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Chapter 1

General introduction 
Patellofemoral pain
Patellofemoral pain (PFP), commonly referred to as patellofemoral pain syndrome (PFPS) 
or anterior knee pain (AKP), is a common knee complaint in both active and sedentary 
individuals. PFP is characterized by pain behind the patella, often triggered by activity 
in the patellofemoral joint (i.e., running, squatting, stair climbing, cycling) or prolonged 
sitting1. Symptoms of PFP include crepitus, feeling of giving way, stiffness and sensations 
of swelling2. These symptoms often result in reduced physical activity, potentially 
reducing the quality of life and fitness of individuals with PFP3. Particularly interesting 
is the relatively high prevalence in adolescents and young adults compared to other 
musculoskeletal disabilities. Prevalence rates between 7-28% have been reported, with 
the highest prevalence in adolescent women1,4.

Patellofemoral Osteoarthritis
Patellofemoral osteoarthritis (PFOA), a subdivision of knee osteoarthritis (OA), has very 
similar symptoms and characteristics as PFP. PFOA is also characterized by pain behind 
the patella, especially during stair walking, although not all patients with PFOA have these 
complaints. Young individuals with knee complaints are often diagnosed with PFP, while 
older patients are diagnosed with PFOA. This difference is partially due to age being one 
of the diagnostic criteria for knee OA5. Therefore, PFOA is more prevalent in older aged 
individuals compared to PFP, with again a higher prevalence in women6.

Disease Continuum
Several key figures in the PFP and PFOA research fields have raised the hypothesis that PFP 
might be a precursor to PFOA7–9. The disease continuum hypothesis is supported by multiple 
factors. Firstly, there is an overlap in symptoms (i.e., anterior knee pain, painful crepitus, 
pain with stair climbing, pain with prolonged sitting)10–13. Secondly, there is an overlap in 
biomechanical risk factors (i.e., patellofemoral joint malalignment, patellofemoral joint 
maltracking and quadriceps dysfunction)13–16. Thirdly, there is an overlap in more general 
risk factors such as female sex12,17. However, direct associations between PFP and PFOA 
to support the disease continuum hypothesis have been elusive because of the lack of 
longitudinal data7. Moreover, structural abnormalities associated with the presence of 
PFOA on MRI have not been related to the presence of PFP18. Interestingly, some structural 
abnormalities related to OA are already seen in both young PFP patients but also in matched 
healthy controls. We hypothesize that because of the multifactorial nature of PFP there 
might be some specific subgroups in which structural abnormalities associated with PFOA 
are already present in young individuals with PFP19. These potential subgroups are of 
specific interest because of possible further research into the pathogenesis of PFP and 
insights in the possible disease continuum to PFOA.
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General introduction

Alignment and Shape
To gain a better insight in the possible continuum of PFP to PFOA we focused on alignment 
and shape in this thesis. Alignment and shape have been used quite interchangeably in the 
literature; I use this terminology as following. Alignment describes the relative position 
from one structure compared to another structure, for example, the Insall-Salvati ratio 
describes the relative position between the femur and the patella. Shape measures describe 
the shape of a single structure, such as the shape of the patella by itself or the sulcus depth 
on the femoral head.

While biomechanical factors influencing joint loading such as muscle strength and joint 
alignment have both been well documented13,20, the association of joint shape with PFOA 
and especially PFP has been understudied. Furthermore, a bone shape model in which both 
PFOA and PFP subjects are represented, was missing from the literature. Because PFOA and 
PFP have overlapping biomechanical risk factors, and joint shape has been understudied 
in this population, we question ourselves whether joint shape might be a factor in the 
continuum of PFP and PFOA.

Statistical shape modelling
To investigate bone shape, we used statistical shape modeling (SSM), both in 2D and in 
3D. SSM is a powerful and versatile method used in various fields such as computer vision, 
biology and medical imaging21,22. Essentially, SSM is a mathematical approach that enables 
us to analyze and understand the variability and patterns within the shapes of an object 
(i.e., patella). SSM is a more powerful technique compared to traditional means of shape 
description, offering a statistical tool which allows quantification of shape variations 
within a population. SSM has been thoroughly used in research, showing cam impingement 
is related to osteoarthritis23 and showing bone shape features related to PFOA24. 

Scope and outline of this thesis
The scope of this thesis is to better understand the role of biomechanical risk factors in 
PFP and PFOA. We therefore study several biomechanical risk factors and investigate if 
overlap exist in biomechanical risk factors between PFP and PFOA populations. In Chapter 
216 we examine whether radiographic signs of OA are associated with patellofemoral joint 
alignment and in Chapter 325 we investigate the association between clinical symptoms 
and radiographic signs of OA, both in a young PFP population. In Chapter 426 we examine 
a possible association between both PFP, PFOA and 2D patellar shape. Chapter 5 describes 
the association between 3D patellar shape and prevalence of PFP, in addition to the 
association of radiographic signs of OA. Lastly, Chapter 6 shows associations between 3D 
patellar shape and PFOA27.

1
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Chapter 2

Abstract

Background: Patellofemoral pain (PFP) patients show increased prevalence of patellar 
malalignment. Structural and alignment abnormalities of the patellofemoral joint (PFJ) 
may play a role in development of PFP and patellofemoral osteoarthritis (PFOA).

Objectives: Evaluating associations of patellofemoral alignment and femoral geometry 
with bony and cartilaginous abnormalities in PFP patients and healthy control subjects.

Methods: Data from a case-control study were used (64 PFP subjects, 70 control subjects, 
57% female, age 23.2(6.4)). Alignment and femoral geometry measures in the PFJ were 
determined using MRI. Structural abnormalities in the PFJ associated with OA (bone 
marrow lesions, osteophytes, minor cartilage defects and Hoffa synovitis), quantified 
cartilage composition (T1ρ relaxation times) in the PFJ and perfusion within the patellar 
bone were examined using different MRI techniques. Associations were analysed using 
regression analyses, adjusted for potential confounders.

Results: Lateral patellar tilt was negatively associated with presence of osteophytes on 
both patella (OR 0.91; 95%CI 0.84 to 0.98), anterior femur (OR 0.92; 95%CI 0.84 to 0.99) and 
minor cartilage defects on patella (OR 0.91; 95%CI 0.84 to 0.99). Patella alta was positively 
associated with presence of bone marrow lesions in the patella and minor cartilage defects 
(OR 48.33; 95%CI 4.27 to 547.30 and OR 17.51; 95%CI 1.17 to 262.57, respectively).

Patella alta and medial patellar translation were positively associated with T1ρ relaxation 
times within trochlear cartilage (β 5.2; 95%CI 0.77 to 9.58, and 0.36; 95%CI 0.08 to 0.64 
respectively). None of the alignment and geometry measures was associated with bone 
perfusion.

Conclusion: Our study implies that associations between patellofemoral alignment and 
geometry and structural joint abnormalities linked to OA are already present in both PFP 
patients and healthy control subjects.
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Patellofemoral alignment, geometry, and early signs of OA in PFP population

Introduction

Patellofemoral pain (PFP) is a common knee complaint, especially in active adolescents 
and runners1. Contrary to earlier beliefs, increasing evidence suggests that PFP is not a 
self-limiting disease2,3. Different treatment strategies are applied in the treatment of PFP, 
including strengthening exercises, taping and orthoses, but the reported effects are small 
to moderate4–6. In order to optimize treatment outcomes, there is need to elucidate the 
pathogenesis of PFP. There is overall consensus that the pathogenesis of PFP is multifactorial: 
numerous factors associated with PFP have been reported in literature, but the interaction 
between these proposed risk factors and the clinical entity of PFP remains unclear7.

In a recent study several novel magnetic resonance imaging (MRI) techniques were applied 
to gain more insight in the etiology of PFP8. Although it was long believed that PFP was 
caused by chondromalacia9, van der Heijden et al. showed that structural abnormalities (e.g. 
cartilage loss and osteophytes) seen on MRI are not associated with the presence of PFP8,10. 
Additionally, no differences in cartilage composition were seen between groups11. However, 
in another study, significantly higher T1ρ relaxation times in lateral patellar cartilage 
were found in a group of maltracking (e.g. patellar tilt present) PFP patients compared to 
healthy controls, indicating an impaired biochemical composition12. A recently published 
study showed that features of radiographic and MRI-defined patellofemoral osteoarthritis 
(PFOA) are evident in 20-30% of adults aged 26 to 50 years13. This suggests that particular 
subgroups in both patient and control groups appear to have structural abnormalities 
such as cartilage lesions and osteophytes in the patellofemoral joint (PFJ) and may be 
at increased risk to develop OA later in life. PFP as a predisposing factor for PFOA has 
been hypothesized in multiple studies but strong evidence is lacking14–16. This hypothesis 
is merely based on the converging risk factors of both diseases17–19. Malalignment and 
maltracking are risk factors found in both PFP and PFOA populations20,21. Macri et al. 
recently showed in a literature review that there is strong evidence for associations 
between trochlear morphology (sulcus angle and trochlear depth) and the presence of 
PFOA20. In PFP patients it has been shown that the distance between the tibial tuberosity 
and trochlear groove (TT-TG) were larger in a subgroup of extreme lateral maltracking 
patients which indicates an association between maltracking and joint geometry22. Other 
frequently reported measures of alignment, i.e. patella alta and patellar tilt, have been 
associated with the presence of PFP23 but also with OA progression24. This suggests that 
malalignment is an important risk factor for both PFP and PFOA and that particular PFP 
patients might show early signs of OA development.

Considering that maltracking subgroups have previously been found within PFP populations25 
and maltracking has been associated with OA20, it is hypothesized that malalignment in PFP 
is associated with structural damage in the PFJ. Theref ore, the aim of the present study was 
to investigate the association between PFJ alignment and geometry measures, and structural 
changes in bone and cartilage in individuals with and without PFP.

2
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Chapter 2

Methods
Study Population
For current study purpose, data from a previously conducted case-control study were used 
in which subjects aged between 14 and 40 years with PFP and healthy control subjects were 
included8,26. PFP patients were included by their general practitioner, physiotherapist or 
sports physician if they were diagnosed with PFP based on the presence of at least three of 
the following symptoms: crepitus or pain while stair climbing, squatting, running, cycling, 
or sitting for a prolonged period with the knee flexed. A minimum symptom duration of 
two months to a maximum of two years was required for the PFP patients. Patients were 
excluded if they currently had a defined pathological knee condition of the affected knee, 
previous surgery or injury of the affected knee, or previous episodes of PFP more than 
two years ago or if onset of PFP occurred after trauma. After inclusion by the healthcare 
professional, the inclusion criteria were checked by the researcher (RA), who checked 
the presence of possible exclusion diagnoses such as tendinopathy and meniscal lesions. 
Sports team members, friends or colleagues of the PFP patients were included as control 
subjects, when possible matched for age, body mass index (BMI), sex and activity level. 
Control subjects were excluded on current or past PFP, traumatic injury or surgery on 
both knees or if they were first-grade family members of patients. Contraindications for 
contrast enhanced MRI and insufficient knowledge of the Dutch language were exclusion 
criteria for all participants. The medical ethics committee of the Erasmus MC approved 
this study (protocol MEC-2012-342), informed consent was accordingly obtained from all 
participants and the rights of the subjects were protected before measurements took place.

Measurements
All study subjects completed a questionnaire including questions on demographics (gender, 
age, BMI), sports participation (yes or no, before onset of pain and during study) and 
knee complaints (duration of the complaints, paint at rest and pain during activity using 
a numerical rating scale of 0-10 and function, measured with the Anterior Knee Pain 
Scale (AKPS) on a 0-100 scale). All subjects underwent 3 Tesla MRI (Discovery MR750, GE 
Healthcare) measurements using a dedicated 8-channel knee coil (Invivo Inc., Gainesville, 
USA). The most painful knee was chosen in patients, while a random knee was chosen if 
both were equally affected or in the case of control subjects.
MRI measurements included two 3D high resolution sequences (slice thickness 0.5 mm, 
0mm interslice gap); routine sagittal spoiled gradient echo (SPGR) sequences and routine 
sagittal fat-saturated SPGR sequences. Furthermore, 3D fast spin echo (FSE) sagittal T1ρ 
mapping sequences were acquired (slice thickness 3 mm, no interslice gap). Due to ethical 
reasons, only the adult participants underwent dynamic contrast-enhanced (DCE) MRI, 
performed with a sagittal fat suppressed 3D SPGR sequence (slice thickness 5mm, no 
interslice gap) with a temporal resolution of 10 seconds and lasting for 35 phases after 
intravenous contrast administration (0.2 mmol/kg Magnevist (Bayer)). The exact MRI 
protocol parameters can be found in online appendix 1.
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Patellofemoral alignment, geometry, and early signs of OA in PFP population

MRI Analysis

Patell ar alignment and femoral geometry
Common alignment (Insal l-Salvati ratio (ISR), patellar translation, patellar tilt) and femoral 
geometry (sulcu s depth, sulcus angle, TT-TG) measures of the PF joint were performed, 
as advised by the stepwise systematic approach of Chhabra et al27 (Table 1). The ISR was 
calculated by dividing patellar tendon length by the maximal diagonal length of the patella 
on the midline sagittal MRI image, a higher ratio indicates a higher riding patella (alta) 
and a lower ratio indicates a lower riding patella (baja). Patellar translation was measured 
as the distance between perpendicular lines drawn on an axial image from the medial 
edge of the patella through the most anterior point of the medial condyle. Positive values 
indicate lateral translation and negative values indicate medial translation. Patellar tilt 
was defined as the angle between two lines drawn along the bony lateral patellar facet 
and the tangent to the anterior femoral condyles at the level of the patellar midpoint. 
Positive values indicate tilt in the lateral direction whereas negative values indicate tilt 
in the medial direction. Sulcus depth was defined as the distance of the deepest area of 
the trochlear groove relative to the mean of the femoral condyle outsets and sulcus angle 
was defined as the angle between two lines from condyle outsets to the deepest area of 
the trochlear groove, measured on axial images. The TT-TG distance was defined as the 
maximum distance between two lines drawn perpendicular to the deepest area of the 
trochlear groove and the center of the patellar tendon insertion on the tibial tuberosity 
on axial images.

Table 1. Alignment and geometry measures

Alignment 
and shape 
measure

Definition Positive 
direction

Negative 
direction

ISR Patellar tendon length divided by 
maximal diagonal length of patella

High riding 
patella (alta)

Low riding 
patella (baja)

Patellar 
translation

Patella is translated in lateral or medial 
direction compared to trochlea

Patella is 
translated in 
lateral direction

Patella is 
translated in 
medial direction

Patellar tilt The patella is not parallel with the 
condyle outsets

Lateral tilt 
(lateral side of 
patella is closer to 
trochlea)

Medial tilt 
(medial side of 
patella is closer to 
trochlea)

Sulcus depth Depth of sulcus groove compared to 
femoral condyle outsets

- -

Sulcus angle Angle between the condyle outsets - -

TT-TG Distance between tibial tuberosity 
and trochlear groove in the axial plane 
(requires multiple MRI slices)

- -

ISR; Insall-Salvati ratio, TT-TG; tibial tuberosity trochlear groove distance

2
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Structural abnormalities
The high resolution MRI and routine clinical MRI scans were used to score structural 
abnormalities within the PF joint, using the semi-quantitative magnetic resonance 
imaging osteoarthritis knee score (MOAKS). For the present study, MOAKS scores of the 
most prevalent8 and relevant features were selected and dichotomized (0 = not present, 
≥1 = present): Osteophytes on patella, osteophytes on anterior femur, bone marrow lesions 
(BMLs) in patella, BMLs in anterior femur, Hoffa synovitis and minor cartilage defects on 
patella (Figure 1). Hoffa synovitis was defined as high signal intensity of the superolateral 
part of the Hoffa fat pad, as described by Chhabra et al27. Minor cartilage defects were 
defined as high signal intensity, hypertrophy, fraying or fissuring of the cartilage. 
Alignment and geometry measurements and scoring of MOAKS features were performed 
by a senior resident (J.L.d.K) in radiology with musculoskeletal sub-specialization. All 
findings were verified by an experienced musculoskeletal radiologist (E.O). Both readers 
were blinded for participant status8.

Cartilage composition and bone perfusion
T1ρ mapping MRI (3D fast spin echo sequence with 5 different spin lock times and a spin 
lock frequency of 500Hz) was used to quantitatively assess cartilage quality in which higher 
T1ρ relaxation time values are assumed to indicate less glycosaminoglycan28. Detailed 
methods have been described elsewhere11. For analyses, weighted mean relaxation times 
were obtained separately for femur and patellar cartilage. DCE-MRI scans were used to 
calculate Ktrans and Kep measures of blood perfusion in the patellar bone, as described 
by van der Heijden et al29,30. Weighted mean of Ktrans and Kep in the whole patella were 
calculated for analysis.

Statistical Analysis
Statistical analyses were performed in SPSS 21 (SPSS Inc, Chicago, USA). Descriptive 
statistics were used to describe subject characteristics, structural abnormalities, cartilage 
composition, perfusion parameters and alignment and geometry measures. Associations 
between alignment and geometry measures (independent variables) and cartilage 
composition, perfusion and structural abnormalities (dependent variables) were analyzed 
using multivariate linear and logistic regression techniques for each alignment or geometry 
measure separately, and adjustments were made for age, sex, BMI and the presence of 
PFP (case/control status). Linear regression results were presented by unstandardized 
regression coefficients (β) with 95% confidence intervals while logistic regression results 
were presented by odds ratios (OR) with 95% confidence intervals. Missing values were 
handled by performing complete case analysis.
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Figure 1. Structural abnormalities

1a. Osteophytes on patella (axial proton density weighted MRI), 1b. Bone marrow lesions in patella 
(sagittal T2 weighted fat saturated MRI) 1c. Hoffa synovitis (sagittal T2 weighted fat saturated MRI), 
1d. Minor cartilage defects in patellar cartilage (axial proton density weighted MRI). Arrows highlight 
affected areas.

Results

The study population consisted of 76 females (56.7%) and 58 males (43.3%), with a mean 
age of 23.2 (6.4) years and BMI of 22.8 (3.4). Perfusion parameters were available for 
35 PFP patients and 44 control subjects (adult subjects only), T1ρ relaxation times were 
available for 42 PFP patients and 50 control subjects (T1ρ sequence was unavailable at 
start of study) and structural abnormalities were available for all 64 PFP patients and 70 
control subjects. Subject characteristics are presented in Table 2. Alignment and femoral 
geometry measures were available for all subjects (Table 3). No differences in alignment 
and femoral geometry measures were observed between groups.

2
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Table 2. Characteristics of study participants.

PFP n=64 Control n=70
Female gender (n (%)) 35 (54.7) 41 (58.6)

Age (mean (SD)) 23.4 (7.0) 23.1 (5.9)

BMI (mean (SD)) 23.6 (3.8) 22.3 (3.0)

Presence of crepitation (n (%)) 29 (45.3) 20 (29.0)

Sport participation

 During inclusion (n (%)) 38 (40.6) 55 (78.6)

 Before onset of pain (n (%)) 48 (85.7) N.A.

Pain in rest, NRS/10 (mean (SD)) 3.9 (2.5) N.A.

Pain during exercise, NRS/10 (mean (SD)) 6.6 (2.2) N.A.

AKPS score, 0-100 (mean (SD)) 66.3 (11.6) N.A.

Complaint duration, months (mean, (SD)) 12.0 (7.1) N.A.

Bilateral complains 33 (51.6) N.A.

Patellar bone perfusion (Mean (SD)) n=35 n=44

 Log Mean Ktrans (min-1) -1.89 (0.31) -1.98 (0.29)

 Log Mean Kep (min-1) -0.49 (0.22) -0.58 (0.37)

Cartilage Composition (Mean (SD)) n=42 n=50

 Mean T1 ρ femur cartilage (ms) 661.6 (63.8) 659.8 (66.2)

 Mean T1ρ patella cartilage (ms) 657.8 (83.7) 669.4 (55.1)

Structural abnormalities (n (%)) n=64 n=70

 Osteophytes patella 45 (70.3) 42 (60.0)

 Osteophytes anterior femur 12 (18.8) 9 (12.9)

 BMLs patella 34 (53.1) 36 (51.4)

 BMLs anterior femur 5 (7.8) 8 (11.4)

 Meniscus extrusion 10 (15.6) 9 (12.9)

 Hoffa synovitis 29 (45.3) 27 (38.6)

 Minor cartilage defects patella 15 (23.4) 15 (21.4)

PFP; patellofemoral pain, BMI; body mass index, NRS; numerical pain scale, AKPS; anterior knee 
pain score, Ktrans; volume transfer constant from vascular space into tissue compartment, Kep; rate 
constant back from tissue compartment to vascular space, BMLs; bone marrow lesions

Table 3. PFJ alignment and geometry measures (Means (SD)) of patients and healthy control subjects.

PFP n=64 Control n=70
 ISR 1.2 (0.2) 1.2 (0.2)

 Patellar translation †, mm 0.3 (2.6) 0.4 (2.3)

 Patellar tilt †, ⁰ 8.3 (6.0) 10.1 (5.4)

 Sulcus depth, mm 6.1 (1.0) 6.2 (1.0)

 Sulcus Angle, ⁰ 137.3 (4.9) 136 (4.7)

 TT-TG distance, mm 12.4 (4.4) 12.3 (4.2)

† Positive values are in lateral direction; negative values are in medial direction.
PFP; patellofemoral pain, TT-TG; tibial tuberosity trochlear groove distance, ISR; Insall-Salvati 
ratio
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Table 4 presents the association between alignment and geometry measures and 
MRI outcomes. Lateral patellar tilt (⁰) was negatively associated with the presence of 
osteophytes on both patella and anterior femur (OR 0.91; 95%CI 0.84 to 0.98 and OR 0.92; 
95%CI 0.84 to 0.99, respectively) and minor cartilage defects on patella (OR 0.91; 95%CI 
0.84 to 0.99). In addition, sulcus angle (⁰) was negatively associated with the presence of 
Hoffa synovitis (OR 0.91; 95%CI 0.84 to 0.99) and lateral patellar tilt (⁰) was positively 
associated with the presence of Hoffa synovitis (OR 1.08; 95%CI 1.01 to 1.16). ISR was 
positively associated with the presence of BMLs in the patella and minor cartilage defects 
on the patella (OR 48.33; 95%CI 4.27 to 547.30 and OR 17.51; 95%CI 1.17 to 262.57, 
respectively). Sulcus depth (mm) was negatively associated with presence of BMLs in the 
anterior femur (OR 0.45; 95%CI 0.22 to 0.93).

ISR was positively associated with T1ρ relaxation times of the trochlear cartilage (β 5.2; 
95%CI 0.77 to 9.58) while lateral patellar translation was negatively associated with T1ρ 
relaxation times of the trochlear cartilage (β -0.36; 95%CI -0.64 to -0.08 respectively). None 
of the alignment or geometry measures were associated with bone perfusion.

Discussion

The purpose of this study was to evaluate the associations between PFJ alignment and 
femoral geometry measures, and changes in bone and cartilage associated with OA. The 
results demonstrate that, regardless of presence of PFP, several alignment and geometry 
measures already seem to be associated with cartilage and bone abnormalities at a young 
age. Patella alta, patellar tilt and trochlear geometry were associated with the presence of 
osteophytes and BMLs on both the anterior femur and patella, as well as Hoffa synovitis 
and minor cartilage defects on the patella. Additionally, patella alta and medial translation 
were associated with higher T1ρ relaxation times in the trochlear cartilage, indicating 
altered biochemical cartilage composition. In contrast to our hypotheses, no alignment 
or geometry measure was associated with bone perfusion.

Although our study provides no causality, one can speculate why some of these associations 
exist. Patella alta can result in a delayed engagement of the patella with the trochlea during 
flexion, and may therefore reduce contact area during early flexion31. The increase of shear 
stress as a result of reduction in contact area may result in bone marrow lesions and 
cartilage damage. Additionally, abnormal patellar positioning or sulcus geometry can also 
be hypothesized to reduce contact area in the PFJ during movement, resulting in higher 
shear stresses and structural damage.

Aberrant PFJ kinematics have previously been associated with malalignment25 and 
abnormal joint geometry32. These abnormal kinematics are suggested to impact contact 
areas in the joint33 and lead to increased joint stress in the PFJ34, which in turn have been 
hypothesized to induce loss of cartilage and onset of BMLs35 and structural damage19. 

2
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The findings of this study support these theories, as we found multiple measures of 
alignment that correlate to the presence of BMLs, osteophytes and minor cartilage defects. 
Although there is limited evidence of presence of greater shear stresses in PFP patients34, 
the association between malalignment, joint stresses and OA progression has been shown 
in knee valgus and varus patients36. Therefore, future research should investigate whether 
these alignment and shape measures in PFP patients indeed result in increased shear 
stresses in the PFJ and consequently result in early signs of OA. This in order to get a better 
insight in potential subgroups of PFP patients that are at high risk to develop OA at later age.

The associations between abnormal alignment and femoral geometry and the presence 
of structural abnormalities found in the present study, were equal in both PFP patients 
and healthy control subjects. Hence, there seems to be both PFP patients and healthy 
control subjects with particular bone alignment and geometry characteristics who have 
an increased prevalence of osteophytes, BMLs, Hoffa synovitis, minor patellar cartilage 
defects and deteriorated biochemical composition in femoral cartilage. This may indicate 
that a subgroup with specific alterations in alignment and bone geometry may be at greater 
risk to develop OA. It is so far unclear if these structural abnormalities will also result in 
definite OA. Further research into this young group with structural abnormalities could 
help understand the potential link between alignment and geometry and the development 
OA.

Many studies have already demonstrated an association between patellofemoral alignment 
and geometry and the presence of OA19,20. Those studies showed that patellar height, tilt 
and shallow trochleae were associated with a higher prevalence of BMLs and other signs of 
OA in the PF joint19,20. A flattened trochlea could increase the chance of a laterally displaced 
patella, causing damage in the PFJ37. Moreover, a recent multicenter study showed that 
patella alta is associated with worsening of structural features of PFOA38. It has been 
theorized that a higher riding patella increases the maximal patellofemoral contact force 
and contact pressure by increasing the flexion needed for PFJ contact39. While in the present 
study only a significant association with the presence of BMLs and minor cartilage defects 
on the patella was found, an identical trend was seen for all structural features assessed in 
this study. To further understand the influence of aberrant patellofemoral alignment and 
geometry on the later development of OA in a population with PFP, a longitudinal study 
with a long follow up is needed. While clinical implications have to be interpreted with 
caution, one could hypothesize that interventions influencing patellofemoral alignment, 
like bracing, could potentially prevent or delay the onset of OA in this subgroup.

A high riding or medially translated patella was associated with increased T1ρ relaxation 
times in femoral cartilage. The association between patella alta and the deterioration of 
the biochemical composition of cartilage may be explained by the increased contact forces 
in the PFJ, caused by patella alta39. This is in line with other studies which have described a 
loss of cartilage thickness associated with knee malalignment40. Wang et al. found higher 

2
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T1ρ values on the medial anterior femur in OA patients with knee varus41. We suspected 
lateral and medial patellar translation to have a greater association with lateral and medial 
trochlear cartilage T1ρ values respectively. However, additional explorative analyses in 
the current study with separate medial and lateral trochlear T1ρ relaxation times did 
not show a difference in the association with patellar translation between the lateral and 
medial compartment. Nonetheless, we did find a strong association between patella alta 
and impaired cartilage composition in the lateral trochlea.

No associations were found between patellar perfusion and alignment and geometry 
measures in our study. This indicates that the observed large perfusion variance between 
PFP patients in van der Heijden et al30. is probably not a result of differences in alignment 
or geometry measures between patients.

All conducted analyses were adjusted for age, sex, BMI and the presence of PFP (case/
control status). These adjustments consistently revealed that a higher age results in a 
higher prevalence of osteophytes, independent of the alignment or geometry measure. 
This seems to be in line with literature on older OA subjects in which the prevalence of 
osteophytes, and consequently OA, increases with age42. Yet, we also found higher age 
is associated with a decrease in presence of BMLs. This seems to be in contrast with 
literature describing a higher prevalence in BMLs with increasing age43. Why BMLs in our 
study populations seems to decrease with age is unclear. These associations were found 
in the total study population, but remained present in the separate control and PFP study 
subgroups.

Strengths and Limitations
This is the first study investigating the associations between alignment and geometry in 
the PFJ and abnormalities in bone and cartilage associated with OA in a young population. 
For the analyses of the present study continuous measures of joint alignment and femoral 
geometry were used to preserve statistical power, whereas clinical cut-off values for normal 
and abnormal alignment and geometry measures have been proposed in literature27. We 
therefore exploratively tested these dichotomized variables in the current study and found 
similar directions of associations, although not all remained statistically significant, which 
is likely due to a loss of statistical power44.

A relatively large number of statistical tests were used within our relatively small 
population, possibly causing false positive findings (Type 1 error). Additionally, the small 
number of participants used for analysis resulted in large confidence intervals for some 
of our analyses, limiting the precision of the association. Because a clear hypothesis was 
formed based on earlier literature showing associations between PFJ kinematics and 
structural abnormalities, we think that the study findings add unique information about 
the etiology of PFP and the value of joint kinematics and structural abnormalities.
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No rel iability data is available from the alignment, geometry and MOAKS measurements 
and we can therefore not exclude intra observer deviations in our data. However, all 
measurements were performed by experienced blinded radiologists.

Perspective
Our study showed no differences in alignment and femoral geometry measures between 
PFP and control groups. However, associations were found between alignment and 
geometry measures and structural joint abnormalities linked to OA in the PFJ in a 
young population, including PFP patients. This is in line with results found by Kang et 
all.45 showing an increase in MRI abnormalities with changes in sulcus geometry. Since 
kinematics can be changed with noninvasive treatments like bracing46 and training47, one 
could potentially delay or prevent the onset of PFOA in young people with malalignment in 
the PFJ. Further prospective studies are needed to investigate the exact relation between 
malalignment and early OA in young populations.

2
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Abstract

Study design: Cross-sectional

Background: Structural abnormalities associated with osteoarthritis (OA) are found in 
some patients with patellofemoral pain (PFP).

Objectives: Investigate the association between early signs of OA on MRI and 
characteristics from self-reported measures and physical examination in patients with PFP.

Methods: Data of patients with PFP from a cross-sectional case-control study were used 
(N=64, 55% female, mean age 23.4(7.0)). Structural OA features (osteophytes, bone marrow 
lesions, cartilage defects, Hoffa synovitis, patellar tendon abnormalities) and quantitative 
T2 measurements of cartilage composition were extracted from MRI. Associations between 
characteristics from self-reported measures (pain in rest, pain during stair walking, knee 
function, duration of complaints, hours of sports participation), physical examination 
(crepitus, quadriceps strength) and early MRI signs of OA were analyzed.

Results: Symptom duration was associated with bone marrow lesions in the patella (OR 
1.10; 95%CI [1.00-1.21]). Hours of sports participation per week was inversely associated 
with patellar tendon abnormalities on MRI (OR 0.75; 95%CI [0.59-0.97]). Crepitus and 
bilateral nature of the complaints were associated with small cartilage defects in the 
patellar cartilage (OR 11.95; 95%CI [2.25-63.61] and 7.62; 95%CI [1.08-53.75] respectively). 
No significant associations were found between clinical characteristics and cartilage T2 
relaxation time.

Conclusion: Presence of crepitus, bilateral complaints, a long PFP symptom duration and 
reduced sport participation per week seem to be associated with early signs of OA in a 
young PFP population, which may represent a distinct subgroup of patients with PFP who 
have a high risk to develop PFOA.
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Introduction

Patellofemoral pain (PFP) is a highly prevalent disorder; 12% of the patients who visit 
the general practitioner with knee pain are diagnosed with PFP1 with a peak incidence 
at adolescent age. PFP is described as pain around or behind the patella associated with 
prolonged sitting, squatting, kneeling and stair climbing2. Contrary to earlier beliefs, PFP 
is not self-limiting and entails a personal and societal burden3. Multiple studies have been 
conducted to obtain more insight in this multifactorial condition, but the exact aetiology 
is still unknown.

It has been proposed in the literature that PFP is a risk factor for the development of 
patellofemoral osteoarthritis (PF OA)4. Therefore, changes in bone and cartilage associated 
with early osteoarthritis, such as osteophytes, bone marrow lesions, Hoffa synovitis and 
deteriorating cartilage composition have been proposed as potential pathophysiological 
factors of PFP2,5,6. In addition, T2 mapping can quantitatively measure the amount of water 
molecules in articular cartilage, and has been accepted as an early sign of OA7,8 and could 
therefore play a role in understanding PFP pathophysiology.

A recent case-control study showed that a high prevalence of these early signs of OA are 
indeed apparent in patients with PFP9. However, these abnormalities were also seen in the 
healthy control population9. Nevertheless, it is still unknown whether the abnormalities 
seen on MRI in patients with PFP are related to clinical presentation and symptoms. It 
is of importance to investigate this potential association, since patients with early OA 
features may be prone to developing definitive OA in the patellofemoral joint at a later 
age. The identification of this subgroup, by means of self-reported measures and physical 
examination, could have clinical value in the education and early treatment of patients for 
preventing the development of OA later in life.

Several factors such as quadriceps weakness10, crepitation11, duration of complaints12 and 
severity of knee pain13 have previously been associated with a poor prognosis of PFP. We 
hypothesized that risk factors from self-reported measures and physical examination may 
also be associated with the early signs of OA seen in patients with PFP, and consequently 
with a poor prognosis of PFP. Although imaging outcome measures are not included in 
the routine clinical work-up of PFP14 and early signs of OA on MRI are highly prevalent 
(90%) even in a population without knee pathologies15, the identification of patient and 
clinical characteristics potentially associated with early signs of OA on MRI could help 
to identify a young population at risk of developing OA. Therefore, the aim of the present 
exploratory study was to investigate whether clinical characteristics from self-reported 
measures and physical examination are associated with early signs of OA seen on MRI in 
young patients with PFP.

3
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Methods
Study Population
Data from patients with PFP collected in a previously conducted cross-sectional case-
control study were used for the current study purpose9. Patients were recruited by 
physiotherapists, sport physicians and general practitioners. The diagnosis of PFP was 
based on presence of at least three of the following symptoms; crepitus or pain while 
stair climbing, squatting, running, cycling, or sitting for a prolonged period with the knee 
flexed9. Patients between 14 and 40 years old were included, with a minimum symptom 
duration of 2 months up to 2 years9 to improve comparability with the literature16. Patients 
with previously diagnosed knee pathologies such as clinically-diagnosed Osgood-Schlatter 
and patella tendinopathy, surgery or injury, contraindication for MRI with contrast 
administration (not used for current study purpose) and insufficient knowledge of the 
Dutch language were excluded. An institutional review board approved this study (Medical 
Ethical Committee of the Erasmus MC, protocol MEC-2012- 342), informed consent was 
accordingly obtained from all participants and the rights of the subjects were protected 
before measurements took place.

Measurements
Clinical measurements included physical examination and self-reported measures assessed 
by questionnaires. The questionnaires included questions on demographics (sex, height, 
weight and age), sports participation (average hours of sports participation per week 
at the time of inclusion), duration of complaints and pain severity during activity in the 
past week (Numeric Rating Scale of Pain (NRS Pain17). Self-reported physical functioning 
was assessed with the Anterior Knee Pain Scale (AKPS18) and bilateral complaints 
were recorded (yes/no). The subscale “stairs” of the AKPS was dichotomized t o make 
interpretation easier (difficulty / no difficulty). “Severe pain” during stair walking was 
defined as “pain both when ascending and descending” or “unable”, while “no or slight 
pain” was defined as “no difficulty” or “slight pain when descending” as the answers. The 
standardized physical examination included presence of crepitus during squatting (yes/
no), painful palpitation of the medial patellar compartment (yes/no), Clarke’s compression 
test19 and measurements of quadriceps strength20. Presence of crepitus was defined as a 
hearable grinding noise and/or palpable vibrations in the knee, detected by the hand of 
the investigator rested on the patella of the participant during loaded active flexion or 
extension of the knee. Quadriceps strength was measured three times using a handheld 
dynamometer20 (MicroFET2; Fabrication Enterprises Inc, Elmsford, NY). The two highest 
values were used to determine the mean quadriceps strength per kilogram of bodyweight. 
The affected knee or randomly chosen knee if both knees were equally painful, were used 
for all questionnaires and measurements in this study.

A 3 Tesla MRI scanner (Discovery MR750, GE healthcare, Milwaukee, WI, USA) with a 
dedicated 8-channel knee coil (Invivo Inc.) was used with a protocol that included the 
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following pulse sequences; sagittal, axial, and coronal fast spin-echo proton density–
weighted sequences with a slice thickness of 3 mm and sagittal and axial T2-weighted 
sequences with fat suppression with a slice thickness of 3 mm. The full MRI protocol can 
be found in online appendix 1.

MRI Analysis
The semi-quantitative magnetic resonance imaging osteoarthritis knee score (MOAKS21) 
tool was used to score OA features in the PF joint 22. T he MOAKS is a validated tool developed 
to study osteoarthritis. Additional patellofemoral joint features, possibly more applicable 
for this young population, were added: minor cartilage defects,  (defined as high signal 
intensity, fraying or fissuring or hypertrophy of the cartilage) patellar tendon abnormalities 
( defined as thickening or high signal of the patellar tendon) and Hoffa synovitis ( defined 
as high signal superolateral or moderate to severe edema of the Hoffa fat pad). These 
features were scored by a blinded senior resident in radiology with musculoskeletal sub-
specialization and were later dichotomized t o reduce the large numbers of MRI features 
(0 = not present, 1 = present) and in detail described by van der Heijden et al. (2016)9 . 
All findings were confirmed by an experienced blinded musculoskeletal radiologist. For 
the current study purpose, the five most prevalent and relevant features with regard to 
PFP were used for the analysis (patellar osteophytes, bone marrow lesions in the patella, 
patellar tendon abnormalities (defined as tendon thickening or high signal tendon on 
MRI), minor patellar cartilage defects (high signal, hypertrophy and fraying) and Hoffa 
synovitis)9. The T2 mapping MRI sequence was used to quantify cartilage composition with 
higher T2 relaxation times indicating a deteriorated biochemical cartilage composition23. 
Weighted mean relaxation times were calculated separately for the anterior femur cartilage 
and patellar cartilage. Segmentations were performed by a blinded experienced observer, 
further details on T2 mapping methods can be found in van der Heijden et al. (2016)22.

Statistical analysis
Statistical analyses were performed using SPSS, version 21 (SPSS Inc). Patients 
characteristics and prevalence of early signs of OA were described using descriptive 
statistics. Associations between self-reported measures, features from physical 
examination and early signs of OA were analyzed using linear (T2 relaxation times) and 
logistic regression (MOAKS features) models w ith adjustment for age, sex and BMI. The 
linear regression results were presented as unstandardized regression coefficients (β) and 
the logistic regression were presented as odds ratios, both with 95% confidence intervals. 
Missing values were handled by performing complete case analysis.

3
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Results

Sixty-four patients with PFP were included between January 2013 and September 2014 
(Table 1). The mean age was 23.4 years old and the mean BMI was 23.6 kg/m². There 
were 35 females. T2 relaxation times were available for 63 subjects (acquisition failed in 
1 patient). Structural abnormalities on MRI were scored in all subjects.

Table 1. Characteristics of patients with PFP

patients with PFP
(n=64)

Female gender 35 (54.7)

Age (mean ± SD) 23.4 (7.0)

BMI (mean ± SD) 23.6 (3.8)

Pain during activity (NRS Pain, mean ± SD)
Anterior knee pain scale (mean ± SD)
Severe pain or unable to walk stairs
Sports participants at study inclusion
Hours of sports participation per week (mean ± SD)

6.6 (2.2)
66.3 (11.6)
41 (64.1)
38 (59.4)
2.4 (2.4)

Presence of crepitus 29 (45.3)

Positive Clarke compression test 14 (21.9)

Painful palpation, medial patellar facet
Quadriceps strength (N/Kg, mean ± SD)

Structural abnormalities (n (%))
 Osteophytes patella
 BMLs patella
 Minor cartilage defects
 Patellar tendon abnormalities
 Hoffa synovitis

Cartilage composition (ms, Mean (SD))
 Mean T2 relaxation time femur cartilage
 Mean T2 relaxation time patella cartilage

31 (48.4)
3.67 (1.23)

45 (70.3)
34 (53.1)
15 (23.4)
24 (37.5)
37 (57.8)

n=63
36.6 (2.5)
33.2 (2.8)

Data are reported as n (%) unless stated otherwise.
PFP, patellofemoral pain; SD, standard deviation; NRS, Numeric Rating Scale; N/Kg, Newton per 
Kilogram; BML, bone marrow lesions; ms, millisecond

Osteophytes on the patella were present in 70.3% of the patients with PFP and bone 
marrow lesions were seen in 53.1% of the patients. Hoffa synovitis was present in 54.7% of 
the patients. Less prevalent features included abnormalities of the patellar tendon (37.5%) 
and minor patellar cartilage defects (23.4%).
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Table 2 shows the associations between clinical characteristics and structural 
abnormalities on MRI. A longer duration of complaints was associated with the presence 
of bone marrow lesions in the patella (OR 1.10; 95%CI 1.00 to 1.21). Additionally, both the 
presence of crepitus (OR 11.95; 95%CI 2.25 to 63.61) and bilateral nature of the complaints 
(OR 7.62; 95%CI 1.08 to 53.75) were associated with minor cartilage defects in the patella. 
The pre-test probability for minor cartilage defects was 23.44%, while the post-test 
probability after presence of crepitus was 44.83% for minor cartilage defects, and the 
post-test probability after bilateral nature of complaints was 27.27% for minor cartilage 
defects. Finally, number of hours of sports participation per week was inversely associated 
with patellar tendon abnormalities (OR 0.75; 95%CI 0.59 to 0.97).

No associations were found between any of the clinical characteristics and T2 relaxation 
times (Table 3).

Table 3. The association between biochemical cartilage composition and clinical characteristics 
(B, 95% CI)

T2 relaxation time 
anterior femur (ms)
(n=63)

T2 relaxation time 
patella
(ms)
(n=63)

Pain and function

Pain during activity (NRS pain, 0-10) -0.11 (-0.40; 0.18) -0.03 (-0.38; 0.33)

Pain during stair walking -0.46 (-1.72 ;0.80) 0.22 (-1.34; 1.79)

AKPS (0-100) 0.02 (-0.04; 0.08) 0.05 (-0.03; 0.12)

Clinical characteristics

Duration of complaints (months) 0.02 (-0.07; 0.11) 0.04 (-0.07; 0.15)

Bilateral complaints 0.37 (-1.00; 1.75) -0.11 (-1.81; 1.59)

Presence of crepitus 0.67 (-0.56; 1.91) 0.72 (-0.80; 2.25)

Hours of sports participation per week -0.13 (-0.37; 0.12) -0.14 (-0.32; 0.30)

Quadriceps strength (N/Kg) -0.27 (-0.84; 0.31) -0.41 (-1.11; 0.30)

All analyses adjusted for BMI, age and sex. Statistically significant associations are presented in 
bold (p<0.05).
B, unstandardized regression coefficients; Ms, milliseconds; NRS, Numeric Rating Scale; AKPS, 
Anterior Knee Pain Scale; N/Kg, Newton per Kilogram
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Discussion

The purpose of this study was to investigate the association between clinical characteristics 
from self-reported measures and physical examination and early signs of OA seen on MRI in 
patients with PFP. A longer symptom duration of PFP was associated with the prevalence 
of bone marrow lesions in the patella. An association was found between crepitus, bilateral 
complaints and the prevalence of minor cartilage defects on the patella. H owever, these 
associations had large confidence intervals that may be caused by the relatively small 
sample size. Biochemical cartilage composition was not associated with any of the clinical 
characteristics in our study.

Our results show that severity of pain and loss of function are not associated with early 
signs of OA in young patients with PFP. This indicates that even though there is a relatively 
high prevalence of early signs of OA, these signs do not seem to be responsible for the 
variation in pain severity, functional impairment or pain during stair walking within this 
group of patients with PFP. This is in line with earlier findings in OA research, where 
functional impairment and pain severity were rarely associated with synovitis and BMLs 
between patients with OA. H owever, variation in pain severity has been associated with 
both synovitis and bone marrow lesions in patients with OA and functional impairment 
has been associated with both synovitis and bone marrow lesions in patients with OA24. 
It would therefore be interesting to examine these associations in a longitudinal study 
following young patients with PFP and their possible progression to OA.

Quantitative MRI measures for changes in cartilage composition have recently been 
proposed as objective endpoints for early OA research25 since changes in cartilage 
composition are present in the early OA disease process26. One of these measures, T2 
relaxation times, has been suggested to be a sensitive imaging marker for quantitative 
monitoring of macro- molecules in early OA27. T2 measures have been reported to be 
significantly higher in patients with early OA compared to healthy controls8. Nevertheless, 
we earlier showed that no difference was present in composition of patellofemoral 
cartilage between patients with PFP and healthy control subjects22. In the current study 
we additionally show that no association seems to exist between cartilage composition 
and characteristics from self-reported pain and function and physical examination in this 
young PFP population. Since biochemical changes in cartilage are hypothesized to prelude 
cartilage damage in OA, and a strong association was found between minor cartilage 
defects and crepitus, it was expected to also find an association between T2 measures and 
crepitus. However, post hoc analysis revealed T2 was not associated with minor cartilage 
defects in our population.

An association between the presence of crepitus and minor cartilage defects on the patella 
was seen in our study. These findings are in line with the previously described strong 
association between the presence of crepitus and cartilage defects in patients with PF OA28.  

3
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Additionally, crepitus has been associated with various other knee abnormalities (i.e. 
osteophytes, meniscal damage, cruciate pathology and medial collateral ligament 
pathology) on both X-ray and MRI in subjects with knee pain29. Since the prevalence of 
crepitus can be easily noted, it could be a convenient first indication of the onset of various 
radiological abnormalities within the knee. However, in the present young population the 
risk of such abnormalities for the individual patient with crepitus is still below 50%.

Bone marrow lesions have been reported to worsen patient prognosis in both inflammatory 
and non-inflammatory musculoskeletal conditions30,31. Our study shows a weak association 
between the presence of BMLs in the patella and a longer duration of complaints. This 
seems to be in line with Lankhorst et al11 who found that a longer duration of complaints 
was associated with a poor prognosis of PFP subjects. The size and prevalence of BMLs 
have been shown to be associated with progression of disease32 in addition to cartilage 
loss33, risk of total joint replacement34 and pain35 in patients with OA. Our results imply 
that bone marrow lesions may also play a role in patient prognosis in patients with PFP.

Strengths and limitations
This is the first study investigating the association between early signs of OA on MRI and 
clinical characteristics and symptoms in a relatively young PFP population. Additionally, 
this study combined novel MRI techniques in a relatively large and young PFP population, 
adding great value to the current literature. However, a high number of statistical tests were 
used in this group of patients with PFP increasing the chances of false positive findings. 
Nonetheless, when applying a Bonferroni correction for multiple testing, our strongest 
association (crepitus and minor cartilage defects) would still be statistically significant 
(p=0.004) and shows a large effect size. To limit the number of statistical tests, only the five 
most prevalent and relevant structural abnormalities were analyzed in this study. This lead 
to the exclusion for analysis of structural abnormalities in a hypothetical important sub 
region in PFP, the trochlea9. However, post hoc analysis showed no significant associations 
between clinical characteristics and symptoms and the most prevalent trochlea feature 
(osteophytes, n=12).

S ince structural abnormalities of the trochlea could not be taken into account due to low 
prevalence, the outcomes are only applicable to the patellar abnormalities. Moreover, only 
PFP patients with a symptom duration between 2 and 24 months were included and this 
may limit the generalizability of the findings to this specific group of patients. Due to the 
cross-sectional nature of our data, further research is needed to determine causality in 
the associations found.
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Conclusion
The present study shows that pain severity and loss of function in PFP are not associated 
with early signs of OA. However, the presence of crepitus was strongly associated with 
minor cartilage defects on the patella. This could hypothetically be an important clinical 
risk factor within patients with PFP, indicating early cartilage damage. However, due to the 
cross-sectional nature of our data this needs further investigation in longitudinal studies.
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Is patellofemoral pain a 
precursor to osteoarthritis?

Patellofemoral osteoarthritis and 
patellofemoral pain patients share 

aberrant patellar shape compared with 
healthy controls

Joost J.F.A. Eijkenboom, Jan H. Waarsing, Edwin H.G. Oei, Sita 

M.A. Bierma-Zeinstra, Marienke van Middelkoop
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Abstract

Objectives: It has been hypothesized that patellofemoral pain, a common knee condition 
in adolescents and young adults, may be a precursor of degenerative joint changes and 
may ultimately lead to patellofemoral osteoarthritis. Since both conditions share several 
mechanical disease characteristics, such as altered contact area between the femur and 
patella and increased joint stress, we investigated whether these conditions share similar 
and different shape characteristics of the patella compared with normal controls.

Methods: This cross-sectional study compared three different study populations: 32 
patellofemoral pain subjects (mean age, 32 years (22 to 45); 72% female); 56 isolated 
radiological patellofemoral osteoarthritis subjects (mean age, 54 years (44 to 58); 89% 
female); and 80 healthy control subjects (mean age, 52 years (44 to 58); 74% female). 
Measurements included questionnaires, and lateral and skyline radiographs of the knee. 
Two separate 30-point 2D statistical shape models of the patella were created from the 
lateral and skyline radiographs. A general linear model was used to test for differences in 
standardized shape modes (a specific shape variant of the patella) between patellofemoral 
osteoarthritis, patellofemoral pain, and controls, using Bonferroni correction and 
adjustment for body mass index and gender.

Results: Five shape modes showed statistically significant differences between groups: 
skyline modes 1 (p < 0.001), 8 (p = 0.004), and 10 (p < 0.001); and lateral modes 5 (p = 0.002) 
and 7 (p = 0.002). Skyline mode 8 and lateral mode 5 were similar for patellofemoral 
osteoarthritis and patellofemoral pain populations, while being statistically significant 
different from the control group.

Conclusion: Our results indicate that patellofemoral pain and patellofemoral osteoarthritis 
share similar shape characteristics, which are different from control subjects. These 
findings support the proposed continuum disease model of patellofemoral pain 
predisposing to the development of patellofemoral osteoarthritis.
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Introduction

Patellofemoral pain (PFP) or anterior knee pain is a very common problem in young adults, 
particularly in women, characterized by pain behind and around the patella, often without 
clear aetiology1. Recent studies have suggested that PFP might predispose an individual to 
patellofemoral osteoarthritis (PFOA) later in life2,3. Patellofemoral osteoarthritis has not 
been investigated as frequently as tibiofemoral osteoarthritis (TFOA). However, the PFJ 
may be the first compartment affected in early knee osteoarthritis, which later affects both 
the patellofemoral and tibiofemoral compartments4–6. Moreover, a stronger association 
between pain and loss of function is seen in patients with isolated PFOA compared with 
those with isolated TFOA4,7–9. While no evidence of a causal relationship between PFP 
and PFOA has been shown3,10, there are many overlapping disease characteristics that 
are associated with both PFP and PFOA, including patellar malalignment, quadriceps 
dysfunction, hip abductor dysfunction, painful crepitus with stair-climbing, and female 
gender3,11–14.

One probable association that likely links PFP and PFOA is biomechanical dysfunction, 
since both PFP and PFOA are thought to be caused by alterations in patellofemoral joint 
mechanics15,16. Alterations in patellofemoral joint mechanics, such as malalignment, joint 
laxity, and muscular dysfunction, lead to pain and ultimately joint degeneration11,17. These 
changes may be produced by alterations in the contact area between patella and femur, 
resulting in increased joint contact stress and subsequent cartilage degeneration16,18–21. 
Thus, joint surface shape might influence contact areas and be associated with PFP and 
PFOA. The influence of joint shape on knee OA and PFP has been described individually, 
but similar shape patterns between these conditions have never been compared or 
investigated22–26.

The influence of joint shape on knee OA has been described by Bredbenner et al23, who found 
a greater width of the tibial plateau in anteroposterior (AP) and mediolateral (ML) direction 
in patients at risk of developing OA. This may be characterized as bone remodelling, one 
of the first signs of OA27. An increased ML width of both the femur and tibia is also seen in 
AP radiographs of patients with OA24. A recent study was able to predict the onset of knee 
OA, using a 3D bone shape model as the predictor25. Several bone shape variants have been 
described in PFP patients, as well as OA patients. Connolly et al22 found, in a small study, 
that PFP patients had different contact areas with a higher prevalence of increased sagittal 
plane morphology ratios (patellar length/articular surface length) compared with healthy 
controls. Given the shared mechanical characteristics and the suggested link with joint 
shape, the aim of this study is to investigate possible similarities between the shape of the 
patella in PFOA and PFP patients using statistical shape modelling (SSM). Additionally, 
similarities in PFOA and PFP bone shape are compared with those of healthy control 
subjects. We hypothesize that there will be shape modes that show similarities between 
patients with PFP and PFOA, and differences compared with control subjects.

4
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Patients and Methods

We undertook a retrospective case control study (level of evidence: III). We compared 
three groups: one group with a history of PFP (n = 32); one group with radiological PFOA 
(n = 56); and a healthy control group (n = 80). Subjects were selected from two different 
data sets: the baseline data from the Cohort Hip and Cohort Knee (CHECK) cohort28; and the 
five- to eight-year follow-up data of a randomized clinical trial (RCT) on the effectiveness 
of exercise therapy for PFP29. Informed consent was given by all subjects, and both studies 
were approved by the medical ethics committees of all participating centers; detailed 
descriptions of both study protocols can be found elsewhere28,29. From the CHECK study, 
the youngest subjects (up to 58 years at baseline) diagnosed with isolated radiological 
PFOA were selected. Additionally, we selected 80 control subjects in the same age range 
from the CHECK cohort without radiological knee OA, knee pain, or stiffness. Finally, we 
selected all PFP subjects with skyline and AP radiographs, aged between 22 and 47 years, 
from the follow-up data of the RCT. This group of PFP patients could be further subdivided 
into patients with a favourable recovery at follow-up (‘completely recovered’ or ‘strongly 
recovered’) and patients with an unfavourable recovery at follow-up (‘slight improvement’ 
to ‘worse than ever’), measured on a seven-point Likert scale29. From both PFOA and PFP 
subjects, the most painful knee was selected for the analyses; from the control subjects, a 
knee was selected at random.

Measurements in both studies included questionnaires and radiographs. The 
questionnaires in both studies recorded demographics including: age; gender; education 
level (dichotomized into: high, “upper level high school, university”; and low, “elementary 
school, lower level high school, vocational college”); weight and height, from which body 
mass index (BMI) was calculated; bilateral symptoms (yes/no); and side of the most painful 
knee. Pain was assessed in both studies using pain at rest (11-point numerical rating scale 
(NRS))30. Also, pain, stiffness, and function were assessed with the Western Ontario and 
McMaster Universities Arthritis Index (WOMAC)31 in the CHECK study, while WOMAC 
scores for the RCT study were calculated using the Knee Injury and Osteoarthritis Outcome 
Score (KOOS)32. The study population consisted of 56 subjects with PFOA (mean age, 54 
years (44 to 58, SD 2.7); mean BMI, 29 (SD 5.1); 89% female), 32 PFP patients (mean age, 
32 years (22 to 45, SD 8.5); mean BMI, 25 (SD 3.8); 72% female), and 80 control subjects 
(mean age, 52 years (44 to 58, SD 3.5); mean BMI, 25 (SD 3.6); 74% female). Characteristics 
are presented in table 1.

The radiological measurements for both studies consisted of semi-flexed weight-bearing 
AP radiographs, weight-bearing lateral radiographs, and skyline radiographs (30° and 
45° knee flexion for CHECK and RCT study, respectively). Individual features of OA were 
scored according to the method of Altman et al33. The Kellgren and Lawrence (K&L) scores 
were recorded from the AP radiographs and used to exclude TFOA patients from all subject 
groups34.
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Table 1. Descriptive characteristics and radiographic findings of patients and controls

Control 
(n = 80)

PFOA 
(n = 56)

PFP (n = 32) p-value

Mean age, yrs (SD) 52.3 (3.5) 53.6 (2.7) 32.1 (8.5) < 0.001*†‡

Gender, female 59 (73.8) 50 (89.3) 23 (71.9) 0.056*

Highly educated, yes 28 (35) 18 (32.1) 14 (43.8) < 0.001*†‡

Mean BMI (kg/m2) (SD) 25.2 (3.6) 28.5 (5.1) 24.7 (3.8) < 0.001*‡§

Bilateral complaints, yes N/A 25 (44.6) 14 (43.8) 0.740¶

Side of most effected knee (right) N/A 33 (58.9) 12 (37.5) 0.071¶

Mean NRS pain score (0 to 10) (SD) N/A 3.7 (2.1) 1.6 (2.3) < 0.001†**

Mean normalized WOMAC pain score 
(0 to 100) (SD)

20.4 (15.6) 25.6 (15.9) 45.8 (19.7) < 0.001†**

Mean normalized WOMAC stiffness 
score (0 to 100) (SD)

28.9 (21.2) 35.9 (18.8) 21.5 (21.8) 0.002†**

Mean normalized WOMAC physical 
functioning score (0 to 100) (SD)

17.7 (13.8) 26.8 (17.4) 37.7 (17.3) 0.006†**

Kellgren and Lawrence score < 0.001*†§

0 ‘none’ 57 (71.3) 13 (23.2) 29 (90.6)

1 ‘doubtful’ 23 (28.7) 43 (76.8) 3 (9.4)

>1 ‘minimal-severe’ 0 (0) 0 (0) 0 (0)

Osteophytes (lateral radiograph) < 0.001*†§

None 63 (78.8) 5 (8.9) 28 (87.5)

Doubtful 16 (20) 26 (46.4) 4 (12.5)

Minimal 1 (1.3) 24 (42.9) 0 (0)

Moderate 0 (0) 1 (1.8) 0 (0)

Osteophytes (skyline radiograph) < 0.001*†§

None 48 (60) 4 (7.1) 26 (81.3)

Doubtful 25 (31.3) 11 (19.6) 6 (18.8)

Minimal 4 (5) 37 (66.1) 0 (0)

Moderate 0 (0) 2 (3.6) 0 (0)

Joint space narrowing (skyline 
radiograph)

< 0.001*‡

None 73 (91.3) 35 (62.5) 30 (93.8)

Doubtful 3 (3.8) 12 (21.4) 2 (6.3)

Minimal 1 (1.3) 7 (12.5) 0 (0)

Moderate 0 (0) 2 (3.6) 0 (0)

4
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Table 1. Descriptive characteristics and radiographic findings of patients and controls (continued)

Control 
(n = 80)

PFOA 
(n = 56)

PFP (n = 32) p-value

Sclerosis (skyline radiograph) 0.006*§

None 77 (85.6) 51 (91.1) 32 (100)

Doubtful 0 (0) 5 (8.9) 0 (0)

Minimal 0 (0) 0 (0) 0 (0)

Moderate 0 (0) 0 (0) 0 (0)

* One-way analysis of variance.
† Statistically significant difference between pFoA and pFp group.
‡ Statistically significant difference between control and pFp group.
§ Statistically significant difference between control and pFoA group.
¶ Chi-squared test.
** Unpaired Student’s t-test.
PFOA, patellofemoral osteoarthritis; PFP, patellofemoral pain; N/A, not available; NRS, numerical 
rating scale; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

All individual features were scored by four different observers in the CHECK cohort. The 
interobserver reliability of K&L scoring in the CHECK cohort has been described previously, 
indicating fair to near perfect reliability (interobserver with trained reader prevalence 
bias adjusted κ score: 0.28 to 0.79)35. The radiographs of the PFP patients were scored by a 
trained medical student who was unaware of the context of the study and had established 
reliability (inter-observer with trained reader prevalence bias adjusted κ score: 0.61 to 
0.75).

Radiological PFOA was defined according to the methods of Duncan et al36 and Baker et 
al.37 The presence of isolated PFOA was defined as a K&L score < 2 combined with: 1) 
an osteophytes grade �2 on skyline radiographs; 2) an osteophytes grade �2 on lateral 
radiographs; or 3) grade �2 joint space narrowing and grade �1 osteophytes on skyline 
radiographs.

Statistical shape models (SSM) were used to analyze the shape of the patella. A SSM 
quantitatively describes the complete variation in shape within a population by a set of 
statistically independent measures called modes. Each mode describes a specific shape 
variant of, in this case, the patella. The value of a mode for a specific patient indicates how 
strongly the shape variant, represented by the mode, is present in that patient. Therefore, 
if two patients had similar values for all the modes of variance, their patellae would be 
nearly identical. Two patients with vastly different values for all modes would have patellae, 
which look completely different. Even one different mode of variance can completely change 
the shape of a patella. Two separate SSMs were constructed from both the lateral and 
skyline radiographs. We limited the number of modes by restricting the SSMs to describe 
no more than 95% of the shape variation in our data set, as is customary in statistical 
shape modelling. Freely available active shape model software tools, described by Cootes 
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et al38, were used to construct our SSMs. We used a 30-contour-point model to describe the 
patella in both models. These models were constructed by placing two points on distinct 
landmarks of the patella (the most lateral and medial corners on the skyline view, and the 
most superior and inferior corners for the lateral view) and semi-automatically placing 
the other points, at equal distance between these landmarks, using the active shape 
model within the software. After all points were applied to all subjects, the software used 
principal component analysis to transform the coordinates of the contour points into a 
smaller set of independent variables, the shape modes.

Statistical analysis
Descriptive statistics were used to describe the demographics, pain, and function of 
the subjects. Differences between the three study groups were tested using unpaired 
Student’s t-tests (NRS, WOMAC scores), chi-squared tests (bilateral complaints, side of most 
affected knee), and one-way analysis of variance (ANOVA) (age, gender, education level, 
BMI, K&L scores, osteophytes, joint space narrowing, sclerosis), after confirming normal 
distributions. A general linear model with post hoc analysis, using Bonferroni correction 
for multiple testing, was used to assess the association between independent shape modes 
and group status (PFOA, PFP, or control), both with and without adjusting for gender and 
BMI39. Residuals followed a normal distribution (Shapiro–Wilk and QQ plots) and had 
homogeneous variance (Levene’s test). Mean values for each group and mean differences 
between groups of standardized shape modes were reported for all statistically significant 
modes. Statistical significance was set at p < 0.05. Differences in modes associated with 
PFP between the PFP subgroups with a favourable recovery and unfavourable recovery at 
follow-up were tested using Student’s t-test, also using a Bonferroni correction for multiple 
comparisons. Missing values were handled by performing complete case analysis, only 
using subjects who have no missing values in the analysis.

Results

Compared with PFOA patients, PFP patients were significantly younger (p < 0.001, one-
way ANOVA), higher educated (p < 0.001, one-way ANOVA), had a lower BMI (p < 0.001, 
one-way ANOVA), less pain (NRS) (p < 0.001, unpaired Student’s t-test) and higher WOMAC 
pain (p < 0.001, unpaired Student’s t-test), stiffness (p = 0.002, unpaired Student’s t-test), 
and function scores (p = 0.006, unpaired Student’s t-test). A K&L score of 1 was seen in 
28.7% of the control patients compared with 76.8% in the PFOA group and only 9.4% in 
the PFP group.

The skyline shape analysis consisted of 150 subjects (12 control and six PFOA cases from 
the CHECK data, 18 in total, were excluded due to poor quality of the radiograph) while the 
lateral shape analysis consisted of 156 subjects (ten control and two PFOA cases from the 
CHECK data, 12 in total, were excluded due to poor quality of the radiograph). The skyline 
model produced 12 modes of variance (Supplementary figure a), while the lateral model 

4
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produced 17 modes of variance (Supplementary figure b). This resulted in a Bonferroni 
adjusted threshold for significance of 0.004 and 0.003, respectively.

Table 2. Mean values (and standard deviations) of standardized modes and p-values of group 
associations

Control PFOA PFP P-value *Adjusted 
p-value

Skyline mode 1 0.33 (0.51) 0.54 (0.58) -1.68 (0.47) < 0.001 < 0.001

Skyline mode 2 0.18 (0.94) -0.28 (1.14) -0.15 (0.72) 0.031† 0.040†

Skyline mode 8 -0.30 (0.96) 0.24 (0.98) 0.26 (1.02) 0.004 0.006

Skyline mode 10 -0.24 (0.89) 0.48 (0.99) -0.16 (0.98) < 0.001 < 0.001

Lateral mode 4 0.09 (1.03) -0.29 (0.90) 0.15 (0.91) 0.048† 0.053†

Lateral mode 5 0.33 (0.89) -0.25 (1.09) -0.22 (0.94) 0.002 0.003

Lateral mode 7 -0.02 (0.95) 0.32 (0.99) -0.45 (0.98) 0.002 0.005

* A general linear model with Bonferroni correction was used to assess the association between 
independent shape modes and group status, both with and without adjusting for gender and body 
mass index.
† Considered as non-significant following bonferroni correction.

Figure 1.a) Skyline and 1.b) lateral modes displayed as -2.5 (dashed red line) and +2.5 (solid black 
line) standard deviations for visualization purposes. Error bars show mean values of groups (2× 
standard error) for corresponding modes. Anterior (A), medial (M), lateral (L), posterior (P), superior 
(S), and inferior (I) locations are defined.

PFOA, patellofemoral osteoarthritis; PFP, patellofemoral pain.
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The skyline shape model showed statistically significant associations between group status 
and modes 1, 8, and 10 (table 2, Fig. 1a). Post hoc analyses revealed statistically significant 
differences in skyline shape between all three subject groups within mode 1 (table 3). In 
addition, statistically significant differences were found between the control subjects and 
both PFOA and PFP subjects in mode 8. Mode 10 showed a statistical significant difference 
between the PFOA subjects compared with both control and PFP subjects. Adjustment for 
gender and BMI did not influence the strength of the three associations. Modes 1, 8, and 10 
described a variance within the population of 43%, 1.9%, and 1.1%, respectively.

The lateral shape model showed statistically significant associations for group status and 
mode 5 and 7 (Fig. 1b). Post hoc analysis showed statistically significant differences in 
lateral patellar shape between control subjects and both PFOA and PFP subjects in mode 5 
(table 3). In addition, post hoc analysis showed statistically significant differences in lateral 
patellar shape between PFOA and PFP subjects in mode 7. Adjustment for gender and BMI 
did not influence the strength of these associations. Mode 5 and 7 described a variance 
within the population of 8.5% and 4.0%, respectively. No significant differences (p < 0.05) 
were seen on any of the five statistically significant modes of the shape models between 
the subgroups of PFP patients with and without a favourable recovery.

Table 3. Post hoc analysis between groups (general linear models using pairwise comparisons)

Variance 
explained 
(%)

P-value 
control vs 
PFP

P-value 
control vs 
PFOA

P-value 
PFP vs 
PFOA

Skyline Mode 1 43 <0.001 0.047 <0.001

Skyline Mode 8 1.9 0.020 0.044 1.000

Skyline Mode 10 1.1 1.000 <0.001 0.008

Lateral Mode 5 8.5 0.022 0.012 1.000

Lateral Mode 7 4.0 0.096 0.302 0.004

* Statistically significant

Discussion

Our study gave us the unique opportunity to study patellar bone shape in three distinct 
populations. Two shape variants were similar for both the PFOA and PFP groups and 
statistically different from the control group. The first shape variant indicates that both 
PFOA and PFP subjects have a more lateral positioned vertical ledge on the posterior side 
of the patella (Fig. 1, skyline mode 8, solid black line) compared with the healthy control 
group. Additionally, both PFOA and PFP subjects seem to have a rounder inferior-posterior 
articular area on their patella, increasing the articular surface area (Fig. 1, lateral mode 5, 
dashed red line) when compared with the control subjects. It has been suggested that this 
longer inferior-posterior area negatively affects the fit of the patella within the trochlear 

4
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groove, consequently leading to increased shear forces and joint stresses and finally leading 
to cartilage degeneration11, while an increased articular surface area on the patella has 
been positively correlated with maltracking26. Therefore, the results seem to support the 
hypothesis that the initial onset of PFOA commences early in PFP patients, which might 
be a result of aberrant patellofemoral joint (PFJ) kinematics that are already present in 
younger PFP knees.

The associations found in skyline mode 1 and 10 are only correlated with either PFP or 
PFOA. Mode 1 suggests a large difference in bone shape, indicating that PFP patients have 
a more circular patella in the frontal plane, compared with control and PFOA subjects. 
However, this large difference may be a consequence of differences in knee flexion angle 
in the radiography protocol between the CHECK cohort and long-term RCT follow-up data. 
Skyline mode 10 suggests changes in vertical ledge depth and positioning similar to mode 
8, but here only the PFOA subjects were different from the control group. The vertical 
ledge on the patella again seems to be located more laterally in PFOA subjects compared 
with control subjects, but also compared with PFP subjects. Lateral mode 7 suggests that 
subjects with PFP have a wider inferior patella compared with PFOA subjects, while at the 
same time being smaller and rounder on the superior side.

While our findings suggest that PFP and PFOA share similar patella shape variants, certain 
limitations should be acknowledged. First, we used data from two different studies and, 
consequently, slightly different radiography protocols. In particular, the difference in knee 
flexion angle between the cohort and RCT for the skyline radiographs might have had an 
effect on the projected 2D bone shape. This difference in projection angle appears to be 
captured in skyline mode 1. The other modes are unaffected by differences in projection 
angle since all modes are statistically independent as a result of their construction through 
Principal Component Analysis, which is part of the SSM.

Some of the shape differences found between our study populations might be explained by 
age differences. This is, however, inherent to our study, as we compared a condition that 
is more prevalent in a younger population (i.e. PFP) to a condition that affects a relatively 
older population (i.e. PFOA). Additionally, a disadvantage of shape modes is that it is not 
intuitively understood what these modes truly represent, since each mode is a composite 
of different correlated shape aspects. However, a mode might be used to derive a more 
intuitive geometrical marker, which can be measured directly and could be used in future 
studies as a prognostic or diagnostic biomarker. However, such a measure will only partly 
represent a shape mode and thus might not have the same associative strength of a shape 
mode.

Our study groups consisted largely of female patients, limiting the generalizability of our 
study in male populations. However, both OA40 and PFP41 are significantly more prevalent 
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in women, and therefore our population seems to be a good representation of the patient 
population as a whole.

Finally, we only modelled the shape of the patella, without considering the surface and 
effects of the femur. This limits generalizability of the results of our study to the patella 
only, and we are therefore not able to draw any conclusions as to the fit between the 
patella and the femoral trochlea. The fit between patella and trochlea is impossible to 
study in 2D radiographs, and the trochlear groove is not completely visible in the skyline 
radiographs. By only modelling the patella, we were able to detect very sensitive local or 
regional differences within the patella shape, which may be associated the PFP and PFOA.

In summary, we have demonstrated that some shape aspects, derived from radiograph-
based 2D patellar bone shape modeling, are similar in subjects with PFP and PFOA, and 
differ from normal controls. These findings give support to the hypothesis that suggests 
altered patellofemoral joint kinematics leads to increase peak joint stress and pain in the 
young patient and may predispose to patellofemoral OA at a later life. 4
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Abstract

Aims: T he aim of the current study is to 1) quantitatively identify 3D patellar shape and 
evaluate whether significant differences in 3D shape factors exist between patients with 
patellofemoral pain and healthy controls; and 2) explore their potential association with 
the presence of structural abnormalities on the patella.

Methods: M RI from 62 patients with patellofemoral pain and 69 controls (mean age: 
23.5 (7.1) and 23.1 (5.9) years) were acquired. 3D statistical patellar shape models were 
derived using semi-automatic segmentation to extract the patellar shape from the MRI. 
We scored bone structural abnormalities based on the MRI Osteoarthritis Knee Score. 
Using regression analysis, we determined associations between shape, group status and 
MRI Osteoarthritis Knee Score.

Results:  3D patellar shape was associated with patellofemoral pain. The lateral side and 
apex of the patella was more rounded in patients with patellofemoral pain, relative to 
controls (shape mode 16: odds Ratio 0,66 (95% CI 0,45-0,95). Patients with patellofemoral 
pain demonstrated a more diagonal, as compared to a horizontal, patellar base (shape 
mode 22: Odds ratio 1,56 (1,03-2,37)). 3D patellar shape was associated with the presence 
of patellar bone marrow lesions, anterior femoral osteophytes and bone marrow lesions, 
and Hoffa synovitis.

Conclusion: 3D patellar shape variations can statistically significantly be distinguished 
between patients with patellofemoral pain and healthy controls. In this young population, 
3D patellar shape is already associated with the presence of structural abnormalities, 
which are linked to OA.
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Introduction

Anatomical shape deviations and their relationship with disease and pathology has recently 
gained attention in the medical imaging research field1–3. The anatomical shape of bones 
and joints are essential to their function and it has been reported that shape abnormalities 
increase the risk of developing impairments and the severity of these impairments4. For 
instance, a cam lesion, which depicts an abnormal morphology of the femoral head and 
neck junction, is associated with femoroacetabular impingement. Furthermore, aberrant 
bone shape has been shown to predict development of structural abnormalities such as 
osteophytes and bone marrow lesions, linked to hip OA5,6.

Recently, statistical shape modeling (SSM) techniques have become an important tool in 
bone research7. Unlike most 2D bone measures that rely on just 2 to 4 points to measure 
a single distance or angle, this technique allows us to quantify the complete three-
dimensional (3D) bone shape, providing greater insights to the association between 
altered morphology and pathology2. SSMs of the knee have been previously used to evaluate 
whether the morphologies of the tibia and femur of individuals developing tibiofemoral 
knee OA are different from those who have had no signs of OA1, whether bone shape could 
be used in the prediction of the onset of the tibiofemoral knee OA8 and its progression9 
and whether certain bone shape variations of the knee are associated with the presence of 
radiographic tibiofemoral OA10. These studies have shown that bone shape is statistically 
significantly different between participants with and without tibiofemoral OA, and that 
bone shape may be a biomarker for knee tibiofemoral OA progression9. A biomarker for 
early OA detection or progression is essential in the search for successful (early) treatments 
of OA.

Since patellofemoral pain (PFP) has been suggested as a precursor to patellofemoral 
osteoarthritis (PFOA)11 and knee OA commonly begins in the patellofemoral joint 
(PFJ)12,13, 3D bone shape might also be a promising biomarker for patients with PFP. The 
contribution of a set of simple 2D geometric parameters (e.g., trochlear sulcus depth and 
Insall-Salvati ratio) to PFP has been previously investigated14,15. In literature, associations 
with the presence of PFP and morphology ratios of the patella, patella alta, patella tilt and 
maltracking have been described 16,17,18,19. Nevertheless, these measures of bone shape are 
limited in their ability to describe overall patellar geometry. The newly emerging SSM 
techniques do have the ability to describe overall shape within a population of interest 
(e.g., individuals with and without PFP) using the relationship of independent patellar 
shapes (i.e. shape modes)7.

Therefore, the aim of the current study is to quantitatively identify 3D shape variations in 
the patella, to evaluate whether significantly different shape factors exist between patients 
with PFP and healthy controls and to explore their potential association with the presence 
of structural abnormalities on the patella.

5
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Patients and methods
Study Population
Data for the current study was derived from a previously completed case-control study. 
Data was collected from 134 participants (64 with PFP and 70 healthy controls)20. 
Participants were between 14 and 40 years old with 56% being females (Table 1). Patients 
with PFP were recruited via general practitioner, physical therapist or sport physician. 
Controls were recruited via sports team members and friends of the recruited patients with 
PFP. To be included in the PFP cohort, participants had to have crepitus or knee pain during 
at least 3 of the following activities: stair climbing, squatting, running, cycling, and sitting 
for a prolonged period with flexed knees. The minimum to maximum symptom duration for 
inclusion was 2 months to 2 years. The 2-year criteria focused the study on early onset PFP. 
Exclusion criteria were pathological knee conditions of the affected knee, previous episodes 
of PFP, previous surgery, injury or trauma leading to PFP in the affected knee. We excluded 
control participants if they had current or previous PFP, previous traumatic knee injuries, 
pathology of, or surgery on either knee. Additionally, first-grade family members of patients 
with PFP were not eligible to be a control participant. Both PFP and control participants 
were excluded if they had insufficient knowledge of the Dutch language to complete the 
questionnaires or contraindication evaluation forms for Magnetic Resonance Imaging 
(MRI) contrast. The medical ethics committee of the Erasmus medical center approved 
this study (MEC-2012-342). Informed consent was obtained at the start of inclusion from 
all participants.

Table 1. Characteristics of study participants.

PFP n=62 Control n=69

Female sex (n (%)) 34 (54.8) 41 (59.4)

Age, years (mean (SD)) 23.5 (7.1) 23.1 (5.9)

BMI, kg/m2 (mean (SD)) 23.6 (3.7) 22.3 (3.0)

Presence of crepitation (n (%)) 29 (46.8) 20 (28.9)

Sport participation

 At inclusion (n (%)) 38 (61.3) 55 (79.7)

 Before onset of pain (n (%)) 47 (85.5)* N.A.

Pain in rest, NRS/10 (mean (SD)) 3.9 (2.4) N.A.

Pain during exercise, NRS/10 (mean (SD)) 6.5 (2.2) N.A.

AKPS score, 0-100 (mean (SD)) 66.7 (11.5) N.A.

Complaint duration, months (mean, (SD)) 11.8 (7.2) N.A.

Bilateral complaints (n (%)) 31 (50.0) N.A.

* Data missing (n=7).
PFP; patellofemoral pain, BMI; body mass index, NRS; numerical pain scale, AKPS; anterior knee 
pain score.
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Measurements
Questionnaires regarding demographics (gender, age, BMI) and knee complaints were 
completed by all participants. The latter included duration of complaints, pain at rest and 
during activity (measured using a numerical rating scale (NRS) of 1-1021), and function 
(measured using the Anterior Knee Pain Scale (AKPS) on a 0-100 scale22). MR images were 
acquitted using a 3 Tesla scanner (Discovery MR750, GE Healthcare, Milwaukee, WI, USA) 
with a dedicated eight-channel knee coil (Invivo Inc., Gainesville, USA). The MRI protocol 
was comprised of sagittal, axial, and coronal fast spin-echo proton density–weighted 
sequences (slice thickness of 3 mm) and sagittal, axial T2-weighted sequences with fat 
suppression (slice thickness of 3 mm). Furthermore, a 3D high-resolution sagittal with and 
without fat-saturated spoiled gradient-echo sequence was acquired with a slice thickness of 
0.5 mm, repetition time of 17 ms, echo time of 5.4 ms, flip angle of 12, 288 3 192 matrix, and 
15-cm field of view. Structural abnormalities associated with OA in the patellofemoral joint 
(bone marrow lesions, osteophytes, cartilage defects and Hoffa synovitis) were identified 
and recorded by a senior resident and radiologist with musculoskeletal sub specialization 
using the MRI OA Knee Score (MOAKS) assessment23.

Statistical Shape Model of the Patella
Patellae were segmented from the MRI scans using a custom made semi-automatic 
recursive ray-tracing segmentation algorithm24, which has been embedded in the software 
MIPAV (NIH, Bethesda, USA). The algorithm required a manual segmentation of the first, 
middle and final MRI slices on which the patella was visible and has a DICE similarity score 
of 96%24. The first author ( JE), while blinded to participant cohort, visually checked and 
manually corrected the segmentations, when deemed necessary. 3D triangulated patellar 
surfaces (i.e., triangles with a maximum tangent edge size of 0.9 mm) were obtained using 
Geomagic (3D systems, North Carolina, USA).

A 3D SSM of the patella was built based on the triangulated bone segmentations. First, all 
participants’ patellae were registered using an unbiased registration algorithm, which 
minimized differences in position, orientation and scaling among patellae25. Following 
the registration, corresponding points (n = 15924) across the registered patellae were 
automatically established2,25. The registration parameters (the scale parameter for the 
mixture of Gaussian, σ = 0.6; the number of points in the mean cloud, nm = 2000; the trade-
off parameter, λ = 10-3) were determined based on numerical experiments2,25. Finally, the 
main bone shape variations were extracted by performing principal component analysis 
on the covariance matrix of the corresponding points. To discard shape modes describing 
noise and preserve the ones describing patellar shape variations, parallel analysis was 
performed26.

5
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Statistical analyses
Logistic regression analyses, with adjustment for age, BMI and sex were performed to test 
the association between independent shape modes and group status (PFP versus controls). 
For the secondary outcomes, logistic regression analyses were performed to study the 
association between the presence of MOAKS features and the independent shape modes, 
adjusted for age, sex, BMI and group status. The MOAKS features included were patellar 
osteophytes, patellar bone marrow lesions (BML), patellar minor cartilage defects, anterior 
femoral osteophytes, anterior femoral BML and Hoffa synovitis. Results are expressed in 
odds ratios (ORs), with accompanying 95% confidence intervals (CIs). Significance was set 
at the 5% level. Differences in patient characteristics between groups were tested using 
student’s t-tests. All statistical analyses were performed using SPSS using complete-case 
analysis (version 16.0, SPSS Inc., USA).

Results

The original study population included 134 participants20. However, some participants 
were excluded from this study due to low-quality MRI scans preventing us to segment their 
patellae (1 control participant and 1 PFP patient) and extremely aberrant patellar shape 
(patella bipartita, 1 PFP patient). Thus, the final cohort can be found in Table 1. Patients 
with PFP demonstrated higher BMI and lower sports participation at inclusion, relative 
to controls.

 The first 25 shape modes (Figure 1) were retained for the logistic regression analyses. 
Shape variations described by shape modes 16 (p = 0.025; OR = 0.66 and CI = 0.45-0.95) 
and 22 (p=0.036; OR = 1.56 and CI = 1.03-2.37) showed significant associations with the 
presence of PFP (Table 2). Patellae of participants with PFP were positively deviated 
from the mean for mode 16. This translates in a more rounded shape at the patellar apex 
and lateral side in participants with PFP, while controls demonstrate a pointier patellar 
apex and lateral side (Figure 2, Online Appendix 1). Patellae of participants with PFP 
were negatively deviated from the mean for mode 22. This translates in a more diagonal 
patellar base in participants with PFP, while a more horizontal patellar base was observed 
in controls (Figure 2, Online Appendix 2). Modes 16 and 22 described 1.42% and 0.87% 
of total shape variation in the patella. Patellar shape at the extremes (i.e., 3 standard 
deviations away from the mean shape) of shape modes 16 and 22 deviated less than 1 mm 
from the mean patellar shape.
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Table 2. Associations between group status (PFP patient and control participant) and patellar shape 
modes (OR with 95% CI).

Crude 
associations

Adjusted* 
associations

Shape mode 1 0,88 (0,60-1,28) 0,89 (0,60-1,31)

Shape mode 2 1,13 (0,80-1,59) 1,23 (0,86-1,76)

Shape mode 3 0,96 (0,69-1,35) 0,99 (0,67-1,46)

Shape mode 4 1,03 (0,75-1,41) 0,97 (0,70-1,36)

Shape mode 5 1,11 (0,79-1,57) 1,06 (0,74-1,52)

Shape mode 6 0,96 (0,68-1,34) 0,89 (0,62-1,27)

Shape mode 7 1,19 (0,82-1,72) 1,16 (0,79-1,70)

Shape mode 8 1,20 (0,85-1,68) 1,23 (0,85-1,77)

Shape mode 9 1,14 (0,79-1,64) 1,24 (0,85-1,82)

Shape mode 10 0,97 (0,68-1,40) 1,04 (0,71-1,52)

Shape mode 11 0,87 (0,60-1,27) 0,90 (0,61-1,34)

Shape mode 12 0,96 (0,68-1,36) 0,92 (0,63-1,33)

Shape mode 13 1,12 (0,78-1,60) 1,14 (0,79-1,66)

Shape mode 14 0,72 (0,49-1,05) 0,75 (0,51-1,11)

Shape mode 15 0,94 (0,68-1,30) 0,92 (0,66-1,30)

Shape mode 16 1,56 (1,09-2,23) 1,52 (1,06-2,20)

Shape mode 17 1,14 (0,79-1,62) 1,17 (0,81-1,70)

Shape mode 18 0,97 (0,70-1,33) 0,86 (0,61-1,22)

Shape mode 19 1,14 (0,81-1,60) 1,07 (0,75-1,52)

Shape mode 20 0,75 (0,51-1,09) 0,72 (0,49-1,07)

Shape mode 21 0,99 (0,71-1,39) 0,93 (0,65-1,31)

Shape mode 22 0,64 (0,42-0,96) 0,64 (0,42-0,97)

Shape mode 23 1,15 (0,79-1,69) 1,17 (0,78-1,74)

Shape mode 24 0,85 (0,59-1,21) 0,82 (0,56-1,19)

Shape mode 25 1,16 (0,81-1,65) 1,18 (0,82-1,69)

Control = reference. *Adjusted for Age, BMI and Sex. Significant associations (p<0.05) in bold.

There were multiple associations between patellar shape modes and 5 out of our 6 tested 
MOAKS features (Table 3). Shape modes (1, 6, 9, 10, 12 and 23) had a statistically significant 
relationship with the presence of minor cartilage defects on the patella. Furthermore, 
mode 6 was associated with patellar BML, mode 9 was associated with anterior femoral 
osteophytes and mode 3 was associated with anterior femoral BML. Hoffa synovitis was 
associated with modes 5, 11, 12 and 24.
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Figure 1. Parallel analysis
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The scree pots with parallel analysis show the intersect between the observed data (red) and the 
simulated data (blue). All shape modes up to the intersection (25) were retained for statistical 
analysis.

Figure 2. Shape mode 16 and 22
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Distance maps depict distances (in mm) between the patella at ±3SD along the shape modes 16 and 
22, and the mean patellar shape. Boxplots show the distribution of patellar shape within the patient 
and control groups along the shape modes 16 (bottom left) and 22 (bottom right).

Discussion

We have advanced our clinically understanding of patellofemoral pain by demonstrating, 
for the first time, that 3D patellar shape variants are different in patients with PFP 
compared to controls, however the variance of these shape variants is low. Secondly, 
patellar shape variations in this young population are associated with the presence of 
structural abnormalities linked to OA.

In an earlier study using 2D SSMs, we showed that patients with PFP seem to have a more 
laterally positioned vertical ledge on the posterior side of their patella compared to healthy 
participants. Additionally, patients with PFP showed a more rounded inferior-posterior 
articular area on their patella when compared to healthy control participants27. However, 
we found a corresponding phenomenon in both studies, namely a rounder inferior-posterior 
articular area on the patella in PFP participants. Additionally, both studies seem to show a 
more pronounced crista on the posterior side of the patella in control participants.

Our results combined with previous studies on PFP suggests that bony shape and 
malalignment play a role in the aetiology of PFP. Patellar shape deviations have been related 
to sub-optimal patellofemoral joint, resulting in increased in patellofemoral joint pressure 
and shear stress during squats28. Although we did not investigate joint loading, our results 
suggest that pathological 3D shape contributes to PFP in adolescents and young adults by 
fostering joint incongruency and thus, altering joint loading. The deviation in the shape 
of the inferior-posterior side of the patella would naturally result in decreased patellar 
articular surface patients with PFP, increasing joint stress and peak forces29.

5

175127_Eijkenboom_BNW-def.indd   71175127_Eijkenboom_BNW-def.indd   71 23-07-2024   11:2723-07-2024   11:27



72

Chapter 5

Ta
bl

e 
3.

 A
ss

oc
ia

ti
on

s 
be

tw
ee

n 
st

ru
ct

ur
al

 a
bn

or
m

al
it

ie
s 

an
d 

pa
te

lla
r 

sh
ap

e 
m

od
es

 (O
R

 w
it

h 
95

%
 C

I)
. 

O
st

eo
ph

yt
es

 
pa

te
lla

BM
L 

pa
te

lla
M

in
or

 c
ar

ti
la

ge
 

de
fe

ct
s 

pa
te

lla
O

st
eo

ph
yt

es
 fe

m
ur

 
an

te
ri

or
BM

L 
fe

m
ur

 a
nt

er
io

r
H

of
fa

 s
yn

ov
it

is

M
od

e 
1

0,
81

 (0
,5

3-
1,

24
)

0,
67

 (0
,4

4-
1,

01
)

0,
55

 (0
,3

3-
0,

92
)

0,
96

 (0
,5

7-
1,

61
)

0,
91

 (0
,4

7-
1,

75
)

0,
79

 (0
,5

3-
1,

18
)

M
od

e 
2

0,
73

 (0
,5

0-
1,

08
)

0,
86

 (0
,5

9-
1,

23
)

0,
93

 (0
,6

0-
1,

44
)

0,
93

 (0
,5

7-
1,

51
)

1,
28

 (0
,7

1-
2,

28
)

1,
03

 (0
,7

2-
1,

46
)

M
od

e 
3

1,
43

 (0
,9

4-
2,

19
)

0,
88

 (0
,5

9-
1,

31
)

0,
90

 (0
,5

5-
1,

48
)

1,
20

 (0
,7

0-
2,

04
)

0,
46

 (0
,2

2-
0,

95
)

1,
31

 (0
,8

8-
1,

95
)

M
od

e 
4

0,
98

 (0
,6

9-
1,

40
)

1,
14

 (0
,8

1-
1,

61
)

1,
21

 (0
,7

8-
1,

86
)

0,
97

 (0
,6

1-
1,

54
)

1,
14

 (0
,6

4-
2,

04
)

1,
05

 (0
,7

5-
1,

47
)

M
od

e 
5

1,
44

 (0
,9

5-
2,

16
)

1,
18

 (0
,8

2-
1,

69
)

1,
06

 (0
,6

9-
1,

62
)

0,
90

 (0
,5

6-
1,

44
)

1,
13

 (0
,6

2-
2,

07
)

1,
59

 (1
,0

8-
2,

35
)

M
od

e 
6

1,
10

 (0
,7

4-
1,

64
)

0,
58

 (0
,3

9-
0,

86
)

0,
49

 (0
,3

0-
0,

81
)

1,
07

 (0
,6

7-
1,

71
)

1,
09

 (0
,5

8-
2,

03
)

0,
76

 (0
,5

3-
1,

10
)

M
od

e 
7

1,
22

 (0
,8

0-
1,

85
)

1,
09

 (0
,7

4-
1,

60
)

1,
19

 (0
,7

5-
1,

88
)

1,
41

 (0
,8

5-
2,

35
)

0,
57

 (0
,2

8-
1,

16
)

1,
49

 (0
,9

95
-2

,2
2)

M
od

e 
8

1,
16

 (0
,7

9-
1,

70
)

0,
98

 (0
,6

8-
1,

41
)

1,
31

 (0
,8

1-
2,

10
)

0,
95

 (0
,5

9-
1,

54
)

0,
88

 (0
,5

0-
1,

56
)

0,
99

 (0
,6

9-
1,

42
)

M
od

e 
9

0,
80

 (0
,5

4-
1,

20
)

0,
84

 (0
,5

7-
1,

25
)

0,
51

 (0
,2

9-
0,

90
)

0,
49

 (0
,2

7-
0,

90
)

0,
86

 (0
,4

5-
1,

62
)

1,
07

 (0
,7

3-
1,

56
)

M
od

e 
10

1,
06

 (0
,7

0-
1,

62
)

0,
76

 (0
,5

1-
1,

14
)

1,
64

 (1
,0

0-
2,

68
)

1,
20

 (0
,7

3-
2,

00
)

1,
46

 (0
,7

2-
2,

97
)

1,
33

 (0
,8

9-
1,

98
)

M
od

e 
11

1,
45

 (0
,9

4-
2,

24
)

1,
22

 (0
,8

1-
1,

83
)

0,
84

 (0
,5

1-
1,

38
)

1,
17

 (0
,6

9-
1,

99
)

0,
78

 (0
,4

0-
1,

51
)

1,
52

 (1
,0

1-
2,

29
)

M
od

e 
12

1,
02

 (0
,6

8-
1,

52
)

1,
01

 (0
,6

9-
1,

47
)

0,
59

 (0
,3

6-
0,

97
)

1,
23

 (0
,7

5-
2,

02
)

1,
36

 (0
,7

2-
2,

58
)

0,
58

 (0
,3

9-
0,

88
)

M
od

e 
13

1,
00

 (0
,6

7-
1,

50
)

0,
90

 (0
,6

1-
1,

31
)

1,
03

 (0
,6

6-
1,

63
)

1,
02

 (0
,6

3-
1,

66
)

1,
08

 (0
,5

7-
2,

06
)

0,
93

 (0
,6

4-
1,

36
)

M
od

e 
14

1,
27

 (0
,8

2-
1,

97
)

1,
05

 (0
,7

1-
1,

55
)

0,
67

 (0
,4

1-
1,

09
)

0,
71

 (0
,4

2-
1,

19
)

1,
19

 (0
,6

1-
2,

33
)

0,
97

 (0
,6

6-
1,

42
)

M
od

e 
15

0,
98

 (0
,6

7-
1,

43
)

1,
06

 (0
,7

5-
1,

51
)

1,
05

 (0
,6

9-
1,

61
)

1,
09

 (0
,6

9-
1,

72
)

1,
06

 (0
,6

2-
1,

82
)

1,
09

 (0
,7

7-
1,

55
)

M
od

e 
16

0,
93

 (0
,6

3-
1,

36
)

0,
99

 (0
,6

9-
1,

42
)

1,
18

 (0
,7

5-
1,

86
)

0,
92

 (0
,5

7-
1,

49
)

0,
82

 (0
,4

4-
1,

53
)

1,
07

 (0
,7

5-
1,

53
)

M
od

e 
17

0,
92

 (0
,6

2-
1,

36
)

0,
88

 (0
,6

1-
1,

27
)

1,
24

 (0
,7

8-
1,

97
)

0,
88

 (0
,5

4-
1,

43
)

1,
16

 (0
,6

5-
2,

06
)

0,
91

 (0
,6

3-
1,

31
)

M
od

e 
18

0,
82

 (0
,5

7-
1,

20
)

1,
00

 (0
,7

0-
1,

42
)

1,
04

 (0
,6

8-
1,

60
)

1,
08

 (0
,6

8-
1,

72
)

1,
59

 (0
,8

8-
2,

87
)

0,
74

 (0
,5

2-
1,

06
)

M
od

e 
19

0,
81

 (0
,5

5-
1,

20
)

0,
99

 (0
,6

9-
1,

42
)

1,
01

 (0
,6

6-
1,

58
)

0,
71

 (0
,4

4-
1,

15
)

1,
08

 (0
,5

7-
2,

04
)

0,
87

 (0
,6

1-
1,

25
)

M
od

e 
20

1,
03

 (0
,6

8-
1,

55
)

1,
25

 (0
,8

4-
1,

86
)

1,
30

 (0
,7

9-
2,

12
)

1,
26

 (0
,7

5-
2,

18
)

1,
12

 (0
,6

1-
2,

05
)

1,
06

 (0
,7

3-
1,

56
)

M
od

e 
21

1,
23

 (0
,8

3-
1,

81
)

0,
99

 (0
,6

9-
1,

41
)

0,
93

 (0
,6

1-
1,

42
)

0,
87

 (0
,5

5-
1,

38
)

0,
99

 (0
,5

4-
1,

84
)

0,
76

 (0
,5

3-
1,

09
)

M
od

e 
22

1,
11

 (0
,7

2-
1,

73
)

1,
15

 (0
,7

6-
1,

74
)

1,
18

 (0
,7

1-
1,

20
)

0,
82

 (0
,4

7-
1,

43
)

0,
98

 (0
,4

9-
1,

98
)

0,
78

 (0
,5

2-
1,

18
)

M
od

e 
23

1,
46

 (0
,9

2-
2,

29
)

1,
05

 (0
,7

0-
1,

58
)

1,
84

 (1
,1

1-
3,

04
)

1,
21

 (0
,7

1-
2,

03
)

1,
50

 (0
,7

9-
2,

84
)

1,
13

 (0
,7

5-
1,

68
)

M
od

e 
24

0,
80

 (0
,5

4-
1,

20
)

0,
99

 (0
,6

8-
1,

44
)

1,
12

 (0
,7

1-
1,

76
)

0,
65

 (0
,3

9-
1,

10
)

0,
86

 (0
,4

6-
1,

62
)

0,
56

 (0
,3

7-
0,

85
)

M
od

e 
25

0,
79

 (0
,5

2-
1,

20
)

1,
21

 (0
,8

3-
1,

76
)

1,
17

 (0
,7

6-
1,

79
)

1,
07

 (0
,6

8-
1,

71
)

1,
06

 (0
,5

6-
1,

98
)

1,
10

 (0
,7

6-
1,

59
)

  *
A

dj
us

te
d 

fo
r 

A
ge

, B
M

I, 
Se

x 
an

d 
gr

ou
p 

st
at

us
. S

ig
ni

fi
ca

nt
 a

ss
oc

ia
ti

on
s 

(p
<0

.0
5)

 in
 b

ol
d.

175127_Eijkenboom_BNW-def.indd   72175127_Eijkenboom_BNW-def.indd   72 23-07-2024   11:2723-07-2024   11:27



73

PFP: 3D patellar shape analysis

While there have been multiple studies describing traditional measures of PFP shape and 
how they are altered in adolescents and young adults with PFP, a direct correlation between 
these shape measures and pain was not found30,31. A possible explanation may be that even 
though shape aberrations do increase joint stress and seem to be related with structural 
abnormalities, it may be too early in the disease process to experience pain from these 
early abnormalities.

PFP has been suggested as a precursor for PFOA. Structural abnormalities such as 
osteophytes, cartilage defects and bone marrow lesions are the hallmarks of structural 
OA. We show in the current study that the presence of these features is associated with 
particular bone shapes, however these bone shapes are not associated with the presence 
of PFP. future studies should investigate whether the shape modes associated with PFP, 
and moreover with the structural abnormalities, are also present in a PFOA population.

Strengths and Limitations
Our study is the first that investigated 3D patellar shape variations in a young PFP 
population and compared these with healthy control participants. Additionally, this is 
the first study that investigated associations between OA-related structural abnormalities 
and 3D patellar shape in a young PFP population. For all analyses, a relatively large sample 
of high-resolution MRI images were used.

However, several limitations should be addressed. First, semi-automatic segmentation can 
introduce human bias. On the other hand, manual evaluation of the automatic segmentation 
adds to the strength of this study. Automatic segmentation algorithms are imperfect and 
manual evaluation adds to the quality of the shape models. Furthermore we observed a 
strong association between bony shape and age, BMI and sex in explorative analysis, in 
line with literature32,33, supporting the accuracy of the model.

Being the first study to use 3D SSM to study bone shape in PFP, we chose to focus our study 
by excluding the femoral model. However, congruence between the patellar and femoral 
articular surfaces likely plays a role in the distribution of joint pressure and shear stresses, 
since tibiofemoral congruence is hypothesized to effect load distribution in osteoarthritic 
knee34.

Due to the explorative nature of this study, type 1 error was increased by the large number 
of statistical tests. However, to separate meaningful data from noise, parallel analysis 
was conducted on the 3D shape modes, prior to statistical analysis, which would reduce 
these errors.

Conclusions
In conclusion, we have shown that some bony shapes of the patella are associated with the 
presence of PFP. Mode 16 shows a rounder shape at the lateral side and apex of the patella 

5
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of patients with PFP compared to controls. Mode 22 shows a more diagonal base of the 
patella in patients with PFP compared to controls. Additionally, multiple bony shapes were 
associated with structural features of OA.
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Abstract

Objective: To examine the association between 3D patellar shape and 1) isolated magnetic 
resonance imaging (MRI)-based patellofemoral osteoarthritis (PFOA), 2) the morphological 
features of PFOA, and 3) the clinical symptoms of PFOA.

Design: MRI data from 66 women with isolated MRI-based PFOA and 66 age- and BMI-
matched healthy women were selected from a cohort study. The patellae were manually 
segmented from MRI scans and used to create a 3D statistical shape model (SSM) of 
the patella. Structural abnormalities were semi-standardized scored on MRI using MRI 
osteoarthritis knee score (MOAKS). Regression analyses were applied to determine the 
associations between the shape parameters retrieved from the SSM, group status, clinical 
symptoms, and structural abnormalities.

Results: Four shape variants showed a statistically significant (<0.05) association with the 
group status. The mode responsible for most of the shape variations showed participants 
with PFOA possess a relatively thicker dorsal bump on the articular part of the patella, 
compared to patellae of control participants. Three of these variants showed an association 
with the presence of osteophytes and cartilage loss on the patella. Multiple associations 
were found between patellar shape and the clinical symptoms of PFOA.

Conclusions: Patellar shape is associated with the prevalence of MRI-based PFOA in 
women. Some shape variants were also associated with clinical symptoms. Interestingly, 
one particular shape variant associated with the presence of MRI-based PFOA was earlier 
shown to be associated with structural abnormalities associated with OA in a population 
aged under 40. This may suggest that patellar shape may be an early detectable risk factor 
for PFOA.
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Introduction

Osteoarthritis (OA) is one of the most common causes for disability in elderly. Furthermore, 
the number of individuals affected by OA is suspected to increase further due to the overall 
increase of age and obesity in developed countries1. Knee OA is the most prevalent form 
of OA, with recent estimates as high as 22.9% in individuals aged 40 and over2. Absolute 
numbers are estimated at 654 million individuals worldwide2. Knee OA can be subdivided 
into patellofemoral OA (PFOA) and tibiofemoral OA (TFOA) and both can be present at 
the same time (complete knee OA). Although understudied, PFOA is a significant source 
of pain, joint stiffness, and functional limitation3,4. The prevalence of PFOA is high, with 
approximates of 50% of participants with MRI-based knee OA having the signs of PFOA to 
some degree5. Additionally, a recent study suggested knee OA most commonly starts in the 
patellofemoral joint6, adding to the importance of more research into this subtype of OA.

While the exact aetiology of OA is not fully understood, joint biomechanics and the stresses 
generated in cartilage seem to play important roles in this regard3. Key factors in joint 
biomechanics, including joint loading7,8, gait9, and knee alignment10 have been broadly 
studied and associated with the presence of OA. However, an important aspect of the 
patellofemoral joint (PFJ), namely 3D bone shape, has only recently been studied. 3D 
bone shape has the potential to extract more detailed shape features as to compared with 
2D alignment measures. Moreover, clinical tools employing 3D shape assessment may 
offer diagnostic value by detecting individuals who are at an increased risk of disease 
commencement and progression. Multiple studies have connected bone shape in the 
tibiofemoral joint to OA progression11, to total knee replacement12, or to the MRI-based 
features associated with OA (BMLs13 and Kellgren-Lawrence scores14). However, very little 
research has focused on bone shape in the patellofemoral joint. Liao et al. (2021) were 
the first assessing the correlation between 3D patellar shape features with longitudinal 
changes of PFOA15. They showed that subjects demonstrating worsening of PFJ lesions 
exhibited a patella with equally distributed facets and a lateral bump. Though the evidence 
is still minimal and a better understanding of patellar shape may add to the early detection 
of high-risk populations. Therefore, the purpose of this study is to examine the association 
between 3D patellar shape and isolated MRI-based PFOA in a larger population. Since not 
everyone with MRI-based OA has clinical symptoms, we additionally studied the clinical 
manifestations of PFOA and their associations with the shape variations in the patella.

6
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Materials and methods
Study Population
For the current study, the baseline and follow-up (5 years) data of a subpopulation (RS-
III-1) of the Rotterdam Study16,17 were used. The Rotterdam study is a population-based 
cohort study in which the incidence and risk factors for chronic disabling diseases are 
investigated. The first 1116 women of RS-III-1, aged 45-60 years, were invited to participate 
in a sub-study investigating early signs of knee OA. Of these, 891 were included for the 
baseline measurements18. For the present study, we selected participants with isolated MRI-
based patellofemoral osteoarthritis (iPFOA) at either baseline or follow-up. Pa rticipants 
with iPFOA were defined as patients having MRI-based PFOA while not having MRI-
based tibiofemoral osteoarthritis (TFOA). Per patient with iPFOA, one matched control 
participant without PFOA and TFOA was included. On e knee per subject was analyzed 
for the current study purpose. Matching was performed for known risk factors for knee 
OA, including age and BMI and additionally for knee side and time moment (baseline or 
follow-up) using case-control matching in SPSS with Fuzzy matching of 1 for BMI and 2 
for age and random case order when drawing matches. The Medical Ethics committee of 
the Erasmus Medical Centre approved the study (MEC 02.1015) and all the participants 
provided written consent.

Measurements
Identical measurements were performed at baseline and follow-up, including 
questionnaires, patient history, physical examination and an MRI of both knees. The KOOS 
was used from the questionnaires to report on patient reported outcomes, including the 
subscales pain, symptoms, function in daily living (ADL), sport and quality of life (QoL). 
Potential risk factors for PFOA, including history of patellar pain, crepitation and BMI were 
extracted from the patient history and physical examination. The presence of crepitus was 
investigated and was defined as a hearable grinding noise and/or palpable vibrations in 
the knee during active flexion or extension, detected by the hand of the investigator rested 
on the patella of the participant. One KOOS question (pain, going up or down stairs) was 
dichotomized and was used as a measure for pain during walking stairs, as this is a known 
important clinical feature of patellofemoral pain: 0) none and mild 1) moderate, severe, 
and extreme.

MRIs were made using a 1.5T MRI scanner (Signa Excite 2, General Electric Healthcare, 
Milwaukee, US). The participants were scanned using an eight-channel cardiac coil. This 
way both knees could be scanned at once without the need to reposition the participant. The 
MRI sequences included a sagittal spoiled gradient echo sequence with a fat suppression: 
TR/TE 20.9/2.3, a flip angle of 35, a slice thickness of 1.6 mm, and a field of view of 15 cm2.
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Definition of iPFOA
MRI-based knee OA was scored for PFOA and TFOA for each knee separately, using the 
MRI osteoarthritis knee score (MOAKS)19. The MOAKS scoring was performed by a trained 
human movement scientist. Randomly picked knees (30 subjects) from the RS-III-1 cohort 
sample were also scored by a highly experienced musculoskeletal radiologist to determine 
inter-rater reliability (prevalence adjusted bias adjusted kappa (PABAK) 0.47-0.93, 
moderate to nearly perfect)18.

PFOA was defined as having a definite osteophyte and partial or full thickness cartilage 
loss in the patella or the trochlea (anterior femur)20. TFOA was described as the presence of 
a definite osteophyte and full thickness cartilage loss, or one of these features and two of 
the following features19: (1) subchondral bone marrow lesions (BML) or cyst not associated 
with meniscal or ligamentous attachments, (2) meniscal subluxation, maceration, or 
degeneration (including a horizontal tear) or (3) partial thickness cartilage loss. After 
this scoring, each knee was classified into one of four categories: (1) iPFOA, (2) iTFOA, (3) 
complete knee OA, and (4) no knee OA.

Statistical Shape Model of the Patella
The  same approach as described in a previous study21 was followed to obtain 3D patellar 
bone surfaces based on MRIs. First, patellar bones were manually segmented from 
MRIs using MIPAV software (NIH, Bethesda, USA) while blinded for group status. The 
segmentations were performed by a researcher (J.E.) trained by a highly experienced 
musculoskeletal radiologist (E.O.). Second, 3D triangulated patellar surfaces (i.e., triangles 
with a maximum tangent edge size of 0.9 mm) were created using Geomagic (3D systems, 
North Carolina, USA).

A 3D SSM of the patella was built based on the triangulated bone samples. First, all the 
participants’ patellae were registered using an unbiased registration algorithm, which 
minimized the differences in the position, orientation, and scaling among the patellae22. 
Following the registration, the corresponding points (n = 15924) across the registered 
patellae were automatically established22,23. The registration parameters, including the 
scale parameter for the mixture of Gaussian, σ = 0.6, the number of points in the mean 
cloud, nm = 2000, and the trade-off parameter, λ = 10-3, were determined based on numerical 
experiments22,23. Finally, the main bone shape variations were extracted by performing a 
principal component analysis on the covariance matrix of the data vectors consisting of the 
3D coordinates of the corresponding points for each bone samples. To discard shape modes 
describing noise and preserve the ones describing patellar shape variations, a parallel 
analysis was performed24. This  analysis is based on observed and simulated data24, and 
the number of shape modes to be kept is found at their intersection.

6
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Statistical analyses
Logistic regression analyses, with adjustment for age and BMI, were performed to test the 
association between the independent shape modes and group status (iPFOA versus matched 
controls). A post-hoc regression analysis was performed on shape modes associated with 
the presence of iPFOA to further investigate their relations with five possible structural 
abnormalities in the PFJ (i.e., patellar osteophytes, patellar BML, patellar cartilage loss, 
anterior femoral osteophytes, and anterior femoral BML).

As secondary analyses, logistic regression analyses were performed to study the 
association between the clinical features (crepitus, history of patellar pain and pain 
during walking stairs) and shape modes, adjusted for age and BMI. Additionally, linear 
regression analyses were performed to study the association between short term pain and 
function (KOOS subscales) and patellar shape modes. Sensitivity analyses were performed 
with adjustment for group status (iPFOA or control participants) for shape modes where 
significant associations were found.

Results are expressed in odds ratios (ORs) or Beta’s with the accompanying 95% confidence 
intervals (CIs). The differences in the patient characteristics between the groups were 
tested using the Student’s t-tests and Pearson’s chi-square test. All the statistical analyses 
were performed using SPSS (version 16.0, SPSS Inc., USA) and a p-value <0.05 was 
considered statistically significant.

Results

Our study included 132 women, 66 participants with iPFOA and 66 control participants 
with no knee OA (Table 1). As a result of participant matching, no differences between the 
groups were found in terms of age and BMI. Both groups were significantly different in 
terms of the presence of all MOAKS features, crepitation, and pain during walking stairs. 
Additionally, all iPFOA participants had lower KOOS scores as compared to their matched 
control participants.

Table 1. The characteristics of the study population.

PFOA
(n = 66)

Control
(n = 66)

p-value

Age, years (mean (SD)) 57.8 (3.85) 56.3 (3.88) 0.882*

BMI, kg/m2 (mean (SD)) 27.5 (4.35) 27.4 (4.41) 0.729*

Presence of MRI-based features (n (%))

Osteophytes patella 42 (64%) 0 (0%) <0.001º

Osteophytes anterior femur 40 (61%) 0 (0%) <0.001º

BML patella 51 (78%) 26 (39%) <0.001º

BML anterior femur 32 (49%) 13 (20%) <0.001º
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Table 1. The characteristics of the study population. (continued)

PFOA
(n = 66)

Control
(n = 66)

p-value

Cartilage loss patella 59 (89%) 14 (21%) <0.001º

Presence of clinical features (n (%))

Crepitation 36 (56%) 30 (45%) 0.218º

History of patellar pain 25 (40%) 8 (13%) <0.001º

Pain during walking stairs 22 (34%) 4 (6%) <0.001º

KOOS subscales 0-100 (mean (SD))

Pain 85.8 (17.0) 96.8 (10.4) <0.001*

Symptoms 83.7 (18.0) 95.4 (8.4) <0.001*

ADL 89.4 (15.5) 97.3 (9.5) <0.001*

Sport 71.7 (31.6) 93.3 (18.2) <0.001*

Quality of life 74.7 (24.9) 94.2 (12.4) <0.001*

* student’s t-test, º Pearson chi-square

The first 25 patellar shape modes were retained (Figure 1) and analyzed using logistic 
regression. The patellar shape variations described by modes 6 (OR 1.72, 95%CI 1.16-2.55), 
13 (OR 1.65, 95%CI 1.12-2.44), 21 (OR 1.70, 95%CI 1.15-2.53), and 23 (OR 0.62, 95%CI 
0.43-0.90) showed statistically significant associations with the presence of PFOA (Table 
2). These modes described 4.5%, 2.1%, 0.9%, and 0.8% of the total shape variation in the 
patellar bone, respectively (3D  files available in online appendix 3).

Table 2. The associations between the group status (participants with PFOA (n=66) and control 
participants (n=66) and patellar shape modes (OR with 95% CI).

Shape Modes Crude OR Adjusted* OR

Mode 1 0.93 (0.63-1.36) 0.93 (0.62-1.38)

Mode 2 1.06 (0.73-1.52) 1.09 (0.75-1.58)

Mode 3 1.21 (0.84-1.74) 1.27 (0.87-1.83)

Mode 4 0.77 (0.53-1.13) 0.79 (0.53-1.17)

Mode 5 1.36 (0.95-1.95) 1.44 (0.99-2.10)

Mode 6 0.58 (0.39-0.86) p=0.006 0.58 (0.39-0.87) p=0.008

Mode 7 1.35 (0.96-1.91) 1.32 (0.93-1.88)

Mode 8 0.79 (0.54-1.15) 0.78 (0.53-1.15)

Mode 9 0.77 (0.55-1.08) 0.79 (0.55-1.13)

Mode 10 0.82 (0.58-1.14) 0.84 (0.60-1.19)

Mode 11 1.31 (0.92-1.87) 1.32 (0.92-1.90)

Mode 12 1.14 (0.81-1.61) 1.17 (0.82-1.68)

6
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Table 2. The associations between the group status (participants with PFOA (n=66) and control 
participants (n=66) and patellar shape modes (OR with 95% CI). (continued)

Shape Modes Crude OR Adjusted* OR

Mode 13 0.70 (0.48-1.00) p=0.051 0.61 (0.41-0.90) p=0.012

Mode 14 0.88 (0.60-1.29) 0.90 (0.61-1.32)

Mode 15 1.40 (0.96-2.04) 1.40 (0.95-2.07)

Mode 16 1.03 (0.72-1.47) 1.05 (0.73-1.50)

Mode 17 0.78 (0.56-1.10) 0.75 (0.53-1.07)

Mode 18 0.81 (0.56-1.87) 0.82 (0.56-1.21)

Mode 19 1.08 (0.76-1.53) 1.03 (0.72-1.49)

Mode 20 0.92 (0.66-1.28) 0.80 (0.68-1.34)

Mode 21 0.57 (0.39-0.85) p=0.005 0.59 (0.40-0.87) p=0.008

Mode 22 0.94 (0.69-1.29) 0.90 (0.65-1.24)

Mode 23 1.61 (1.13-2.30) p=0.09 1.61 (1.12-2.32) p=0.011

Mode 24 0.92 (0.65-1.28) 0.88 (0.63-1.25)

Mode 25 1.14 (0.81-1.61) 1.12 (0.79-1.59)

*Adjusted for age and BMI. Significant associations (p<0.05) are typed using a bold font.

Figure 1. Parallel analysis.
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The observed data (red, scree plot) and the simulated data (blue, parallel analysis) insect at mode 25. 
Thus, all shape modes up to the intersection (25) were retained for statistical analysis.
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Figure 2. The distributions and distance maps for the associated modes. 

Di stance maps in mm, yellow color indicates a positive distance from the mean shape while a blue color 
indicates a negative distance from the mean shape. Dotted line shows most pronounced differences 
in each shape mode.
For example, mode 6: In the boxplot we see that the population with PFOA more closely resembles a 
negative standard deviation. The extreme shapes in the negative direction (-3SD) show a thicker more 
pronounced (yellow) dorsal bump on at the articular part of the surface of the patella compared to the 
mean shape.

Shape mode 6 revealed mostly differences at the posterior aspect of the patella (Figure 2). 
The participants with PFOA seemed to possess a relatively more pronounced dorsal bump at 
the articular surface of the patella and a slightly shorter medial margin of the patella (Figure 
2, mode 6, quartiles; -0.91, -0.30, 0.32). The control participants showed a less pronounced 
dorsal bump and a slightly longer medial margin of the patella (Figure 2, mode 6, quartiles; 
-0.40, 0.27, 0.91). The control subjects’ patellae had, in general, a thicker apex (Figure 2, 
mode 13, quartiles; -0.18, 0.35, 0.99) as compared to those of the participants with PFOA 
(quartiles; -0.69, 0.04, 0.86). The hook-like configuration at the lateral aspect (Figure 2, mode 
21, quartiles; -0.85, -0.28, 0.62) and the medio-superior aspect (Figure 2, mode 23, quartiles; 
-0.12, 0.54, 1.21) of the patella were more common in the participants with PFOA (control 
patient mode 21 quartiles; -0.30, 0.39, 0.78, mode 23 quartiles; -0.63, 0,00, 0.58).

6
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Post-hoc analyses revealed that modes 6 and 13 were specifically associated with the 
presence of osteophytes, BMLs, and cartilage loss on the patella while mode 13 was 
additionally associated with BMLs on the femur (Table 3). Mode 21 was associated with 
both osteophytes on the anterior femur and cartilage loss on the patella. Mode 23 was only 
associated with osteophytes on the patella.

Table 3. The associations between the MOAKS features associated with presence of PFOA and the 
patellar shape modes (OR with 95% CI), n=132.

Shape Modes Osteophytes 
patella
(n=42)

Osteophytes 
anterior 
Femur
(n=40)

BMLs patella
(n=77)

BMLs 
anterior 
Femur
(n=45)

Cartilage 
loss patella
(n=73)

Mode 6 0.55
(0.37-0.84)
p=0.006

0.68
(0.45-1.03)

0.60
(0.40-0.90)
p=0.012

0.83
(0.56-1.22)

0.49
(0.32-0.75)
p<0.001

Mode 13 0.64
(0.43-0.97)
p=0.033

0.74
(0.49-1.11)

0.68
(0.46-0.99)
p=0.045

0.59
(0.39-0.90)
p=0.014

0.64
(0.44-0.95)
p=0.025

Mode 21 0.71
(0.48-1.06)

0.62
(0.41-0.94)
p=0.025

0.86
(0.60-1.24)

0.76
(0.51-1.11)

0.62
(0.42-0.91)
p=0.016

Mode 23 2.42
(1.53-3.84)
p<0.001

1.38
(0.95-2.02)

1.07
(0.77-1.50)

1.13
(0.80-1.61)

1.32
(0.94-1.87)

Adjusted for age and BMI. Significant associations (p<0.05) are typed using a bold font.

Shape variations described by modes 1, 6, 14, and 20 were linked to crepitus (Table 4). 
While modes 15 and 21 were associated with a history of patellar pain, modes 13 and 21 
were associated with pain during walking stairs. Post-hoc analyses adjusted for the group 
status revealed that the associations between shape, crepitus, and the history of patellar 
pain remained largely unchanged, while the associations with pain during walking stairs 
was less pronounced and did not reach statistical significance (online appendix 1).
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Table 4. The associations between the clinical features associated with presence of PFOA and the 
patellar shape modes (OR with 95% CI), n=132.

 Shape 
Modes

Crepitus
(n=66)

History of patellar pain
(n=33)

Pain during walking 
stairs
(n=26)

Mode 1 0.63 (0.41-0.98) p=0.039 0.69 (0.43-1.12) 0.86 (0.52-1.42)

Mode 2 1.08 (0.75-1.58) 1.28 (0.83-1.97) 1.34 (0.85-2.13)

Mode 3 1.12 (0.78-1.61) 1.04 (0.67-1.62) 0.95 (0.59-1.51)

Mode 4 1.11 (0.75-1.65) 0.87 (0.56-1.35) 0.84 (0.52-1.35)

Mode 5 1.14 (0.80-1.64) 1.26 (0.83-1.91) 1.12 (0.72-1.75)

Mode 6 0.64 (0.43-0.95) p=0.026 0.84 (0.55-1.28) 0.69 (0.43-1.08)

Mode 7 1.22 (0.85-1.75) 1.09 (0.74-1.60) 1.11 (0.73-1.70)

Mode 8 1.32 (0.90-1.95) 1.09 (0.70-1.70) 0.93 (0.58-1.48)

Mode 9 1.11 (0.78-1.57) 0.73 (0.48-1.11) 0.95 (0.61-1.46)

Mode 10 1.13 (0.81-1.58) 1.19 (0.81-1.76) 1.16 (0.76-1.77)

Mode 11 0.98 (0.69-1.39) 1.24 (0.82-1.89) 1.08 (0.69-1.67)

Mode 12 0.82 (0.57-1.12) 1.06 0.70-1.60) 1.21 (0.78-1.89)

Mode 13 0.96 (0.66-1.39) 0.70 (0.45-1.10) 0.59 (0.36-0.97) p=0.036

Mode 14 1.60 (1.06-2.42) p=0.027 0.93 (0.60-1.46) 0.72 (0.44-1.19)

Mode 15 1.00 (0.69-1.45) 1.81 (1.12-2.93) p=0.015 1.58 (0.96-2.61)

Mode 16 0.87 (0.60-1.25) 0.84 (0.55-1.28) 1.21 (0.77-1.90)

Mode 17 0.85 (0.60-1.20) 1.05 (0.71-1.55) 0.71 (0.45-1.10)

Mode 18 1.11 (0.75-1.64) 0.97 (0.62-1.50) 1.10 (0.69-1.77)

Mode 19 0.86 (0.60-1.24) 1.24 (0.82-1.88) 1.20 (0.77-1.89)

Mode 20 0.61 (0.42-0.88) p=0.009 1.09 (0.73-1.62) 1.04 (0.69-1.58)

Mode 21 0.87 (0.60-1.25) 0.50 (0.32-0.80) p=0.004 0.55 (0.34-0.89) p=0.015

Mode 22 0.80 (0.58-1.11) 0.88 (0.61-1.28) 1.22 (0.82-1.83)

Mode 23 0.98 (0.70-1.37) 1.21 (0.81-1.81) 1.44 (0.93-2.23)

Mode 24 1.09 (0.77-1.54) 0.81 (0.54-1.20) 0.99 (0.65-1.50)

Mode 25 0.87 (0.60-1.26) 1.11 (0.73-1.70) 0.88 (0.57-1.36)

Adjusted for Age and BMI. Significant associations (p<0.05) are typed using a bold font.

Finally, multiple associations were present between the patellar shape and KOOS subscales 
(Table 5). Mode 21 was associated with all KOOS subscales. Additionally, mode 1 was 
associated with the sport subscale, mode 2 was associated with the pain, ADL, and sport 
subscale, and mode 13 was associated with the pain and quality of life subscale. Post-hoc 
analyses adjusted for group status showed that these associations remained largely intact, 
as only one lost statistical significance (mode 13 and KOOS pain, online appendix 2).

6
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Discussion

We aimed to study whether patellar shape is associated with MRI-based OA in the 
patellofemoral joint. Four shape variants showed statistically significant differences 
between the participants with PFOA and control subjects. Post-hoc analyses showed that 
osteophytes and cartilage loss on the patella were the most prominent MOAKS features 
associated with these four shape variants. One shape variant, namely shape mode 21, 
showed clear associations with multiple clinical complaints associated with PFOA.

There has been extensive research on the association between knee alignment, trochlear 
morphology, and PFOA, which shows that there is strong evidence for an association 
between PFOA and patellar alignment10. Macri et al. (2019) showed that MRI-based PFOA 
is associated with anterior knee pain, suggesting that the MRI-based features of OA 
may contribute to localized symptoms25. More recent studies have additionally shown 
that patellofemoral frontal plane alignment is associated with patellar cartilage volume 
reduction26 and osteophyte worsening in women27. Since 2D alignment and basic trochlear 
measures tell only a part of the story, more recent research has focused on 3D shape analysis 
in the knee12,15. These analyses have, for example, shown that the 3D femoral shape predicts 
total knee arthroplasty as a result of knee OA12. Furthermore, 3D patellar and trochlear 
bone shapes have been shown to be associated with the progression of MRI-based features 
of PFOA15. In t his study, Liao et al. have shown that subjects with an increased level of the 
MRI-based degeneration of PFOA exhibit a patella with a lateral bump or hook, which seems 
to be in line with our findings as a longer lateral side of the patella was associated with PFOA 
(mode 21). However, while Liao et al. reported no associations between this lateral bump 
or hook and self-reported symptoms, we also found an association between this patellar 
shape and a history of patellar pain, pain during walking stairs, and all the subscales of the 
KOOS scoring system. This may indicate that a bump on the lateral, non-articular part of 
the patella influences joint biomechanics which may lead to the development of structural 
abnormalities and pain. Alte rnatively, lateral malalignment associated with OA might cause 
adaptation of the patella shape, with the lateral facet wrapping around the femoral condyle 
to form a hook. However, longitudinal data and validation in other datasets is required 
to investigate this association, and the direction of the association further, preferably 
including both the patellar and femoral parts of the patellofemoral joint.

While we found four shape variants associated with MRI-based PFOA, not all of these were 
associated with clinical symptoms and the explained variance was small. While shape 
mode 6 (responsible for 4.5% of the shape variations), was associated with structural 
PFOA features, it was only associated with crepitus in terms of clinical symptoms. On 
the other hand, the seemingly subtle shape variations in mode 21 (responsible for 0.9% 
shape variation) were found to be associated with almost all clinical symptoms. This may 
suggest that distinct patellar shapes are associated with specific MRI-based and clinical 
features in participants with MRI-based PFOA. It is unclear why this seemingly subtle 

6
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difference in shape has multiple clinical effects and therefore further validation in other 
study populations is mandatory.

The shape model applied in the current study was previously applied in a young population 
(14 to 40 years) showing symptoms of patellofemoral pain (PFP) and was compared to 
an age- and sex-matched control group (unpublished data) 28. This provides us with the 
unique opportunity to compare the shape variations in the PFOA population as described 
in the current study with these found in this younger PFP population. This is of particular 
interest as it has been frequently suggested that PFP may be a precursor of PFOA, as 
they share multiple risk factors, including malalignment29. It is, therefore, particularly 
interesting to see that in both populations (i.e., PFP and PFOA), shape mode 6 is associated 
with structural abnormalities28, while showing no association with pain. The participants 
with PFOA who had a more pronounced dorsal bump suffered from a higher risk of bone 
marrow lesions, cartilage loss, and osteophytes on the patella compared to the control 
participants. Since the dorsal bump of the patella is one of the main articular surfaces in 
the patellofemoral joint, it can be hypothesized that this aberrant shape in this part of 
the patella may lead to an aberrant type of joint loading, which may consequently lead to 
bone and cartilage damage. Though, so far only suggestive since longitudinal evidence is 
lacking, this shape abnormality on the dorsal side of the patella could however potentially 
be an early risk factor for bone or cartilage damage on the patella. Future research should 
further investigate this potential association as this may add to the understanding of the 
possible continuum between PFP and PFOA, even if participants with this abnormality do 
not always experience pain.

Strengths and limitations
Our study is unique as it investigated the potential associations between the shape and 
both MRI-based and clinical features of PFOA in a large population study. However, some 
limitations need to be addressed.

First, the use of manual segmentation introduces human bias. To combat this bias, the 
segmentation was done by one person only, blinded for group status. Secondly, we focused 
on the shape of the patella alone. While we were able to show differences between the 
groups in terms of the patellar shape, it is important to note that the shape combination of 
the trochlea and patella is probably very important as well for joint loading. Future shape 
models in the patellofemoral joint should, therefore, focus on the combined bone shapes, 
taking the entire patellofemoral joint into account. Finally, before the SSM were build, 
we planned to use parallel analysis to determine the number of modes included in our 
statistical analyses. This resulted in a large number of shape modes, of which the variance 
was relatively low. Consequently, given the large number of tests, a type 1 statistical error 
may have occurred. However, our results were consistent across multiple comparisons, 
adding confidence to our results.
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Conclusions
Some  features of the patellar shape seem to be associated with the presence of MRI-based 
PFOA in middle-aged women, of which some variants were also associated with clinical 
symptoms. Further validation in other study populations is mandatory, given the relatively 
low percentage of explained variance, but also to confirm the association of one particular 
shape mode. This shape mode, mostly pronounced on the dorsal side of the patella, was 
earlier shown to be associated with structural abnormalities associated with OA in a 
population aged under 40.
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Online Appendix 1. The associations between the clinical patellofemoral joint measures and the 
patellar shape modes, adjusted for the group status (OR with 95% CI).

Shape Modes Crepitus History of patellar pain KOOS walking stairs

Mode 1 0.63 (0.41-0.98) - -

Mode 6 0.68 (0.45-1.01) - -

Mode 13 - - 0.69 (0.42-1.15)

Mode 14 1.69 (1.10-2.60) - -

Mode 15 - 1.69 (1.02-2.79) -

Mode 20 0.61 (0.42-0.89) - -

Mode 21 - 0.57 (0.35-0.916) 0.65 (0.39-1.07)

Sensitivity analysis, resulting from statistically significant associations in Table 4, adjusted for the 
group status, age, and BMI. Significant associations (p<0.05) are typed using a bold font 9.

Online Appendix 2. The associations between the KOOS subscales and the patellar shape modes, 
adjusted for the group status (Beta’s with 95% CI).

Shape 
Modes

KOOS Pain KOOS 
Symptoms

KOOS ADL KOOS Sport KOOS QoL

Mode 1 - - - 6.55 
(1.47;11.63)

-

Mode 2 -3.21 
(-5.84;-0.58)

- -2.52 
(-4.93;-0.11)

-5.20 
(-10.01;-0.39)

-

Mode 13 1.88 
(-0.78;4.54)

- - - 2.52 
(-1.17;6.20)

Mode 21 2.67 
(0.08;5.27)

3.65 
(1.125;6.18)

2.67 
(0.31;5.02)

6.85 
(2.17;11.54)

4.96 
(1.42;8.50)

Sensitivity analysis, resulting from statistically significant associations in Table 5, adjusted for the 
group status, age, and BMI. Significant associations (p<0.05) are typed using a bold font.
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General discussion
Main findings
In this thesis we studied associations between joint alignment, joint shape, structural 
abnormalities in the knee joint, clinical characteristics and knee pain. We have shown that 
alignment in the patellofemoral joint (PFJ) is associated with structural abnormalities 
in bone and cartilage1. Patella alta, patellar tilt and the geometry of the trochlea were 
associated with structural abnormalities in a young population consisting of both 
participants with patellofemoral pain (PFP) and age, sex matched control participants. 
These abnormalities included bone marrow lesions (BML), osteophytes and (minor) 
cartilage lesions, which are common radiographic features of osteoarthritis (OA)2. While 
radiographic measures do not always translate into clinical symptoms, we have shown 
that these structural abnormalities are associated with some self-reported clinical 
characteristics of PFP3. In particular, bone marrow lesions, cartilage defects and patellar 
tendon abnormalities were associated with duration of complaints, bilateral nature of 
complaints and presence of crepitus in both control participants and participants with PFP.

In addition to the more traditional measures of alignment in the PFJ, as discussed above, 
we applied statistical shape modelling to study the association between patellar shape and 
the presence of PFP. We found associations between patellar shape and presence of PFP 
in both x-ray based 2D shape models4 and in MRI based 3D shape models5. In 2D shape we 
found that participants with PFP had more equally distributed medial and lateral facets and 
a rounder inferior posterior patellar shape, compared to control participants without PFP. 
The 3D patellar shape model showed some small associations between shape and presence 
of PFP. Interestingly, one of these associations showed a similar result as found in our 2D 
study; a rounder, less pronounced lateral bump in participants with PFP. In addition to 
associations with presence of PFP, the 3D shape study revealed several shapes correlated 
with structural abnormalities on the PFJ.

The exact same 2D and 3D shape models used in a younger population with PFP, were also 
applied in a relatively older population with PFOA patients and matched controls. This 
gave us the ability to compare the results of these two populations. In the 2D shape study, 
presence of PFOA was also associated with patellar shape. Similar as the participants with 
PFP in the younger population, the participants with PFOA had more equally distributed 
medial and lateral facets and a rounder inferior posterior patellar shape, compared to 
control participants4. These 2D shape analyses may therefore support a possible connection 
between PFP and PFOA.

When assessing 3D shape models, multiple patellar shapes were associated with presence 
of radiographical PFOA. The strongest association between shape and PFOA was found 
in shape mode 6. In this shape variant, the participants with PFOA seemed to possess 
a relatively more pronounced dorsal bump at the articular surface of the patella and 
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a slightly shorter medial margin of the patella. The control participants showed a less 
pronounced dorsal bump and a slightly longer medial margin of the patella. This shape 
variant specifically showed associations with osteophytes, BMLs and cartilage loss on the 
patella in the older research population. Looking at the younger research population, we 
also found associations between shape mode 6 and BMLs and minor cartilage defects on the 
patella. This suggests that an increased dorsal bump and other shape difference apparent 
in this particular shape variant may predict the onset of early radiological signs of PFOA 
in a young population and may progress to established radiographic PFOA later in life.

Disease continuum
In 2010, Thomas et al. performed a systematic review to investigate the role of PFP as a 
precursor for PFOA6. At that time, they found seven retrospective studies that examined 
the association between PFP and PFOA. However, only one study had an ample group size 
and directly retrospectively studied the association between PFP and PFOA7. This study 
performed by Utting et al. (2005) found that patients who had undergone arthroplasty 
for isolated PFOA were far more likely to report a history of anterior knee pain in their 
adolescence and early adult years compared to patients who had undergone arthroplasty for 
isolated TFOA. Because of the retrospective nature of this study and lacking methodological 
quality of other studies, the authors of the systematic review were rightfully hesitant to 
draw firm conclusions about the potential disease continuum between PFP and PFOA.

In 2013, at the biyearly International Patellofemoral Research Retreat (iPFRR), the PFP-
PFOA continuum was defined as a major topic of interest8. It was stated that although it is 
possible that there is a phenotype of PFP that goes on to develop PFOA, there is no evidence 
to support this view yet. One of the reasons that PFP and PFOA may be linked to each other 
is the fact that both share multiple risk factors9. A large part of these shared risk factors 
between PFP and PFOA are of biomechanical nature, and this thesis therefore focused 
further on hypotheses of biomechanical nature.

The development of PFOA has been commonly related to abnormal PF joint stress9 and 
this abnormal PF joint and cartilage stress is also seen in individuals with PFP10. These 
increased stresses likely play a role in joint pathology by causing degradation of cartilage11. 
Abnormal PF joint stress has numerous contributing biomechanical factors such as BMI, 
muscle strength, joint alignment, joint shape and joint geometry9. Interestingly, although 
maybe not surprisingly, many of these factors related to joint stress, are also risk factors 
for both PFP and PFOA.

PFJ alignment is one of the risk factors commonly linked to both PFOA and PFP. Alignment 
measures such as patellar height (Insall-Salvati Ratio (ISR)), lateral patellar translation, 
patellar tilt and tibial tubercle to trochlear groove (TT-TG) distance are either broadly 
hypothesized or shown to be associated with both PFOA and PFP9,12,13. Our study in chapter 
3 showed that patellar tilt and ISR are associated with minor cartilage defects and bone 
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marrow lesions in a young PFP population. This implies that joint alignment may play a 
crucial role in the development of morphological abnormalities in the PF joint, that are 
associated with PFOA. This was confirmed in a larger study sample where the presence 
of morphological abnormalities defined on MRI was related to a higher ISR (indicating 
patella alta), larger patellar tilt angle (indicating greater lateral tilt), and larger bisect offset 
(indicating greater lateral displacement) in people with PFP14. This implies that there might 
be a distinct subgroup of PFP patients that are more prone to develop PFOA later in life in 
which these abnormalities already develop early in life.

In addition to the factor ‘joint alignment’ and its associations with both PFOA and PFP, 
another biomechanical factor studied in this thesis is bone shape within the PFJ. It is 
important to note that joint alignment and bone shape likely interact with each other. Bone 
and joint shape are related to shear stress in the joint, and on its own turn correlate with 
joint alignment and kinematics15. This correlation can work in both directions. Bone adapts 
in reaction to sheer stress16, especially at young age17 and malalignment increases joint 
stress and may therefore influence bone shape. On the other hand, traditional measures of 
bone shape, such as sulcus angle can lead to malalignment18. One of our main hypotheses 
was that joint shape might be the missing link when searching for a connection between PFP 
and PFOA. We theorized that aberrant patellar shape at young age could lead to abnormal 
joint kinematics and increased shear stress, leading to joint pain (PFP). Overlapping, we 
theorized that this aberrant patellar shape and its effects on joint stress could start joint 
degeneration and ultimately PFOA. Using multiple different techniques some studies have 
linked bone shape to PFOA 19–21. Though, one serious shortcoming of shape research lies in 
its interpretation. It is impossible to completely extract all details from the shape models, 
especially from the information presented in the manuscripts. Therefore, it is impossible 
to compare two separately made shape models.

To accurately study our hypothesis, we aimed to create combined SSMs, combining data 
from multiple previously conducted studies in both PFP and PFOA populations into one 
model. In chapter 4 we created a combined 2D shape model of the patella in a young PFP 
population and an older PFOA population. Moreover, in chapter 5 and 6 we created a 
combined 3D shape model of the patella in a young PFP population and a relatively older 
PFOA population. In the study where we applied 2D analyses we found two fairly strong 
shape modes associated with both the presence of PFOA and PFP, and therefore seemed 
to support our hypothesis. The first shape variant indicates both PFOA and PFP subjects 
have a more lateral positioned vertical ledge on the posterior side of the patella (skyline 
mode 8). The second shape variant indicates both PFOA and PFP subjects have a rounder 
inferior-posterior articular area of the patella (lateral mode 5). However, there was one 
large limitation in that study, namely the lack of control subjects in the PFP population. 
Therefore, we were unable to confirm whether differences between groups were a result of 
the PFP diagnosis or a result of other differences between populations or study designs. In 
our 3D shape model, we did find multiple patellar shape modes associated with both PFOA 
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and PFP separately. However, overlapping shape modes associated with both PFP and PFOA, 
as we hypothesized, were non-existent. We did however show that certain patellar shape 
characteristics were associated with features of OA in a young population, while this same 
patellar shape was associated with the presence of PFOA in the older population. As van der 
Heijden et al. earlier found no association between structural abnormalities in the PF joint 
and the presence of PFP22, our findings do not seem to support our hypothesis on the PFP 
continuum model. Though our findings do suggest that particular patellar shapes might be 
important risk factors for the development of PFOA, independent of the presence of pain at 
a young age. Overall, I think we have not found enough evidence to support our hypothesis. 
However, we have only investigated the patellar shape and as noted above, the alignment 
and therefore complete articular joint shape might be crucial. Shape models combining 
multiple joints are complex, hard to interpret and therefore rarely applied23. Fitzpatrick 
et al.15 developed a shape function model of the PF joint to quantify relationships between 
articular geometry, kinematics and contact mechanics. The application of such combined 
models in patient populations remains complex but seems promising and may help to get 
a better understanding on the etiology, development and risk factors of PFOA.

Future research and clinical implication
If we want to find a definitive answer whether bone shape is similarly aberrant in PFP 
and PFOA patients, further research is needed. The most powerful way to investigate this 
hypothesis, would be following a group of PFP patients and controls, over the course of 
decades, to see which PFP patients develop PFOA, and if this can be predicted by bone shape. 
It is important to include multiple shape measurements over time, since morphological 
changes connected to OA are associated with bone shape24, and bone alterations are 
hypothesized to play an important role in OA development25. Furthermore, PFP subjects 
would preferably be classified in function based classification subcategories26; overuse, 
muscle performance deficits, movement coordination deficits and mobility impairments. 
It is plausible that the association between PFP and PFOA might only exist in some of 
these subcategories. If shear stress is indeed a contributing factor to both PFP and PFOA 
as discussed in the previous section of this discussion, an association between PFP, PFOA 
and bone shape is more likely in a subcategory of PFP patients with aberrant joint loading 
and shear stresses.

The value of this thesis is threefold. Clinically, if PFP indeed is a precursor of PFOA, one 
would be able to predict a possible onset of PFOA. When people get the diagnosis PFP, they 
could get additional education and be made aware of their increased chance to develop 
PFOA. People with PFP could have increased incentive to make life style changes and start 
preventive therapeutic measures such as physical therapy to reduce their BMI or improve 
alignment and posture. Since PFOA seems a common starting point of total knee OA27, this 
could in theory greatly reduce OA burden.

7
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Secondly, this thesis provides value showing that patellar bone shape is related to PFP, 
PFOA, clinical symptoms of knee impairment and radiographic signs of early OA. Since there 
is a possible biomechanical origin in the association between bone shape and PFOA, further 
research could also study the association between PFOA and patellar shape in particular 
phenotypes of OA28 in which biomechanics play an important role. Bone shape could also 
be investigated as a phenotype of its own. Another interesting subgroup for shape analysis 
could be post traumatic OA, as it is known that this particular subgroup has a high risk to 
develop PFOA and show altered sagittal plane knee joint biomechanics during functional 
activities compared to healthy controls29,30.

Third, if further research confirms our finding that patellar shape is associated with 
(early signs of) PFOA development, bone shape could be a useful clinical predictor for 
PFOA. Especially because technological advancements to make shape models feasible in a 
clinical setting are rapidly improving and soon within reach. Fully automatic segmentation 
of bones in the PFJ has already been applied by multiple research groups31,32. However, 
much research is needed before such a clinical implementation could be feasible and cost 
effective. We need to know more on the explained variance of such a shape model; what 
would be the number needed to screen to find one OA patient? Bone shape might only have 
a high percentage of explained variance in some particular subgroups, which has to be 
studied as discussed above. And if we can better predict the onset of PFOA, we need to get 
a better understanding in effective (preventive) therapies. In that perspective, preventive 
therapy in patients with anterior knee complaints might be promising in future in order to 
prevent the large predicted burden of OA and total knee arthroplasty33.
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Patellofemoral pain (PFP) and patellofemoral osteoarthritis (PFOA) are two conditions 
affecting the knee joint. PFP is characterized by pain around or behind the patella and is 
most prevalent among adolescents. On the other hand, PFOA is a degenerative condition in 
the patellofemoral joint which leads to pain, stiffness, and reduced mobility. PFOA imposes 
a significant burden on individuals due to its association with chronic pain, diminished 
quality of life and increased need for therapeutic interventions. PFP has been hypothesized 
to predispose PFOA in later life.

In this thesis we aimed to get a better understanding of the association between the clinical 
and radiological measures and the signs of early osteoarthritis (OA). Additionally, we aimed 
to get a better understanding in the possible association between PFP and PFOA. The 
various studies and the accompanying results are summarized below.

In chapter 2 we explored the prevalence of patellar malalignment among patients with 
PFP and its potential link to the development of PFP and PFOA. The primary objective 
was to examine the association between patellofemoral alignment, femoral geometry, 
and various bone and cartilage abnormalities in both PFP patients and healthy control 
subjects. We used data from a case-control study involving 64 subjects with PFP and 70 
control subjects. Of these subjects 57% were female, with an average age of 23.2 years. 
We assessed the alignment and femoral geometry in the patellofemoral joint (PFJ) using 
magnetic resonance imaging (MRI). The MRI images were also used to examine structural 
abnormalities in the PFJ linked to OA, such as bone marrow lesions, osteophytes, minor 
cartilage defects, and Hoffa-synovitis. Additionally, we evaluated the cartilage composition 
in the PFJ and patellar bone perfusion through various MRI techniques. Associations 
between these measures were analyzed through regression analyses, taking into account 
potential confounding factors. The results revealed that lateral patellar tilt is negatively 
associated with the presence of osteophytes on both the patella and the anterior femur, 
as well as with minor cartilage defects on the patella. In addition, patella alta was found 
to be positively associated with the presence of bone marrow lesions in the patella and 
minor cartilage defects. Furthermore, patella alta and medial patellar translation showed 
a positive association with T1ρ relaxation times within trochlear cartilage, indicating 
altered biochemical cartilage composition. Interestingly, none of the alignment and 
geometry measures were linked to bone perfusion. In conclusion, our study indicates 
that the association between patellofemoral alignment and geometry and the structural 
abnormalities of the joint associated with OA, are present in both PFP patients and healthy 
control subjects.

In chapter 3 we looked into the association between early signs of OA detected by MRI and 
various self-reported measures and physical examination characteristics in patients with 
PFP. We used data from 64 PFP patients which were selected from a previously published 
cross-sectional case-control study. 55% Of the subjects were female, with an average 
age of 23.4 years. Structural abnormalities such as osteophytes, bone marrow lesions, 
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cartilage defects, Hoffa synovitis, and patellar tendon abnormalities were scored on MRI. 
Additionally, quantitative T2 measurements of cartilage composition were performed. Self-
reported measures included pain at rest, pain during stair walking, knee function, duration 
of complaints, and weekly hours of sports participation. Physical examination factors 
like crepitus and quadriceps strength were also considered. Associations between these 
structural abnormalities and characteristics from self-reported measures and physical 
examination were analyzed using linear and logistic regression analysis. We found several 
associations. The duration of symptoms was associated to bone marrow lesions in the 
patella. The amount of weekly sports participation showed an inverse association with 
patellar tendon abnormalities. Moreover, the presence of crepitus and bilateral nature of 
complaints were both associated with minor patellar cartilage defects. However, the study 
found no significant connections between the clinical characteristics and cartilage T2 
relaxation time. Overall, the study highlights the potential links between early MRI signs 
of OA and various self-reported and physical examination findings in patients with PFP.

In chapter 4 we investigated the hypothesis that PFP might be precursor of degenerative 
joint changes leading to PFOA. Since PFP and PFOA share several mechanical characteristics, 
we studied whether subjects with these conditions also have similar patellar shape 
characteristics when compared to healthy control subjects. We compared three groups 
in this cross-sectional study: 32 subjects with PFP (average age 32 years, 72% female), 56 
subjects with isolated radiological PFOA (average age 54 years, 89% female), and 80 healthy 
controls (average age 52 years, 74% female). We used lateral and skyline radiographs 
of the knee to create two separate 30-point two-dimensional statistical shape models 
of the patella. We then used a general linear model to compare shape modes among the 
PFOA, PFP, and control groups. This comparison was adjusted for body mass index and 
gender, and used a Bonferroni correction. The results showed that five shape modes had 
statistically significant differences between the groups. Specifically, skyline modes 1, 8, 
and 10, and lateral modes 5 and 7 differed notably among the groups. Notably, skyline 
mode 8 and lateral mode 5 were similar in both the PFOA and PFP groups, and significantly 
different from the control group. We concluded that PFP and PFOA share similar patellar 
shape characteristics, distinct from those of control subjects. This supports the theory 
of a disease continuum where PFP potentially predisposes to the development of PFOA.

The aim of chapter 5 was to analyze the three-dimensional (3D) shape of the patella and 
determine if there are significant differences in shape between patients with PFP and 
healthy controls. Additionally, we wanted to investigate the possible association of patellar 
shape and the presence of structural abnormalities on the patella. MRI scans were used 
from a previously completed case-control study. We used MRI scans from 62 subjects 
with PFP (average age 23.5 years, 55% female) and 69 control subjects (average age 23.1 
years, 59% female). We created 3D statistical models (SSM) of the patella using semi-
automatic segmentation of the MRI scans. Structural abnormalities related to OA were 
assessed using the MRI Osteoarthritis Knee Score (MOAKS). Regression analysis was used 
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to explore the associations between the 3D shape of the patella, the status of being a patient 
or a control, and the scores on the MOAKS. We found significant associations between 
two 3D patellar shape modes and group status. Specifically, the lateral side and apex of 
the patella was more rounded in PFP patients compared to controls, as shown in shape 
mode 16 in this chapter. Furthermore, patients with PFP demonstrated a more diagonal, as 
compared to a horizontal, patellar base, as shown in shape mode 22 in this chapter. We also 
found an association between the 3D shape of the patella and the presence of patellar bone 
marrow lesions, anterior femoral osteophytes, bone marrow lesions, and Hoffa synovitis. 
In conclusion, the study successfully identified significant variations in 3D patellar shape 
between patients with PFP and healthy individuals. Notably, these variations in patellar 
shape are already associated with the presence of structural abnormalities linked to OA 
in this young population.

In chapter 6 we explored the association between the 3D shape of the patella and three 
specific aspects: 1) the occurrence of MRI-based PFOA, 2) the morphological features 
characteristic of PFOA, and 3) the clinical symptoms associated with PFOA. For this study, 
66 women diagnosed with isolated MRI-based PFOA and 66 healthy women matched in 
age and body mass index were selected from a cohort study. The patellae were manually 
segmented from the MRI scans and a 3D SSM of the patella was created. Structural 
abnormalities were scored using the MOAKS. Regression analyses were used to examine 
the association between the patellar shape group status, clinical symptoms, and structural 
abnormalities. The results showed four shape variants that had a statistically significant 
association with group status. The mode responsible for most of the shape variation 
indicated that participants with PFOA tend to have a thicker dorsal bump on the articular 
part of the patella compared to controls. Three of these shape variants were also associated 
with the presence of osteophytes and cartilage loss on the patella. Additionally, there were 
multiple associations identified between patellar shape and the clinical symptoms of PFOA. 
In conclusion, patellar shape shows associations with prevalence of MRI-based PFOA, 
structural abnormalities and clinical symptoms in women. Interestingly, one shape variant 
associated with MRI-based PFOA had previously been linked to structural abnormalities 
related to OA in individuals under 40. This may suggest that patellar shape may serve as 
an early detectable risk factor for the development of PFOA.
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Patellofemorale pijn (PFP) en patellofemorale artrose (PFOA) zijn twee aandoeningen aan 
het kniegewricht. PFP wordt gekenmerkt door pijn rond of achter de knieschijf en komt het 
meest voor bij adolescenten. PFOA is een degeneratieve aandoening van het patellofemorale 
gewricht (PFG), wat leidt tot pijn, stijfheid en verminderde mobiliteit en komt het meest 
voor op oudere leeftijd. PFOA zorgt voor veel problemen doordat het gepaard gaat met 
chronische pijn, een verminderde kwaliteit van leven en een grote behoefte aan klinische 
ingrepen. Er wordt verondersteld dat PFP in latere levensjaren kan leiden tot PFOA.

In dit proefschrift hebben we ons gericht op een beter begrip van de associatie tussen 
klinische en radiologische gegevens en de tekenen van vroege artrose. Daarnaast hebben 
we onderzocht of er een mogelijke associatie bestaat tussen PFP en PFOA. De verschillende 
studies en bijbehorende resultaten worden hieronder samengevat.

In hoofdstuk 2 hebben we de aanwezigheid van standsafwijkingen van de patella bij 
patiënten met PFP onderzocht en de mogelijke associatie met de ontwikkeling van PFOA. 
Het primaire doel was om de associatie tussen patellofemorale stand en geometrie en 
structule bot- en kraakbeenafwijkingen te onderzoeken bij zowel patiënten met PFP als 
gezonde personen. Er werden data van een case-control studie met 64 patiënten met PFP 
en 70 gezonde personen gebruikt. Hiervan was 57% vrouw, met een gemiddelde leeftijd van 
23,2 jaar. We beoordeelden de stand (Insall-Salvati ratio, patellaire translatie, patellaire 
kanteling) en femorale geometrie (sulcusdiepte, sulcushoek, TT-TG afstand) in het PFG 
met behulp van MRI. De MRI-beelden werden ook gebruikt om structurele afwijkingen 
in het PFG te onderzoeken die verband houden met artrose, zoals beenmerglaesies, 
osteofyten, kleine kraakbeenafwijkingen en Hoffa-synovitis. Daarnaast werd de 
kraakbeensamenstelling in het PFG en de doorbloeding van het patellaire bot bepaald 
middels verschillende MRI-technieken. Associaties tussen stand- en geometrieparameters, 
structurele afwijkingen, kraakbeensamenstelling en doorbloeding werden geanalyseerd 
door middel van regressieanalyses, geadjusteerd voor mogelijke confounders. De resultaten 
toonden aan dat laterale patellaire kanteling (standsafwijking) negatief geassocieerd is 
met de aanwezigheid van osteofyten (structurele afwijking) op zowel de patella als de 
voorzijde van het femur, evenals met kleine kraakbeenafwijkingen op de patella. Bovendien 
bleek patella alta positief geassocieerd met de aanwezigheid van beenmerglaesies in de 
patella en kleine kraakbeenafwijkingen. Verder was er een positieve associatie tussen 
Insall-Salvati ratio, mediale patellaire translatie en kraakbeensamenstelling van het 
trochleair kraakbeen. Geen van de stand- en geometrieparameters waren geassocieerd 
met de doorbloeding van het bot. Concluderend suggereert deze studie dat een associatie 
tussen patellofemorale stand en geometrie en de structurele afwijkingen van het gewricht, 
aanwezig is bij zowel patiënten met PFP als gezonde personen.

In hoofdstuk 3 werd de associatie tussen structurele kenmerken van artrose en 
zelfgerapporteerde pijn en functie bij patiënten met PFP onderzocht. Gegevens van 64 
patiënten met PFP uit een eerder gepubliceerde cross-sectionele case-control studie zijn 
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gebruikt. 55% Van de proefpersonen was vrouw, met een gemiddelde leeftijd van 23,4 
jaar. Structurele afwijkingen zoals osteofyten, beenmerglaesies, kraakbeenafwijkingen, 
Hoffa-synovitis en patellaire peesafwijkingen werden gescoord op MRI. Daarnaast werden 
kwantitatieve T2-metingen van de kraakbeensamenstelling uitgevoerd. Zelfgerapporteerde 
gegevens omvatten pijn in rust, pijn tijdens traplopen, kniefunctie, duur van de klachten en 
wekelijkse uren sportdeelname. Ook werden fysieke onderzoeksfactoren zoals crepitus en 
quadricepskracht gemeten. Associaties tussen deze structurele afwijkingen en kenmerken 
uit zelfgerapporteerde gegevens en fysiek onderzoek werden geanalyseerd met behulp van 
lineaire en logistische regressieanalyse. We vonden verschillende associaties. De duur van 
de symptomen was geassocieerd met beenmerglaesies in de patella. Het aantal wekelijkse 
sporturen toonde een negatieve associatie met patellaire peesafwijkingen. Bovendien 
waren de aanwezigheid van crepitus en de bilaterale aard van klachten beide geassocieerd 
met kleine patellaire kraakbeenafwijkingen. Er werd geen verband gevonden tussen de 
klinische kenmerken en de T2-relaxatietijd van het kraakbeen. Over het geheel genomen 
benadrukt deze studie de potentiële verbanden tussen vroege MRI-tekenen van artrose en 
verschillende zelfgerapporteerde en fysieke onderzoeksbevindingen bij patiënten met PFP.

In hoofdstuk 4 onderzochten we de hypothese dat PFP een voorloper kan zijn van 
degeneratieve gewrichtsveranderingen die leiden tot PFOA. Aangezien PFP en PFOA 
verschillende mechanische kenmerken delen, hebben we onderzocht of personen met deze 
aandoeningen een andere patalla vormen hebben in vergelijking met gezonde personen. 
We vergeleken drie groepen in deze cross-sectionele studie: 32 proefpersonen met PFP 
(gemiddelde leeftijd 32 jaar, 72% vrouw), 56 proefpersonen met geïsoleerde radiologische 
PFOA (gemiddelde leeftijd 54 jaar, 89% vrouw), en 80 gezonde personen (gemiddelde 
leeftijd 52 jaar, 74% vrouw). We gebruikten laterale en skyline-röntgenfoto’s van de knie 
om twee aparte 30-punts tweedimensionale statistische vormmodellen van de patella te 
maken. Vervolgens pasten we een algemeen lineair model toe om vormmodi te vergelijken 
tussen de PFOA-, PFP- en controlegroepen. Deze vergelijking werd gecorrigeerd voor body 
mass index en geslacht, en een Bonferroni-correctie werd toegepast. De resultaten toonden 
aan dat vijf vormmodi statistisch significante verschillen vertoonden tussen de groepen. 
Opmerkelijk was dat twee skyline-modi vergelijkbaar waren in zowel de PFOA- als de PFP-
groepen en significant verschilden van de controlegroep. We concludeerden dat PFP en 
PFOA vergelijkbare kenmerken aan de vorm van de patella delen, die verschillen van die 
van controle personen. Dit ondersteunt de theorie waarbij PFP mogelijk overgaat tot de 
ontwikkeling van PFOA.

Het doel van hoofdstuk 5 was om de driedimensionale (3D) vorm van de patella te 
analyseren en te bepalen of er significante vormverschillen zijn tussen patiënten met 
PFP en gezonde personen. Daarnaast wilden we de mogelijke associatie tussen patellaire 
vorm en de aanwezigheid van structurele afwijkingen op de patella onderzoeken. We 
gebruikten MRI-scans uit een eerder afgeronde case-control studie van 62 personen met 
PFP (gemiddelde leeftijd 23,5 jaar, 55% vrouw) en 69 controle personen (gemiddelde 
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leeftijd 23,1 jaar, 59% vrouw). We creëerden 3D-statistische vormmodellen van de patella 
met behulp van semi-automatische segmentatie van de MRI-scans. Structurele afwijkingen 
gerelateerd aan artrose werden beoordeeld met behulp van de MRI Osteoarthritis Knee 
Score (MOAKS). Regressieanalyse werd gebruikt om de associaties tussen de 3D-vorm 
van de patella, de status van patiënt of controle en de scores op de MOAKS te onderzoeken. 
We vonden significante associaties tussen twee 3D-patellaire vormmodi en groepsstatus. 
Specifiek was de laterale zijde en de apex van de patella meer afgerond bij patiënten met PFP 
vergeleken met controle personen, zoals weergegeven in vormmodus 16 in dit hoofdstuk. 
Bovendien toonden patiënten met PFP een meer diagonale patellaire basis in plaats van 
een horizontale patellaire basis, zoals weergegeven in vormmodus 22 in dit hoofdstuk. 
We vonden ook een associatie tussen de 3D-vorm van de patella en de aanwezigheid van 
patellaire beenmerglaesies, osteofyten aan de voorkant van het femur, beenmerglaesies 
en Hoffa-synovitis. Concluderend heeft de studie met succes significante variaties in 
3D-patellaire vorm geïdentificeerd tussen patiënten met PFP en gezonde individuen.

In hoofdstuk 6 onderzochten we de associatie tussen de 3D-vorm van de patella en drie 
specifieke aspecten: 1) het voorkomen van MRI-gebaseerde PFOA, 2) de morfologische 
kenmerken die kenmerkend zijn voor PFOA, en 3) de klinische symptomen die samenhangen 
met PFOA. Voor deze studie werden 66 vrouwen met geïsoleerde MRI-gebaseerde PFOA 
en 66 gezonde vrouwen, gematcht op leeftijd en body mass index, geselecteerd uit een 
cohortstudie. De patellae werden handmatig gesegmenteerd uit de MRI-scans en 3D 
vormmodellen van de patellae werden gemaakt. Structurele afwijkingen werden gescoord 
met behulp van de MOAKS. Regressieanalyses werden gebruikt om de associatie tussen 
de patellaire vorm, groepsstatus, klinische symptomen en structurele afwijkingen te 
onderzoeken. De resultaten toonden vier vormvarianten die een statistisch significante 
associatie hadden met de groepsstatus. De vormmodus die de meeste variatie verklaarde, 
liet zien dat deelnemers met PFOA doorgaans een dikkere dorsale bult op het gewrichtsdeel 
van de patella hebben in vergelijking met controlepersonen. Drie vormvarianten waren 
ook geassocieerd met de aanwezigheid van osteofyten en kraakbeenverlies op de patella. 
Daarnaast werden er meerdere associaties geïdentificeerd tussen patellaire vorm en de 
klinische symptomen van PFOA. Concluderend vertoont de patellaire vorm associaties 
met de aanwezigheid van MRI-gebaseerde PFOA, structurele afwijkingen en klinische 
symptomen bij vrouwen. Interessant genoeg was een vormvariant die geassocieerd was 
met MRI-gebaseerde PFOA in deze studie, eerder geassocieerd aan structurele afwijkingen 
gerelateerd aan artrose bij individuen onder de 40 jaar. Dit kan suggereren dat de patellaire 
vorm kan dienen als een vroeg detecteerbare risicofactor voor de ontwikkeling van PFOA.
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Het schrijven van een proefschrift was voor mij niet makkelijk. Zonder de mensen om 
mij heen was dit nooit gelukt. Jullie kennen me, ik ben niet lang van stof. Ik ga een aantal 
mensen specifiek bedanken, maar ben uiteraard iedereen dankbaar die mij heeft bijgestaan 
tijdens en buiten mijn promotietraject.

Allereerst wil ik alle deelnemers van wetenschappelijk onderzoek bedanken, zonder data 
geen onderzoek. Ik hoop dat in de huidige tijd genoeg mensen vertrouwen blijven houden 
in de wetenschap, zodat we als mensheid steeds een stap vooruit kunnen zetten.

Marienke, bedankt voor jouw positieve kijk, geduld en blijvende support. Ik heb onze 
samenwerking altijd als enorm plezierig ervaren. Je hebt mij altijd geprikkeld om net weer 
dat stapje extra te zetten en nog eens goed met een frisse blik ergens over na te denken. 
De snelheid waarmee je je goede feedback aanleverde was super, daardoor hoefde ik er 
nooit op te wachten. Door deze feedback heb ik veel van je geleerd, zowel in het schrijven 
als in onderzoeksmethodiek. Soms was je feedback zelfs iets te snel, omdat ik soms hoopte 
even een weekje rust te hebben ;). Ik heb veel respect voor de manier waarop jij mensen 
begeleid, duidelijk, eerlijk en down to earth.

Sita, bedankt voor de goede begeleiding als promotor. Ik heb ontzag voor jouw kennis over 
zowel artrose als wetenschappelijk onderzoek in het algemeen. Het verbaasde me elke keer 
weer, hoe je in 30 minuten weer 3 goede en nieuwe ideeën had om onze vraagstelling eens 
vanuit een andere hoek te bekijken. Deze frisse, optimistische en toch kritische blik heeft 
mij vaak verder geholpen.

De gezelligheid op de afdeling liet mijn onderzoeksperiode voorbij vliegen, en zorgde voor 
plezier tijdens het werk en ook daarbuiten. Ik ben iedereen dankbaar die hieraan heeft 
bijgedragen.

Rianne, dankzij jouw inzet binnen de TripleP studie, kon ik mij bezig houden met 
prachtige MRI data. Ik vond het leuk om te zien hoeveel interesse je bleef hebben in mijn 
vervolgonderzoek, en zelfs tot ver na jouw verdediging bleef je betrokken en hielp je met 
mijn artikelen.

Rosemarijn, bedankt dat je het stokje hebt overgenomen. Ik vind het mooi om te zien dat 
een deel van mijn onderzoek voort leeft.

Collega’s uit het kippenhok, wat hebben we gelachen. Ik vond het altijd supergezellig met 
jullie, en hoewel een kamer vol met dames in het begin een beetje wennen was, had ik 
het achteraf niet anders gewild. Bedankt voor alle slechte grappen, leuke uitjes, grappige 
opmerkingen en morele steun. Jullie waren ook nooit te beroerd om mijn geklaag aan te 
horen, mij iets bij te brengen over de praktijk of me te helpen bij analyses.
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Nazli, thank you for the help on my shape models. Even though you were very busy, you 
took the time to help me and explain every little detail.

Frances, Ruida and Jennifer. Thank you for the great collaboration and hospitality. My time 
in the NIH was eye opening, and your work ethic has inspired me to keep going.

Overige coauteurs, een artikel schrijven doe je niet alleen, en jullie bijdrage heeft mijn 
artikelen altijd verbeterd op zowel taal als inhoud.

Stanley, ik vond het een eer om jouw paranimf te mogen zijn, en vind het super dat je ook 
naast mij wil staan tijdens mijn verdediging. Het feit dat jij door hebt gebuffeld aan jouw 
boekje naast alles wat je mee maakte, heeft mij hoop en vertrouwen gegeven.

Do, ik vond het aan het begin van mijn promotie lastig om Nijmegen los te laten, en het feit 
dat ik elk weekend weer bij jou en Ena in Nijmegen thuis mocht komen, was fantastisch. 
Jouw karakter en enthousiasme voor de orthopedie heeft mij doorzettingsvermogen en 
inspiratie gegeven.

Vrienden. Bedankt voor alle mooie feestjes, festivals, borrels en bijnamen ;). Tegenwoordig 
maakt feesten vaak plaats voor lange en diepgaande discussies, maar ook daar haal ik veel 
plezier uit. Jullie vertrouwen en interesse in mijn promotie heeft mij veel steun gegeven. 
Bedankt dat jullie er voor me zijn.

Pap en Mam, zonder het doorzettingsvermogen wat jullie me hebben bijgebracht, 
was ik nooit zo ver gekomen. Bedankt voor alle interesse, vertrouwen, aansporing en 
onvoorwaardelijke steun. Ook de stappen die ik afgelopen jaren in mijn carrière heb 
gemaakt, hebben jullie gesteund. Bedankt voor alles wat jullie voor me gedaan hebben.

Thijs, grote broer. Jij stond altijd voor me klaar. Ik vind het knap hoe je de afgelopen jaren 
je eigen pad bepaald hebt. Dat heeft mij vertrouwen gegeven dat ik dat ook kan. Ik weet 
dat we het niet altijd overal over eens zullen worden, maar toch weet ik dat ik altijd bij je 
aan kan kloppen.

Rosalie, jouw liefde lijkt soms wel eindeloos. Ook zonder jou had ik dit boekje nooit 
afgekregen. Je hield me gezelschap tijdens het puntjes zetten, was een sparringspartner 
bij het schrijven en was nooit te beroerd om te luisteren. Je zorgde goed voor me als ik weer 
eens een heel weekend met mijn PhD bezig was. En misschien nog wel het belangrijkste, je 
deed dit alles zonder ooit gefrustreerd of boos te worden. Bedankt dat je afgelopen 10 jaar 
in me bent blijven geloven, en dat nog steeds doet. Ik hou van je.
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Curriculum Vitae

Joost Justus Franciscus Anna Eijkenboom is geboren op 
6 januari 1988 in Geleen. Na het behalen van zijn VWO 
diploma aan het Trivianum in Sittard, begon hij met de 
bachelor Biomedische Wetenschappen aan de Radboud 
Universiteit in Nijmegen. Tijdens zijn bachelor heeft hij 
stage gelopen aan de Radboud Universiteit op de afdeling 
cognitieve neurowetenschappen. Vervolgens heeft hij voor 
de master Biomedische wetenschappen de specialistatie 
bewegingswetenschappen gekozen. Tijdens deze master 
heeft Joost onderzoek gedaan op de afdeling Fysiologie aan 
de Radboud Uniserviteit Nijmegen. Zijn afstudeerstage met 
focus op computer modulering vond plaats aan de afdeling 

Orthopedie. In 2014 slaagde hij voor zijn master Biomedische Wetenschappen.

In 2015 begon Joost aan zijn promotie onderzoek op de afdeling Huisartsgeneeskunde aan 
het Erasmus Medisch Centrum onder begeleiding van Prof. Sita Bierma-Zeinstra en dr. 
Marienke van Middelkoop. Tijdens zijn promotie heeft Joost onderzoek gedaan naar bot-
vorm bij patellofemorale pijn en knie artrose. De resultaten van zijn promotie onderzoek 
staan beschreven in dit proefschrift. Tijdens zijn promotieonderzoek heeft Joost op zowel 
nationale als internationale congressen zijn onderzoeken gepresenteerd.

Na zijn promotie onderzoek is Joost aan het werk gegaan als product owner bij MiGuide, 
waar hij heeft bijgedragen aan een mobiele app voor diabetes patiënten. Daarna is Joost 
werkzaam geweest bij Linku als projectmanager waarbij zowel medische als niet-medische 
projecten in zijn portefeuille had.

Momenteel is Joost werkzaam als technical product owner bij BTCDirect, met als doel 
cryptovaluta toegankelijk te maken voor iedereen.

Joost woont in Oosterhout samen met zijn partner Rosalie en hun hond Loba.
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PhD Portfolio

Erasmus MC Department:  General Practice
PhD Period:    2015-2024
Promotor:    Prof. dr. S.M.A. Bierma-Zeinstra
Co-promotor:    Dr. M. van Middelkoop

Year Workload 
(ECTS)

Courses / training

Research integrity 2016 0.3

Advanced Analysis of Prognosis Studies 2016 0.9

Effective writing and publishing scientific papers Maastricht 2016 3

Erasmus PHD day (3x) 2015-2018 1.5

Oral presentations

PFP retreat Manchester, UK 2015 2

Scientific meeting dept gen practice (3x) 2015-2017 3

Dutch arthritis foundation visit Erasmus MC Rotterdam 2017 2

NHG wetenschapsdag Zeist 2017 2

Science day Orthopaedics Erasmus MC Rotterdam 2017 2

International Workshop on Osteoarthritis Imaging Rotterdam 2021 2

Poster presentations

OARSI Amsterdam 2016 1

Scandinavian Sports Medicine Congress 2018 Copenhagen, 
Denmark (2 posters)

2018 2

OARSI Virtual meeting 2021 1

Teaching activities

Supervision of master research project by medical student 2016 4

Critical reading for bachelor and master students 2017-2018 1

Conference participation

NHG wetenschapsdag Rotterdam 2015 0.3

NHG wetenschapsdag Amsterdam 2016 0.3

Other

International research visit, National Institute of Health, USA 
(4 wks)

2016 8

PFOA consensus meeting Rotterdam 2016 1
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J Orthop Sports Phys Ther. 2019 Sep;49(9):634-639
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Other publications
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