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Abstract

Background: Developing bone is highly adaptable and as such, is susceptible to pathological
shape deformation. Thus, it is imperative to quantify if changes in patellofemoral morphology are
associated with adolescent-onset patellofemoral pain, as a pathway to improve our understanding
of this pain’s etiology.

Purpose: To quantify and compare patellofemoral morphology in adolescent patients with
patellofemoral pain to matched-healthy adolescent controls; and determine if a relationship exists
between shape and kinematics (measured during active flexion-extension).

Study Design: Case-Control

Methods: Using 3D static MR images acquired during a previous study, we measured patellar,
trochlear, and lateral-patellar width; trochlear and patellar depth; Wiberg index; patella-height
ratio; lateral trochlear inclination; cartilage and lateral femoral shaft length. Student’s t-test
compared shape parameters between adolescents with patellofemoral pain and controls. Pearson’s
correlations and step-wise linear regression models explored the relationship between morphology,
kinematics (medial-lateral shift/tilt), and pain.

Results: Relative to controls, adolescents with patellofemoral pain had larger sulci (6.6+0.7 vs.
6.0£1.1; 95% CI: 0.6 mm; p=0.043; d=0.66), lateral-patellar width (23.1+£2.4 vs. 21.4+2.6; 95%
Cl: 1.6 mm; p = 0.033; d=0.70), and patella-trochlear width ratio (1.2+0.1 vs. 1.1+0.1; 95% CI:
0.1; p<0.001; d=1.26). Shape correlated with kinematics in both cohorts and in the entire
population. In the patellofemoral pain group, lateral shaft length (r=0.518; p=0.019), Wiberg index
(r=0.477; p=0.033), and patella-height ratio (r=-0.582; p=0.007) were correlated with medial
shift. A moderate correlation existed between patella-height ratio and lateral patellar tilt (r=0.527;
p=0.017). Half of the variation in patellar shift in the patellofemoral pain cohort was explained by
the patella-height ratio and Wiberg index (R?=0.487; p=0.003). Linear correlations with pain were
not found.

Conclusions: This study provides direct evidence that patellofemoral morphology is altered and
influences maltracking in adolescent patellofemoral pain, highlighting the multifactorial etiology
of this pain. Neither morphology nor kinematics (measured during active flexion-extension)
correlated with pain. Both increases and decreases in these parameters likely lead to pain, negating
a direct linear correlation.
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Clinical Relevance: Morphological changes likely lead to pain both directly through alterations
in contact stress and indirectly through altered kinematics during active flexion-extension. These
different pathways to pain must be taken into account when designing treatments to best serve a
patient’s needs.
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Introduction

Patellofemoral (PF) pain reduces the quality of life for thousands of individuals each year*®.
This is particularly true in the adolescent population where knee pain, specifically PF pain,
is one of the most common sources of pain/injury® 4798, PF pain is experienced by 7-29%
of all adolescents*> 54, Adolescent pain/injury has an immediate impact on both society and
the individual in terms of economic cost3?, loss of educational opportunities®®, reduced time
spent in recreational and competitive sports*®, and an inability to maintain a healthy
lifestyle*. Additionally, physical symptoms can be just the tip of the iceberg, as many
adolescents manifest mental health and self-esteem issues as a result of their injury’. In the
short-term, adolescent-onset PF pain can remain unresolved years after symptom
development6, which sets it apart from other knee injuries, such as ACL rupture, where
pain typically resolves quickly with surgery3®. In the long-term, there is mounting evidence
that adolescent-onset PF pain is a precursor to osteoarthritis (OA)14 15. 27 Tg effectively
prevent and treat PF pain, it is imperative that we identify its root cause(s). Consequently,
there is a pressing need for more expansive investigation into etiological factors associated
with PF pain, particularly in the adolescent population.

The recent literature on adolescents with PF pain has transitioned away from the perspective
that this pathology is a simple overuse injury3” and has begun to more fully explore its
multifactorial nature®C. There is now evidence that alterations in neuromuscular control48,
limb alignment®’, and patellar tracking® are associated with adolescent-onset PF pain. This
multifaceted character of PF pain and the minimal evidence of a direct relationship between
the various etiological factors and reported pain intensity hinder our ability to tailor
interventions to each patient’s specific underlying pathology.

The management of adolescent-onset PF pain is further complicated by the fact that the
overwhelming majority of PF morphology and kinematic data are based on the adult
population. Such data are not directly transferable to adolescents, as maltracking associated
with PF pain?8 and interventional outcomes3? differ in adolescents. Further, during the rapid
musculoskeletal development of adolescence, knee morphology is in transition to its final
adult form32. Carlson et al.8 demonstrated a unique spectrum of maltracking patterns in
adolescent-onset PF pain and suggested that this spectrum may arise from distinct alterations
in bone shape. This is supported by studies in adults with PF pain that demonstrated a
correlation between lateral trochlear inclination (LT1) and PF medial-lateral shiftl1: 29,
Similarly, patellar dislocation has clearly been shown to primarily arise from the interplay
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between trochlear dysplasia, patella alta, and ligament laxityl7: 35 41, Yet, to the best of our
knowledge, bone shape in adolescent idiopathic PF pain has yet to be explored.

The purpose of this study is to examine the role that patellar morphology plays in
adolescent-onset PF pain and its relationship to PF kinematics and pain intensity. This is a
follow up to our previous research®®, establishing that a significantly larger patellar volume
and smaller femoral trochlear width are associated with PF pain, but these parameters did
not correlate to PF maltracking. The primary aim is to measure PF shape variables, including
both femoral and patellar parameters, in adolescents with PF pain and compare them to the
same parameters measured in adolescents without PF pain or other knee pathologies
(matched controls). We hypothesized that patellar and femoral shape would be different in
patients with PF pain, relative to controls. A secondary aim is to investigate the relationships
between morphology, pain, and kinematics. We hypothesized that alterations in morphology
would correlate to both kinematics and patient-reported pain level. Specifically, a lower
lateral femoral edge would correlate with lateral maltracking and increased differences in
morphology would correlate with increased levels of patient-reported PF pain.

This Institutional Review Board-approved study was an extension of our previous research®®
related to PF size in adolescents with PF pain. For continuity, this study included the same
patient and control populations as our previous study®®. Demographics and 3D static and
dynamic MR data that were acquired during a single visit for each participant during the
previous study®® formed the basis for the current analysis. Twenty adolescent females (ages
11-16) with a diagnosis of PF pain, referred from local orthopaedic sports medicine clinics
or self-referred, formed the patient cohort (Table 1). To be included, participants in this
cohort had to have retro-patellar pain lasting greater than six months prior to enrollment, as
well as a confirmed diagnosis of PF pain by an in-house physiatrist. We excluded patients if
they had concomitant knee pathology including ligament, meniscus, iliotibial band, cartilage
or other lower extremity injury, as well as any prior patellar dislocation, arthritis, traumatic
knee injury and/or knee surgery. Twenty age- and body mass index (BMI)-matched female
controls (within 6 months and 5 kg/m?, respectively) formed the control cohort. This group
of healthy adolescents was recruited from the greater Washington, DC Area utilizing word-
of-mouth, flyers, ClinicalTrials.gov, and the resources of the Patient Recruitment Office at
the National Institutes of Health (NIH)L. Any individual from either cohort was excluded if
they had a contraindication to MR imaging, Beighton score > 5°6, clinical diagnosis
affecting the knee joint (e.g., hypermobility conditions), or a fused femoral growth plate.
Before undergoing MR imaging, all participants provided assent (and parental consent),
underwent a medical history and physical exam with a focused knee evaluation, and
completed a questionnaire regarding their physical activities. The history and physical were
used to rule-out any knee pathologies in the control cohort and any concomitant pathologies
in the cohort with PF pain. We used a visual analog scale (VAS)*3 and anterior knee pain
scale (Kujala Score)33 to assess PF pain.

For static scanning, we positioned participants supine within a 3-Tesla MR scanner (Philips
Electronics, Eindhoven, The Netherlands) with their fully extended knee in an 8-channel
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knee coil. To decrease variability due to limb positioning®3, the lower limb was carefully
placed in an anatomically neutral position and maintained using a cushioned ankle holder,
preventing internal or external rotation of the lower limb. We raised the heel to maintain full
knee extension. Once the knee was positioned properly, we captured the following static
sagittal MR images: 3D gradient recalled echo (GRE), GRE with fat-saturation (GRE-FS),
and proton density weighted (PDW). The output resolution for the GRE and GRE-FS were
0.27%0.27%1.0 mm (512x512 pixels), while the PDW image resolution was 0.27x0.27x1.2
mm (512x512 pixels). Based on the Fourier imaging data, the GRE images were reformatted
into axial images (output resolution = 0.27x0.27x1.0 mm). To rule out any undiagnosed
knee disorders and to ensure active femoral growth plates, a radiologist, specializing in
musculoskeletal imaging, read all MR images.

After static scanning, participants were repositioned for dynamic imaging. We replaced the
knee coil with a custom-built coil holder that enabled a pair of large-flex coils to be
positioned medial and lateral to the knee and a pair of medium-flex coils to be positioned
anteriorly. We placed a triangular cushioned wedge under the knee to support the hip and
knee in ~45° of flexion. This configuration allowed participants to actively flex and extend
their knee, such that their toes touched the top of the MR scanner’s inner bore at full
extension and their heel contacted a small cushion positioned on the MR bed on subsequent
flexion. During the motion we acquired a complete set of sagittal plane, cine-phase contrast
(CPC) MR images. Post-processing of the CPC velocity images enabled the 3D PF and
tibiofemoral joint kinematics to be quantified with an accuracy of <0.3mm>. The CPC MR
image set was acquired in a single sagittal scan plane.

Using MIPAV (NIH, Bethesda, MD, USA), we measured 2D femoral and patellar shape
parameters in the 3D sagittal and axial GRE images. Reliability was not measured in the
current study. However, we followed a similar methodology to our earlier work?2 measuring
patellofemoral parameters from 3D static MR images, which demonstrated excellent inter-
rater reliability (inter-class correlation coefficients: 0.94-0.99). The “lightbox view” tool in
MIPAV enabled us to use the sagittal and axial images jointly, when necessary. For the
femur, we defined the epicondylar axial (epi_ax) plane (Figure 1B) as the plane containing
the greatest femoral width and the superior sulcus image (Figure 1C) as the axial image
containing the most superior aspect of the lateral trochlear cartilage. For the patellar
measures, we defined the patellar axial (pat_ax) plane as the plane with the greatest patellar
width (Figure 1D).

At the epi_ax slice plane, we quantified the trochlear length ratio*0, trochlear depthll,
trochlear groove width??, and lateral trochlear inclination (LTle)! (Figure 1B). In the axial
superior (ax_sup) image, lateral trochlear inclination (LT1t)10 was measured (Figure 1C).
The 2D trochlear width*® was measured as the distance from the anterior-lateral trochlear
condyle to the anterior-medial trochlear condyle. The cartilage length?® was measured as the
distance from the most superior to the most inferior point of the sulcus groove covered by
cartilage, as visualized in the axial images (Figure 1A). In reviewing static axial images, we
noted that certain individuals had a particular large LTIt. This lateral edge continued
superiorly onto to shaft as pure bone. We hypothesized the lateral shaft length would
influence PF kinematics. Thus, we developed the lateral femoral shaft length, or simply
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“lateral shaft length,” as a new parameter for this study (Figure 1A). This parameter
captured the extent of the shaft in which a raised lateral edge could be defined.
Mathematically, the lateral shaft length was the distance from immediately proximal to the
superior aspect of the trochlear to the point on the lateral femoral where the anterior aspect
of the shaft becomes flat.

The patella measures included 2D patellar width, patellar depth, lateral patellar width, and
Wiberg angle2* (Figure 1D). From the trochlear and patellar measures, Wiberg index (lateral
patellar width/patellar width), and patellar height ratio (patellar tendon length/patellar
height)3C were quantified. Note, we chose to measure 2D patellar and femoral trochlear
widths for completeness, although their 3D counterparts were measured previously®.

The paucity of literature focused on adolescent-onset PF pain made an a priori power
analysis difficult to perform. Previous work by Kim et al.3% and Mundy et al.38 investigated
PF shape parameters (LTI and sulcus depth) in adolescents with knee pain not secondary to
PF dislocation. While these study populations cannot be classified as typically developing
controls, they were the most appropriate groups available for our power analysis?l. To obtain
an alpha of 0.05 and a beta of 0.2 for LTI and sulcus depth, 16-20 participants were required
for each group to find differences of 4.0° and 1.5mm. No studies on patellar shape or size
exist for the adolescents with idiopathic PF pain, so we powered our patellar measures
according to a previous adult study on patellar morphology by Fucentese et al.24 Using the
same alpha and beta, along with an assumed difference of 9° for Wiberg angle, resulted in 17
individuals for each group being required.

Statistical analyses were performed using SPSS, Version 22.0 (IBM Corp, Armonk, NY).
All continuous variables were reported as means, along with their standard deviations (SD)
and confidence intervals (ClI). For normally distributed demographic variables and shape
parameters, a Student’s t-test was used to compare cohorts. Cohen’s d statistic was used to
measure effect sizel2. After ensuring a normal distribution, the relationship between
morphology and kinematics was calculated for the PF pain cohort, controls, and for the
entire study cohort using Pearson’s correlations. To limit the number of analyses, the
correlations focused only on the axial plane kinematics, with medial shift and tilt being
positive. A qualitative graphical check was run for all correlations to ensure that outliers did
not skew the results. If outliers were found, the correlations were reported both with and
without this outlier included. A step-wise regression model using PF shape parameters was
constructed. Four participants from the control cohort had missing kinematic data, and as a
result, were excluded from correlation calculations and regression modeling. We
investigated the relationship between the intensity of pain (VAS during activities that invoke
PF pain) and measures of both PF morphology and axial plane kinematics using the
Pearson’s correlation, based on data from all subjects with PF pain. Statistical significance
was set at p < 0.05.
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The two adolescent cohorts did not differ demographically (Table 1). The two groups did not
have any differences in terms of time spent performing physical activities — impact physical
activities (p = 0.567) and non-impact physical activities (p = 0.594).

Individuals with PF pain had a deeper sulcus groove compared to the control group (Table 2,
6.6£0.7 vs. 6.0£1.1; 95% CI: 0.6 mm; p=0.043; d=0.66). The 2D patellar width (39.2+2.8
vs. 36.8+£3.3; 95% CI: 2.0 mm; p=0.014; d=0.81) and lateral patellar width (23.1+2.4 vs.
21.4+2.6; 95% CI: 1.6 mm; p = 0.033; d=0.70) were significantly larger in the PF pain
cohort. Femoral epicondylar width, LTle, LTIt, trochlear width, and lateral shaft length were
not different between the cohorts. Patellar height ratio, cartilage length, patellar-trochlear
cartilage overlap, Wiberg angle, and Wiberg index demonstrated no differences between
cohorts.

Correlations between patellofemoral morphology and PF kinematics existed for the both
cohorts and the entire study cohort (Table 3). Lateral shaft length and medial patellar shift
were weakly correlated for the entire cohort (r = 0.335; p = 0.038) and moderately correlated
in the PF pain cohort (r = 0.518; p = 0.033). Lateral shaft length was also correlated with
medial patellar tilt (r = 0.424; p = 0.010) for all participants, but failed to reach significance
in the PF pain group. In the PF pain cohort, moderate correlations existed between patellar
height ratio and lateral patellar shift (r = 0.582; p = 0.007), as well as between patellar height
ratio and lateral patellar tilt (r = 0.527; p = 0.017). Among the entire population, patellar
height ratio was correlated with lateral patellar tilt (r = 0.470; p = 0.004), but was not
correlated with patellar shift. The VVAS score during activities that provoke pain was not
correlated with any shape or kinematic parameter. No outliers were found using the
graphical evaluation.

Based on the regression analysis for all participants, approximately half of the variation in
tilt was explained by LTle, patellar height ratio, and the Wiberg angle (R2 = 0.498; p =
<0.001) (Table 4). For lateral shift, approximately 25% of the variation was explained by
lateral shaft length and sulcus depth. When focused solely on the PF pain cohort,
approximately 50% of the variation in patellar shift was explained using the patellar height
ratio and Wiberg index (Table 4, R2 = 0.487; p = 0.003). The prediction of patellar tilt did
not improve in this cohort when multiple variables were used.

Discussion

Our study enhances the clinical understanding of PF pain by providing direct evidence that
patellofemoral morphology is altered and is correlated with maltracking in adolescents with
idiopathic PF pain. The totality of our work in this population8: %5 reaches beyond a single
etiological factor, exposing significant associations between PF pain and shape deformation,
maltracking, and size. Although PF shape is altered in these adolescents with PF pain and is
correlated with their PF kinematics, neither shape nor kinematics correlate to the patients’
pain levels. Thus, pain is not dependent on a linear, unidirectional change in a single
variable. Instead, an intricate interplay between morphology and kinematics likely creates an
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envelope of pathology, with both increases and decreases in specific parameters combining
with other alterations (e.g., alterations in soft tissue forces) to cumulate in PF pain. Such a
multifaceted etiology makes the diagnosis of a single pathological factor for PF pain
incredibly challenging in most patients.

Although numerous authors have emphasized the importance of understanding PF
morphology as it relates to maltracking and PF pain3 16: 20, data comparing morphology in
patients with idiopathic PF pain to healthy controls remains sparse. The current work in
idiopathic adolescent-onset PF pain agrees with previous adult studies in finding minimal
shape changes associated with PF painl® 26. 34 The significant differences in sulcus depth
and lateral patellar width may appear small, but are large in comparison to the overall
cartilage thickness. The difference between cohorts for these variables are approximately
19% and 53% of the average patellar cartilage thickness in adult females (3.25mm23). In
opposition to adult studies, neither LTle nor LTIt correlate with PF kinematics and trochlear
depth is increased in adolescent-onset PF pain. The lack of trochlea dysplasia in isolated
adolescent-onset PF pain clearly disagrees with studies focused on PF pain secondary to
dislocation?: 642 Together, these comparisons support a distinction previously asserted by
Grelsamer2>, who postulated that individuals with patellar symptoms can be divided into
two groups: “those who feel the patella slip [d/s/ocate], and those who simply have pain.” As
such, clinical interventions must be designed specifically for each cohort and future studies
must maintain a distinction between these cohorts.

In general, changes in patellar shape are not associated with PF pain, similar to adults34. One
exception is that the lateral patellar width is significantly longer in the adolescents with PF
pain. This is in opposition to Eijkenboom et al.18, who utilized a general linear model to
detect differences in axial and sagittal plane patellar shape modes across adults with PF pain,
OA, and controls. They reported a narrower patella with a proportionally shorter lateral edge
in adults with PF pain, relative to controls. Variations in imaging modality and analysis
methodology are unlikely causes for these differences. The most likely explanation is that
patients with PF pain secondary to dislocation were not expressly excluded in their study
cohort. Previous studies?* 42 have clearly demonstrated that patients with a history of
patellar dislocation have a smaller patellar width. It is also possible that the variance is due
to morphological differences between adolescents and adults, but further research is needed
in this area.

At first glance, it is easy to negate the importance of morphological and kinematic changes
associated with PF pain due to a lack of correlation between these variables and reported PF
pain intensity. However, this would be shortsighted. Similar to previous studies26: 59, 25—
50% of the variability in PF axial-plane kinematics can be explained using a combination of
shape parameters, highlighting a complex interplay between shape and kinematics. For
example, lateral shaft length and Wiberg index both demonstrated no significant differences
between cohorts and neither correlates with pain. However, both correlate with medial PF
shift. Thus, an increase and/or decrease in these parameters may foster PF pain by fostering
either medial or lateral maltracking. To put this in context of our current population, the two
patients who demonstrated a slightly medial shift pattern at dynamic full extension, had the
third and fourth longest shaft lengths of any participant (21.2 and 21.6 mm) along with a
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higher than average LTI and trochlear depth. Here, the pain is most likely due to
impingement resulting in excessive contact forces (Figure 2 A-C). On the other side of the
spectrum, seven patients with PF pain, classified as extreme maltrackers (lateral maltracking
>2 SD from control average)®, all tended to have shorter lateral shaft lengths, smaller lateral
patellar widths, and no consistent pattern in the change for LTI (Figure 2 D—F). Thus, the
lack, but not complete loss, of boney constraint, along with a likely soft tissue force
imbalance promoted extreme lateral shift. Pain for this group most likely arose from two
sources: the shear forces induced by the large patellar movements and the cartilage-to-bone
contact arising from the constraint forces of the lateral femoral shaft. In addition, some
individuals with extreme maltracking may also exhibit and incongruent patellar-to-trochlear
fit in deeper flexion. This combination of multiple subtle changes leading to pain was
defined by Selfe and colleagues®® under their mosaic hypothesis. This hypothesis states that
patients with PF pain often had multiple subtle variations in their clinical exam (i.e. muscle
tightness, hip abductor weakness, pronation, etc.), and the summation of these mild
differences lead to pain.

The correlation between medial shift/tilt and lateral femoral shaft length raises a serious
concern that direct cartilage-to-bone contact is a likely source of adolescent-onset PF pain.
To determine if the lateral shaft truly influences the PF kinematics, a post-hoc review of the
dynamic images for both cohorts was conducted. Patellar cartilage contact with the lateral
femoral shaft could be visually detected in 55% of the individuals with PF pain and 38% of
the controls during terminal knee extension. The exact reason why this would cause pain in
one group and not the other is beyond the scope of the current work, but differences in soft
tissue forces are a likely source. This cartilage-to-bone contact has important clinical
implications, particularly for those individuals with extreme maltracking, where the
cartilage-to-bone contact involves a large shear component. In such individuals, if
conservative treatments fail, surgical correction to re-center the patella within the groove
may be necessary to ensure both joint health and proper maturation of the final joint
morphology?3.

For all patients suffering from PF pain, conservative treatment remains the logical first step.
If this fails, a deep exploration of the patient’s pain etiology is warranted when planning
more aggressive intervention. For example, in terms of maltracking, stabilization surgery
may benefit the more extreme maltracking group who have issues with soft tissue
imbalance®!, while mild force redirection may benefit the less extreme lateral maltrackers®.
For those patients whose pain appears to arise from altered contact due to shape
deformation, there are no accepted surgical interventions available. Future cadaver and
modelling studies investigating surgical intervention (e.g., patellar reshaping or resurfacing)
are necessary to explore options for pain relief in these patients.

The primary limitation in this study is the isolated focus on adolescent females with
idiopathic PF pain, which prevents the generalization of our results to males or other PF pain
populations (e.g., dislocators, adults, etc.). However, this restriction limits confounding
factors. The second limitation is sample size. While we adequately powered our study for
the PF shape deformation, our correlations may be limited by the size of the study
population. This study is designed to investigate the influence of bone shape on kinematics,
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yet the opposite — kinematics influencing bone shape — may also be true®2. The possibility of
this latter hypothesis is important to recognize, but is not the focus of this study, as a
longitudinal study design is required to address this question. Unfortunately, as pain is a
subjective experience, there is no objective measure or tool to gauge it. Thus, we must
hypothesize the source of pain utilizing statistical differences, correlations, regressions, and
visualization. Further, this study focused on specific aspects of the potential biological
causes of PF pain. As there are clearly other biological factors (e.g., muscle strength,
neurological control, overall limb alignment, etc.) and other non-biological factors
(psychological, social, etc.) that may foster or result from PF pain, future work is needed to
paint a more detailed picture of the etiology of adolescent-onset PF pain. Lastly, lateral shaft
length is a PF parameter that has not been previously investigated. Consequently, there are
no comparative studies. However, the sound methodology used in this study to measure
lateral shaft length should be confirmed in future studies.

In conclusion, our findings provide direct evidence that PF shape is altered in adolescents
with PF pain and support the hypothesis that the pathway to pain is not based on a
unidirectional change in a single parameter. Instead, an envelope of pathology exists where,
most often, subtle changes in multiple variables combine and likely foster pain. Reduced
shaft length with a shorter lateral patella appears to enable excessive shear contact forces,
with bone-to-cartilage contact occurring in terminal extension; whereas an increase in both
these parameters appears to lead to impingement of the patella, resulting in increased
cartilage stress. Of particular concern is the evidence that more than half of our adolescents
with PF pain demonstrate cartilage-to-bone contact in terminal extension. Such an
interaction not only potentially leads to pain, but could foster joint degeneration14: 15. 18,
These different pathways leading to pain, call on the medical community to search for
optimal interventions that lead to symptom resolution. Overall, the patient-specific etiology
of PF pain should be emphasized when designing treatments to best serve their needs3®.
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What is known about the subject:

Patellofemoral pain is assumed multifactorial in nature with variables like trochlear
shape, patella alta, and muscle imbalance contributing to the problem. Little research on
patellar shape and its role in the exact etiology exists.

What this study adds to existing knowledge:

This study adds to the literature by focusing on an understudied, but considerably
affected population: adolescents with idiopathic patellofemoral pain. We went beyond
focusing on a single etiological factor, and demonstrated significant relationships among
shape deformation, maltracking, and bone size in patients with patellofemoral pain. The
relationship between these variables in adolescents with patellofemoral pain support the
concept that their pain is the result of an envelope of pathology, with both increases and
decreases in specific parameters combining with other alterations to cause this pathology.

Am J Sports Med. Author manuscript; available in PMC 2021 June 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fick et al.

Figure 1. Femoral and Patellar Shape Measures.
A: Patellofemoral (PF) sagittal reference image. The sagittal plane containing the

maximum patellar height (h), measured from the proximal to the distal patellar margins. The
three dashed lines depict axial image levels used for quantifying shape. Patella tendon length
(t) spans from the tendon’s insertion on the distal patella to its insertion at the tibial tubercle.
Patella height ratio = t/h. Lateral shaft length (Isl) captures the length of the shaft above the
sulcus containing a raised lateral edge. It is measured as the distance from the superior
aspect of the trochlea [one plane superior to image C] to the point on the lateral femoral
shaft where the anterior femur becomes flat. The raised lateral edge on the shaft is denoted
by the white arrow in image D. Cartilage length (cl) is the distance from the most superior to
the most inferior points of the trochlear groove covered by cartilage. B: Epicondylar | mage.
The axial plane at the widest portion of the femur (epicondylar width, dashed white line). 2D
Trochlear width is the distance between the anterior points of the lateral trochlea (a) and the
medial trochlea (c), depicted by the dashed yellow line. Point b represents the deepest point
in the trochlea at this level. The trochlear length ratio is the ratio of the lateral trochlear
length (b-to-a) and medial trochlear length (b-to-c). Sulcus depth is the perpendicular
distance from point b to line ac, represented by the solid yellow line. Line PC connects the
most posterior points on the medial and lateral posterior condyles. Lateral trochlear
inclination (LTle) is the angle between a line tangent to the lateral trochlear edge and line
PC at this level. C: Superior Sulcus. The most superior axial image containing cartilage
over the lateral femoral condyle. LTIt is the angle between a line tangent to the lateral
trochlear edge (in this image) and line PC (image B). D: Patellar Width. Patellar width (w)
is measured from the lateral to medial patellar margins at the greatest patellar width. The
lateral patellar width (1) is measured from the lateral patellar margin to the line perpendicular
to w that crosses point p (most posterior patellar point). Wiberg index = I/w. Wiberg angle
(denoted by double arrow white arc) is the angle defined by two lines: one along the lateral
subchondral patellar facet and one along the medial subchondral patellar facet, both
originating at point p.
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Figure 2. Examples of Patellofemoral (PF) Contact for Two Adolescents with PF Pain.
Static GRE images were used to create 3D bone models (B, E). Femoral and patellar

cartilage surfaces were outlined in MIPAV and imported into Geomagic Wrap to create 3D
surface models. Contact between surfaces is shown with the underlying surface color
appearing on the patellar cartilage. A, C, D, and F represent the axial MR images at the level
where contact between surfaces can be visualized. Patient 1 (A-C) demonstrates minimal
lateral maltracking (—=0.7mm at full extension) with average values (relative to PF pain
cohort) for Wiberg index, lateral shaft length, and trochlear-patellar ratio. PF contact is not
evenly distributed across the cartilage surfaces. Instead, the contact is concentrated primarily
at the anterior-lateral trochlear, with a gap in contact in the central groove. The resulting
stress concentration, particular when the quadriceps become active is a likely source of pain.
Patient 2 (D-F) exhibits extreme lateral maltracking (-=9.5 mm at full extension), patella alta,
a short lateral shaft length, and the smallest lateral patellar width. There is cartilage-cartilage
contact (D, E) and cartilage-bone contact (E, F). The patella’s path from centered in the
groove at deep flexion to extreme lateral maltracking at full extension would foster excessive
cartilage sheer forces. Additionally, the femoral shaft provides a force that resists further
lateral shift. This combination of sheer force and bone-to-cartilage contact are likely sources
of pain.
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Table 1.

Demographics, Pain Assessments, and Clinical Features

Characteristic PF Pain (n=20) Controls (n=20) p value
Age (yrs) 13.7+1.3 13.6+13 0.728
Age Range (yrs) 10.3-15.7 10.2-15.9 -
Height (cm) 160.4 +8.0 159.2 +9.0 0.675
Weight (kg) 495+7.1 532+10.9 0.216
BMI (kg/m?) 192+23 20.9+35 0.086
Impact Physical Activities (hr/wk) 75+6.3 6.4+4.6 0.567
Non-impact Physical Activities (hr/wk) 26+38 35+5.6 0.594
Kujala Score (out of 100) 61.5+14.8 100 -
Visual Analog Scale (VAS) (out of 10)

Pain on an average day 44+24 0 -

Pain at the end of the day 50+31 0 -

Pain during provocative activities 76+18 0 -
Positive J-sign 13 -
Positive Apprehension Test 7 NA -
Lateral Hypermobility (mm) 6.7+3.1 -
Q-angle (°) 135+4.0 -

Where appropriate, data reported as mean + 1 SD

All participants were female.

Page 16

Impact activities require the lower extremities to repeatedly absorb a ground reactive force exceeding body weight (e.g., running, field sports.

basketball, volleyball, gymnastics, etc.).

Non-impact activities require the lower extremities to repeatedly absorb a ground reactive force less than body weight (e.g., elliptical training,

swimming, biking, etc.).

Kujala score33: measure of anterior knee functional pain; 0 indicates worst function.

VAS score?3: 0 indicates no pain and 10 indicates worst pain.

PF = patellofemoral; BMI = body mass index; NA = not applicable.

Am J Sports Med. Author manuscript; available in PMC 2021 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Fick et al.

Table 2.
Femoral and Patellar Morphology Parameters
Parameter PF Pain Controls  95% CI  Cohen’sd p value
Femoral Parameters
Lateral Shaft Length (mm) 179+33 179+ 4.0 2.3 0.00 0.999
LTle (°) 267+23 264+42 22 0.08 0.808
LTIt (°) 219+49 24049 3.2 -0.42 0.190
Sulcus Cartilage (mm) 275+26 26.2+35 2.0 0.40 0.210
Sulcus Depth (mm) 6.6+0.7 6.0+11 0.6 0.66 0.043
Trochlear Length Ratio 14+0.2 1.3+0.2 0.0 0.50 0.390
Trochlear Width (mm) 32017 33.0+18 11 -0.56 0.086
Patellar Parameters
Lateral Patellar Width (mm) 23.1+24 21426 1.6 0.70 0.033
Patellar Cartilage Length (mm) 26.3+35 246+23 1.9 0.59 0.068
Patellar Height Ratio 1.1+02 1.1+0.2 0.1 -0.45 0.171
Patellar Width (mm) 39.2+28 36.8+3.3 2.0 0.81 0.014
Patellar-Femoral Width Ratio 1.2+01 1.1+01 0.1 1.26 <0.001
Patellar-Trochlear Cartilage Overlap (mm) 49+16 50+15 1.0 -0.07 0.819
Wiberg Angle (°) 139.3+48 139.3+7.4 40 0.00 0.997
Wiberg Index 0.6+0.0 0.6+0.0 0.0 0.28 0.559

Data are reported as mean + 1 SD. Effect size measured using Cohen’s d statistic12.

LTle = lateral trochlear inclination, as measured in the axial image containing the epicondylar width; LTIt = lateral trochlear inclination, as

measured in the axial image containing the most proximal-lateral aspect of sulcus groove.
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Table 3.

Pearson’s Correlation Coefficients (r) for Femoral and Patellar Parameters with Patellofemoral Kinematics

All Participants PF Pain Controls

Shift Tilt Shift Tilt Shift Tilt
LTle -0.056  0500**  -0.223 0.314 0152 06627
Patella-Height Ratio  ~0.284  -0.470™" -0582"" -0527% -0490 -0.403
Lateral Shaft Length  0.335% 0.424™° 0518 0273 0231 0582~
Sulcus Depth -0172  0.386% 0.066 0333 -0.109  0.438
Wiberg Index 0134 -0.303  o0477% 0097 -0274 05127

LTle = lateral trochlear inclination, as measured in the axial image containing the epicondylar width Shift and tilt = medial/lateral shift and tilt.

Medial indicates the positive direction of motion.

*
p<0.05.

Aok

p<0.01.
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Table 4.

Regression Analysis For All Participants and PF Pain Cohort

Cohort Kinematic Variable Parameter R? p value
Lateral Shaft Length  0.086  0.045
Shift Sulcus Depth 0.190 0.012
All Participants LTle 0.250  0.002
Tilt Patellar Height Ratio  0.393  <0.001
Wiberg Angle 0.498 <0.001
Patellar Height Ratio  0.339  0.007
PF Pain Shift Wiberg Index 0.487  0.003
Tilt Patellar Height Ratio  0.277  0.017

Results from a step-wise linear regression are provided.
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