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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
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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

M. van Middelkoop joint stress, we investigated whether these conditions share similar and different shape
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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 patello-
femoral 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 ques-
tionnaires, and lateral and skyline radiographs of the knee. Two separate 30-point 2D sta-
tistical 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 simi-
lar shape characteristics, which are different from control subjects. These findings support
the proposed continuum disease model of patellofemoral pain predisposing to the develop-
ment of patellofemoral osteoarthritis.
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Article focus Key messages

It has been hypothesized that patellofem-
oral pain (PFP) may precede degenerative
joint changes, which may ultimately lead
to patellofemoral osteoarthritis (PFOA).
This study investigates the similarity of
patella shape between PFP and PFOA
patients using statistical shape modelling
compared with healthy control subjects.

Previous research has shown associations
between bone shape and PFP and PFOA
independently.

Our study shows similarities in patellar
shape between PFP and PFOA patients.
The results provide further evidence of the
link between PFP and PFOA, and high-
lights the non-self-limiting nature of PFP.
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Strengths and limitations
The data from two different studies were used in our
analysis. However, there were differences in both sub-
ject demographics and radiology protocols between
each study.
Our study group consisted mostly of women, thus
limiting the broader interpretation of our results to
the population in general.
However, both PFP and PFOA are significantly more
prevalentin women, thus our study appears to reflect
and be representative of the patient population.

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 aetiology.! Recent studies
have suggested that PFP might predispose an individual
to patellofemoral osteoarthritis (PFOA) later in life.23
Patellofemoral osteoarthritis has not been investigated as
frequently as tibiofemoral osteoarthritis (TFOA). However,
the PF] may be the first compartment affected in early
knee osteoarthritis, which later affects both the patel-
lofemoral and tibiofemoral compartments.*¢ Moreover,
a stronger association between pain and loss of function
is seen in patients with isolated PFOA compared with
those with isolated TFOA.#7° While no evidence of a
causal relationship between PFP and PFOA has been
shown,310 there are many overlapping disease character-
istics that are associated with both PFP and PFOA, includ-
ing patellar malalignment, quadriceps dysfunction, hip
abductor dysfunction, painful crepitus with stair-climb-
ing, and female gender.311-14

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 patel-
lofemoral joint mechanics.'>'¢ Alterations in patellofem-
oral joint mechanics, such as malalignment, joint laxity,
and muscular dysfunction, lead to pain and ultimately
joint degeneration.'’.'” These changes may be produced
by alterations in the contact area between patella and
femur, resulting in increased joint contact stress and sub-
sequent cartilage degeneration.'618-21 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 investigated.22-26

The influence of joint shape on knee OA has been
described by Bredbenner et al,2> who found a greater
width of the tibial plateau in anteroposterior (AP) and
mediolateral (ML) direction in patients at risk of develop-
ing OA. This may be characterized as bone remodelling,
one of the first signs of OA.?” An increased ML width of
both the femur and tibia is also seen in AP radiographs of
patients with OA.?# A recent study was able to predict the

onset of knee OA, using a 3D bone shape model as the
predictor.?> Several bone shape variants have been
described in PFP patients, as well as OA patients. Connolly
et al?2found, in a small study, that PFP patients had differ-
ent contact areas with a higher prevalence of increased
sagittal plane morphology ratios (patellar length/articu-
lar 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 sub-
jects. We hypothesize that there will be shape modes that
show similarities between patients with PFP and PFOA,
and differences compared with control subjects.

Patients and Methods

We undertook a retrospective case control study (level of
evidence: Ill). 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) cohort;?8 and the five- to eight-year follow-up
data of a randomized clinical trial (RCT) on the effective-
ness of exercise therapy for PFP.2° Informed consent was
given by all subjects, and both studies were approved by
the medical ethics committees of all participating centres;
detailed descriptions of both study protocols can be
found elsewhere.?82° From the CHECK study, the young-
est 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
scale.?? From both PFOA and PFP subjects, the most pain-
ful knee was selected for the analyses; from the control
subjects, a knee was selected at random.

Measurements in both studies included question-
naires and radiographs. The questionnaires in both stud-
ies 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 calcu-
lated; 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
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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 (D) 52.3 (3.5) 53.6 (2.7) 32.1(8.5) <0.001"#
Female gender, n (%) 59 (73.8) 50 (89.3) 23(71.9) 0.056"
Highly educated, n (%) 28 (3%) 18 (32.7) 14 (43.8) <0.001"1#
Mean body mass index, kg/m2 (sp) 25.2 (3.6) 28.5(5.1) 24.7 (3.8) <0.001°7%
Bilateral complaints, n (%) N/A 25 (44.6) 14 (43.8) 0.7407
Right knee most affected knee, n (%) N/A 33 (58.9) 12 (37.5) 0.0711
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, n (%) <0.001"7%
0: None 57 (71.3) 13(23.2) 29 (90.6)
1: Doubtful 23 (28.7) 43 (76.8) 3(9.4)
>1: Minimal to severe 0 (0) 0(0) 0(0)
Osteophytes (lateral radiograph), n (%) <0.001"7%
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), n (%) <0.001"18
None 48 (60) 4(7.71) 26 (81.3)
Doubtful 25(31.3) 11 (719.6) 6(18.8)
Minimal 4 (5) 37 (66.7) 0(0)
Moderate 0 (0) 2(3.6) 0 (0)
Joint space narrowing (skyline radiograph), n (%) <0.001°18
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)
Sclerosis (skyline radiograph), n (%) 0.00678
None 77 (85.6) 51 (91.7) 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

fStatistically significant difference between PFOA and PFP group
#Statistically significant difference between control and PFP group
§Statistically significant difference between control and PFOA group
TChi-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

Also, pain, stiffness, and function were assessed with the
Western Ontario and McMaster Universities Arthritis
Index (WOMAC)3! 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, sb 2.7); mean BMI,
29 (sp 5.1); 89% female), 32 PFP patients (mean age, 32
years (22 to 45, sp 8.5); mean BMI, 25 (sp 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 I.

The radiological measurements for both studies con-
sisted of semi-flexed weight-bearing AP radiographs,
weight-bearing lateral radiographs, and skyline radio-
graphs (30° and 45° knee flexion for CHECK and RCT
study, respectively). Individual features of OA were
scored according to the method of Altman et al.3 The
Kellgren and Lawrence (K&L) scores were recorded from

the AP radiographs and used to exclude TFOA patients
from all subject groups.34

All individual features were scored by four different
observers in the CHECK cohort. The interobserver reliabil-
ity of K&L scoring in the CHECK cohort has been described
previously, indicating fair to near perfect reliability (inter-
observer with trained reader prevalence bias adjusted «
score: 0.28 to 0.79).3% The radiographs of the PFP patients
were scored by a trained medical student who was una-
ware of the context of the study and had established reli-
ability (inter-observer with trained reader prevalence bias
adjusted «k score: 0.61 to 0.75).

Radiological PFOA was defined according to the meth-
ods of Duncan et al?*¢ and Baker et al.3” 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 osteo-
phytes on skyline radiographs.
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Table Il. 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) 0.048f 0.053f
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
fConsidered as non-significant following Bonferroni correction

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 dif-
ferent 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 availa-
ble active shape model software tools, described by
Cootes et al,3® 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 lat-
eral 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 dis-
tance 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 sub-
jects. 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 con-
firming normal distributions. A general linear model with
post hoc analysis, using Bonferroni correction for multi-
ple testing, was used to assess the association between

independent shape modes and group status (PFOA, PFP,
or control), both with and without adjusting for gen-
der and BMI.3° 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 analy-
sis, only using subjects who have no missing values in
the analysis.

Results

Compared with PFOA patients, PFP patients were signifi-
cantly 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 radio-
graph) 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 produced 17 modes of variance (Supplementary
figure b). This resulted in a Bonferroni adjusted threshold
for significance of 0.004 and 0.003, respectively.

The skyline shape model showed statistically significant
associations between group status and modes 1, 8, and 10
(Table II, Fig. 1a). Post hoc analyses revealed statistically
significant differences in skyline shape between all three
subject groups within mode 1 (Table Ill). In addition,
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a) Skyline and 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 (2X 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.

Table Ill. 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"
Skyline mode 8 1.9 0.020"
Skyline mode 10 1.1 1.000
Lateral mode 5 8.5 0.022"
Lateral mode 7 4.0 0.096

0.047" <0.001"
0.044" 1.000
<0.001" 0.008"
0.012" 1.000
0.302 0.004"

*Statistically significant

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 signifi-
cant associations for group status and mode 5 and 7 (Fig.
1b). Post hoc analysis showed statistically significant dif-
ferences in lateral patellar shape between control sub-
jects and both PFOA and PFP subjects in mode 5 (Table IlI).
In addition, post hoc analysis showed statistically signifi-
cant 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 signifi-
cant modes of the shape models between the subgroups
of PFP patients with and without a favourable recovery.

Discussion

Our study gave us the unique opportunity to study patel-
lar 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 pos-
terior 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, lat-
eral mode 5, dashed red line) when compared with the
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control subjects. It has been suggested that this longer
inferior-posterior area negatively affects the fit of the
patella within the trochlear groove, consequently leading
to increased shear forces and joint stresses and finally
leading to cartilage degeneration,!” while an increased
articular surface area on the patella has been positively
correlated with maltracking.2¢ 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 verti-
cal 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 sug-
gests 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 radio-
graphs 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 popula-
tion (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 com-
posite of different correlated shape aspects. However, a
mode might be used to derive a more intuitive geometri-
cal marker, which can be measured directly and could be
used in future studies as a prognostic or diagnostic bio-
marker. However, such a measure will only partly repre-
sent 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 popula-
tions. However, both OA*® and PFP4! are significantly
more prevalent in women, and therefore our population
seems to be a good representation of the patient popula-
tion 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 radio-
graphs. 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 predis-
pose to patellofemoral OA at a later life.

Supplementary material

Images showing modes of variance for the skyline
and lateral models.
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