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s u m m a r y

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 showeda statistically significant (<0.05) associationwith 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 associationwith 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 asso-
ciated 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.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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
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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
Magnetic resonance imaging (MRI)-based knee OA having the
signs of PFOA to some degree5. Additionally, a recent study sug-
gested knee OA most commonly starts in the patellofemoral joint
(PFJ)6, adding to the importance of more research into this sub-
type of OA.
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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 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 KellgreneLawrence
scores14). However, very little research has focused on bone
shape in the PFJ. Liao et al. 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.

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 45e60 years,
were invited to participate in a sub-study investigating early signs
of knee OA. Of these, 891 were included for the baseline mea-
surements18. For the present study, we selected participants with
isolated MRI-based patellofemoral osteoarthritis (iPFOA) at either
baseline or follow-up. Participants 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.
One knee per subject was analysed 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 Knee Injury and Osteoarthritis
Outcome Score (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 (PFP): 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.
Definition of iPFOA

MRI-based knee OAwas 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 musculo-
skeletal radiologist to determine inter-rater reliability (prevalence
adjusted bias adjusted kappa (PABAK) 0.47e0.93, 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 osteo-
phyte and full thickness cartilage loss, or one of these features and
two of the following features19: (1) subchondral bone marrow le-
sions (BML) or cyst not associated with meniscal or ligamentous
attachments, (2) meniscal subluxation, maceration, or degenera-
tion (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 (isolated tibiofemoral osteoar-
thritis) (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 fol-
lowed 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 statistical shapemodel (SSM) of the patellawas 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 ¼ 15,924) across the registered patellae were automati-
cally established22,23. The registration parameters, including the
scale parameter for the mixture of Gaussian, s ¼ 0.6, the number of
points in the mean cloud, nm ¼ 2000, and the trade-off parameter,
l ¼ 10�3, were determined based on numerical experiments22,23.
Finally, the main bone shape variations were extracted by per-
forming a principal component analysis on the covariancematrix of
the data vectors consisting of the 3D coordinates of the corre-
sponding 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
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based on observed and simulated data24, and the number of shape
modes to be kept is found at their intersection.

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 vs 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 per-
formed 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 be-
tween short term pain and function (KOOS subscales) and patellar
shape modes. Sensitivity analyses were performed with adjust-
ment 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 I). As a result of
participant matching, no differences between the groups were
found in terms of age and BMI. Both groups were significantly
PF OA (n ¼ 66)

Age, years (mean (SD)) 57.8 (3.85)
BMI, kg/m2 (mean (SD)) 27.5 (4.35)
Presence of MRI-based features (n (%))
Osteophytes patella 42 (64%)
Osteophytes anterior femur 40 (61%)
BML patella 51 (78%)
BML anterior femur 32 (49%)
Cartilage loss patella 59 (89%)

Presence of clinical features (n (%))
Crepitation 36 (56%)
History of patellar pain 25 (40%)
Pain during walking stairs 22 (34%)

KOOS subscales 0e100 (mean (SD))
Pain 85.8 (17.0)
Symptoms 83.7 (18.0)
ADL 89.4 (15.5)
Sport 71.7 (31.6)
Quality of life 74.7 (24.9)

* Student's t-test.
y Pearson chi-square.

Table I

The characteristics of the study population
different in terms of the presence of all MOAKS features, crepita-
tion, and pain during walking stairs. Additionally, all iPFOA par-
ticipants had lower KOOS scores as compared to their matched
control participants.

The first 25 patellar shape modes were retained (Fig. 1) and
analysed using logistic regression. The patellar shape variations
described by modes 6 (OR 1.72, 95% CI 1.16e2.55), 13 (OR 1.65, 95%
CI 1.12e2.44), 21 (OR 1.70, 95% CI 1.15e2.53), and 23 (OR 0.62, 95%
CI 0.43e0.90) showed statistically significant associations with the
presence of PFOA (Table II). These modes described 4.5%, 2.1%, 0.9%,
and 0.8% of the total shape variation in the patellar bone, respec-
tively (3D files available in online Appendix 3).

Shapemode 6 revealedmostly differences at the posterior aspect
of the patella (Fig. 2). The participants with PFOA seemed to possess
a relativelymore pronounced dorsal bump at the articular surface of
the patella and a slightly shortermedialmargin of the patella (Fig. 2,
mode 6, quartiles; �0.91, �0.30, 0.32). The control participants
showed a less pronounced dorsal bump and a slightly longermedial
marginof thepatella (Fig. 2,mode6, quartiles;�0.40, 0.27, 0.91). The
control subjects' patellae had, in general, a thicker apex (Fig. 2,mode
13, quartiles; �0.18, 0.35, 0.99) as compared to those of the partici-
pants with PFOA (quartiles; �0.69, 0.04, 0.86). The hook-like
configuration at the lateral aspect (Fig. 2, mode 21,
quartiles;�0.85,�0.28, 0.62) and themedio-superior aspect (Fig. 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).

Post-hoc analyses revealed that modes 6 and 13were 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 III). 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.

Shape variations described bymodes 1, 6,14, and 20were linked
to crepitus (Table IV). While modes 15 and 21 were associated with
Control (n ¼ 66) P-value

56.3 (3.88) 0.882*
27.4 (4.41) 0.729*

0 (0%) <0.001y

0 (0%) <0.001y

26 (39%) <0.001y

13 (20%) <0.001y

14 (21%) <0.001y

30 (45%) 0.218y

8 (13%) <0.001y

4 (6%) <0.001y

96.8 (10.4) <0.001*
95.4 (8.4) <0.001*
97.3 (9.5) <0.001*
93.3 (18.2) <0.001*
94.2 (12.4) <0.001*

Osteoarthritis and Cartilage



Shape modes Crude OR Adjusted* OR

Mode 1 0.93 (0.63e1.36) 0.93 (0.62e1.38)
Mode 2 1.06 (0.73e1.52) 1.09 (0.75e1.58)
Mode 3 1.21 (0.84e1.74) 1.27 (0.87e1.83)
Mode 4 0.77 (0.53e1.13) 0.79 (0.53e1.17)
Mode 5 1.36 (0.95e1.95) 1.44 (0.99e2.10)
Mode 6 0.58 (0.39e0.86)P

¼ 0.006
0.58 (0.39e0.87)P
¼ 0.008

Mode 7 1.35 (0.96e1.91) 1.32 (0.93e1.88)
Mode 8 0.79 (0.54e1.15) 0.78 (0.53e1.15)
Mode 9 0.77 (0.55e1.08) 0.79 (0.55e1.13)
Mode 10 0.82 (0.58e1.14) 0.84 (0.60e1.19)
Mode 11 1.31 (0.92e1.87) 1.32 (0.92e1.90)
Mode 12 1.14 (0.81e1.61) 1.17 (0.82e1.68)
Mode 13 0.70 (0.48e1.00)P

¼ 0.051
0.61 (0.41e0.90)P
¼ 0.012

Mode 14 0.88 (0.60e1.29) 0.90 (0.61e1.32)
Mode 15 1.40 (0.96e2.04) 1.40 (0.95e2.07)
Mode 16 1.03 (0.72e1.47) 1.05 (0.73e1.50)
Mode 17 0.78 (0.56e1.10) 0.75 (0.53e1.07)
Mode 18 0.81 (0.56e1.87) 0.82 (0.56e1.21)
Mode 19 1.08 (0.76e1.53) 1.03 (0.72e1.49)
Mode 20 0.92 (0.66e1.28) 0.80 (0.68e1.34)
Mode 21 0.57 (0.39e0.85)P

¼ 0.005
0.59 (0.40e0.87)P
¼ 0.008

Mode 22 0.94 (0.69e1.29) 0.90 (0.65e1.24)
Mode 23 1.61 (1.13e2.30)P

¼ 0.09
1.61 (1.12e2.32)P
¼ 0.011

Mode 24 0.92 (0.65e1.28) 0.88 (0.63e1.25)
Mode 25 1.14 (0.81e1.61) 1.12 (0.79e1.59)

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

Table II Osteoarthritis and Cartilage

The associations between the group status (participants with
PFOA (n¼ 66) and control participants (n¼ 66)) and patellar shape
modes (OR with 95% CI)

Fig. 1 Osteoarthritis and Cartilage

Parallel analysis. 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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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).

Finally, multiple associations were present between the
patellar shape and KOOS subscales (Table V). Mode 21 was asso-
ciated with all KOOS subscales. Additionally, mode 1 was associ-
ated 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).
Discussion

We aimed to study whether patellar shape is associated with
MRI-based OA in the PFJ. 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. 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 this 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. Alternatively, lateral mala-
lignment 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 PFJ.



Fig. 2 Osteoarthritis and Cartilage

The distributions and distance maps for the associated modes. Distance maps in mm, yellow colour indicates a positive distance from the mean
shape while a blue colour 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.
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While we found four shape variants associated with MRI-based
PFOA, not all of these were associated with clinical symptoms and
the explained variancewas small. While shapemode 6 (responsible
for 4.5% of the shape variations), was associated with structural PF
OA features, it was only associated with crepitus in terms of clinical
symptoms. On the other hand, the seemingly subtle shape varia-
tions 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 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 (14e40 years) showing symptoms
of 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 popu-
lation 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 partici-
pants. Since the dorsal bump of the patella is one of the main
articular surfaces in the PFJ, it can be hypothesized that this



Shape modes Osteophytes
patella (n ¼ 42)

Osteophytes anterior
femur (n ¼ 40)

BMLs patella
(n ¼ 77)

BMLs anterior
femur (n ¼ 45)

Cartilage loss
patella (n ¼ 73)

Mode 6 0.55 (0.37e0.84)P
¼ 0.006

0.68 (0.45e1.03) 0.60 (0.40e0.90)P
¼ 0.012

0.83 (0.56e1.22) 0.49 (0.32e0.75)P
< 0.001

Mode 13 0.64 (0.43e0.97)P
¼ 0.033

0.74 (0.49e1.11) 0.68 (0.46e0.99)P
¼ 0.045

0.59 (0.39e0.90)P
¼ 0.014

0.64 (0.44e0.95)P
¼ 0.025

Mode 21 0.71 (0.48e1.06) 0.62 (0.41e0.94)P
¼ 0.025

0.86 (0.60e1.24) 0.76 (0.51e1.11) 0.62 (0.42e0.91)P
¼ 0.016

Mode 23 2.42 (1.53e3.84)P
< 0.001

1.38 (0.95e2.02) 1.07 (0.77e1.50) 1.13 (0.80e1.61) 1.32 (0.94e1.87)

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

Table III Osteoarthritis and Cartilage

The associations between the MOAKS features associated with presence of PFOA and the patellar shape modes (OR with 95% CI), n ¼ 132
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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 longitudi-
nal evidence is lacking, this shape abnormality on the dorsal side
of the patella could however potentially be an early risk factor for
Shape modes Crepitus (n ¼ 66) History of

Mode 1 0.63 (0.41e0.98)P
¼ 0.039

0.69 (0.43

Mode 2 1.08 (0.75e1.58) 1.28 (0.83
Mode 3 1.12 (0.78e1.61) 1.04 (0.67
Mode 4 1.11 (0.75e1.65) 0.87 (0.56
Mode 5 1.14 (0.80e1.64) 1.26 (0.83
Mode 6 0.64 (0.43e0.95)P

¼ 0.026
0.84 (0.55

Mode 7 1.22 (0.85e1.75) 1.09 (0.74
Mode 8 1.32 (0.90e1.95) 1.09 (0.70
Mode 9 1.11 (0.78e1.57) 0.73 (0.48
Mode 10 1.13 (0.81e1.58) 1.19 (0.81
Mode 11 0.98 (0.69e1.39) 1.24 (0.82
Mode 12 0.82 (0.57e1.12) 1.06 (0.70
Mode 13 0.96 (0.66e1.39) 0.70 (0.45

Mode 14 1.60 (1.06e2.42)P
¼ 0.027

0.93 (0.60

Mode 15 1.00 (0.69e1.45) 1.81 (1.12
¼ 0.015

Mode 16 0.87 (0.60e1.25) 0.84 (0.55
Mode 17 0.85 (0.60e1.20) 1.05 (0.71
Mode 18 1.11 (0.75e1.64) 0.97 (0.62
Mode 19 0.86 (0.60e1.24) 1.24 (0.82
Mode 20 0.61 (0.42e0.88)P

¼ 0.009
1.09 (0.73

Mode 21 0.87 (0.60e1.25) 0.50 (0.32
¼ 0.004

Mode 22 0.80 (0.58e1.11) 0.88 (0.61
Mode 23 0.98 (0.70e1.37) 1.21 (0.81
Mode 24 1.09 (0.77e1.54) 0.81 (0.54
Mode 25 0.87 (0.60e1.26) 1.11 (0.73

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

Table IV

The associations between the clinical features associated with presence
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 experi-
ence pain.
patellar pain (n ¼ 33) Pain during walking stairs (n ¼ 26)

e1.12) 0.86 (0.52e1.42)

e1.97) 1.34 (0.85e2.13)
e1.62) 0.95 (0.59e1.51)
e1.35) 0.84 (0.52e1.35)
e1.91) 1.12 (0.72e1.75)
e1.28) 0.69 (0.43e1.08)

e1.60) 1.11 (0.73e1.70)
e1.70) 0.93 (0.58e1.48)
e1.11) 0.95 (0.61e1.46)
e1.76) 1.16 (0.76e1.77)
e1.89) 1.08 (0.69e1.67)
e1.60) 1.21 (0.78e1.89)
e1.10) 0.59 (0.36e0.97)P

¼ 0.036
e1.46) 0.72 (0.44e1.19)

e2.93)P 1.58 (0.96e2.61)

e1.28) 1.21 (0.77e1.90)
e1.55) 0.71 (0.45e1.10)
e1.50) 1.10 (0.69e1.77)
e1.88) 1.20 (0.77e1.89)
e1.62) 1.04 (0.69e1.58)

e0.80)P 0.55 (0.34e0.89)P
¼ 0.015

e1.28) 1.22 (0.82e1.83)
e1.81) 1.44 (0.93e2.23)
e1.20) 0.99 (0.65e1.50)
e1.70) 0.88 (0.57e1.36)

nt.

Osteoarthritis and Cartilage

of PFOA and the patellar shape modes (OR with 95% CI), n ¼ 132



Shape modes KOOS pain KOOS symptoms KOOS ADL KOOS sport KOOS QoL

Mode 1 2.69 (�0.30; 5.69) 2.80 (�0.20; 5.80) 1.11 (�1.58; 3.81) 6.76 (1.26; 12.26)P
¼ 0.016

3.33 (�0.97; 7.63)

Mode 2 ¡3.34 (¡6.14; ¡0.53)P
¼ 0.020

�1.74 (�4.60; 1.12) ¡2.61 (¡5.12; ¡0.10)P
¼ 0.042

¡5.47 (¡10.67; ¡0.26)P
¼ 0.04

�3.92 (�7.97; 0.12)

Mode 3 �1.23 (�4.07; 1.62) �1.93 (�4.77; 0.91) �0.92 (�3.46; 1.61) �2.19 (�7.44; 3.07) �0.96 (�5.03; 3.12)
Mode 4 0.77 (�2.18; 3.71) 1.11 (�1.84; 4.05) 0.42 (�2.21; 3.04) 2.720 (�2.70; 8.13) �0.41 (�4.62; 3.80)
Mode 5 �0.77 (�3.47; 1.93) �0.46 (�3.17; 2.25) �1.10 (�3.50; 1.30) �0.69 (�5.74; 4.37) �1.52 (�5.38; 2.34)
Mode 6 1.01 (�1.77; 3.80) 1.71 (�1.06; 4.49) 1.01 (�1.46; 3.49) 2.21 (�2.92; 7.33) 3.04 (�0.90; 6.98)
Mode 7 1.04 (�1.56; 3.65) �0.02 (�2.64; 2.60) 0.31 (�2.01; 2.64) 1.44 (�3.39; 6.26) 0.50 (�3.23; 4.23)
Mode 8 �0.53 (�3.41; 2.34) �1.80 (�4.66; 1.07) �0.44 (�3.00; 2.12) 0.33 (�5.04; 5.71) �0.45 (�4.57; 3.66)
Mode 9 �0.79 (�3.45; 1.86) �1.20 (�3.85; 1.45) �0.88 (�3.24; 1.48) �1.34 (�6.30; 3.63) �0.50 (�4.29; 3.30)
Mode 10 �1.20 (�3.73; 1.33) �0.59 (�3.13; 0.33) �1.30 (�3.55; 0.95) 0.21 (�4.48; 4.90) �1.89 (�5.50; 1.72)
Mode 11 �0.68 (�3.31; 1.94) �1.88 (�4.49; 0.72) �0.69 (�3.03; 1.64) �4.02 (�8.81; 0.77) �2.01 (�5.74; 1.72)
Mode 12 �0.79 (�3.47; 1.89) �1.34 (�4.02; 1.34) �1.48; (�3.85; 0.90) �4.17 (�9.10; 0.76) �1.98 (�5.80; 1.84)
Mode 13 3.01 (0.27; 5.75)P

¼ 0.032
2.42 (�1.34; 5.18) 2.18 (�0.28; 4.63) 4.84 (�0.27; 9.94) 4.47 (0.56; 8.38)P

¼ 0.025
Mode 14 1.74 (�1.18; 4.65) 0.24 (�2.69; 3.17) 1.82 (�0.76; 4.41) 2.70 (�2.68; 8.09) 1.51 (�2.66; 5.69)
Mode 15 �1.97 (�4.78; 0.84) �1.30 (�4.13; 1.53) �1.51 (�4.02; 0.99) �0.33 (�5.59; 4.94) �3.31 (�7.31; 0.69)
Mode 16 �1.07 (�3.80; 1.66) �0.15 (�2.89; 2.59) �1.03 (�3.46; 1.40) �3.37 (�8.40; 1.67) �0.67 (�4.57; 3.24)
Mode 17 2.17 (�0.40; 4.73) 1.47 (�1.11; 4.06) 2.14 (�0.13; 4.42) 2.89 (�1.87; 7.64) 2.00 (�1.69; 5.69)
Mode 18 �1.69 (�4.58; 1.19) �2.05 (�4.94; 0.83) �1.67 (�4.23; 0.90) �4.29 (�9.68; 1.10) �1.53 (�5.66; 2.61)
Mode 19 0.32 (�2.41; 3.06) �0.44 (�3.18; 2.30) �0.65 (�3.08; 1.79) 1.60 (�3.47; 6.68) 0.61 (�3.31; 4.52)
Mode 20 0.26 (�2.28; 2.80) 0.51 (�2.03; 3.05) 0.39 (�1.87; 2.65) 0.99 (�3.70; 5.67) �0.04 (�3.66; 3.59)
Mode 21 3.85 (1.21; 6.49)P

¼ 0.005
4.88 (2.29; 7.47)P
< 0.001

3.49 (1.14; 5.83)P
¼ 0.004

9.07 (4.24; 13.89)P
< 0.001

6.95 (3.25; 10.64)P
< 0.001

Mode 22 �1.18 (�3.60; 1.25) �0.13 (�2.57; 2.31) �1.25 (�3.41; 0.90) �1.68 (�6.16; 2.81) �0.86 (�4.33; 2.62)
Mode 23 �1.96 (�4.45; 0.53) �1.82 (�4.31; 0.68) �1.22 (�3.45; 1.00) �2.28 (�6.94; 2.37) �1.96 (�5.53; 1.61)
Mode 24 �0.77 (�3.36; 1.83) 0.65 (�1.95; 3.25) �0.84 (�3.15; 1.47) �1.93 (�6.74; 2.89) �1.86 (�5.56; 1.84)
Mode 25 0.27 (�2.38; 2.90) 0.26 (�2.40; 2.91) 0.54 (�1.82; 2.90) �0.66 (�5.62; 4.30) 0.65 (�3.13; 4.44)

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

Table V Osteoarthritis and Cartilage

The associations between the KOOS subscales and patellar shape modes (Beta's with 95% CI)

J.F.A. Eijkenboom et al. / Osteoarthritis and Cartilage 31 (2023) 534e542540
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 PFJ
should, therefore, focus on the combined bone shapes, taking the
entire PFJ 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. Conse-
quently, 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.
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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