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Abstract

Background—Several factors are believed to contribute to patellofemoral joint function
throughout knee flexion including patellofemoral (PF) kinematics, contact, and bone morphology.
However, data evaluating the PF joint in this highly flexed state have been limited. Therefore, the
purpose of this study was to evaluate patellofemoral contact and alignment in low (0°), moderate
(60°), and deep (140°) knee flexion, and then correlate these parameters to each other, as well as to
femoral morphology.

Materials and Methods—Sagittal magnetic resonance images were acquired on 14 healthy
female adult knees (RSRB approved) using a 1.5T scanner with the knee in full extension, mid-
flexion, and deep flexion. The patellofemoral cartilage contact area, lateral contact displacement
(LCD), cartilage thickness, and lateral patellar displacement (LPD) throughout flexion were
defined. Intra- and inter-rater repeatability measures were determined. Correlations between
patellofemoral contact parameters, alignment, and sulcus morphology were calculated.

Results—Measurement repeatability ICCs ranged from 0.94-0.99. Patellofemoral cartilage
contact area and thickness, LCD, and LPD were statistically different throughout all levels of
flexion (p<0.001). The cartilage contact area was correlated to LPD, cartilage thickness, sulcus
angle, and epicondylar width (r=0.47-0.72, p<0.05).

Discussion—This study provides a comprehensive analysis of the patellofemoral joint
throughout flexion throughout its range of motion.
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Conclusions—This study agrees with past studies that investigated patellofemoral measures at a
single flexion angle, and provides new insights into the relationship between patellofemoral
contact and alignment at multiple flexion angles.
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Introduction

The patellofemoral (PF) joint is highly complex, undergoing six degree of freedom motion
during knee extension and flexion. One of its primary functions is to act as a dynamic
fulcrum transferring the force of the quadriceps to the tibia. Several mechanical factors are
believed to contribute to this PF joint function throughout knee flexion, such as
patellofemoral (PF) joint alignment [1-3], contact properties [4-6], and joint morphology [4,
7, 8]. Although many of these properties have been well studied during activities involving
mid-flexion to terminal extension, studies involving deep knee flexion (knee flexion > 90°)
have been understudied [9], and a comprehensive analysis describing the PF joint throughout
flexion has been limited. Quantifying PF behavior in deep flexion is necessary to fully
characterize the complete biomechanics of the PF joint.

Several studies have established that PF kinematics [10-12], alignment [1-3, 8, 10, 12-15],
and contact [4-6, 12, 13, 15-21] vary from low to moderate knee flexion (0° — 60°).
However, few studies have evaluated these parameters into deep knee flexion [10, 16].
Furthermore, no study to date has investigated the relationship between PF alignment and
contact. An understanding of this relationship would help advance the clinical understanding
of PF joint biomechanics, by either supporting or refuting the generally accepted causal
links between PF kinematics/alignment, and PF joint contact. The various levels of knee
flexion expose the patella to unique loading environments, thus it is crucial that these
variables and their associations be evaluated across the range of knee flexion. Similar to
terminal extension, in deep flexion, the femoral sulcus widens and provides less kinematic
constraint on the patella [22]. However, unlike terminal extension, during deep flexion, the
patella is suspended across the intercondylar notch [22] and the quadriceps’ passive force is
in its maximal range. Thus, understanding PF joint behavior requires a complete model that
encompasses PF cartilage contact, joint alignment, and morphology at low, moderate, and
deep knee flexion angles.

Therefore, the primary objective of this study was to evaluate the changes in PF cartilage
contact area, thickness, centroid location, and PF joint alignment throughout the full range
of knee flexion in pain-free subjects. The secondary objective was to determine whether the
cartilage contact area was correlated with four variables (cartilage thickness, centroid
location, PF joint alignment, and sulcus angle) throughout the full range of knee flexion. The
relationship between the cartilage centroid location and lateral patellar displacement was
also evaluated. We hypothesized that cartilage contact, thickness, and alignment would vary
throughout flexion. Additionally, although relationships between PF contact parameters and
alignment are assumed to exist [23], they have not been defined fully. Therefore, a
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secondary hypothesis was that the lateral displacement of the contact centroid (LCD) would
correlate to the lateral patellar displacement (LPD).

Methods and Materials

Study Design

Fourteen healthy female subjects (Age: 30.2 + 9.3 years; Height: 158.3 + 4.6 cm, Weight:
54.6 + 7.7 kg), with no history of knee pain or surgery, were recruited for the study
(Research Subjects Review Board (RSRB) approved). A single left knee was scanned for
each subject. Sagittal T1-weighted images were acquired using a 1.5-Tesla magnetic
resonance (MR) scanner (GE Signa Excite) with a 3D GRE sequence (FOV: 15cm, TE,
17ms; TR, 45ms; flip angle: 30°; slice thickness: 1-1.2 mm). For all knee flexion angles
evaluated, the subject was positioned prone, and a custom knee positioning device (Figure 1)
was used to align the knee in full extension (0°, FE), moderate flexion (60°, MF), and deep
flexion (140°, DF) using a goniometer. Goniometer measurements were verified by
measuring the knee flexion angle directly from the MR-images [24]. The subject was asked
to relax their leg muscles, and the calf was lightly strapped in place to reduce motion
artifact. Custom phased-array surface receiver coils were placed surrounding the knee, with
a ring coil also placed on the posterior side for the full extension and moderate flexion
positions [25]. Additionally, coronal images were acquired at the hip and ankle [26], as an
assessment of tibiofemoral alignment, to measure the hip-knee-ankle angle (2D acute angle
between the hip, knee, and ankle centers in the coronal plane).

PF Joint Contact and Alignment Measures

As was done previously [24, 27], all regions of interest (ROISs) were re-oriented to account
for slight variations in subject placement within the MR scanner [28] across knee angles and
across subjects using OsiriX (Pixmeo; Geneva, Switzerland). This process created a new
orientation in which the femoral y-axis (fy — the bisector of the femoral shaft in the mid-
femoral sagittal image) was aligned with the vertical axis of the sagittal plane and the
femoral x-axis (fy — the posterior edge of the femur in the axial image containing the
epicondylar line) was aligned with the horizontal axis in the axial plane.

All alignment measures were derived relative a coordinate system fixed within the femoral
bone (Figure 2). The femoral origin (Fo) was defined as the deepest point in the sulcus at the
axial level of the femoral epicondylar width. The patellar origin (PP) was defined as the
most posterior point on the patella in the mid-patellar axial image. The lateral patellar
displacement (LPD) was defined as the distance from Fo to PP in the femoral x-direction
(Figure 2A-C) [2], with medial being positive. In addition, the sulcus angle [29] and
epicondylar width were evaluated in the images acquired for terminal extension using
previously reported methods [7].

The PF contact area, centroid location, and cartilage thickness were evaluated throughout
flexion. For each sagittal image slice, the contact line between the patellar and femoral
cartilage was identified in each image at each flexion angle (Figure 2D-F). The cartilage
contact area was quantified by multiplying the sum of the length of each contact line by the
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slice thickness [5]. The cartilage centroid (LCD) was defined by the image location
containing the central region of contact. Its lateral location was defined relative to the Fo.
The sum of the patellar and femoral cartilage thicknesses were determined by measuring the
total distance between the patellar and femoral bone surfaces at the cartilage contact
centroid, at an orientation perpendicular to the medial-lateral contact centroid (Figure 2D—
F).

Due to the mode of contact in DF, the contact area and centroid was divided into medial and
lateral components for all subjects (Figure 2C,F). The total contact area was defined as the
sum of these components. To account for variation in subject size, the cartilage contact area,
LPD, LCD, and thickness were scaled by the ratio of the subject to the current group average
epicondylar width [30].

Statistical Analysis

Results

Intra-rater reliability was evaluated for the PF alignment parameters (author BRF). Inter-
rater reliability was evaluated for cartilage contact parameters (authors BRF and ALL).
From these measures, intraclass coefficients (ICCs) were determined using a two-way mixed
effects model for single measures (SPSS, IBM SPSS Inc. Version 20, Armonk, New York).
In both cases, measurements were conducted blinded and the analysis began with the image
set as acquired from the MR.

One-way repeated measures ANOVAS were used to determine if differences existed between
flexion angles (FE, MF, DF) for the contact area and LPD. In addition, one-way repeated
measures ANOVAs were used to determine if differences existed between flexion angles
(FE, MF, DF-medial (M) side, and DF-lateral (L) side) for the cartilage thickness and LCD.
Significant relationships (p<0.05) were further evaluated with one-tailed post-hoc paired T-
tests and Bonferroni corrections. Pearson’s correlation coefficients between LCD and LPD
were calculated, and a paired T-test was used to determine if LCD and LPD were
statistically different. In addition, correlation coefficients between PF contact area
throughout flexion and thickness, LPD, sulcus angle, and epicondylar width were
determined. A post hoc power analysis determined that the observed power was greater than
0.96 for all comparisons made that achieved statistical significance [31].

MR-based measures showed that the knee achieved 60.2°+4.5° flexion in MF and 137.3°
+4.0° flexion in DF. With regard to tibiofemoral alignment, the mean HKA angle measured
was 0.01°+1.86° [26]. Intra- and inter-rater measurement repeatability ICCs were excellent
(Area: 0.94; LCD: 0.99, LPD: 0.94). A value of 0.90 is needed for “reasonable clinical
validity” [30].

Flexion angle was a significant factor (Table 1, p<0.001) for PF cartilage contact area
(Figure 3), thickness (Figure 4), lateral centroid displacement (LCD), and lateral patellar
displacement (LPD). Post-hoc paired t-tests revealed that the cartilage contact area increased
from FE to MF and DF, but was not different between MF and DF (Figure 3). In DF, the
ratio of contact between the medial and lateral facets of patellar contact was 3.4:6.6 (Table
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1). In addition, the cartilage thickness (Figure 4) in FE was less than MF (p<0.001). The
cartilage thickness was higher for MF than for either facet (medial or lateral) in DF
(p<0.001). The LPD was significantly more medial than the LCD at all knee flexion angles
(p<0.001) (Table 1).

For relationships between PF cartilage contact and joint alignment, LPD was moderately
correlated to LCD in FE and MF (r=0.57, 0.78, p=0.02, 0.001), and was strongly correlated
in DF (r=0.85, 0.96, p=0.001). Contact area was significantly correlated to LPD (r=0.72,
p=0.002) in FE, cartilage thickness (r=0.57, p=0.02) in MF, the sulcus angle (r=0.47,
p=0.04) in MF, and the epicondylar width in MF and DF (r=0.47, 0.48, p=0.04).

Discussion

This study provides a comprehensive analysis of the PF joint throughout flexion for single
control cohort. As such, it provides much needed data on the state of the PF joint in deep
flexion (DF), which is highly relevant to fully characterizing PF joint function into deep
flexion. This improved understanding of the state of the PF joint throughout the knee’s range
of mation supports future developments in PF modeling and cadaveric joint simulators [32—
37]. The direct evidence of a relationship between contact area and PF alignment, thickness,
and morphological parameters will help support enhanced understanding of the PF joint
biomechanics throughout knee flexion. The intra-rater measurement repeatability ICC for
LPD (ICC=0.94) and inter-rater measurement repeatability ICCs for cartilage contact area
(ICC=0.94) and LCD (ICC=0.99) were excellent. Together, these repeatability ICCs were
above the value of 0.90 needed for “reasonable clinical validity” [30], which enables the
study variables to be used in future research.

The contact area data were in agreement with past /n vivo studies (Figure 5), but provide the
first view into how this parameter varies /n vivo throughout the entire range of motion for a
single cohort. The majority of past studies focused on knee angles less than 60°
demonstrated the same decrease in area from MF to FE as seen in the current study [4-6, 13,
17]. Nonlinearity may exist in early flexion [6], which was not observed in the current study,
due to the fact that several knee angles in early to moderate flexion were not evaluated and
that quadriceps activity was absent. Results in DF were similar to measurements by
Nakagawa and colleagues [16]. The fact that contact area did not continue to increase from
MF to DF indicates that during an exercise such as deep squats, the stress would rise as the
required force in the quadriceps rises.

Our identification of relationships between PF contact, alignment, and morphology
throughout knee flexion angles is an improvement over previous studies that only
investigated such parameters in isolation. The correlations with contact area indicate that
contact area is influenced by different parameters depending upon the posture of the knee.
At full extension, the patella is at its peak superior location relative to the femoral sulcus. As
such, contact area was related only to PF alignment (LPD) at this knee angle and the sulcus
angle did not influence the contact area. In mid-flexion, the patella is well seated in the
groove and contact area was influenced not by the PF alignment, but by the size and shape
of the distal femur. Additionally, the relationship observed between the LPD and LCD
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throughout knee flexion exemplifies the role that the sulcus plays in controlling PF
alignment. Thus, pathological kinematics may arise when the influence of the sulcus is
diminished by patella alta [38], patella baja, or altered femoral shape [7, 22]. It is likely that
the behavior in deep flexion is much more complex than in FE and MF due to a combination
of two separate contact points on the medial and lateral facets on the patella in addition to
larger passive tissue constraints and quadriceps loading. For these reasons, the LPD and
sulcus angle were not associated with contact area in DF. It is possible that the correlations
between variables may increase if a cohort with PF pain or osteoarthritis was investigated
due to increased variation in parameters [2, 24, 27]. Taken together, these relationships
provide further evidence that the behavior of the PF joint is multifactorial and no individual
property can adequately describe the contact patterns of the entire joint. This more expanded
view of the potential causes of changes to contact area suggests that the source of pain likely
varies both across subjects and knee angles for a single subject.

The primary limitation of the study was that measurements were made while subjects were
non-weightbearing with muscles in a relaxed state. Thus, the dynamic effects of combined
axial, torsional, and shear forces on the PF joint could not be examined. However, it has
been demonstrated that weightbearing or quadriceps contracture increases cartilage contact
area by 24% in low and moderate flexion [5], and 18% in deep flexion [16], respectively.
Therefore, we believe our results are valid throughout flexion and will only vary by a simple
scale factor if the joints are loaded. Joint loading may also affect patellar orientation.
Previous studies have demonstrated that static unloaded joint positions partially predict
dynamic patellar kinematics in the sagittal, transverse, and coronal planes [39, 40]. Of the
knee flexion angles assessed, the effect of quadriceps contracture on PF joint orientation is
likely greatest in low knee flexion, where the effects of the femoral sulcus are minimized
and patellar maltracking is evident. Another potential limitation was that the correlations
between contact, alignment, and morphological parameters do not imply causality. Future
work will expand this protocol to study individuals with PFPS and subjects of both genders,
but alterations to the methodology are likely needed to make it more tolerable for individuals
with pain. Although the PF joint contains six degrees of freedom, only axial-plane
kinematics was evaluated. Future studies will measure PF superior/inferior shift [37],
anterior/posterior shift, flexion, tilt, and spin [11]. In addition, the PF contact thickness and
centroid were only computed at the contact centroid. This centroid may not be indicative of
the region of maximum stress, thus future work evaluating the causative relationships
between the point of maximum PF joint stress versus the center of the contact area and its
relationship to joint pain is needed. Future work is also necessary to compare the behavior of
the joint across ethnicities [26, 41], as well as in knees that may be deficient in stability [42].

Conclusions

In conclusion, this study provides a comprehensive analysis of the PF joint throughout
flexion in a consistent subject population. In doing so, this work is consistent with past
studies that investigated PF measures in isolation, and provides new insights into the
relationship between PF contact and alignment throughout flexion. This work, along with
our previous study [43], have demonstrated the feasibility of using standard clinical MR-
scanners to image the knee joint in deep flexion. A key feature was that subjects were
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positioned prone while the torso was lifted to reduce the potential for geometric distortion
within the imaging field [44], while allowing a wide range of knee flexion angles to be
evaluated. This method may become even more feasible by using wide bore scanners,
particularly for larger subjects. Continued work is necessary to similarly describe the
complete behavior of the PF joint in individuals with PF pain.
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Highlights

Patellofemoral contact and alignment vary and correlate through deep knee
flexion.

Patellofemoral contact correlates to femoral shape in moderate and deep
flexion.

Standard clinical MR-scanners may be used to image the knee joint in deep
flexion.
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Figure 1. MR compatible knee positioning device
Knee positioning during MRI at (2) moderate flexion (60°) and (b) deep flexion (140°).

Subjects were positioned prone. Phased array receiver coils (not shown) were placed around
the knee to enhance image quality.
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Figure 2. PF Joint Alignment and Contact Measures
(A-C) MR-based measures of lateral patellar displacement (LPD). LPD was defined as the

medial/lateral distance between the posterior patella (PP) and the femoral origin/sulcus (FO)
(i.e., between Ly and Ly). The PP was defined as the most posterior patellar point in the mid-
patellar image. The femur was rotated by the angle that the vectors fy and f, make with the
magnet’s left/right and superior/inferior axes, respectively, for each knee flexion angle
evaluated. It is noted that f, was measured on the sagittal image where the intercondylar
notch on the posterior femur was greatest. F, was defined from the axial image intersecting
the intercondylar notch from this sagittal plane. Thus, f,* denotes the propagated f, to the
mid-patellar plane, shown as an example in (A). (D-F) Method to determine contact area,
centroid, and cartilage thickness. For each sagittal image slice, the contact region between
the patellar and femoral cartilage was determined (red line) throughout flexion. Contact area
was quantified by multiplying the contact region by the slice thickness. The cartilage
centroid (LCD) was defined as the centroid of the contact area. The cartilage thickness was
measured at the cartilage contact centroid (yellow line). A and D: FE (0° flexion); B and E:
MF (60° flexion); C and F: DF (140° flexion).
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Figure 3. PF Cartilage contact area during knee flexion
As the knee was flexed, the PF cartilage contact area increased at 60° and 140°. In 140° of

knee flexion, the contact area was divided into the medial (M) and lateral (L) facets of the
patella contacting the femoral condyles. Solid lines indicate significant differences and error
bars indicate standard deviation.
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PF Cartilage Centroid Thickness during
Knee Flexion

Thickness (mm)

Knee Flexion Angle

Figure 4. PF cartilage thickness at the contact centroid during knee flexion
The cartilage thickness was quantified from the sagittal image at the contact centroid. In

140° flexion, contact was divided between the medial (140°M) and lateral (140°L) patellar
facets. As the knee was flexed from 0°, the cartilage thickness increased at 60°, but
decreased in 140° flexion as measured for the lateral and medial patellar facets. Solid lines
indicate significant differences and error bars indicate standard deviation.
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Figure 5. Summary of contact area throughout knee flexion with available literature
PF contact area increases from FE to MF and generally remains constant into deep flexion.

Computed contact areas were similar to previous studies. Error bars indicate standard
deviation.
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