaterally on the 

femoral trochlea and distally at the location where the medial and lateral condylar cartilage 

meet. These error rates should not just be attributed to the prediction model. 
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Conclusion: SSM can detect anatomic and biomechanical risk factors more efficiently by 

replacing cumbersome and operator-dependent manual segmentation. Estimating joint forces 

on the knee and soft tissue function in the knee and predicting secondary kinematics of the 

knee will be possible and patient-specific joint preservation or replacement surgery of the knee 

will be applicable using a prediction model. Despite optimisation of the cartilage mapping 

model being further warranted, the validation study yielded hopeful results. 

 

Dutch version (appendix B). 
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Introduction 

1. Statement of Problem 

OA is the most common chronic joint disease with a global prevalence of 7% (1, 2). Among 

people over 60 years old, it affects about 10% of men and 18% of women (3). The prevalence 

exacerbates over time and is expected to continue to increase due to ascending obesity and 

trends of an aging population (4). Of the global burden of OA, the knee constitutes 83% with 

a population prevalence of 3.64% (5). In addition to these alarming rates, OA represents a 

major socioeconomic impact (3, 6, 7). Counterintuitively, with such a high impact of knee OA, 

little is known about the ethology and causes of the incident and progression of this disease. 

In part, this explains why curative drugs do not exist (6, 8). 

Computational models, supportive methods in the clinical decision-making process, are being 

developed and investigated to indirectly estimate joint forces on the knee and soft tissue 

function in the knee and predict secondary kinematics of the knee. These in silico techniques 

rely on accurate anatomical information about the architecture of the musculoskeletal system, 

which is usually obtained by manual segmentation of computed tomography (CT) and/or MRI 

images. Theoretically, these non-invasive models would be conducive to optimise patient-

specific treatment. This may belittle the limitations of current treatment based on subjective, 

static and mostly qualitative assessment (9, 10). Practical implementation is hampered by the 

costly and infrequently available MRI image acquisition. Additionally, the crucial manual 

segmentation of the musculoskeletal anatomical structures is time-consuming and labour-

intensive and produces human operator-dependent bias. This creates the need to develop an 

automatic model that can predict the anatomy of soft tissue and bone in the knee (11, 12). 

The aforementioned obstacles can be overcome by musculoskeletal prediction methods with 

static shape analysis (13). Thus, Audenaert et al. developed a validated method to fully and 

automatically segment the lower limbs by CT (14). Subsequently, personalized cartilage 

prediction was designed through cartilage thickness maps by Van Houcke et al. (Materials 

and methods – 5.) (13). Based on this, one obtains an anatomical cartilage model in a more 

time-efficient and non-operator-dependent manner. Audenaert et al. additionally developed 

methods using discrete element rigid body spring models based on geometric morphometry 

to predict the course, origin and insertion of muscles and tendons (15, 16). Peiffer et al. 

described the mapping of bone, cartilage and soft tissue for the ankle joint relying on previously 

mentioned studies (13, 16, 17). Regarding the knee, Van Dijck et al. developed a SSM to 

predict the geometry of the tibiofemoral cartilage relying on 524 MRIs (18). SSMs accurately 

describe dense shape representations and their variations in a population sample. A plausible, 
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patient-specific prediction can be effected using a minimal number of variables. A normal 

variant can be qualitatively and quantitatively distinguished from outlier shape entries or 

clinical abnormalities. SSM already finds multiple applications in individualised clinical 

settings, such as image segmentation or treatment determination based on an expected 

prognosis (19). A well know patient-specific tool by accurately imaging the anatomy involves 

total knee arthroplasty. This results in a more accurate alignment of an implant, a time-saving 

operation and a better subjective outcome for the patient. All this ensures a lower cost (20, 

21). 

The purpose of the current study is to enable patient-specific prediction of the cartilage layer 

geometry of the distal femur and validation of this cartilage mapping. Hereto a novel 

methodological workflow previously developed  within the department of orthopaedics at UZ 

Ghent is validated. The goal of the longer-term study, of which this study is a part, is to develop 

a personalized generic computational model for the entire musculoskeletal and soft tissue 

anatomy of the knee. 

2. Anatomy of the knee 

2.1. Knee joint 

The knee is a synovial joint that includes the tibiofemoral joint and the patellofemoral joint. The 

bony joint structures are the distal end of the femur, the proximal tibial epiphysis and the 

patella. A thick layer of hyaline cartilage covers all previous joint surfaces (figure 1) (22-24).  

 
Figure 1: The frontal coronary view of the knee’s bony anatomy and cartilaginous structure. The anterior 

cartilage layer on the femur is the paler volume on the darker underlying bone structure (25). 
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2.2. Bone anatomy of the knee 

2.2.1. Femur 

The medial and lateral femoral condyles articulate correspondingly with the medial and lateral 

tibial plateau. Both femoral condyles are convex in the coronal and sagittal plane with a 

stronger arch dorsally. The lateral condyle has a larger radius in the coronal plane. In the axial 

plane, the radius of the medial femoral condyle is about 3 mm larger (23, 24, 26). 

The trochlea covers the anterior surface of the distal femur. The approximately 5.2 mm deep 

trochlear groove splits the trochlea into a medial and lateral facet complementary to the 

patellar joint surface (27). The lateral facet is larger than the medial and extends further 

proximally. The femoral notch is the continuation of the trochlear groove, which distally 

deepens and extends laterally. The facets merge distally into the medial and lateral femoral 

condyles (figure 2) (27, 28). 

(a) (b)   

Figure 2: Anterior (a) and posterior (b) coronary view of the left distal femoral epiphysis (25).    

2.2.2. Tibia 

The proximal tibial plateau consists of two condyles separated by a median intercondylar 

eminence. Despite the almost flat appearance of the condyles, the medial tibial plateau is 

slightly biconcave, while the lateral plateau is slightly convex in the sagittal plane and concave 

in the coronal plane (figure 3) (23, 24, 29). 

(a) (b)  

Figure 3: Anterior (a) and posterior (b) view of the left proximal tibial epiphysis (25). 
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2.2.3. Patella 

The patella is the largest sesamoid bone in the body (22). The anterior surface of the patella 

is convex (27). The posterior surface includes the articular side, articulating with the femoral 

trochlea (figure 4). The articulation side has a total of 7 facets. The entire surface is divided 

into medial and lateral facets by a median longitudinal ridge. The lateral is wider to be 

complementary to the femoral facets. Nevertheless, the articular surfaces of the patella and 

femoral are not completely congruent (22-24, 27). Only the upper two-thirds of the patella is 

used as the interface. The cartilage layer posterior to the patella is the thickest cartilage layer 

found in the body, which is 7 mm (27). 

(a) (b)  

Figure 4: Anterior (a) and posterior (b) view of the left patella (25). 

 

2.3. Cartilage   

2.3.1. Composition 

Articular cartilage, usually hyaline cartilage, is a load-bearing layer of extracellular matrix 

(ECM) with special viscoelastic characteristics. This specialized connective tissue layer is 

porous, low in permeability and hydrated with type II collagen and proteoglycan as the 

dominant structural components (30, 31). The concentrations and gradients of these 

constituents vary with depth and location. This results in depth-dependent properties, 

directional differences in tissue tension and inhomogeneous local tissue deformation and 

tension. In superficial layers, the collagen network is densest and oriented approximately 

tangentially to the articular surface. In the deeper cartilage layers, collagen fibres run 

perpendicular to the joint surface and the content of proteoglycans is highest. The deepest 

layer is calcified (30-34). Production of this porous structure is accomplished by chondrocytes. 

This production depends on the number of cells present which decreases with age (35). 

Chondrocytes are specialized mesenchymal cells that occupy only 2% of total cartilage 

volume (30). 
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2.3.2. Cartilage thickness, distribution and measurement method  

Incongruent joints, such as the knee, contain a thick layer of cartilage. Forces on the knee 

joint affect this thickness. Gender, age, weight and height help determine these acting forces. 

For instance, women have thinner cartilage than men and the quality of cartilage decreases 

with age. Cartilage is thicker and the cartilage surface more extensive in tall and heavy 

individuals. Cartilage thickness in the joint is additionally site-dependent. The cartilage layer 

is thicker in the medial compartment and at points of cartilage-to-cartilage contact (36-40).  

There are several methods to measure cartilage thickness in the knee (table 1). A primary 

non-invasive method is MRI measurement after constructing a 3D model (39, 41). Partial 

volume averaging reduces the sensitivity of this method by masking early chondral lesions 

such as fissures and cartilage flaps (42). An alternative method is based on arthrograms with 

standard double-contrast techniques. An arthrogram is a series of images, usually taken via 

fluoroscopy or MRI, of a joint after contrast injection. Roentgenographic magnification and 

invasiveness are disadvantages of this technique (36). Swann and Seedhom is a destructive 

needle probe technique in which a device with a sharp needle can pierce the cartilage surface 

and migrate through the cartilage. Only a cartilage fragment is preloaded because the 

subchondral bone is impossible to pierce. This measurement of the thickness of cartilage 

plugs or slices can only be effected post-mortem (37, 43, 44). A non-destructive technique 

such as ultrasound is inaccurate. A limitation of ultrasound is that a constant speed of sound 

must be assumed, whereas it can vary greatly between cartilage specimens (43, 44). 

Table 1: Cartilage thickness based on literature. 

Author Study 

population 

Technique Medial 

femoral 

condyle - 

mean (SD) 

mm 

Lateral 

femoral 

condyle - 

mean (SD) 

mm 

Medial tibial 

plateau -  

mean (SD) 

mm 

Lateral 

tibial 

plateau - 

mean (SD) 

mm 

Li et al. 
(39) 

6 healthy 
volunteers 

with an 
averaging 
27 years 

1,5T MRI-
scan and 

the knee in 
0° flexion -
3D models 

I: 2.8 (0.3) 

C: 2.0 (0.4) 

O: 2.0 (0.4) 

I: 1.7 (0.3) 

C: 2.0 (0.7) 

O: 2.1 (0.5) 

Anterior 

I: 1.9 (0.5) 

C: 2.0 (0.6) 

O: 1.8 (0.5) 

Central 

I: 3.3 (0.4) 

C: 2.5 (0.6) 

O: 2.0 (0.6) 

Posterior 

I:2.0 (0.3) 

C:1.8 (0.3) 

O: 1.6 (0.4) 

Anterior 

I:2.1 (0.6) 

C:2.0 (0.6) 

O: 1.4 (0.4) 

Central 

I:4.0 (0.9) 

C:3.2 (0.7) 

O: 2.0 (0.4) 

Posterior 

I:3.1 (0.5) 

C:2.8 (0.9) 

O: 1.8 (0.3) 
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Cohen et 

al. (41) 

6 fresh-

frozen 

cadaver 

knees 

averaging 

50 years 

and 4 

volunteers 

averaging 

26 years 

1,5T MRI- 

scan and 

the knee in  

approximat

ely 0–20° 

flexion - 3D 

models 

2,14 (0.53) 

Maximum thickness: 3.99 

2.38 (0.90) 

Maximum thickness: 4.50 

Shepherd 

et al. (37) 

11 sets of 

cadaver 

joints  

averaging 

65.1 years 

Needle 

probe 

technique 

Femoral condyles: 2.15 

(0.39) 

Patellar surface: 2.23 

(0.28) 

Central: 2.59 (0.45) 

Covered by menisci: 2.01 

(0.42) 

F.M Hall et 

al. (36) 

370 Adult 

knees 

averaging 

34.7 years 

Arthrogram

s using 

standard 

double-

contrast 

techniques 

Maximum thickness: 

Medial condyle: 4.0 (0.8) 

Lateral condyle: 3.7 (0.8) 

/ 

Standard deviation (SD) 

Li et al. : I = Inner, C = Central, O = Outer 

2.4. Joint capsule 

The joint capsule surrounding the knee joint is composed of the inner synovial membrane and 

the outer fibrous capsule. The synovial membrane extends to the cartilage of the knee joint 

and patella. The fibrous membrane is reinforced through other anatomical structures in places 

where strength is insufficient (figure 5) (24). Anterior reinforcement consists of the tendon of 

the femoral quadriceps muscle, the patella and the patellar tendon, bilateral flanked by the 

patellar retinaculum. The meniscopatellar and medial and lateral patellofemoral ligaments 

form a deep reinforcement. Anterolateral and medial muscular reinforcement is provided by 

the vastus muscles, the sartorius muscle, the femoral biceps muscle and the iliotibial tract. 

The medial collateral ligament (MCL) confers medial reinforcement. The joint capsule is 

posteriorly thin and reinforced by the popliteus muscle, the gastrocnemius muscle, the oblique 

popliteus ligament (the diagonal extension of the semimembranosus muscle from the lateral 

epicondyle) and the arcuate popliteal (from the femoral lateral epicondyle to the caput fibulae) 

(figure 9). The latter is a reinforcement by the popliteus tendon (22, 24, 45). 

The synovial membrane extends upward into the suprapatellar bursa, deeply from the 

quadriceps muscle. Additional bursas in the knee joint include subcutaneous prepatellar 

bursa, subcutaneous and deep infrapatellar bursa, popliteal bursa, deep bursa of the medial 

head of the gastrocnemius muscle, semimembranosus bursa, bursa of the lateral collateral 
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ligament (LCL), pes anserine bursa, femoral biceps bursa and bursa of the iliotibial tract (figure 

5) (24, 46). The infrapatellar synovial plica is located anterior to the intercondylar fossa of the 

knee. Anterior to the plica is the infrapatellar fat pad, dorsally from the patellar tendon (24).  

(a) (b) (c) (d)   

Figure 5: (a) Anterior coronary view, (b) lateral sagittal view, (c) posterior coronary view and (d) medial 
sagittal view of the left knee with connective tissues. The connective tissues are grey, the bursae are 
light grey structures on top and the infrapatellar fat pad is the orange structure visible in (a). The bursa 
deep of the LCL is not visible (25). 

2.5. Cruciate ligaments 

The anterior cruciate ligament (ACL) attaches to the anterior intercondylar area of the tibia, 

and the intercondylar fossa of the lateral femoral condyle. The posterior cruciate ligament 

(PCL) originates at the posterior intercondylar area and attaches to the lateral side of the 

medial femoral condyle (figure 6) (22-24, 47). 

(a) (b)  

Figure 6: Anterior (a) and posterior (b) coronary view of the left knee with cruciate ligaments (25). 

2.6. Meniscus 

The menisci are 2 separate fibro-cartilaginous discs, dense ECM, located between the 

articular surfaces of the femur and tibia. Both menisci have an anterior and posterior horn and 

form an incomplete horizontal septum in the articular cavity. The transverse intermeniscal 

ligament connects the two menisci anteriorly (figure 7). The outer edge of the menisci is thick 
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and convex, becoming thinner and concave toward the centre. The centre of the tibial plateau 

remains uncovered by meniscal tissue (22-24, 48, 49). 

The medial meniscus is C-shaped and occupies 51% to 74% of the medial tibial plateau (22, 

48). The posterior horn is attached anteriorly to the attachment of the PCL in the posterior 

intercondylar fossa of the tibia. The anterior horn is usually attached to the flat part of the 

intercondylar region anterior to the ACL. The other sites of connection vary between the 

downward slope of the medial articular plateau to the intercondylar region and on the anterior 

slope of the tibial plateau. The peripheral edge of the medial meniscus is additionally fixed by 

the coronary ligament, a connection of the meniscus to the joint capsule, and the MCL (48, 

49). 

The lateral meniscus covers 60 - 93% of the lateral tibial plateau with its almost uniform round 

shape. The anterior horn is attached to the intercondylar fossa, anterior to the intercondylar 

eminence and posterolateral to the insertion of the ACL. The posterior horn is attached to the 

intercondylar eminence between the lateral tibial spine and the posterior horn of the medial 

meniscus (24, 48, 49). The lateral meniscus is not fixed by the collateral ligament, making it 

more mobile. The medial fibres of the popliteus muscle inscribe on the lateral meniscus and 

regulate the mobility of the meniscus relative to the femur, along with the meniscofemoral 

ligaments. The anterior and posterior meniscofemoral ligaments run respectively anterior and 

posterior to the PCL and can additionally fix the posterior horn of the lateral meniscus to the 

PCL and medial femoral condyle (figure 7) (23, 24, 48, 49). 

(a) (b)   

Figure 7: Axial view on the tibia plateau of a left knee. (a) Medial and lateral meniscus and intermeniscal 
ligament in light pink. (b) Medial and lateral meniscus in light pink. The PCL highlighted in green for 
visualization of the anterior and posterior meniscofemoral ligaments, the light pink ligaments 
respectively anterior and posterior to the PCL (25). 

2.7. The medial and lateral collateral ligament 

The flat triangular MCL is attached to the medial femoral epicondyle, just below the adductor 

tubercle, and to the tibia. The posterior part of this MCL attaches to the shaft of the tibia whose 

deep fibres continue into the joint capsule and fix the medial meniscus (figure 8) (22-24). 
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The LCL has a cord-like shape originating on the lateral femoral condyle anterior to the 

gastrocnemius (figure 8). It inserts Y-shaped on the caput fibula over the insertion of the 

femoral biceps muscle. The interposition of the popliteus muscle between the LCL and the 

lateral meniscus prevents the 2 structures from connecting and makes the ligament located 

extra-articularly (22-24).  

(a) (b)  

Figure 8: Medial (a) and lateral (b) sagittal view of the left knee. (a) MCL is illustrated in brown. (b) 

LCL is illustrated in grey (25). The LCL is lacking the Y-shaped insertion. 

2.8. The popliteus muscle 

The popliteal muscle is triangular. Its origin is broad, localized proximally on the medial tibial 

surface. The muscle progresses superolaterally through the popliteal hiatus to intra-articular. 

The superficial fibres of the muscle attach to the joint capsule, the deep ones to the lateral 

meniscus. The popliteofibular ligament anchors the tendon with the fibular head (figure 9) (24, 

50). 

(a) (b)  

Figure 9: Posterior coronary view on the left knee. (a) Popliteal muscle (red) with arcuate popliteal 
ligament (grey). (b) Popliteal muscle with popliteofibular ligament (white) (25). 

2.9. Quadriceps mechanism and patellar tendon 

The patellar tendon, averaging 4.6 cm in length and 8.5 mm in width, extends from the inferior 

pole of the patella to the tibial tuberosity, lateral ago from the long axis of the tibia (27). The 

quadriceps muscle consists of the intermediate, medial and lateral vastus and femoral rectus 
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muscles which attach proximally to the patella (figure 10). Before the insertion, the 4 muscles 

form tendons that may join. The intermediate vastus muscle inserts dorsally on the patella. 

The medial and lateral vastus muscles attach ventrally from the intermediate muscle. The 

most eccentric fibres of both muscles attach to the side of the patella, run along the patella 

directly to the patellar tendon, are part of the patellar retinaculum or cross the patella anteriorly 

and attach to the condyle of the tibia. The femoral rectus muscle inserts on the upper third of 

the anterior surface of the patella. The anterior fibres run directly across the patella to fuse 

with the patellar tendon (27, 45). The course of the quadriceps muscle forms a quadriceps 

angle (angle Q) defined as the angle between the lines connecting the middle of the patella to 

the anterior superior iliac spine and the tuberosity of the tibia (figure 10) (23, 24). 

(a) (b)  

Figure 10: (a) Anterior coronary view on the left knee with quadriceps mechanism (red) and patellar 
tendon (white). (b) Anterior coronary view on the left angle Q. The dark red lines follow the course of 
the quadriceps muscle, going from the anterior superior iliac spine, through the middle of the patella, to 
the tuberosity of the tibia (25). 

3. Biomechanics of the knee  

3.1. Static information 

The mechanical axis of the leg is defined as the line connecting the centre of the femoral head 

and the middle of the ankle. This axis normally runs centrally through the knee joint. The 

femoral diaphysis, the middle of the knee and the tibial shaft represent the anatomic alignment, 

an opened angle of 172-177° (figure 11). This anatomic axis constitutes a physiological valgus 

angle of the knee when the mechanical alignment is 180° (23, 24). 
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Figure 11: Anterior coronary view on the right mechanic axis and left anatomic axis. Mechanic axis: The 
blue line through the femoral head, the centre of the knee joint and the middle of the ankle. Anatomic 
axis: The red lines follow the axis of the femur and tibial shaft, going through the middle of the knee. 
The formed angle is indicated by an arc (25). 

3.2. Stability 

The geometry of the joint surfaces, ligaments, capsule, muscles, cartilage, synovial tissue, 

synovial fluid and other connective tissues are necessary for the mobility and stability of the 

knee. These structures interact with each other. The stability of the knee is optimal in 

extension, primarily due to the shape of the femoral condyles. The muscles around the knee 

are major stabilizers, mainly the medial and lateral vastus muscles. The ACL, PCL, MCL and 

LCL follow these muscles in importance (22-24). The primary function of the cruciate ligaments 

is anterior-posterior stabilization of the flexed knee. The ACL prevents posterior translation 

and the PCL prevents forward displacement of the femur relative to the tibial plateau (22-24, 

47). 

The medial and lateral retinaculum, the closely associated patellofemoral ligaments and 

eccentric fibres of the quadriceps muscle also add to joint stabilization (24, 45). Stabilization 

is also a main function of the popliteal muscle. The muscle facilitates external rotation of the 

femur relative to the tibia during loading. Furthermore, it prevents external movement of the 

meniscus during flexion of the knee (23, 50). 

The quadriceps mechanism is an important dynamic stabilizer of the anterior knee joint (27). 

The patella creates an offset that increases the leverage of the knee extensors, providing 
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stability during loading and transferring force from the quadriceps to the tibia. The patella has 

a protective function for the knee joint during flexion (22, 23, 27). 

The menisci are important for the function and maintenance of the knee joint by creating better 

congruency, static stabilization, friction reduction, load transfer and even pressure distribution 

on the articular cartilage by creating a larger bearing surface. Only when the knee is heavily 

loaded does the femur rest centrally directly on the tibia. The menisci provide lubrication and 

nourishment by spreading a layer of synovial fluid over the joint surfaces (22-24, 48, 49). 

3.3. Directions of motion 

The largest joint in the body, the knee, is a “modified” hinge joint. In addition to being a hinge 

joint, the knee is also a rolling joint due to the limited congruence of the joint surfaces (23, 24). 

The most extensive movement is flexion-extension. There are 4 supplementary directions of 

movement in the knee joint: internal-external rotation and adduction-abduction. The tibia can 

additionally move relative to the femur in the sagittal plane, in the coronal plane and inferior-

superior. These movements are determined and limited by the conformation of the enveloping 

soft tissues. The main ligamentous structures here are similar to the 4 providing stability. 

Ligaments prevent abnormal and limit physiological movements (22-24). Friction between 

structures during movement of the knee is reduced by bursae using synovial fluid produced 

by the synovial membrane (24, 46). The infrapatellar synovial fold, a fat-filled fold, provides 

lubrication to the joint and prevents the capsule from folding inward (24). 

Flexion movement of the knee occurs by “roll back” and sliding of the femur relative to the tibia 

(23). This movement is limited by the contact between the calf and femur (24). Active flexion 

can obtain an angle of 140°. Passively, the flexion angle can reach 160°. During flexion, angle 

Q increases due to internal rotation of the tibia and lateralization of the patella. Extension 

causes pinching of the menisci between the joint surfaces (23). The two collateral ligaments 

have a dorsal location of the femoral, tibial and fibular axes that causes them to relax on flexion 

and tighten on extension. They provide resistance at extension above 5 to 9° (24). The 

opposite effect is obtained by the superficial anterior fibres of the MCL (23). The extension is 

accompanied by external rotation of the tibia relative to the femur (23, 24). At the end of the 

extension, internal rotation of the tibia inevitably occurs (24). Overextension of the knee is 

prevented by both cruciate ligaments (23). 

Rotation of the knee occurs between the tibia and the menisci. The lateral meniscus follows 

the rotation, the medial deforms (24). Rotation is limited by the collateral ligaments, cruciate 

ligaments and popliteus muscle. Internal and external rotation is only possible during flexion. 
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The MCL limits tibial external rotation and anterior translation. The LCL limits internal rotation. 

Both cruciate ligaments stretch during, and thus limit, internal rotation. The popliteal muscle 

limits external rotation (22-24).  

Abduction and adduction are significantly limited by the collateral ligaments, ACL and 

popliteus muscle. The MCL prevents deviation during valgus loading of the knee, the LCL 

prevents varus position (22-24).  

3.4. Cartilage 

The cartilage in the knee joint causes minimal friction and simplifies the transfer of load to the 

subchondral bone. Cartilage enables joints to be loaded repeatedly (30). Proteoglycans of the 

cartilage, in interactions with the interstitial fluid, provides compressive resilience during static 

loading. The collagen network modulates mechanotransduction by tensile, push and frictional 

forces (30, 31). These develop a solid matrix that optimally resists tensile, compressive and 

shear forces during dynamic and static loading of the joint (31). The orientation in de superficial 

layer causes maximum stresses during compression and movement of the joint. Tensile 

stiffness and strength are strongly related to the orientation of the fibres relative to the applied 

stress (32). The middle layers play a role in shock absorption. The deepest layer is responsible 

for anchoring the cartilage to the bone (33). Chondrocytes are responsible for the homeostasis 

of cartilage (30). The homeostasis of the avascular cartilage also depends on synovial fluid 

and subchondral bone. The synovial fluid supplies the superficial layers with nutrients through 

diffusion. Deeper layers are nourished by the subchondral bone (34). The synovial fluid also 

has a central role in the biomechanical behaviour and lubrication of cartilage (30). 

4. Osteoarthritis of the knee 

4.1. Pathogenesis 

OA presents a heterogeneous clinical picture of progressive mono- or polyarthritis (3). It 

primarily affects the hand, knee, hip and spine joints (7). An imbalance between load and load 

capacity disrupts the integrity of cartilage (3). Mechanical loading, biomechanical factors and 

genetic factors affect chondrocytes, disrupting the balance between catabolic and anabolic 

processes (2). The active degenerative process successively affects the cartilage and 

subchondral bone (6). The pathological breakdown leads to a regenerative process with 

sclerosis (a hypertrophic reaction) and osteophytes (bone remodelling), which maintain the 

catabolic processes (2). Secondary synovial inflammation develops, which can cause further 

tissue breakdown and pain. Eventually, the entire cartilage will break down (2, 3, 7). 
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Aging is the main risk factor for articular cartilage damage (3). People with mechanical joint 

injuries, a history of surgery on the joint, repeated overuse, joint laxity, local mechanical factors 

such as stance abnormalities and congenital joint defects, metabolic syndrome, a genetic 

predisposition or certain epigenetic factors, muscle weakness, female gender and oestrogen 

deficiency are more likely to develop the disabling condition. Diet and ethnicity are also thought 

to influence the onset of cartilage damage (2-4, 7). Biomechanical risk factors specific to OA 

of the knee are atrophy of the quadriceps muscle, ACL injury, meniscus injury or 

meniscectomy and varus or valgus position of the knees. The function of the quadriceps 

muscle as a pressure buffer and patella stabilizer is impaired by atrophy of the muscle. An 

ACL or menisci rupture possibly leads to the development of OA by initiating an acute phase 

response in the knee joint and altering the static and dynamic loading in the knee. The 

meniscus is also a shock absorber of the knee. When damaged, this protective function 

decreases which increases the risk of cartilage injuries. Varus and valgus positions increase 

the load on the medial and lateral compartments of the tibiofemoral joint, respectively, which 

can cause OA at these sites (51-54). 

4.2. Clinic 

The most characteristic symptom of OA is joint pain when loaded. This is chronic mechanical 

pain due to erosion of cartilage tissue causing friction between bones (2). The pathological 

processes lead to deformation of the joint (3). A later stage of OA leads to sagging and 

weakening of muscles and tendons (7, 52). The previous factors can lead to a crippling loss 

of function, stiffness, joint instability and activity limitations that can give rise to severe agitation 

and depression (2-4, 7). Radiographically, erosions at the level of articular cartilage, narrowing 

of the articular fissure due to cartilage loss, bone cysts, osteophytes, sclerosis, bone marrow 

lesions and low-grade synovitis can be identified (2, 3, 7, 55). 

4.3. Imaging modalities 

4.3.1. X-ray 

Staging of the severity of knee OA can be based on clinical symptoms, radiological 

abnormalities and progression. In clinical practice, staging from radiographs is used for the 

primary diagnosis and progression of OA, for example the Kellgren and Lawrence 

classification (table 2) (52, 56, 57). 

Table 2: Staging of OA of the knee after Kellgren and Lawrence (52, 56, 57). 

Stage 0 Normal 
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Stage 1 Starting OA: incipient osteophytic lipping on eminences 

Stage 2 Incipient joint space narrowing, limited subchondral sclerosis 

Stage 3 Minimum halved joint space, rounded femoral condyle, extensive subchondral sclerosis, 
large/multiple osteophyte formations 

Stage 4 Joint destruction, minimal joint space, subchondral cysts, subluxated joint 

4.3.2. Magnetic resonance imaging 

An MRI scan is more useful than other imaging techniques for examining soft tissue and 

organs (58). MRI is therefore the preferred technique for assessing cartilage (55). MRI 

recordings create cross-sectional images composed of voxels (59). It does not use harmful 

ionizing radiation for imaging, but it does use a harmless magnetic field. Another advantage 

is that MRI is a multiplanar imaging technique. Images can be taken in the sagittal, coronal, 

transverse and oblique planes. Images can be displayed in two-dimensional (2D) or 3D form 

(58, 60). Last but not least, depending on the settings, highly qualitative imaging is obtainable 

(58). 

The equipment and installation for an MRI examination are expensive. Therefore, the number 

of examination sites is limited, resulting in a long waiting time (58). The tunnel shape, limited 

space and intense noise can create a claustrophobic feeling. A burning sensation at the site 

of a tattoo may cause additional discomfort. Moreover, it is a lengthy examination compared 

to other imaging techniques (58, 60). This prolonged image acquisition results in numerous 

images that require large storage space. The quality of the images can be disrupted by metal 

and motion artifacts and variations in magnetic field strength (55, 58, 60). 

Metal is a barrier to MRI examinations. In the presence of movable iron- or nickel-containing 

objects (cerebral vascular clamp, heart valve prostheses, copper coil, metal splinter, bullet, 

etc.) in the body, an MRI scan is contraindicated (58, 60). Due to interference between metal 

and magnetic current, immobile metals (such as an artificial joint) may be a relative 

contraindication. All removable metals on the body should be removed (58). Similarly, 

implanted electrical and/or magnetic medical devices (pacemaker, defibrillator, electro 

stimulator, nerve stimulator, bladder stimulator, drug pumps, cochlea implants and magnetic 

dental implants) may be interfered with by an MRI examination. If a short shutdown of the 

device is possible (according to the pump's managing centre and in independent patients), the 
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MRI scan can still be performed if necessary. A final obstacle is a pregnancy. An MRI 

examination during the first pregnancy trimester is not recommended (58, 60). 

4.3.3. Computed tomography arthrography 

CT arthrography employs a water-soluble iodinated contrast agent which is injected intra-

articularly and diffuses into the cartilage (61, 62). The integrity of the articular cartilage can be 

evaluated by the characteristics of contrast diffusion. CT imaging has a high sensitivity to 

changes in bone allowing detection of subchondral bone lesions. CT with contrast has a better 

resolution than MRI making subtle cartilage changes due to OA observable (62). 

Disadvantages of the imaging technique are the use of ionizing radiation and intra-articular 

contrast injection, with infection and allergy risk (61, 62). 

4.4. Treatment 

Interventions that cause curation or stagnation of OA are non-existent (3). The treatment goal 

is pain relief, improvement of quality of life and preservation of functional ability and mobility 

(2, 7). The severity of the debilitating joint disease determines the treatment (3). Non-

pharmaceutical interventions include weight reduction, assistive devices, lifestyle modification, 

muscle strengthening, neuro training, exercise and aerobic training. These interventions have 

preventive and possibly symptom-relieving effects (2, 3, 7). Intra-articular hyaluronic acid may 

be considered (2). Glucosamine and chondroitin sulphate supplements are widely used 

notwithstanding their effectiveness is questioned (3). The pharmacologic approach to OA 

treats pain and joint inflammation with analgesics and corticosteroid infiltrations into the joint 

(2, 7). 

Arthroscopic debridement of the knee can be considered in the early stages of OA. For 

patients with unicompartmental OA of the knee, often accompanied by a varus or valgus 

position, a corrective osteotomy is a possible procedure. Depending on the malalignment 

location and the surgical expertise, a wedge is either cut out or inserted in the proximal tibia, 

distal femur or in both, to neutralize the lower limb alignment. The weight-bearing part of the 

joint is thereby moved from the arthritic to the healthy compartment possibly resulting in pain 

relief, functional improvement, slowing of OA progression and postponement of joint 

replacement surgery (63). Arthroplasty is the final treatment (3, 63).   
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The hypothesis of the study 

1. Long-term approaches and goals 

The long-term approach of this study is to design a personalized musculoskeletal and 

biomechanical model of the knee based on statistical analyses of data from a gait analysis 

and MRI examination. This will allow the force and pressure distribution in the knee joint and 

soft tissue anatomy to be accurately predicted in clinical settings. This model can estimate the 

biomechanical risk of OA although risk factors and OA do not have a one-to-one relationship. 

Prevention in high-risk individuals will be able to delay or prevent the development of OA. 

Relying on the prediction, a more correct diagnosis could be made, and if necessary, a more 

optimal surgical treatment could be applied. 

To achieve the biomechanical goal, a 3D model of the knee anatomy must first be created 

from 2D CT or MRI images. With these models and the results of gait analysis, a script will be 

developed to predict the force and pressure distribution in the knee joint.  

2. Student's task 

This experimental master's thesis focuses on the cartilaginous anatomy of the knee, 

specifically the right distal femur. The investigation of kinetics in the knee joint and other 

anatomical structures of the knee, both parts of a comprehensive study, are not discussed in 

this thesis. For the current study, a total of 60 healthy subjects were recruited by students and 

doctoral students. In the first 4 months, the students were expected to set up a Cally® where 

subjects could designate a day they wanted to participate, send emails with information about 

the study day and perform supportive work during MRI image acquisition. During the later time 

frame of the master's thesis, the distal parts of the femur, the proximal parts of the tibia and 

the cartilage of the femur were segmented in the Mimics® software. The final step was to 

perform a validation study of predicted cartilage geometry.  
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Materials and methods 

1. Study population 

The number of subjects was based on the study by J. Van Houcke et al. in which 57 subjects 

participated to predict personalized kinematics in the hip during squatting (64). This number 

of subjects proved sufficient to predict the kinetics of a movement that is more complex than 

walking, which will form the studied kinetic action in this work. With 60 subjects, the 

expectation was to have sufficient information to reliably predict the anatomy at the knee level  

and kinetics during walking. 30 subjects are sufficient for the validation study of knee cartilage 

mapping.   

1.1. Inclusion criteria 

The inclusion criteria in this study were complaint-free and mobile subjects in order not to 

distort the results of the gait analysis. Male and female subjects between 18 and 50 years old 

were included. The age limits were set because younger knees may be immature and the risk 

of cartilage lesions increases with age (3, 65). 

1.2. Exclusion criteria 

The following exclusion criteria were maintained: a history of surgery of the hip, knee or ankle, 

intra- and extra-articular fractures of hip, knee or ankle in the past, known cartilage damage 

in one of the weight-bearing joints, recurrent patellar luxation’s, ankle laxity after multiple 

sprains, presence of contraindications for MRI (Introduction – 4.3.2), diabetic foot disease or 

neurological conditions that interfere with a smooth gait pattern. Individuals scoring 3 or more 

on the visual analogue scale for pain (VAS-p) at either the hip, knee or ankle at the time of 

inclusion were excluded. The VAS-p score is a linear measurement scale where individuals 

indicate the degree to which they experience pain (66). 

1.3. Recruitment 

The recruitment of subjects was done by distributing a flyer (appendix C). The inclusion and 

exclusion criteria were presented to potential participants to verify eligibility. The contact 

details and some demographic data of suitable subjects were stored after pseudonymization. 

The demographic data requested included age, height and weight. These last two 

characteristics are important for the settings of the MRI device. Contact details were given to 

participants where they could go with questions. Prior to the study initiation, participants 

received an e-mail with the exact time and location of their participation, the expected time 

frame and a request to bring non-reflective shorts. These shorts were necessary in order not 
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to interfere with the gait analysis results. All subjects signed an informed consent before gait 

analysis. Required documentation pre- and post-MRI scanning was filled (appendix D, E and 

F). 

2. Data collection 

During gait analysis, the gait pattern was recorded on a flat surface and an ascending and 

descending slope requiring reflective markers at certain anatomical points. These markers 

were placed on predefined anatomical landmarks marked on the body. During the MRI 

examination, paintballs were taped to exactly these markings. Through imaging, the true 

anatomical landmarks of the gait analysis were determined ensuring proper analysis of 

kinetics. 

2.1. Kinetic reference points 

Kinetic markers were used for gait analysis. There were 54 markers placed, 27 on each leg 

(figure 12 and table 3).  

(a)   (b)   

(c)    (d)  
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Figure 12: Kinetic marker protocol visualized on the left leg of subject 30 (table 3). (a) Frontal coronary 
view of the left hip. (b) Posterior coronary view of the left hip. (c) Lateral sagittal view of the left leg. (d) 
Medial sagittal view of the left lower leg. 

 

Table 3: Kinetic marker protocol – the legend by figure 13. 

1 Left anterior superior iliac spine 

2 Left posterior superior iliac spine 

3 Left upper ⅓ of the thigh  

4 Left thigh (middle lateral ⅓ of the thigh, just below swing of the hand) 

5 Left lower ⅓ of the thigh 

6 Left knee (lateral epicondyle, 1,5 cm above the joint line) 

7 Left head of the fibula 

8 Left lateral lower shank (⅓) 

9 Left lateral malleolus 

10 Left lateral calcaneum (same distance from the heel as the sustentaculum tali) 

11 Left lateral border of the base of the 5th metatarsal 

12 Left lateral border of the head of the 5th metatarsal 

13 Left dorsal over the interphalangeal joint of the 5th digit 

14 Left dorsal over the interphalangeal joint of the 3th digit 

15 Left dorsal over the metatarsophalangeal joint of the 3th digit 

16 Left medial femoral condyle 

17 Left tuberositas tibiae 

18 Left 3-4 cm above the ankle joint centre 

19 Left dorsal over the hallux 

20 Left medial border interphalangeal joint of the 1st digit 

21 Left medial border of the head of the 1st metatarsal 

22 Left medial border of the base of the 1st metatarsal 

23 Left sustentaculum tali (same distance from the heel as lateral calcaneum) 

24 Left inferior heel 

25 Left posterior wand marker calcaneus 

26 Left superior heel 

27 Left medial malleolus 

2.2. MRI reference points   

The MRI and kinetic reference points corresponded. Additional markers were positioned at 2 

transition zones of the scan blocks. The first zone was determined by measurements of 30 

and 40 cm down from the highest point on the iliac crest, parallel to the leg. In this created 

zone of 10 cm, 9 additional paintballs were pasted: 3 laterally and 3 medially on 1 leg from 

anteroproximal oblique to posterodistal and 3 medially in a similar manner on the other leg. 

The second overlap zone was created on the lower leg by measuring 40 cm downward from 

the 2 boundary points of the first zone. Again, 9 MRI markers were pasted in a similar manner 

(figure 13).  
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(a)    (b)   

(c) (d)  

Figure 13: Placed MRI markers visualized on the left leg of subject 30. (a) Frontal coronary view of the 
left hip. (b) Posterior coronary view of the left hip. (c) Lateral sagittal view of the left leg. (d) Frontal 
coronary view of the left leg. 

2.3. Positioning 

The subjects were placed in a supine position on the MRI table with the feet facing the MRI 

opening. A pillow was placed under the head and towels over the legs to make the 

approximately 45-minute scan more comfortable and prevent cold. The legs were placed on 

a leg rest. The feet were placed just over the edge of the leg rest. For optimal detection of the 

MRI signal and reduced range of motion, a body coil was placed over the abdomen and hips 
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and a peripheral leg coil was placed over the legs, both as close to the body as possible (58). 

The isocentre of the body coil had to be centrally located between the left and right hip bones. 

The toes were inserted through one of the lower openings of the peripheral coil so that 

dorsiflexion of the foot was comfortably obtained. The localization laser was placed between 

the feet of all subjects so that everyone was brought to the centre of the MRI tube in the same 

way. 

2.4. Scan settings  

The examination required an image from the iliac crest to the feet. Based on the applied MRI 

markers, 4 scan blocks were created with a sufficiently large overlapping zone allowing to 

complete the lower limb. In the sagittal plane, 3 scan blocks of 40 cm each were created to 

image the leg from the upper point of the iliac crest to the heel. The fourth scan block was 

taken obliquely, parallel to the axis of the foot. Flash images, some lower quality cross 

sections, preceded the actual scan. The aim was to check the positioning of the subjects and 

reset the scan blocks if necessary. Due to the positioning on the table, the MRI was set to 

supine - feet first. 

2.5. Used sequences 

The SIEMENS/Prisma_fit scanner with a 3 tesla magnetic field from UZ Ghent was used for 

the study. The MRI was adjusted to certain sequences needed for the study (table 4). 

Table 4: Details of the MRI sequences. 

Sequence Thickness of 
slices (mm) 

Repetition time 
(ms) 

Echo time (ms) Pixel (mm) 

Optimisation of 
magnetization-
prepared rapid 
gradient echo 
(MP-RAGE) 

0.900 2200 2.62 0.904018 

3. Data processing 

3.1. Segmentation of the knee 

Mimics Medical 21.0® was used for the segmentation of the knee. Classic manual staining 

was preferred as the segmentation method of the distal part of the femur, the proximal part of 

the tibia and the right femoral cartilage from the second scan block. To start the segmentation, 

a new mask was added whose predefined threshold was set to the maximum. This mask was 

used for the multiple-slice operation that was set to LiveWire and Auto-interpolate (appendix 

G).  
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3.1.1. Bones 

The segmentation of the femur and tibia were marked on the contours of the cortex (figure 14 

and 15). Mimics® automatically drew the line between two consecutive manually placed points. 

Approximately 30 and 25 points were placed per slice for the femur and tibia, respectively. If 

it was observed that mimics® did not follow the correct lines, the cortex was manually outlined 

by hovering the cursor over the edge. Of the 240 slices created, of which about 1/3 contained 

bone, an average of 35 were manually coloured. Intermediate slices were automatically 

coloured by setting auto-interpolation. Since the study focuses on the cartilage in the knee 

joint, extra attention was paid to correctly segment the epiphyses. 

(a) (b)  

Figure 14: Segmentation of the left femur of subject 18. (a) Outlining the femoral cortex. (b) Completely 
segmented slice. 

(a) (b)   

Figure 15: Segmentation of the left tibia of subject 18. (a) Outlining the tibial cortex. (b) Completely 
segmented slice. 
 

To obtain the desired 3D model, the part was calculated with optimal quality. To obtain a 

realistic bone, the angular calculated 3D bone was smoothed (figure 16). 
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Figure 16: The frontal coronary view of the left femur (yellow) and tibia (blue) of the smoothed calculated 
parts of subject 18. 

3.1.2. Femoral cartilage 

The segmentation of the right femoral cartilage was obtained similarly to the segmentation of 

bones (figure 17). This involved following the contour of the cartilage. The segmented cartilage 

was viewed sagittally, coronally and axially and optimised if necessary. Approximately, each 

slice was segmented individually. The same additional steps were followed as for bone to 

obtain a 3D model (figure 18). 

(a) (b)  

Figure 17: Segmentation of the right female cartilage of subject 5. (a) Outlining the cartilage edge. (b) 
Completely segmented slice. 

 

(a)  (b) (c) (d)  

Figure 18: Smoothed right 3D cartilage model of subject 5. (a) The left front oblique view of the femoral 
cartilage (pink). (b) The anterior coronary view, (c) inferior axial view and (d) posterior coronary view of 
the distal femur (yellow) and cartilage. 

4. Creating full legs 

The available SSM of the complete lower limb, as developed by Audenaert and colleagues 

(67), was fitted on the 3D subject-specific osseous structures in the development of a subject-

specific, osseous full lower limb model. 
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5. Automatic femoral cartilage prediction 

The cartilage mapping was based on average cartilage thickness measurements. By way of 

manual segmentation and following averaging, an average node-specific thickness map was 

developed. For subject-specific cartilage prediction, this average cartilage thickness map was 

scaled by femoral length. For every node, the cartilage is modelled by moving the specific 

node over a scaled, node-specific distance along the node-specific normal (figure 19) (13). 

Opposing a 0 mm thickness on the nodes located at the edges, the cartilage blended smoothly 

into the bone. The mean femoral cartilage thickness of the prediction model was 1.41 mm with 

a range of 0.37 to 3.08 mm. Maximum local cartilage thicknesses were located at the 

patellofemoral joint surface and the posterior condyles. 

 

Figure 19: Detail image on MRI of the sagittal view of the femoral condyle. The vertex (blue line) and 
cartilage surface (red line) from the node-specific cartilage thickness along the normal of the vertex.  

6. Validation automatic prediction vs. manual segmentation 

To validate the above-described method for cartilage prediction, Mimics®, MeshLab® and 

MatLab® were used. The distal femur and distal femoral cartilage were considered as 1 entity 

for which the segmented piece of the femur with the cartilage in Mimics® must be merged. 

This was done by selecting the 2 necessary masks and performing a boolean unite operation. 

The obtained 3D structure is opened in MeshLab® where duplicate faces and vertices were 

removed. 

For the 30 included subjects, the RMSE (square root of the average of all absolute squared 

distances, the deviation size/ accuracy), the ASD (the average of all surface distances) and 

the HD (the maximum absolute distance) were calculated between the cartilaginous 

coordinates obtained from manual segmentation and the predicted coordinates of the cartilage 

layer, using a MatLab® script.  
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7. Statistical analysis 

The normality of the 30 case-specific values was verified. The RMSE, ASD and HD values 

were imported into SPSS® and the Shapiro-Wilk test was performed. 
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Results  

1. Study population 

Recruitment of subjects yielded 81 persons. Of these, 38 subjects were scheduled for the 8 

study days that were conducted. During the course of the study, 4 subjects dropped out due 

to difficulties in the gait analysis, a possible pregnancy and 2 did not show up at the 

appointment. This validation study was eventually administered to 30 randomly selected 

healthy adults. Only 1/5 of the subjects were women. The mean demographics of the study 

population were 23.5 years in age, 179.22 cm in height and 69.73 kg in weight. The 

department of orthopaedics at UZ Ghent used a dataset of 53 Caucasian males between 17 

and 25 years of age without obesity, a mean body mass index of 21.70 kg/m2 and a mean 

height of 181.79 cm to develop the SSM. 

2. Statistical analysis 

The 30 case-specific RMSE, ASD and HD values had a significance of respectively 0.005, 

0.002 and 0.324 following a Shapiro-Wilk test. 

3. Validation of cartilage thickness prediction 

For validation of the right distal femoral cartilage prediction, the median and ranges of the 

RMSE, ASD and HD were calculated and interpreted (table 5). Point-dependent deviations 

were assessed (figure 20). 

Table 5: RMSE, ASD and HD of right femoral cartilage prediction: median and range (mm). 

 Femoral cartilage 

RMSE (range) 0.6723 (0.4947 – 1.2132) 

ASD (range) 0.5580 (0.4303 – 1.0251) 

HD (range) 2.4165 (1.3110 – 4.4678)  
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(a) (b) (c)

(d) (e) (f)  

Figure 20: Visual representation of the mean point-dependent error for right femoral cartilage. A right 
distal femoral epiphysis in (a) frontal coronary view, (b) lateral sagittal view, (c) posterior coronary view, 
(d) medial sagittal view and (e) distal axial view. (f) The colour code represents the mean error with blue 
representing an error of 0 mm and yellow representing an error of 1.4 mm. 
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Discussion 

OA is the most common chronic joint disease and its prevalence is increasing (2, 4). Knee OA 

constitutes 83% of the global disease burden for OA (5). Mechanical stress on the knee is an 

important risk factor (3). Computational musculoskeletal modelling becomes more popular for 

the non-invasive estimation of joint loading distribution (9, 10). Typically these methods 

depend on cumbersome and time-consuming manual segmentation of joint geometry (11, 12). 

An SSM that predicts anatomical architecture based on imaging can overcome this 

impediment. The current study validated an automated method for personalized distal femoral 

cartilage mapping developed within the department of orthopaedics at UZ Ghent. The 

methodology and results were presented in this study.  

The choice was made to represent the median instead of the mean based on the non-normally 

distributed RMSE and ASD. Additionally, the range is displayed which presents extreme 

values. The median of all subject-specific ASDs is 0.5580 mm. This is the error relative to the 

local cartilage thickness. The median RMSE is 0.6723 mm. This value is a sensitive measure 

of large errors and outliers because of its quadrature. These deviations are tolerable. 

Nonetheless, the median HD of 2.4165 mm indicates that optimisation of the cartilage mapping 

is further required. Despite the high HD values, the average error is relatively low. Thus, there 

is a large distribution in the accuracy of node-specific prediction in a subject. The range of the 

RMSE (0.4947 - 1.2132 mm), ASD (0.4303 - 1.0251 mm) and HD (1.3110 - 4.4678 mm) 

indicate a large interpersonal variation. The cartilage anatomy could be more difficult to predict 

in certain anatomical variants. The main prediction error is located frontally, proximally and 

bilaterally on the femoral trochlea and distally at the location where the medial and lateral 

condylar cartilage meet (figure 20). The reason could be that these specific boundary 

thicknesses are more difficult to predict as well as the cartilage thickness on top of eminences. 

Based on these location-specific deviations, the automatic prediction method can be 

optimised. This would improve all calculated values in the validation study. 

Van Dijck and colleagues (18) also used a point distribution model to create an SSM of the 

tibiofemoral joint. Their study group consisted of 524 patients with a median age of 66 years. 

This population already has an increased risk of cartilage damage making the used age range 

of the validated model between 17 and 25 years more appropriate (3). The larger study 

population is superior to the 53 cases used in the developing model.     

The actual mean cartilage thickness in the distal femur is unclear. The mean from the cartilage 

map used for the automatic prediction is 1.41 mm, not consistent with the values found in the 

literature (table 1). Including the 0 values of the transition zone from cartilage to bone in the 
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mean cartilage thickness may explain the lower value. None of the authors listed in table 1 

measured cartilage thickness at the same locations, so comparing the values is less 

instructive. The values of Shepherd et al. were discussed case-specifically in the article but 

the mean was not shown (37). The mean shown in table 1 was calculated while reviewing the 

values from the article. Nevertheless, differences in cartilage thickness may find their cause 

in the used method. Despite Cohen et al. (41) and Li et al. (39) calculated the mean cartilage 

thickness using the MRI technique, which was also used for the mean value of the prediction 

model, the obtained results are divergent. The arthrogramming technique, possibly using MRI 

images, used by F.M Hall et al. (36) also shows substantial differences. Cohen et al. (41) and 

Shepherd et al. (37) conducted a cadaver study. Cartilage is significantly composed of water 

making its composition potentially altered post-mortem compared to healthy volunteers (34). 

The study by Shepherd and colleagues showed a wide variation in results because cadaveric 

specimens with already severe cartilage damage were also examined (37, 41). A large mean 

age difference was observed between the studies, which may affect cartilage thickness (3). 

The ultimate goal of the broader study is to develop a statistical model for predicting both 

musculoskeletal anatomy and biomechanical factors of the knee joint. The desired study 

population is 60 healthy subjects, with the inclusion and exclusion criteria specified in the 

materials and methods section. Additional study days are desirable to achieve this goal. 

Studies to develop a statistical model for force and pressure in the knee joint are ongoing, 

which is based on an anatomical model (9, 10). The anatomical model is also being studied. 

A nuance of the anatomic model can be obtained by taking additional imaging with knees 

flexed because soft tissue morphometry can be affected by knee position. 

1. Limitations  

The errors in the validation study should not be immediately attributed to the automatic 

prediction. This prediction is based on the distal femoral morphometry and whole femur length. 

The proximal part of the femur, required for the automatic prediction, was completed by an 

SSM (67). This works accurately but minimal variations may occur that were not taken into 

account in the validating population. A validation study using a fully manually segmented leg 

could overcome this potential interfering factor but would become more time-consuming. The 

scan blocks created in this study must be merged to obtain a full leg. A more likely explanation 

for the errors is the manual segmentation of both bone and cartilage in the prediction model 

and validation study that may be inaccurate (11, 12). Gougoutas et al. reported a coefficient 

of variation for manual segmentation of cartilage of 3.0% and 8.8% for intra-operator and inter-

operator abnormalities respectively (68). Preventing operator-dependent errors could help 

optimise cartilage prediction. A time-consuming solution could be that 2 separate operators 
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segment the same cases of which the average is used for the study. Since the prediction 

model represents an average cartilage architecture and extreme deviations in healthy subjects 

are unlikely, the prediction model could validate the quality of manual segmentation. 

An invasive or radiation-rich imaging technique cannot be used responsibly in healthy 

subjects, so MRI was preferred. Additionally, MRI appears to be the key imaging tool for OA 

(55). Nevertheless, the spatial resolution in the study was insufficient to accurately distinguish 

cartilage from bone or cartilage from each other. Parts of cartilage were segmented as bone 

and vice versa, certain voxels were incorrectly not counted as bone or cartilage and voxels 

outside anatomical structures were counted as bone or cartilage because of the large voxel 

size. The sides of the voxels of the images used for the validation study are 0.904018 mm 

(table 4). This makes an error of about 1 mm likely when a voxel extra or less is added to the 

anatomical structure. This inaccuracy was facilitated by counting the entire voxel to bone or 

cartilage when only a part of it was segmented. By following the outline of cubes to capture 

the contours of anatomical structures, the result of manual segmentation was angular. A small 

error remained after smoothing. A validation study on higher-quality images seems to be 

required. 

The prediction model is based on 53 Caucasian males between 17 and 25 years of age without 

obesity and with an average height of 181.79 cm. These may not be representative of the 

entire population. Global generalization of the prediction model is debatable given genetic, 

cultural and environmental differences. Gender extrapolation is also arguable given the higher 

risk of OA in women (2). Cartilage thickness decreases with age making this factor to be 

incorporated when applied in clinical practice (4). Weight also affects cartilage thickness (3). 

The study population of the validation study consisted of Belgians, mainly men, with a mean 

age of 23.5 years, 179.22 cm and 69.73 kg. No subjects with a high BMI participated. Of the 

30 subjects, only the right distal femoral cartilage was validated. A next validation study should 

include a cross-cultural study population with more women and greater weight discrepancies 

examining the left distal femoral cartilage as well. 

2. Strengths 

By fully manually segmenting the distal femoral cartilage and the distal part of the femur, small 

anatomical deviations from the standard shape are detected and included in the validation 

study of the prediction model. These may be missed when using a SSM.  

The anatomical prediction model will potentially be applied in the clinic and replace time-

consuming, operator-dependent manual segmentation. Patient-specific analyses of intra-

articular joint stress, forces and pressures in a biomechanical model will be more accessible 
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to perform. Personalized interventions will be easier to implement based on a prediction 

model. The individualised approach in surgery has already been proven beneficial (20, 21). 

MRI images, which are difficult and expensive to acquire, are not necessary for the prediction 

model given that CT images can be used (58).  
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Conclusion 

OA of the knee is prevalent and expected to increase with the aging of the population and an 

increase in obesity. Particular anatomic and biomechanical factors confer increased risk. SSM 

can detect these factors more efficiently by replacing cumbersome and operator-dependent 

manual segmentation. Estimating joint forces on the knee and soft tissue function in the knee 

and predicting secondary kinematics of the knee will be possible and patient-specific joint 

preservation or replacement surgery of the knee will be applicable using a prediction model. 

These purposes require additional research. In this study, cartilage mapping of the distal femur 

was validated. Despite optimisation being further warranted, the validation study yielded 

hopeful results.   
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Appendix B: Dutch summary 

Inleiding: Congruente, wrijvingsarme beweging tussen de articulerende oppervlakken van een 

synoviaal gewricht is een cruciale voorwaarde voor een duurzame en efficiënte 

gewrichtsfunctie. Wanneer echter stoornissen optreden in de vorming of het onderhoud 

(homeostase) van gewrichten, zullen mechanische overbelasting en artrose volgen. Artrose 

is de meest voorkomende chronische gewrichtsziekte met een wereldwijde prevalentie van 

7%. Artrose in de knie vormt 83% van de wereldwijde ziektelast voor artrose. De prevalentie 

verergert met de tijd en zal naar verwachting blijven oplopen als gevolg van toenemende 

obesitas en trends van een vergrijzende bevolking. Contra-intuïtief is er weinig bekend over 

de etiologie en oorzaken van het ontstaan en de progressie van de ziekte. Aangezien het in 

vivo meten van contactkrachten in het kniegewricht een uitdaging blijft, worden 

computermodellen van het bewegingsapparaat steeds populairder voor niet-invasieve 

schattingen van de verdeling van de gewrichtsbelasting. Meestal zijn deze methoden 

afhankelijk van omslachtige en tijdrovende handmatige segmentaties van de 

gewrichtsgeometrie. Het doel van de huidige studie is het valideren van een geautomatiseerde 

methode voor gepersonaliseerde distale femorale kraakbeenkartering, ontwikkeld binnen de 

afdeling orthopedie van het Universitair Ziekenhuis Gent. 

Materialen en methoden: In de validatiestudie werden 30 proefpersonen geïncludeerd. Zij 

voerden een kinetische studie uit en ondergingen magnetische resonantiebeeldvorming van 

de onderste ledematen. Door manuele segmentatie werd een driedimensionaal beeld van het 

distale femur, proximale tibia en het rechter distale femurkraakbeen gegenereerd. De gehele 

femur, nodig voor de kraakbeenkartering, werd gereconstrueerd met behulp van een 

statistisch vormmodel. De voorspelling van de kraakbeengeometrie door middel van een 

knooppuntspecifieke diktekaart werd vergeleken met de manuele segmentatie. 

Resultaten: De validatiestudie van de geautomatiseerde distale femorale kraakbeen kartering 

resulteerde in een mediane Root Mean Square Error (RMSE) (0,6723 mm), Average Surface 

Distance (ASD) (0,5580 mm) en Hausdorff Distance (HD) (2,4165 mm) met de bijbehorende 

range. Visuele illustratie van locatie specifieke afwijkingen beschrijft de gebieden met de 

grootste fout. 

Discussie: De fout ten opzichte van de lokale kraakbeendikte is een aanvaardbare afwijking. 

De mediane HD geeft aan dat verdere optimalisatie van de methode gerechtvaardigd is. 

Ondanks de hoge HD-waarden is de gemiddelde fout relatief laag. Er is dus een grote 

spreiding in de nauwkeurigheid van de voorspelling bij een proefpersoon. De range van de 

RMSE, ASD en HD wijst op een grote foutenvariatie tussen de proefpersonen. De 

belangrijkste voorspellingsfout bevindt zich frontaal, proximaal en bilateraal op de femorale 



 

E 
 

trochlea, en distaal op de plaats waar het mediale en laterale condylaire kraakbeen 

samenkomen. Deze fouten zijn niet enkel afkomstig van het voorspellingsmodel. 

Conclusie: Een statistisch vormmodel kan anatomische en biomechanische risicofactoren 

efficiënter opsporen door omslachtige en operator-afhankelijke manuele segmentatie te 

vervangen. Het schatten van gewrichtskrachten op de knie en de weke delen functie in de 

knie en het voorspellen van secundaire kinematica van de knie zal mogelijk zijn en 

patiëntspecifieke gewrichtspreservatie of vervangingsoperatie van de knie zal toepasbaar zijn 

aan de hand van een voorspellingsmodel. Ondanks dat optimalisatie van het 

kraakbeenkarteringsmodel verder gerechtvaardigd is, leverde de validatiestudie hoopvolle 

resultaten op.  
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Appendix C: Flyer to recruit subjects 
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Appendix D: Informed consent  
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Appendix E: Pre-MRI examination questionnaire 
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Appendix F: Post-MRI examination questionnaire 
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Appendix G: Segmentation settings 

1. The setting of the masks 

 

2. The settings of the multiple-slice edit 

 

3. The settings of the region grow 

 

4. The settings of the smooth 
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