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Abstract
Background Patellofemoral pain is one of the most com-
mon forms of knee arthralgia in adolescent females. Unlike
in adults, in whom the etiology of patellofemoral pain is

considered to be multifactorial (eg, altered bone shape and
musculoskeletal dynamics), the etiology of adolescent
patellofemoral pain has been historically attributed to
overuse. Although it is highly plausible that adolescent
patellofemoral pain results from excessive maltracking, as
suggested by recent research, an increase in patellar, rela-
tive to femoral, size could also contribute to patellofemoral
pain through altered cartilage stresses/strains, resulting in
overloading of the subchondral bone. Because the role of
bone morphology in the genesis of patellofemoral pain
in adolescent females remains largely unknown, research
is needed in this area to improve our understanding of
patellofemoral pain and advance diagnosis/treatment.
Questions/purposes (1) Are patellar volume and width in-
creased, and femoral trochlear width decreased, in female
adolescents with patellofemoral pain compared with asymp-
tomatic females? (2) Are measures of patellofemoral size
correlated with patellofemoral tracking?
Methods Twenty adolescent females with patellofemoral
pain (age, 13.7 6 1.3 years) and 20 asymptomatic female
control participants (age, 13.6 6 1.3 years) were enrolled in
this case-control institutional review board-approved study.
This study focused on a strict definition of patellofemoral pain,
peripatellar pain in the absence of other structural pathologic
conditions (eg, tendinitis, ligament injury, Osgood-
Schlatter disease) or a history of dislocations/trauma. Con-
trol participantswith no history of patellofemoral pain or other
lower extremity pathology were matched for age (within
6months) and bodymass index (within 5 kg/m2). Participants
self-referred and were recruited through clinicaltrails.gov,
printed advertisements, and word of mouth. Three-
dimensional (3-D), static, T1-weighted, gradient recalled
echo MR images were acquired, from which 3-D patello-
femoral models were created. Patellar volume and width,
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patellar-to-femoral volume and width ratios, and femoral
trochlear width were compared across cohorts. In addition,
3-D patellofemoral tracking was quantified from dynamic
MR images captured during cyclical flexion-extension vo-
litional movements of the lower extremity. The size meas-
ures and ratios were correlated to patellofemoral tracking.
Results Compared with control participants, the cohort
with patellofemoral pain had greater patellar volume (13,792
6 2256 versus 11,930 6 1902 mm3; 95% confidence in-
terval [CI], 1336 mm3; p = 0.004; d = 0.89) and width (38.4
6 3.0 versus 36.5 6 2.7 mm; 95% CI, 1.8 mm; p = 0.021;
d = 0.67). The femoral trochlear width was smaller (32.06
1.8 versus 32.96 1.8mm; p = 0.043, d = 0.54). The patellar-
to-femoral volume ratio and the patellar-to-trochlear width
ratio were greater in adolescents with patellofemoral pain
(0.15 6 0.02 versus 0.13 6 0.01, p = 0.006, d = 0.83 and
1.20 6 0.09 versus 1.11 6 0.09, p = 0.001, d = 1.02). No
correlations were found between patellar size and patello-
femoral tracking (r < 0.375, p > 0.103).
Conclusions In adolescent females with patellofemoral
pain, the increased patellar volume/width and patellar-to-
trochlear width ratio, along with the decreased femoral
trochlear width, may initiate a pathway to pain through im-
proper engagement of the patella within the femoral trochlea.
Specifically, the mean differences between cohorts in patellar
and femoral trochlear width (1.9 mm and 0.9 mm) are 58%
and 37% of the mean patellar and femoral cartilage thickness
in females, respectively, as reported in the literature. Further
studies are needed to fully elucidate the mechanism of pain.
Level of Evidence Level III, prognostic study.

Introduction

Idiopathic patellofemoral (PF) pain is one of the most
common causes of knee arthralgia in active adolescent
females [1, 3, 26, 31], who are 25% to 50%more likely to be
affected than adolescent males [3, 26, 38]. Historically, PF
pain during adolescence was considered a self-limiting
condition, primarily as a result of overuse [10, 18]. How-
ever, recent observational studies suggest that adolescent PF
pain is chronic and activity-limiting in some patients [25, 27,
29]. Rathleff et al. [27] estimate that 71%of adolescentswith
PF pain report a decrease or cessation of sports participation
over a 2-year period. Adolescents with PF pain have a
morbidity comparable to that of adolescents with ACL
injuries, yet the former are less likely to experience symptom
resolution compared with ACL injuries or knee pain from
other sources [16, 27, 30]. This pain not only affects their
physical well-being, but also can have negative social, ed-
ucational, and economic consequences [4, 20, 40]. Thus,
there has been a renewed effort to understand the etiology of
PF pain as a result of its high prevalence and poor long-term
prognosis during adolescence.

Recent research has begun to look past the simplified
theory of overuse toward other paradigms that may explain
the mechanism of adolescent PF pain [5, 14, 24, 28, 41].
These studies provide evidence that pathologic neuromus-
cular control [24, 28], anthropomorphic variables [14, 41],
and patellar maltracking [5] are associated with PF pain in the
adolescent. The latter study [5] established that dynamic lat-
eral maltracking is the predominant kinematic abnormality in
adolescent females with PF pain. Although it is highly plau-
sible that PF pain in adolescent patients with “extreme lateral”
maltracking [5] results from pathologic knee kinematics, it is
less likely to be the only source of pain in patients with less
pronounced kinematic abnormalities. In such cases, an in-
crease in patellar size (eg, patellar volume, patellar width)
could limit the 3-D patellar mobility within the groove,
through increased contact forces, while increasing the likeli-
hood of patellofemoral pain. Furthermore, PF cartilage has a
mean 3.25mm thickness in adult females [8].As such, a small
increase in patellar volume/width or a small decrease in
femoral trochlear widthwould likely result in large changes to
contact stress/strain, increasing the likelihood of PF pain. An
improved understanding of the morphologic changes asso-
ciated with PF pain in adolescents will help advance our
treatment of this condition in this unique population.

Adolescence [11] is a developmental period with rapid
bone growth and vast biologic changes [19]. The shape and
size of immature bone are highly responsive to its loading
environment, because mechanical forces influence both
osteogenesis and bone remodeling [15]. An imbalance of
forces may lead to incongruous bone growth or changes in
bone morphology [13, 34, 42]. Although previous studies
in adolescents have reported on anthropomorphic variables
(eg, lower leg alignment), tibial tubercle-trochlear groove
distances, static patellar alignment (eg, Q-angle), and dy-
namic tracking, we found no studies that investigated
changes in PFmorphology associated with isolated PF pain
in the adolescent population [5, 14, 41].

The purpose of this case-control study was to determine if
PF morphology, specifically bone volume and width, is as-
sociated with PF pain and PF maltracking in adolescent
females. We evaluated the following questions: (1) Are pa-
tellar volume and width increased, and femoral trochlear
width decreased, in adolescents with PF pain compared with
age-matched female control participantswithout PF pain? (2)
Are measures of PF size correlated with PF tracking?

Patients and Methods

Overall, this study contained data for single knees from 20
female participants with PF pain (age, 13.76 1.3 years) and
20 asymptomatic female control participants (age, 13.66 1.3
years), a sample of convenience (Table 1). Data collection
occurred from May 2008 to December 2017 as part of an
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ongoing institutional reviewboard-approved protocol. In total
39 data sets were collected for each cohort, but the final
analysis was limited to 20 per cohort (Table 2). This single-
center case-control studywas conducted at theClinical Center
of the National Institutes of Health. Previous research [5]
included a subset of the current cohort (eight of 20 patients
with PF pain and 10 of 20 control participants). This previous
study reported PF kinematics (tracking) in adolescent females
with and without PF pain. The current study only uses the
tracking data as part of a secondary correlation and discrim-
inant analyses.

Participant Recruitment

All participants entered the study through self-referral.
The recruitment tools used were clinicaltrials.gov, flyers,
and word of mouth. The flyers were provided at local

orthopaedic sports medicine practices, physical therapy
clinics, and primary care offices to help recruit patients
with PF pain. All asymptomatic volunteer adolescent
females (control participants) were matched to patients
with PF pain for age (within 6 months) and body mass
index (BMI) within 5 kg/m2 (Table 1). The inclusion cri-
terion for the PF pain cohort was a clinical diagnosis of
idiopathic anterior, peripatellar pain lasting for > 6 months.
Exclusion criteria for both cohorts included a history of
patellar dislocation, lower limb trauma (serious lower limb
injuries requiring medical attention such as contusions,
sprains, or other lower leg injuries/pathologies), or pre-
vious lower limb surgery. These exclusion criteria ex-
tended to both legs with the exception that patients with PF
pain who had previous dislocation of or arthroscopy on the
nonstudy leg were not excluded. In addition, individuals
from both cohorts were excluded if they could not undergo
an MR imaging examination, had fused femoral growth

Table 1. Demographics, activity levels, and pain assessments*

Characteristics PFP Controls p value

Number of patients (PFP) and
volunteer participants (controls)

20 20 NA

Age range (years) 10.3-15.7 10.2-15.9 NA

Mean age (years) 13.7 6 1.3 13.6 6 1.3 0.728

Weight (kg) 49.5 6 7.1 53.2 6 10.9 0.216

Height (cm) 160.4 6 8.0 159.2 6 9.0 0.675

BMI (kg/m2) 19.2 6 2.3 20.9 6 3.5 0.086

J-sign (number of positive results) 13 NA NA

Apprehension test (number of positive
results)

7{ NA NA

Lateral hypermobility (mm) 6.7 6 3.1 NA NA

Q-angle (degrees) 13.5 6 4.0 NA NA

Hours/week in impact physical
activities†

7.5 6 6.3 6.4 6 4.6 0.567

Hours/week in nonimpact physical
activities‡

2.6 6 3.8 3.5 6 5.6 0.594

Anterior knee pain score (out of 100)§ 61.5 6 14.8 100 NA

VAS (out of 10)||

Pain on an average day 4.4 6 2.4 0 NA

Pain at the end of the day 5.0 6 3.1 0 NA

Pain during provocative activities 7.6 6 1.8 0 NA

All participants were female.
*data are reported as mean 6 1 SD, where applicable.
†activities that required the lower extremities to repeatedly absorb a ground reactive force that exceeded bodyweight (eg, running,
soccer, basketball, field hockey, volleyball, and gymnastics).
‡activities that required the lowered extremities to repeatedly absorb a ground reactive force less than body weight (eg, swimming,
biking, and elliptical training).
§anterior knee pain, Kujala et al. [17], score–scale of 0 to 100; score of 0 indicates worst pain.
||VAS–scale of 0 to 10; score of 10 indicates worst pain [23].
{all seven participants that reported a positive apprehension test and did allow the lateral hypermobility to be measured;
PFP = patellofemoral pain; BMI = body mass index; VAS = visual analog scale; NA = not applicable.
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plates (based on 3-D gradient recall echo [GRE] fat-sat MR
images), had generalized clinical hypermobility (Beighton
score of > 5 [37]), or had a diagnostic history of a hyper-
mobility syndrome (such as Ehlers-Danlos syndrome). For
individuals with bilateral PF pain, we used the data for the
knee with the most severe pain rating based on a visual
analog score (VAS [23]) for activities that typically invoke
pain. For control participants, we randomly selected the
knee studied.

Before data collection, participants provided signed as-
sent, and an accompanying legal guardian provided signed
consent. An in-house physiatrist conducted a history and
physical examination for each participant along with a fo-
cused knee evaluation. A physical activity questionnaire was
acquired (RMS, FTS, AS, VRC); the Kujala score [17] and
VAS for pain during a typical day, at the end of the day, and
during activities that caused pain were obtained. In addition,
the presence/absence of a J-sign was evaluated; the Q-angle
was measured, and lateral hypermobility was quantified.

There were no differences in demographics between the
cohorts (Table 1). Additionally, there were no differences
between cohorts in hours spent in impact and nonimpact
physical activities.

MR Data Collection and Analysis

We used static and dynamic MR images to quantify the PF
bone morphology (patellar volume, patellar width, and
femoral trochlear width) and tracking. The morphology
measures were selected because they influence the con-
gruence of the patella within the femoral sulcus.

For static imaging, participants were supine on the MR
plinth (3T Verio; Philips Electronics, Eindhoven, The
Netherlands) with the lower extremity cushioned in an
anatomically neutral position and the knee centered in an
eight-channel knee coil. Static, 3-D, high-resolution GRE
and GRE-fat-saturated (0.27 x 0.27 x 1.0 mm, 512 x 512
pixels) along with proton density-weighted (0.27 x 0.27 x
1.2 mm, 512 x 512 pixels) MR images were acquired. The
on-call radiologist reviewed all static images for any un-
diagnosed knee pathology that was not detected during the
intact history and physical.

Patellar volumes were acquired from the 3-D static
images (Fig. 1). Using a custom automatic segmentation
algorithm that was based on guided recursive ray tracing
(MIPAV; NIH, Bethesda, MD, USA), we created anatomic
contours or a “cloud of points” for each bone. Although this
automatic segmentation had an accuracy of less than
0.29 mm [6], the unfused growth plates created focal errors
for specific data sets. Thus, to ensure model accuracy, one
author (RMS) edited the automatic contours usingMIPAV.
The senior author (FTS), who had > 10 years of experience
in creating bone models, reviewed all bone outlines before
their use in later analyses. The final cloud of points was
imported into Geomagic Studio (Geomagic Inc, Morris-
ville, NC, USA) and was digitally wrapped and smoothed
(0.2 mm) to produce a final patellar model for analysis. The
bone volume was calculated directly from the final 3-D
models (Fig. 1). To remove the potential influence of the
participant’s overall size, we calculated the patellar-to-
distal femoral volume (PF volume) ratio for each in-
dividual. A distal femoral bone model was created for each
participant in an identical manner to the patella. For con-
sistency, we trimmed each femoral model at 5 mm above
the level of the laterosuperior aspect of the articular femoral
cartilage (Fig. 2), because the 3-D static MR images did not
capture the entire femur, and then calculated the volume as
we did with the patella.

We quantifiedmeasures of PFwidth from the 3-Dmodels
in Geomagic. We defined patellar width as the mediolateral
size of a bounding box containing the patella. We measured
femoral trochlear width using the distance between the most
anterior aspect of the lateral and medial femoral condyles on
the subchondral surface (Fig. 1). Like with the volume, the
patellar-to-trochlear width ratio was calculated.

All measures were based in the imaging coordinate
system. Performing the analysis in a bone-based coordinate
system is much more time-intensive and potentially less

Table 2. Rationale for data rejection after enrollment into the
study*

Controls
Number rejected Rationale

3 No matching patient (participants too
young)

1 No static data acquired as a result of
time constraints

1 Fused femoral growth plate

1 Participant reported recent defuse
pain around the knee

6 Participant matched, but a closer
match was used

2 Removed as lateral shift was 3 SDs
from control mean

5 Male

Patients with patellofemoral pain

Number rejected Rationale

7 History of dislocation

1 Other knee pathology (frozen knee)

2 Fused femoral growth plate

2 Match not obtained

7 Male

*All patients and participants were provided with the
exclusion/inclusion criteria before enrollment; because no
data were collected at this point, we did not track the number
of patients who contacted us but did not enroll.
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precise, because creating such coordinate systems requires
interpretation of the images. Furthermore, our methodol-
ogy for aligning participants within the scanner creates
consistent alignment of the femur relative to the imaging
coordinate system. Only 2.6° of rotation about two axes is
required to align the femoral coordinate system to the im-
aging based coordinate system [36]. Lastly, none of the
patients with PF pain demonstrated severe lateral tilt; thus,
patellar rotation within the imaging coordinate system
did not influence the measures of patellar width. All
researchers were blind to the individual’s cohort during the
data analysis stage.

Dynamic patellar tracking and knee angle were acquired
using dynamic cine phase-contrast MR imaging, identical
to our previous work [5]. This technique is accurate to

0.3 mm for tracking 3-D in vivo bone motion [2]. For the
cine phase-contrast data collection, which was acquired
during the same visit as the static data, participants were
supine in the MR scanner with their knee flexed and sup-
ported on cushioned blocks within a custom knee coil
holder. Cine phase-contrast images were captured while
the participants cyclically flexed and extended their lower
leg from approximately 40° flexion to full extension to the
beat of an audible metronome (two beats per cycle) at 30
cycles per minute. To create precise coordinate systems,
dynamic multiplane axial cine MR data (anatomic images
only) were also captured during the movement. The 3-D
patellar tracking was derived by integrating the cine phase-
contrast data and then expressed in terms of anatomic
coordinates fixed in each bone [32].

Fig. 1 A-C Patellar-to-trochlear width ratio was calculated from the 3-Dmodel. (A) The point of transition from anterior to posterior
cartilage on the medial and lateral femoral cartilage extremes (med cart and lat cart, respectively) were located on the bone within
theMR images using the 3-D viewing tool in MIPAV (NIH, Bethesda, MD, USA). (B) Thesemedial and lateral transition points from the
static images were transferred to the 3-D bone model. A coronal plane (cor_cut plane), relative to the imaging coordinate system,
was then rotated about the imager’s superoinferior axis until it contained the mediolateral transition points. This defined the
oblique coronal cut plane. (C) This cutting plane was translated anteriorly and used to trim the most anterior sections of the lateral
and medial femoral condyles. The center of these regions (anterolateral [AL] and anteromedial [AM]) defined the trochlear width
(TW). Patellar width (PW) was calculated as themediolateral distance using a bounding box. This bounding box was defined relative
to the imaging coordinate system.

Fig. 2 A-C Distal femoral volume was calculated from the distal femur model. (A) The most superior aspect of the lateral cartilage
was located on the 3-D GRE fat-saturated images using the triplanar view in MIPAV (NIH, Bethesda, MD, USA). (B) The point on the
bone denoting the superolateral cartilage was transferred to the 3-D femoral bone model in Geomagic (Geomagic Inc, Morrisville,
NC, USA). The cut plane was defined in the imaging coordinate system. An oblique-axial plane was rotated about the AP axis such
that it contained the two most distal points on the femur and was 5 mm superior to the most superolateral cartilage point. This 5-
mm shift ensured that the entire posterior aspect of the femoral condyles was included. (C) The model was trimmed at the cutting
plane and the volume calculated in Geomagic.
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Sources of Bias

The authors acknowledge that individual participation was
limited to adolescents within a close geographic area
(District of Columbia-Maryland-Virginia) as a result of
travel requirements to the National Institutes of Health
Clinical Center. Nevertheless, the investigators utilized all
available resources to ensure open advertisements (print,
digital, word of mouth, and doctor-patient networks).

Statistical Analysis

The difference in patellar volume was our primary research
question. As such, an a priori power analysis (G*Power
Version 3.1; Heinrich-Heine-Universität, Düsseldorf, Ger-
many) determined that 17 individuals were needed in each
cohort for a 15% patellar volume difference between cohorts
with a = 0.05 and a power of 80%. This estimate was
based on the mean volume of five patellae from adolescent
participants that were manually segmented before this
study [6].

All statistical analyses were performed using SPSS
Statistics, Version 22 (IBM Corp, Armonk, NY, USA). A
one-tailed Student’s t-test defined if the 3-D patellar
volumes and width measures were increased in the cohort
with PF pain. To further explore differences between
cohorts, a discriminant analysis was completed to de-
termine if any single size measure could distinguish co-
hort membership. A second discriminant analysis was
completed to determine if the accuracy of predicting co-
hort membership improved by adding either mediolateral
patellar shift or tilt to the analysis. Effect size was mea-
sured using Cohen’s d statistic [7]. Using a Pearson’s
correlation (r), bone volume and width measures were

correlated to the PF mediolateral shift, superoinferior
shift, and mediolateral tilt at 10° knee angle. We selected
this subset of kinematic variables to limit the number of
correlations. Full extension was selected, because mal-
tracking in patients with PF pain is typically more evident
when the knee is fully extended with active quadriceps. A
knee angle of 10° measured on MR images equates to a
0° knee angle as measured clinically using the hip, knee,
and ankle centers [12]. A two-tailed Student’s t test pro-
vided statistical analysis of demographic variables (age,
height, weight, BMI).

Results

Individuals with PF pain had larger patellar volume relative
to control participants (mean difference6 95% confidence
interval = 18626 1336 mm3, p = 0.004, d = 0.89; Fig. 3A;
Table 3). The mean (6 1 SD) patellar volumes for the PF
pain and control cohorts were 13,792 6 2256 and 11,930
6 1902 mm3. The PF volume ratio was greater in indi-
viduals with PF pain (mean difference = 0.02 6 0.01, p =
0.006, d = 0.83; Fig. 3B; Table 3). The mean ratios for the
PF pain and control cohorts were 0.15 6 0.02 and 0.13 6
0.01, respectively. Seven of the 20 knees in the PF pain
cohort demonstrated an extreme PF volume ratio (equal to
or greater than 2 SDs of the control mean). The patellar-to-
trochlear width ratio was greater in adolescents with PF
pain compared with control participants (mean difference =
0.09 6 .06, p = 0.001; Fig. 4A; Table 3). The mean ratios
for the PF pain and control cohorts were 1.20 6 0.09
and 1.11 6 0.09, respectively (Table 3). In evaluating the
individual components of this ratio, the patellar width
was larger (mean difference = 1.9 6 1.8 mm, p = 0.021,
d = 0.67; Table 3) and the femoral trochlear width was

Fig. 3 A-B (A) Patellar volume and (B) patellar-to-femoral volume ratio are larger in the
cohort with PF pain.
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smaller (mean difference = 0.9 6 1.2 mm, p = 0.043, d =
0.54; Fig. 4B; Table 3) in patients with PF pain. These
patellar and femoral widths were 38.4 6 3.0 and 36.5 6
2.7 mm and 32.06 1.8 and 32.96 1.8 mm in the PF pain
and control cohorts, respectively (Table 3).

The patellar-to-trochlear width ratio (Fig. 4C) was the
most accurate size variable in discriminating between the
groups (75% and 65% accuracy for the PF pain and control
cohorts, respectively). When the patellar-to-femoral volume
ratio is combined with the PF mediolateral position at full
extension, the accuracy in discriminating between the study
groups is optimal: 80% and 100% for the PF pain and control
cohorts (Fig. 5). There were no correlations (Table 4) be-
tween the patellar tracking variables of interest (mediolateral
displacement, superoinferior displacement, and mediolateral
tilt) and measures of size (volume and width) for the cohort
with PF pain.

The PF pain cohort was laterally shifted (3.0 mm)
relative to the control participants at full extension (p <
0.001, d =1.29) with seven individuals falling into the
“extreme maltracking” category [5]. No other kinematic
variables (PF superior and anterior displacement; and
flexion, medial tilt, and varus rotation) demonstrated dif-
ferences between the cohorts.

Discussion

This study expands our understanding of the etiology of ad-
olescent PF pain by suggesting an alternate, and possibly
complementary, pathway to PF pain, one that begins with
pathologic patellar and femoral size. The leading model for
the development of adult PF pain is that maltracking initiates
pathologic cartilage contact, which overloads the subchondral
bone and fosters pain [22], yet this kinematic pathway to pain
has not been fully substantiated. Because bone remodeling is
heightened during early to mid-adolescence [34], adolescents
are particularly susceptible to pathologic bone morphology in
the presence of imbalanced forces. Therefore, the presence of
increased patellar size and decreased femoral trochlear width
is likely inherent risk factors for the development of PF pain,
opening avenues for exploring newpreemptive and corrective
interventions.

This study had limitations. We used single knees with
unfused femurs in a cohort of early to mid-adolescent females
with isolated, idiopathic PF pain. Thus, the results cannot be
generalized to males with PF pain and to other individuals
with known etiologies of PF pain (eg, dislocation, trauma,
etc). However, this was a study with cohort homogeneity and
close matching between cohorts (to within 6 months of age

Table 3. Size measures

Size measure PF pain Control subjects Difference
95%

confidence p value Cohen’s d

Patellar volume (mm3) 13,792 (2256) 11,930 (1902) 1,862 1,336 0.004 0.89

PF volume ratio 0.15 (0.02) 0.13 (0.01) 0.02 0.01 0.006 0.83

Patellar width (mm) 38.4 (3.0) 36.5 (2.7) 1.9 1.8 0.021 0.67

Femoral trochlear width (mm) 32.0 (1.8) 32.9 (1.8) -0.9 1.2 0.043 -0.54

Patellar-to-trochlear width ratios 1.20 (0.09) 1.11 (0.09) 0.09 0.06 0.001 1.02

Data are reported as mean and SD where applicable; PF = patellofemoral.

Fig. 4 A-C (A) Patellar width, (B) trochlear width, and (C) patellar-to-femoral width ratio are larger in the cohort with PF pain.
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and a BMI within 5 kg/m2). All participants entered the study
through self-referral, which may have limited the population
to more highly motivated individuals. The pain levels, across
our population of patients with PF pain, were quite broad,
which may have produced different results than studying a
group of patients with a more homogenous report of pain (eg,
very mild pain, extreme pain). Although this study was ade-
quately powered for the primary question regarding patellar
volume, the correlation analysesmay have been limited by the
current sample size. At the present time, measuring patellar
volume is time-intensive usingMR techniques; however, new
automatic segmentation techniques are becoming available
[6]. Given that our understanding of the etiology of PF pain
is still evolving, the theories regarding increased patellar
size and pathologic kinematics require further research to

substantiate their links to altered PF contact, overloaded
subchondral bone, and pain.

The increased patellar bone volume in the current study
contrasts with the findings of Yilmaz et al. [43] who found a
smaller patellar volume in adolescents with a history of
patellar dislocation (presence or absence of PF pain was not
reported). Biomechanically, it is plausible that a smaller,
more mobile patella has a greater tendency to dislocate,
similar to THA wherein a smaller femoral head component
is thought to foster dislocation [39]. The divergent results
between the current study and the previous study, which
focused on dislocators [43], may also have arisen from un-
controlled confounding variables in the previous study such
as the control group being diagnosed with unspecified knee
pain and being older with a higher percentage of males
relative to the patient cohort [43]. Ultimately, this substantial
difference between the dislocation and isolated PF pain
adolescent cohorts suggests that isolated PF pain and dis-
location are unique pathologies with separate etiologies.

Coupling the increased patellar-to-trochlear width ratio
and the narrower femoral trochlear width in the current PF
pain cohort with past work provides a potential explanation
for the greater prevalence of PF pain in females [3, 26, 38].
Although the differences in these variables appeared small
(1.9 6 1.8 mm and 0.9 6 1.2 mm), when compared with
typical cartilage thickness (2.7 mm and 3.25 mm in young
adult females [8]) and lateral maltracking in adolescent
females (3.2 mm [5]), they are quite substantial. The cohort
with PF pain not only demonstrated a narrower trochlear
width, but also a larger patellar-to-trochlea width ratio. This
larger patellae within a smaller femoral groove, as present in
the current PF pain cohort, has a greater likelihood of im-
balanced contact patterns and increased stress/strainwhen it is
engaged within the trochlea. Furthermore, with a patella that
is too wide for its trochlea, the most lateral or medial carti-
laginous surfaces of the patella may become incongruent with
the femoral trochlea during functional activities, creating
stress concentrations. Coupling this with previous research
[9, 21] demonstrating that women have a proportionately

Table 4. Correlation values between patellofemoral size measures and patellofemoral kinematics at 10°*

Kinematic
variables

Correlation
coefficient

and p values
Patellofemoral
volume ratio

Patellar
volume

Patellar
width

Femoral
width

Patellar-to-
trochlear
width ratio

ML shift r 0.062 0.186 0.114 0.125 0.025

p value 0.796 0.432 0.633 0.6 0.915

SI shift R -0.137 -0.375 -0.26 0.134 -0.371

p value 0.565 0.103 0.269 0.573 0.107

ML tilt R 0.046 -0.105 -0.084 -0.254 0.074

p value 0.846 0.659 0.726 0.279 0.757

*Because we are assuming the two cohorts are unique, these correlations were run for the cohort with PF pain only; ML =
mediolateral; SI = superoinferior; medial and superior were positive; PF = patellofemoral.

Fig. 5 Discriminant analysis: the PF volume ratio is plotted
relative to the mediolateral displacement. The gray area indi-
cates the region containing individuals with PF pain. Four of
our younger control participants were unable to perform the
repetitive motion, required for the dynamic acquisition, well
enough for us to obtain analyzable data. Thus, for the dis-
criminant analysis, the missing data were replaced by the
mean control mediolateral displacement (0.12 mm).
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narrower distal femur suggests that the narrower femoral
trochlear width in females is an intrinsic factor, predisposing
females to PF pain. If future research provides continued
support for these findings, then females, particularly young
athletes who demonstrate increased patellar size or a narrow
femoral trochlea before pain, can be directed to training
programs to mitigate the effects of adolescent knee pain.
Alternatively, for those who already have pain, but have not
found relief with conservative treatment, surgical inter-
ventions targeting the size abnormalities may reduce or
eliminate symptoms in females with PF pain.

Although the kinematicswere not a focus of this research,
they do help put into context the current results regarding PF
size. When the patellar-to-femoral volume ratio is combined
with the PF mediolateral position at full extension, the ac-
curacy in discriminating between the study groups is opti-
mized (80%and 100%discriminant accuracy for the PF pain
and control cohorts). This high level of accuracy along
with a lack of correlation between the PF size measures and
tracking indicates the presence of two unique initiators for
the pathway to PF pain. Two patients in the current study
demonstrated both extreme patellar volume and extreme
lateral maltracking, thus these pathways are also not mutu-
ally exclusive. These two potential pathways (maltracking
and pathologic size) do not exclude other causes of pain
given that PF pain is considered a multifactorial disorder
[22]. The concept of multiple pathways of pain, that are
potentially additive in certain individuals, is supported by
the recent studies defining the presence of subgroups within
the populations of individuals with PF pain [33, 35].

In conclusion, to our knowledge, this study is the first to
demonstrate that adolescent females with isolated PF pain
have increased patellar volume and increased patellar-to-
trochlear width ratios. An increased PF volume and patellar-
to-trochlear width ratio may lead to improper patellar
engagement within the femoral trochlea, altered contact
locations, and increased PF contact stress. This in turn would
overload the subchondral bone and lead to PF pain. The
presence of open physes and bone plasticity during adoles-
cence makes bone morphology a potentially important etio-
logic factor in adolescent idiopathic PF pain. Future
prospective studies are warranted to delineate whether an
increased patellar volume is the origin or effect of imbalanced
forces, PF maltracking, and/or increased physical activity.
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