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Abstract
Current understanding of dynamic patellofemoral joint (PFJ) mechanics in literature is limited to static or
very slow in vivo measurements. Two studies were performed across a wide range of functional movements
to improve upon our understanding on how the PFJ moves dynamically. The first study aimed to provide
foundational data of the PFJ and associated mechanisms such as medial patellofemoral ligament (MPFL)
length, joint congruence, and engagement. The second study looked at the effects of a gait rehabilitation
program had on the PFJ. The program altered hip mechanics to mitigate pain associated with patellofemoral
pain. Both studies used biplanar videoradiography (BVR) motion capture techniques in conjunction with
a computed tomography scan of the knee to quantify and evaluate PFJ motion.
Four functional movements - walking, lunging, sidestepping, and running - were investigated. We observed
several linear correlations between MPFL length, lateral patellofemoral tilt, lateral patellofemoral
displacement, orientation of the patella ridge within the trochlear groove, and patellofemoral volumetric
congruence. In the pilot gait rehabilitation study, we found that targeting the hip had significant effects on
PFJ kinematics, mechanics, and congruence. Whether these changes can be maintained or are beneficial is
yet to be determined; however, they currently provide insights into mitigating PFP using non-surgical
methods. These datasets can be used to provide the basis of our understanding of the PFJ and guide future
studies.
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Chapter 1
Introduction
1.1

Introduction

The patella is the largest sesamoid bone in the human body1. It serves to increase the moment arm of the
knee extensors throughout the range of knee flexion1. The patellofemoral joint (PFJ) is located in the knee
and is defined by the articulation of the patella with the trochlear groove (TG) of the femur2. The patella
articulates along the TG via seven articular facets on its posterior and medial surfaces 1. The kinematics of
the PFJ during dynamic activities are still uncertain in both healthy and pathological populations3. PFJ
pathologies such as patellofemoral pain (PFP) and patellar instability are prevalent in today’s youth.
Currently, there is a lack of continuous and dynamic data of 3D bone kinematics for the PFJ during
functional full body movements, because accurately capturing in vivo kinematics of the PFJ using noninvasive techniques has proven to be difficult. High-speed biplanar videoradiography (BVR) motion
capture can provide a non-intrusive method to accurately quantify 3D PFJ kinematics4. Quantifying 3D
bone kinematics of the PFJ may yield insights into the mechanics and pathomechanics of the joint.

1.2

Anatomy

The knee joint complex is a system of ligaments, tendons, and muscles that work in conjunction to transfer
loads and provide stability to the joint5. Loads are distributed across two joints within the knee: the
tibiofemoral joint (TFJ) and the PFJ5.

1.2.1 Patellofemoral Joint
The quadriceps tendon inserts proximally on the patella, while the patellar ligament originates on the distal
side and inserts onto the tibial tuberosity (Figure 1)1.
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Figure 1. Sagittal view of the knee. QT: quadriceps tendon; P: patella; PL: patellar ligament; F: femur; and T: tibia.

The patella provides a mechanical advantage of the knee extensor muscles by increasing the moment arm
of the patellar ligament about the knee joint (Figure 2). The increased moment arm can reduce the force
required to extend the knee by 15% to 30%5.

Figure 2. Sagittal view of the knee, demonstrating the mechanical advantage the patella provides for the patellar ligament (PL).
TFC: tibiofemoral contact point; dTFCP patellar tendon moment arm length.
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The articular surface of the patella is comprised of 7 facets, located on the proximal two thirds of the patella
(Figure 3)1. The medial and lateral portions of the patella each have three facets, arranged in the proximaldistal direction. A seventh facet – the odd facet – is found on the medial border of the patella and articulates
with the medial femoral condyle during deep knee flexion1.

Figure 3. Posterior view of a left patella. Lateral facets (red), medial facets (blue) and odd facet (green). Horizontal lines divide
the lateral and medial facets into their superior, middle and inferior sections.

The counterpart of the patella articular surface – the trochlea – consists of lateral and medial facets of the
femoral sulcus1. The bony geometry of the articulating surface of the femoral condyle aids in patellar
tracking during knee flexion1. These two surfaces articulate (Figure 4), providing stability to the joint
through bony geometry, in addition to the ligamentous and muscular constraints5.

Figure 4. Superior view of the articulating surface between the patella (blue) and trochlea (red).

4

1.2.2 PFJ Joint Stabilizers
Supporting structures of the PFJ are pivotal to stabilizing the patella from lateral dislocation within the TG6.
Typically, acute patellar dislocation occurs as a result of a lateral force vector 6. The medial patellofemoral
ligament (MPFL) and vastus medialis obliquus (VMO) are two key stabilizers which resist this force
vector6. The MPFL is an hourglass shaped ligament which inserts on the medial femoral epicondyle and
attaches to the proximal part of the medial border of the patella (Figure 5)5,7. Across the population, the
ligament has a large variation in shape and size, ranging from 45-64mm in length and 3- 30mm in width7.

Figure 5. Medial view of the right knee in the sagittal plane.
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The MPFL is the primary passive restraint which resists lateral displacement of the patella within the TG7.
The ligament has shown to contribute an average of 53% of the resistive force when displacing the patella
12.7 mm laterally from its neutral position8. Approximately 20 to 30 mm proximal of the MPFL insertion
onto the patella, the fibres of the MPFL and VMO interdigitate (Figure 6)6. The entwining of the tissue of
the two stabilizers is thought to shorten the fibres, pulling the patella medially into the TG during the initial
20° to 30° of flexion6.

Figure 6. A) Position of the PFJ and static patellar stabilizers during full extension of the knee. B) Contraction of the quadriceps
causing a posterior force on the patella. Contraction of the VMO causes a shortening of the MPFL through angulation. C)
Shortening of the MPFL fibres draws the patella medially into the femoral groove.

1.3

Patellofemoral Pathologies

1.3.1 Patellofemoral Pain
PFP is one of the most common problems among physically active individuals. It accounts for between
25% and 40% of knee problems seen in a sports injury clinic3. The pathology is characterised as a diffuse
pain over the anterior aspect of the knee. It is aggravated by activities which increase the PFJ contact force
as well as repetitive activities such as running3. The most common causes of PFP are thought to be
patellofemoral malalignment, overuse and trauma9. There exist several methods for mitigating and treating
mechanics and pain associated with PFP such as gait rehabilitation, taping, orthotics, and hip strengthening;
however, the success of each treatment is variable3.
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The underlying factors contributing to the development of PFP may not be addressed during these
techniques, which could explain the variability in the success of these treatments3. It has been suggested
that sex-specific gait rehabilitation paradigms may increase the success rate3. While addressing root causes
of PFP would likely improve treatment outcomes, differences between healthy and PFJ kinematics remain
unclear; highlighting the importance of understanding the dynamic function of the joint 3. A better
understanding of PFJ kinematics may aid in the diagnosis, rehabilitation, and prevention of PFP.

1.3.2 Patellar Instability
The structures responsible for maintaining the patella within the TG can be divided into three groups: active
stabilisers (muscles), passive stabilisers (ligaments and fascia) and osseous stabilisers (bone and cartilage
geometry)10. These structures work in harmony to maintain stability of the joint; however, pathology or
trauma alters this interaction, leading to patellar instability10. Pathologic kinematics such as excessive
patellar tilt may lead to stress concentrations in the joint, causing damage to the articular cartilage (Figure
7)3. It has been hypothesized that instability may progress into patellofemoral osteoarthritis (PFOA);
however, large, long-term studies are still required to validate this trend3.
There exist over 130 distinct surgical techniques for alleviating patellofemoral instability and pain11. These
techniques include osteotomies, trochleoplasty and several soft tissue reconstructions11. It is inconclusive
whether one approach is superior to others, or which subpopulations of patients will respond best to a given
treatment11. Kinematic data derived from continuous and dynamic functional full body movements may
give further insights into the contributions of soft tissues and articular surfaces to patellar stability10,12.
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Figure 7. Superior view of PFJ stress concentration caused by excessive medial patellofemoral tilt (right).

1.3.3 Patellofemoral Osteoarthritis
PFOA is a common form of knee osteoarthritis (OA) in middle and old ages3,13. PFOA was found in 13.6%
of female patients and 15.4% of men over 60 years of age who suffer from anterior knee pain 14. While this
pathology is prevalent in the aging population, there is no consensus in the field on a definite link between
anterior knee pain and PFOA3,14. A literature review by Thomas et al. reviewed 2920 potential PFP studies
and found one case-control study that suggests an association between PFP and PFOA13. Although there
is no definitive proof whether there is an association between PFP and PFOA, the possibility that PFP may
be a risk factor for PFOA warrants further attention3,13.

Previously, it was believed that PFOA

predominantly affects the lateral patellar facet; however, new data suggests prevalence in medial
patellofemoral cartilage damage – more so than its lateral counterpart3.

1.4

Measuring Patellofemoral Kinematics

The PFJ is a 6 degree-of-freedom (DOF) joint which is difficult to accurately track using non-invasive
measuring techniques4. Small PFJ measurement discrepancies of ±0.1mm/deg over an entire gait cycle can
change maximum joint contact forces by 204%15. Consistent and accurate measures of PFJ kinematics need

8
to be developed for various functional movements3. Current approaches to measuring PFJ kinematics are
outlined below.

1.4.1 Optical Motion Capture
Optical motion capture (OMC) is a common measurement technique used by the biomechanics community
to non-invasively quantify 3D joint kinematics4. OMC can be a powerful tool when combined with
biomechanical models, ground reaction forces, and electromyography. Its large field of view (FOV) allows
the capture of full body motion through a full dynamic movement.
While OMC is an excellent tool, it is not without its limitations. OMC is sensitive to soft tissue artifact
(STA) – movement of the soft tissue beneath the retro-reflective markers16. The patella is difficult to track
with skin-mounted markers because it moves underneath the skin as the knee is flexed and extended through
its range of motion. To eliminate STA, retro-reflective markers have been fixed to bone pins16. While STA
is largely eliminated, the effects that the pins have on measured kinematics is uncertain. The bone pin
musculoskeletal interface may introduce additional artifact into the measured kinematics. Local anesthesia
or pain can alter natural human movement, creating misleading data trends17. Artifact is especially relevant
to studies of pathologies with abnormal gait; for example, it is unclear whether small changes in gait are a
result of the pathology, or the invasive measurement technique.

1.4.2 Fast Phase Contrast Magnetic Resonance Imaging
Cine phase contrast magnetic imaging (cine-PC MRI) can accurately acquire musculoskeletal dynamics18,19.
In this measurement technique, subjects are placed within a magnetic resonance imager. Subjects are asked
to perform a functional movement within the machine at a predetermined rate for multiple cycles (Figure
8)18. Regions of interest (ROIs) are graphically prescribed on each bone of interest18. The velocity and
position of the ROIs are calculated for the entire motion cycle based on Fourier integration18, and rigid body
pose matrices of the bones of interest are determined18.
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Figure 8. A subject placed within the magnetic resonance imaging scanner (Figure 1 in Andrea et al.).

Fellows et al. (2005) demonstrated the potential of this measurement technique to quantify PFJ motion with
sub-millimeter accuracy in a cadaveric study20. While Cine-PC MRI provides a method to observe 3D in
vivo kinematics, it has its share of limitations. Horizontal alignment of the subject combined with a limited
volume makes some functional movements such as stair climbing or drop-box landing impossible. The
functional movement of the subject is limited to one plane of motion and does not fully represent the 3D
motion20. The protocol requires the subject to perform a cyclic movement, such as flexing and extending
their knee, for as many as 100 iterations to acquire sufficient data points20; therefore, the measurement
technique provides an average cycle and does not account for inconsistency among cycles20.

1.4.3 Biplanar Videoradiography
BVR has become an increasingly popular technique for evaluating 3D joint kinematics in vivo21. Under
optimal testing conditions, BVR is capable of measuring sub-millimeter and sub-degree 3D bone motion21.
BVR uses two x-ray sources, two image intensifiers and two high speed cameras (Figure 9)21 A collimated
beam of x-rays is directed outwards in a cone towards the image intensifiers. The FOV – a volume of 6000
cm3 (roughly the size of a standard soccer ball) – is defined by the intersection of these two cones4. As the
participant passes through the FOV, a radiograph is projected onto the image intensifiers and captured by
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the cameras. This method captures the bone motion directly, removing STA4. Using a cadaver model,
Bey et al. recently validated this measuring technique on the PFJ, tracking in vivo patellar motion within
0.455 mm and 0.987 degrees22.

Figure 9. Example BVR configuration.

While BVR accurately quantifies 3D bone kinematics, it is not as readily available as other measuring
techniques such as OMC technology21. Although minimal, X-ray exposure (typically around one thirtieth
of the annual background radiation) increases risk to subjects21. The small FOV limits the functional
movements that can be recorded during an experiment when compared to OMC practices 21. For motions
that do not require a large FOV – such as the PFJ during stance phase – BVR can be a powerful tool for
capturing accurate in vivo joint kinematics. There are a few studies that have previously investigated PFJ
mechanics during a lunge using a dual fluoroscopic system; however, the data is recorded in increments of
flexion and is not continuous23–25. Currently, BVR is the only technology capable of accurately capturing
dynamic PFJ motion during dynamic activities such as running and lunging.
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1.5

Kinematics

1.5.1 Coordinate Systems
Maintaining consistency in kinematic measurement techniques between subjects is crucial to the integrity
of the dataset. Standard methods for determining femoral and tibial coordinate systems in OMC typically
use the knee, hip and ankle anatomical landmarks26. For X-ray based technologies, a repeatable method for
determining tibial, femoral and patellar coordinate systems to measure knee kinematics is necessary to
maintain consistency26,27. For this thesis, anatomical coordinate systems (ACS) were defined (Figure 10)
using methods described by Miranda et al. (2010) and Rainbow et al. (2013).

Figure 10. ACS used to quantify joint kinematics. X-axis, Y-axis and Z-axis of each ACS are represented by red, green and blue
arrows respectively. (A) 3D surface files of the left femur, tibia and patella. (B) Femoral ACS. (C) Tibial ACS. (D) Patellar ACS.
Kinematic measures are defined by a positive rotation about their respective coordinate systems.

1.5.1.1 Femoral Coordinate System
The primary axis of the femoral ACS is established from the femoral condyles26. A plane is used to isolate
the femoral condyles, oriented over two iterations26. The normal of the first iteration of the plane is defined
by the cross product of a vector connecting a point on the distal femur (pt 1) and a point on the posterior
femur (pt2), and a vector pointing in the medial-lateral direction (Figure 11, A.1)26.

The first point is

determined by extending a vector through the diaphysis until it intersects with the femoral surface (Figure
11, A.2). This vector is defined by calculating the smallest inertial axis of the femoral diaphysis once it
had been isolated from the femur model26,28,28. At the location of the first iteration of the plane, a bounding
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box was created around the isolated femur. The centre of the bounding box was used as the origin to
establish the second point26. By extending the inertial axis pointing in the anterior-posterior direction from
this point until it intersected with the femoral surface, the second point is established26. Using a MATLABbased Gauss-Newton algorithm, a cylindrical fit to the points defined by the plane’s first iteration is
performed26. The long axis of the cylinder is used as the medial-lateral axis of the femoral ACS (Figure
11, B.1, B.2)26.

Figure 11. (A.1) Posterior view of the plane used to isolate the condyles. The vector connecting pt1 to pt2 is denoted in yellow
(A.2) Anterior view of the vector passing through the diaphysis. (A.3) Superior view of the axial cross-section of the femoral
metaphysis. The inertial axis pointing in the anterior-posterior direction is represented by the black arrow. (B.1) Distal view of
the condyles with the medial-lateral axis of the femur ACS denoted in red. (B.2) Lateral view of the condyles (Figure 2 in
Miranda et al.).

The secondary axis (anterior-posterior) is calculated by crossing the primary axis with the vector passing
through the diaphysis. Finally, the cross product between the primary and secondary axes yields the third
axis of the femoral ACS.

1.5.1.2 Tibial Coordinate System
The tibial ACS uses the tibial plateau to define the medial-lateral, anterior-posterior and third axis of the
tibia26. The location of the tibial plateau is determined as the largest axial cross-section of the tibia26. The
origin of the tibial ACS is at the centre of mass (COM) of the tibial plateau26.
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1.5.1.3 Patellar Coordinate System
The posterior surface of the patella has lateral and medial facets which articulate with the TG of the femur27.
The facets are separated by a distinct vertical patellar ridge (PR), running along the anterior-posterior axis
of the patella27. This prominent landmark is a useful target for automatic identification using a surfacebased topography algorithm which does not depend on additional subjective input27.
The centroid and inertial axes are computed following methods produced by Crisco and McGovern
(1998)27,29. The patella is near-circular in the coronal plane27. As such, the third inertial axis is repeatable
in its direction27. The third axis is used to define the anterior-posterior axis of the patellar ACS27. The other
two inertial axes are not as repeatable in their orientation27. These two axes are rotated by an arbitrary angle
θ about the anterior-posterior axis to create two new axes: axis-1 and axis-2 (Figure 12)27. The posterior
surface is iteratively scanned in 1mm slices along the axis-1 direction and the axis-2 coordinate is evaluated
at each instance27. This process yields a set of points tracing the PR. The standard deviation of the axis-2
coordinates is computed - yielding a Gaussian distribution27. Optimizing the angle θ to minimize standard
deviation of the axis-2 coordinates aligns the axis-1 and axis-2 vector with the proximal-distal and mediallateral axis of the patella respectively27.

Figure 12. (A) Axis-1 and axis-2 coordinates of the PR at an arbitrary rotation angle (θ) about the anterior-posterior axis. (B)
location of the PR after a rotation, θ, which minimizes the standard deviation of the axis-2 coordinates (Figure 1 in Rainbow et al).
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1.5.2 Euler Angles and the Joint Coordinate System
The knee is a twelve DOF joint, capable of a range of movements during functional motions. Motion of
the patella with respect to the femur can be measured as a series of rotations and translations between two
body-fixed Cartesian coordinate systems. There are three things that need to be established when creating
a joint coordinate system at the knee: the pose matrix which describes the orientation of the body within
which it is fixed; the selection of the body fixed axis and the reference axis; and origin of the reference
point for translation30.
The interpretation of the rotational displacement of a Cartesian coordinate system is dependent on the order
of a finite set of rotations that are applied30. There are several conventions for evaluating Euler angles.
When evaluating the orientation of a joint coordinate system, the chosen sequencing will change the Euler
angles30. For example, to align one coordinate system to another, a sequential set of rotations about the x,
y and then the z-axis will result in a different set of rotation angles than a sequential set of rotations about
the y, z and then the x-axis30. For this reason, choosing a sequence which best represents the joint motion
is critical.
A sequence independent Euler angle interpretation was put forward by Grood and Suntay30. Grood and
Suntay proposed that an XYZ Euler sequence of the tibia coordinate system resolved in the femur
coordinate system can be interpreted as follows: knee flexion occurs about the medial-lateral x-axis in the
body of the femur, internal-rotation occurs about the long axis (z-axis) of the tibia, and knee adduction
occurs about a floating axis that is perpendicular to both the flexion axis of the femur and long axis of the
tibia30. The Grood and Suntay interpretation has also been extended to the patella31. Here, PFJ flexion occurs
about the flexion axis of the femur (x-axis), medial-lateral tilt occurs about the patellar ridge axis (z-axis)
of the patella, and patellar obliquity occurs about a floating axis (y-axis) that is perpendicular to both the
femur flexion axis and the PR axis31.
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1.6

PFJ Congruence and Engagement

It has been hypothesized that patellofemoral disorders can be attributed to a lack of engagement and
congruence of the PFJ during dynamic movement3,32,33. Congruence is defined by how well the articulating
surfaces mate with each other34. Engagement is defined as the instant the proximal PR moves superior to
the distal TG or when then distal PR moves inferior to the proximal TG. Increased congruence during
engagement decreases the chance of lateral patellar dislocation35. In a study of 143 knees with symptomatic
patellar instability by Dejour et al., 85% of patients were afflicted with trochlear dysplasia (a shallow TG),
83% were afflicted with quadriceps dysplasia (increased patellar tilt in extension) and 24% were afflicted
patella alta (increased patellar height) (Figure 13)36. Increased patellar height reduces the engagement
between the two articulating surfaces in earlier degrees of knee flexion37. Engagement of the TG increases
lateral stability of the PFJ during its full range of motion by resisting lateral displacement of the patella;
however, patients afflicted with trochlear dysplasia exhibit a smaller response from the TG33.
Comparatively, in the same study of 190 control knees these factors only appeared in 3% - 6.5% of knees36.

Figure 13.A) Distance of vector A-B, a vector drawn 15° posterior from a line perpendicular to the to the tangent of the posterior
femoral cortex is used to determine trochlear depth. B) Patellar index defined as AT/AP while the knee is oriented in 20ᵒ-30°
flexion. Knees with an index greater or equal to 1.2 is considered to have patella alta. C) Patellar tilt (Figure 3, 4 and 5 in Dejour
et al.).
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Although Bonjour et al. developed a method for identifying factors that can lead to poor joint congruence
and engagement, to our knowledge, there does not exist a method in literature for quantifying dynamic PFJ
congruence and engagement. Developing a dynamic congruence/engagement method for the PFJ would
help solidify the community’s understanding of the articulating surfaces of the joint and associated
pathologies3,38.

1.7

Aims

The purpose of this thesis is to improve our understanding of PFJ mechanics in asymptomatic individuals
and in individuals with PFJ pathology. Currently, there is a lack of continuous and dynamic data of 3D
bone kinematics for the PFJ during functional full body movements. The chosen functional movements walking, lunging, sidestepping, descending stairs and dropbox landing - represent a large range of high
demand activities. An understanding of PFJ function in the healthy knee will allow us to recognize and
characterize pathological PFJ function. Assessing MPFL elongation and PFJ congruence may yield further
insights into the function of the active and passive restraints that affect lateral PFJ stability – a function
which is often targeted in patellar stability surgeries. Current gait rehabilitation paradigms target unhealthy
hip kinematics which have been associated with PFP in previous OMC studies. Investigating how PFJ
kinematics are influenced by altered hip and knee kinematics may yield further insight into future gait
rehabilitation strategies. Without this information, it is difficult for practitioners to correctly assess patients
and aid them back to health. By providing these insights, we aim to help further the understanding of PFJ
kinematics and rehabilitation of PFJ related pathologies. We accomplish this through the following aims:
Aim 1 (chapter 2): To establish foundational data on PFJ kinematics, ligament elongation, and congruence
during walking, stair climbing, stair descending, lunging, and drop box landing.
Aim

1a:

Investigate

PFJ

kinematics

during

three

unique

functional

movements.

Aim 1b: Investigate the function of the MPFL during these functional movements.
Hypothesis 1b:

We expect to see a linear relationship between MPFL elongation, lateral
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patellofemoral rotation and displacement throughout the range of motion and across all tasks.
Aim 1c: Create and evaluate a robust and repeatable congruence measurement of the PFJ.
Aim 2 (Chapter 3): To investigate changes in PFJ function in a patient with patellofemoral pain before and
after a gait rehabilitation intervention.
Aim 2a: Quantitatively investigate kinematic differences in the PFJ created through a 6-week gait
rehabilitation.
Hypothesis 2a: We expect to see reduced lateral patellofemoral displacement and tilt following gait
rehabilitation; however, we do not expect to see significant changes in knee and PFJ flexion.
Aim 2b: Further the understanding of the role the MPFL plays in unhealthy PFJ motion.
Hypothesis 2b: We expect to see a greater magnitude and range of MPFL length during unhealthy
PFJ motion.
Continuous and dynamic PFJ kinematics during functional body movements are a new addition to the
biomechanical field. This analysis will help bring structure to what we currently know about PFJ kinematics
and give direction to where we need to further our understanding of the joint. Combining the effects of
passive stabilizers in our MPFL analysis, congruence measurements and PFJ kinematics will provide
insights for future PFJ rehabilitation methods.
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Chapter 2
Dynamic PFJ Kinematics, Congruence and MPFL Length Across
Functional Movements
2.1

Introduction

Until recently, PFJ kinematics could not be measured using non-intrusive motion capture techniques.
Without this information, it is difficult for practitioners to correctly assess patients with PFJ pathologies
and aid them back to health. PFJ stability is largely influenced by the articulation of the patella within the
TG35.

A study by Goodfellow et al. investigated PFJ in vitro motion in a cadaveric study39. During

engagement of the proximal side of the TG (full tibiofemoral extension), patellar contact occurs at the distal
and lateral edge of the articular surface35. As tibiofemoral flexion increases, the patella moves distally
along the groove and the contact area moves proximally across the patellar articular surface35,39.
Congruence between the articulating surfaces aids in patellar stability33. Congruence is maximized when
the PR is aligned with the ridge of the TG; however, it is not known how this alignment occurs during
dynamic movements.
A study by Biedert and Albrecht evaluated a PFJ engagement in the sagittal plane using magnetic resonance
imaging techniques on static subjects40. They measured patellofemoral congruence using a ratio of the
length of the patellar cartilage to the trochlear length33. Another study by Dejour et al. looked to improve
this method; however, they only improved the repeatability of the measurement across dislocated patellae33.
While this method provides valuable information, it does not provide a dynamic congruence measure of the
PFJ and does not consider passive restraints of surrounding soft tissues such as the MPFL. As the patella
moves, connected tissue will elongate – providing a passive restraining force onto the patella. A dynamic
PFJ congruence measure can be used to define the alignment and mating of the articulating surfaces as the
PFJ moves through its full range of motion.
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To improve our understanding of the PFJ, consistent and accurate measures of PFJ kinematics need to be
developed for various functional movements3. Until a broad dataset of these measurements exists, our
knowledge is limited to a static understanding of the PFJ; therefore, the purpose of this study was to provide
a novel congruence measurement, foundational PFJ kinematic data, and to model the MPFL during dynamic
functional movements.

2.2

Methods

BVR was used to capture PFJ motion across five functional movements: walking, sidestepping, lunging,
descending and dropbox landing, in the Keck lab at Brown University. During a BVR data collection, the
small capture volume can make it difficult to record dynamic motion of the entire knee joint. This task
becomes increasingly difficult if various functional movements are performed using the same BVR setup
or if there is a large variation in subject height. A synthetic BVR data protocol was created to help determine
a robust setup that allows capture of a wide range of functional movements. Determining the optimal setup
prior to data collection would help increase the quantity and quality BVR trials.

2.2.1 BVR Synthetic Protocol
After ethics approval and informed consent, retroreflective markers were applied to the lower extremities
(Table 1) of one male 20-year-old subject.
Table 1. List of applied anatomical markers.

Body Segment

Anatomical Markers
Greater Trochanter

Thighs
Shanks

Medial Epicondyle
Lateral Epicondyle
Medial Malleoli
Lateral Malleoli

Rigid clusters of four retroreflective markers were placed on the lateral thigh and shank for the left and
right leg. The subject was asked to perform seven functional movements: squat, lunge, sidestep, walk, jog,
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stair ascent, and stair descent. OMC data was captured at 120 Hz using a 12-camera Qualisys Motion
Capture System.
Marker positions were imported into OpenSim (NCSRR, Stanford, CA), a software package capable of
applying joint constraints to a scaled model through a global optimization method41,42. After applying joint
constraints, the data was used to create anatomical coordinate systems (ACS) to represent the position and
orientation of the subject’s thigh and shank during each of the functional movements. These pose matrices
were applied to pre-existing segmented CT scans from a separate data collection of a right femur, patella
and tibia (the femur pose matrices were applied to the patella, effectively locking it to the femur). Pose
matrices are applied to the left femur, patella and tibia using a vertically flipped meshes of the right femur,
patella and tibia. Custom software was used to generate synthetic BVR data as the subject passed through
the simulated setup (Figure 14).

Figure 14. Synthetic BVR simulation of walking.

An iterative process of reviewing the output and changing the simulated setup yielded a final setup that was
used for the live data collection. The setup was determined based on three criteria: 1) Quality of data (how
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well can each of the bones be seen?) 2) Setup robustness (is there quality data across trials?) and 3) Setup
Feasibility (can we recreate the simulated setup in the lab space?).

2.2.2 Data Collection
Following IRB approval, 10 healthy subjects aged 20 to 40 (25 ±5.75) years old with no history of knee
pain or current impairments that would alter their gait were invited to participate in a study conducted at
Brown University. Retroreflective markers were placed on the lower extremities of each subject prior to
data collection (Figure 15) (Table 2).

Figure 15. Subject, x-ray sources (right) and image intensifiers (left) during static data capture.
Table 2. List of applied anatomical markers.

Body Segment
Pelvis
Thighs

Anatomical Markers
Right ASIS
Right PSIS
Left ASIS
Left PSIS
Greater Trochanter
Medial Epicondyle
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Shanks

Feet

Lateral Epicondyle
Tibial Plateau
Fibular Head
Medial Malleoli
Lateral Malleoli
First Metatarsal Head
Fifth Metatarsal Head
Distal Heel

Tracking markers were placed on the bilateral anterior superior iliac spines, the Achilles tendon and the
lateral foot. Rigid clusters of four retroreflective markers were placed on the lateral thigh and shank for
each leg. Additionally, a rigid cluster of three retroreflective markers placed on the fore foot for each leg.
A standing calibration trial was performed and the anatomical markers were removed from the subject. The
lab space was set up to match the optimized synthetic setup as closely as possible (Figure 16).

Figure 16. BVR and OMC set up for all functional movements. Eight Qualisys cameras surround the trackway. Two image
intensifiers (foreground) and two x-ray sources (background) are placed around the force plate (blue) in the centre of the trackway.

The walkway was designed to be adjustable to all functional movements to eliminate the need to re-calibrate
during the experiment (Figure 17).
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Figure 17. Adjustable walkway components.

The walkway was adjusted to create the appropriate setup for each functional movement (Figure 18).

Figure 18. All setups applied in the live data collection as determined by the synthetic protocol.
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Subjects were asked to perform one pair of functional movements – lunging and sidestepping, or dropbox
landing and descending stairs – in addition to a walking, except for the first two subjects (advanced and
beginner tai chi user) who performed a beginner Tai Chi maneuver. Subjects performed 4 trials for each of
their three assigned functional movements through the capture volume. BVR of the right knee and OMC
(7 Qualisys cameras focused towards the BVR capture volume) of the lower extremity were simultaneously
acquired at 250 Hz and 120 Hz respectively for two random trials of each functional movement. OMC of
the lower extremity was acquired at 250 Hz for each functional movement for the remaining two trials for
each functional movement. Ground reaction forces were sampled across all trials at 1200 Hz using an
instrumented force plate (AMTI, Watertown, Massachusetts). Additionally, a CT scan of the right knee for
each subject was acquired and segmented using Mimics v17 (Materialise, Ann Arbor, MI) to create 3D
surface models of each of the bones (0.408 x 0.408 x 0.625 mm voxel size). The segmented CT scan is
used to create a 3D surface mesh (surface map of the femur, patella or tibia created from the original CT
scan) and a partial volume (volume of the original CT scan which defines the femur, patella or tibia).

2.2.3 Data Processing and Analysis
2.2.3.1 BVR Data Processing
Using custom software - XMA_Lab (Brown University, Providence, Rhode Island) – an undistortion
algorithm was applied to the images to correct for x-ray distortion. The distortion algorithm uses the input
of two raw images of a hexagonal grid placed on each image intensifier (Figure 19), and corrects the image
to have uniform circles along the grid.
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Figure 19. A) BVR grid image before undistortion. Largest distortion is seen in the bottom left corner (nonuniform circles). B)
BVR grid image after undistortion (distorted circles are corrected and uniform in shape using undistortion algorithm)

A radiolucent cube containing four radiopaque totems and 64 radiopaque beads is captured in four
different positions (Figure 20). XMA Lab computes the position and orientation of the x-ray sources and
image intensifiers using a direct linear transform.

Figure 20. A) Cam01 BVR calibration cube image. B) Cam02 BVR calibration cube image.
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Next, a custom software - Autoscoper (Brown University, Providence, Rhode Island) – is used to register
a digitally recreated radiograph (DRR) from the segmented partial volume to the BVR data (Figure 21).
The DRR is manually overlaid onto the radiograph for each key frame (frames with approximately 0.5 cm
or 1° of motion from previous key frame) in two views. Autoscoper interpolates between key frames to
obtain the pose matrices of each bone for each frame of data.

Figure 21. Custom software (Autoscoper) used to position the femur DRR (orange) over its radiograph counterpart (blue).

A co-registration object (XROMM, Providence, Rhode Island) is captured simultaneously in both systems
to combine the accuracy of BVR and the large capture volume of OMC. The object consists of 11
radiopaque retroreflective markers placed around a cylinder (Figure 22)
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Figure 22. Cross-calibration object.

Singular value decomposition is used to determine a pose matrix that transforms the markers from their
position captured in BVR to their position captured in OMC43. This pose matrix is used to move BVR pose
matrices into the OMC lab space, allowing for space-synchronized OMC and BVR datasets.

2.2.4 Kinematics
An ACS for each 3D bone model was automatically generated using the methods proposed by Miranda et
al. for the femur and tibia and Rainbow et al. for the patella26,27. Exported pose matrices from Autoscoper
are used to describe the movement of the ACSs neutral position to their position and orientation during any
given trial.
Pose matrices for each segment were also generated using OMC data. The marker set was used to create
pose matrices for the pelvis, femur, shank and foot (Table 3) as described previously30.
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Table 3. OMC markers used to create each axis for each ACS

Body Segment
Pelvis

Axis

Markers
Flexion
Rotation

Abduction

Thigh

Flexion
Rotation
Abduction

Shank

Flexion
Rotation
Abduction

Foot

Flexion
Rotation
Abduction

ASIS Midpoint
Right ASIS
Cross Product

ASIS Midpoint
PSIS Midpoint
Epicondyle Midpoint
Lateral Epicondyle
Epicondyle Midpoint
Hip Joint Centre
Cross Product

Epicondyle Midpoint
Lateral Epicondyle
Epicondyle Midpoint
Malleoli Midpoint
Cross Product

Cross Product
Calcaneus insertion of the Achilles Tendon
Distal Heel
Distal Heel
Met1, Met5 midpoint

Euler angles were calculated using the methods and sequencing described in the previous chapter for OMC
and BVR datasets30.

2.2.5 Congruence Measures
PFJ congruence was measured using two separate analyses: an orientation analysis and a volumetric
analysis. The TG and PR are isolated automatically to determine these metrics. The 3D femoral mesh is
viewed in its local coordinate system - generated using methods described in the previous chapter. The
mesh is automatically partitioned three times. First, the posterior 60% of the mesh is removed. Next, the
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lateral and medial 10mm of the femur were removed. This process isolates the trochlea from the femur
(Figure 23).

Figure 23. Femur slice being partitioned three times. A) Axial slice of the femoral mesh. B) Horizontal line shows the posterior
60% of the mesh being removed. Red points are kept. C) Vertical lines show two more partitions, isolating the trochlea (green)
from the remaining mesh (red).

Starting from the furthest distal aspect of the resultant mesh and moving proximal by 1mm iterations, the
most posterior point at each slice was used to define the TG. This dataset was then refined using a weighted
mean in the medial/lateral direction – applying a larger weighting to points closer to the initial mean of the
sampled points - and a tolerance of ±3 mm in the medial/lateral direction. Finally, a third-order-spline
interpolation is fit to the remaining dataset in the sagittal plane of the femur ACS and sampled at 100 evenly
spaced points.
Isolating the PR uses a similar technique. First, the patella mesh is viewed in its local coordinate system.
Starting at the distal end of the patella and making 1mm proximal iterations, the most posterior and anterior
point of the patella is sampled. The slope between the two closest iterations of a point is calculated to
determine the relative gradient of the sample area. A decrease in slope followed by a rapid increase marks
the initial sample of the PR. The end of the sample range is marked by the second decrease of this slope
(Figure 24).
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Figure 24. PR sample criteria. Decreased slopes (red) denote the beginning (bottom) and end (top) of the sample range. Slopes
which affirm the range of the PR are displayed in green.

A 3D linear fit is applied to the PR dataset and sampled at 100 evenly spaced points. Pose matrices of the
patella relative to the femur that describe the bone motion collected using BVR are applied to the PR for
each frame of data. The closest point of contact between the PR and TG is used for the basis of the
orientation analysis. The TG is separated into two tangents – one proximal and one distal to the point of
contact – to describe the orientation in that frame. Patellar obliquity and distal/proximal PFJ flexion are
calculated as the angle between the PR and TG in the coronal and sagittal plane respectively (Figure 25).

Figure 25 PR (red) and TG (blue) congruence measurements. A) Sagittal plane view of the direction and magnitude of the proximal
(ϑp) and distal (ϑd) PR flexion angles. B) Coronal plane view of the direction and magnitude of the PR obliquity (ϑo) angle.
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The volumetric component of the congruence measurement is defined as the total relative space between
the two articulating surfaces. A bounding box the size of the patella extends between the femoral ACS and
patellar ACS. This rectangular prism is filled with 10,000 randomly placed points. The points are then
projected onto the coronal plane of the patella. Points that do not fit within a convex hull of the patellar
mesh are removed. BVR pose matrices are used to move and orient the patella and bounding box points
with respect to the femur.

Figure 26. Inclusion criteria of the patellar bounding box. Points within the bounding box (black) are denoted in green, while
points outside the box are denoted in red.

Vectors originating from the patella ACS and Femur ACS to each point within the bounding box are
calculated. A ray triangle intersection algorithm is used to determine how many faces of the patella and
femur each vector passes through. The algorithm creates a vector in a random direction for each point within
the bounding box. There are four possibilities for the interception of this vector and the patellar/femoral
mesh: the vector intersects two faces of one mesh; the vector doesn’t intersect any faces; the vector sects
one face of a mesh and two faces of the other mesh; or the vector intersects one face of a mesh and no faces
of the other mesh. In the latter two, the point exists either within the femoral or patellar mesh and is a ‘no’
value. The first two cases indicate that the point exists between the meshes, and is a ‘yes’ value.
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Figure 27. PFJ volumetric congruence measurement. Points are divided into two categories: points between the two meshes (yes
value) are denoted in green and points within the femoral/patellar mesh (no value) are denoted in red.

Volumetric congruence is determined as the ratio of points between the two meshes to the total number of
points. Joint orientations with a higher percentage of points between the articulating surfaces indicate less
congruence.

2.2.6 Ligament Modeling
BVR is unable to resolve the radio-translucent soft tissues; therefore, non-intrusive measurement of
ligament, tendon and muscle dynamics is currently restricted to existing ultrasound techniques44. To address
this a data driven model of ligament elongation can be developed using methods described by Marai et al.
(2004) 45. 3D bone models are created from computed topography (CT) scans using a software package,
Mimics (Materialize, Leuven, Belgium). Anatomical landmarks are used to manually identify the insertion
points of the ligaments on the 3D bone model in accordance with available literature45. The ligaments are
created via an optimization approach which finds the shortest path between insertion points without
penetrating bone surfaces (Figure 28)45. The ligaments are modeled as a set of points following this path45.
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Figure 28. 2D view of a ligament wrapping around the bone surface from insertion to insertion to achieve the shortest path (Figure
8 in Marai et al.).

This method was used to generate three fibres to simulate the superior, middle, and inferior aspects of the
MPFL across all BVR trials. The femoral and patellar insertions were manually determined (Figure 29)
using the work of Amis et al. as a reference7.

Figure 29. Manually placed MPFL patellar (left) and femoral (right) insertions.
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2.2.7 Analysis
The results were divided into two measurement groups: MPFL length and congruence. These parameters
were investigated for three functional movements: sidestep, lunge and walk. We examined relationships
among the measured parameters using linear regression. Differences between PFJ mechanics were
investigated between subjects and across tasks. This was investigated for both individual subjects and
across subjects, for single or several functional movements. While all subjects performed three functional
movements with 2 BVR trials, data quality limited our analysis to zero or one trial in some cases - depending
on the subject and functional movement. Ten lunging (subjects 1,2,5,6 and 7), 4 sidestepping (subjects 1,5
and 6) and twelve walking (subjects 3,4,6,7,8 and 10) trials were analyzed. For linear regressions in chapter
2 and chapter 3, a one-way ANOVA was used to determine whether the slope was significantly different
from zero. For linear regressions performed across subjects, a single linear fit was applied to data collected
from all subjects. Unpaired t-tests with unequal variances were used to determine significant differences
between datasets. An F-test was used to determine significant differences in variance between datasets.
Statistics and graphs were provided using GraphPad Prism v5.0 (GraphPad Software, San Diego, CA)

2.3

Results

To provide perspective to the range of knee flexion captured during functional movements, OMC and BVR
of a full range of motion for walking, sidestepping, and lunging (Figure 30) trials are provided below.
Additional PFJ measurements for all subjects across all tasks can be found in the appendix.
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Figure 30. Knee flexion (y) and % stance (x) of a walking (A), sidestepping (B) and lunging (C) trial.

2.3.1 MPFL Measurements
Across all subjects, there was no correlation found between MPFL length and patellofemoral tilt while
lunging; however, within each subject, significant (p<0.0001) linear correlations (Table 4) were found with
a slope different than zero (Figure 31).
Table 4. r2 values of MPFL length and patellofemoral tilt while lunging.

Subject

NBQ01

NBQ02

NBQ05

NBQ06

NBQ07

r2

0.35

0.40

0.50

0.73

0.64
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Figure 31. MPFL length (y) vs PFJ medial tilt (x) for all subjects who performed a lunging trial. A trend line is fit to the data
(black) to demonstrate linear correlation. Each subject performed two lunges in and out of the FOV captured using BVR. Some
trials did not capture deep flexion as the knee moved out of the FOV.

No correlations were discovered within a subject between MPFL length and patellofemoral tilt while
performing walking and sidestep trials; however, linear correlations were identified across all subjects who
performed walking (6 subjects 12 trials, r2 = 0.73) and sidestepping (3 subjects 4 trials, r2 = 0.65) trials with
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trackable data. Linear correlations during walking and sidestepping trials across subjects exhibited a slope
significantly different than zero (p<0.0001) (Figure 32).

Figure 32. MPFL length (y) vs PFJ medial tilt (x) for all subjects who walked (left) and/or sidestepped (right). A trend line is fit
to the data (black) to demonstrate linear correlation. Depending on the trial, often only the first or last half of stance was captured
for walking trials due to occlusion of the swing leg. Deep flexion was not always captured for sidestep trials as the knee moves out
of the FOV.

Additionally, within each subject, despite different ranges of medial tilt and MPFL elongation across
walking, sidestepping and lunging trials, the linear relationship was identical across all three tasks.
Excluding subject NBQ02 (no extra trials were added), the R2 value increased compared to the data from
lunging trials (Table 5). Each correlation had a slope significantly different than zero (p<0.0001) (Figure
33).
Table 5. r2 values of MPFL length and patellofemoral tilt when combing walking, sidestepping and lunging movements

Subject

NBQ01

NBQ02

NBQ05

NBQ06

NBQ07

r2

0.88

0.40

0.93

0.86

0.70
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Figure 33. MPFL length (y) vs PFJ medial tilt (x) all walking, sidestepping and lunging trails of all subjects. A trend line is fit to
the data (black) to demonstrate linear correlation.

While lunging and sidestepping, there was no linear correlation found between MPFL length and
patellofemoral displacement (r2 = 0.13 and r2 = 0.01 respectively); however, a linear correlation was found
across subjects while walking r2 = 0.85 with a slope of 1.5 mm per millimeter of lateral displacement
(p<0.0001) (Figure 34).
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Figure 34. MPFL length (y) vs PFJ lateral displacement (x) for all subjects while walking, sidestepping and lunging. A trend line
is fit to the data (black) to demonstrate linear correlation.

2.3.2 Congruence Measures
Across all subjects, there were no correlations between congruence measures and MPFL length, PFJ
kinematics, TFJ kinematics, or PFJ position while walking or sidestepping; however, the patellofemoral
joint became more congruent as the knee flexed during lunging. There was a significant(p<0.0001) linear
(Table 6) increase in patellofemoral volumetric congruence as knee flexion increased. (Figure 35).
Table 6. r2 values of patellofemoral volumetric congruence and knee flexion while lunging.

Subject

NBQ01

NBQ02

NBQ05

NBQ06

NBQ07

r2

0.54

0.88

0.933

0.09

0.85
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Figure 35. MPFL length (y) vs PFJ lateral displacement (x) for all subjects with lunging trials. A trend line is fit to the data
(black) to demonstrate linear correlation. It should be noted that subject NBQ06 experiences an abnormal and abrupt change in
congruence at the peak of knee flexion. This could easily be caused by tracking error and/or the subject’s instability during deep
knee flexion
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Proximal flexion of the PR increased linearly as knee flexion (r2 = 0.61) and patellofemoral volumetric
Congruence (r2 = 0.36) increased, each with a slope significantly different than zero (p<0.0001) (Figure
36).

Figure 36. Proximal flexion of the PR (y) vs knee flexion (x) (left) and proximal flexion of the PR (y) vs patellofemoral volumetric
congruence (x) (right) for all subjects with lunging trials. A trend line is fit to the data (black) to demonstrate linear correlation.

Splitting the proximal flexion from 0° to 40° of knee flexion and above 40° of knee flexion, there is a 11.5°
decrease in proximal flexion (p <0.0001) and a significant difference in dataset variance (p<0.0001) (Figure
37).

Figure 37. Proximal flexion of the PR while knee flexion is less than 40° (left) and greater than 40° of knee flexion (right).
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2.4

Discussion

We demonstrated that increasing lateral patellofemoral tilt increases the length of the MPFL within subjects
while lunging. Although there is linear correlation within each subject, the relationship does not exist across
subjects. This may be due to the variance in MPFL length across subjects. Normalizing the dataset to
display percent strain instead of MPFL length may reveal further trends across subjects. While sidestepping
or walking, increasing lateral patellofemoral tilt increases the length of the MPFL, but not within a subject
– the opposite phenomena of lunging. Interestingly, when grouping lunging, sidestepping and walking
movements for a subject, an extension of the linear correlation within a subject while lunging is observed
over a wider range of patellofemoral lateral tilt. Since the MPFL attaches to the medial femoral condyle
and the medial side of the patella, it is logical that increasing a parameter that moves the patella laterally
and anteriorly (lateral patellofemoral tilt) relative to the femoral insertion, increases the length of the MPFL.
Furthermore, the data suggests that the relationship is independent of the task. During each functional
movement, the patella exhibits a different range of lateral patellofemoral tilt. Independent of the range of
lateral patellofemoral tilt, the MPFL length follows the same linear trend. This stresses the importance of
capturing dynamic PFJ movement over a wide variety of tasks to understand PFJ function over a larger
range of motion.
While we observed a linear correlation between MPFL length and patellofemoral tilt, there was no
correlation between MPFL length and lateral patellofemoral displacement within each subject.
Additionally, we found a linear correlation during walking trials across all subjects, but no trends were
found for lunging or sidestepping. The patellar insertion of the MPFL moves laterally and anteriorly away
from the femoral insertion as the patella tilts laterally. It is possible that without an anterior motion, the
MPFL can wrap tighter along the femoral surface before elongating. Walking exhibits a different loading
profile than lunging or sidestepping which may cause the patella to move in a way that elongates the MPFL
before wrapping tighter along the femoral surface. If this is the case, then we would observe a linear trend
of these two parameters in quicker functional movements such as walking or jogging. Another possibility
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is the different ranges of knee flexion for each functional movement. Since walking occurs at lower degrees
of flexion and this dataset did not capture low flexion during lunging or sidestepping, more data is required
to fully understand the effects of different functional movements during different lower degrees of knee
flexion.
We observed a linear correlation between patellofemoral volumetric congruence and knee flexion while
lunging for all subjects except NBQ06. It should be noted that subject NBQ06 experienced an abnormal
and abrupt change in congruence at the peak of knee flexion. This could be caused by tracking error and/or
subject instability during deep knee flexion. Except for subject NBQ06, the data suggests that there is a
linear increase in patellofemoral volumetric congruence as a function of knee flexion. This means that as
the patella articulates distally along the femur, it is pulled tighter towards the surface – possibly caused by
the contraction of the quadriceps and angle of action of the quadriceps tendon. Although this trend only
occurs in lunging, its absence from the other walking trials may be due to a lack of sample range and data
points. Increasing the range of stance captured during walking and the number of trials for both walking
and sidestepping trials would help improve our knowledge on this relationship.
Investigating the proximal flexion angle of the PR during lunging, two interesting relationships were
determined across all subjects. As knee flexion transitions from deep flexion to full extension, there is a
decrease in the proximal flexion angle. Prior to 40° of flexion, the proximal flexion angle fluctuates at 7.7
± 13.4°. After approximately 40° of knee flexion, the proximal flexion angle fluctuates at -3.9 ± 2.3°. The
decrease in proximal flexion mean and variance suggests that the proximal articular surface of the patella
is articulating more during the early stages of flexion, and articulating more with the distal articular surface
of the patella during late flexion. If this is true, the distal flexion angle of the PR should be minimal during
late flexion; however, the distal face of the patella is not within the modelled TG during late flexion so a
more robust tool is required to determine the distal flexion angle during deep flexion. The second
interesting relationship was a linear correlation between the proximal flexion angle of the PR and
patellofemoral volumetric congruence. The data suggests that as the proximal flexion angle decreases,
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there is increased volumetric congruence. A smaller proximal flexion angle means the PR is better aligned
with the TG in the sagittal plane, creating a flusher surface and minimizing the volume between the
articulating surfaces. For each of the two graphs, it appears that there is not one linear trend, but two distinct
trends. For both graphs, subject NBQ02 exhibits an increase in proximal flexion of the PR at a larger knee
flexion angle and patellofemoral volumetric congruence; however, the rest of the subjects exhibit this
increase around the same time. It is possible that the subject’s unique anatomy plays a roll in the loading
profile of the articular patellar surface within the trochlea.
While there is currently no dynamic in vivo PFJ data in literature, a study by Van De Velde et al (2009)
investigated static in vivo PFJ kinematics at varying degrees of knee flexion during a lunge23. They recorded
static images of 10 subjects while iteratively increasing knee flexion from 0° to 120°23. Their reported PFJ
flexion (approximately 6° to 85° PFJ) is aligned with our lunge data (20° to 80° PFJ flexion from 20° to
126° of knee flexion); however, their lateral patellar displacement (approximately 7.6 mm to 8.3mm),
valgus obliquity (approximately 4.4° to 5.5°) and lateral tilt (approximately 3.5° to 5.1°) values are not.
We observed an average of -0.24 ± 2.12 mm lateral patellar displacement, 8.75 ± 3.23° of valgus obliquity
and -5.7 ± 4.3° of lateral tilt over a range of 20° to 126° of knee flexion. These differences demonstrate the
need for further dynamic in vivo data of the PFJ during a large range of functional movements.
While the BVR synthetic data protocol was designed to optimize the experimental set up, the resultant set
up still had its flaws. The quality of the data from the synthetic protocol was much better than experimental
data – leading to some incorrect conclusions of the set up. Due to x-ray and camera positioning, the patella
was often occluded by thigh tissue and the femur; making it impossible to track. The change in subject
height across participants was also not accounted for across a given day of data collection. The FOV was
centred at an average knee height, causing some subjects to move out of the FOV during deep flexion.
Additionally, the step length of subjects was often too short, causing occlusion of the stance leg during toe
off in the walking and descending trials. These factors limited our total sample size; however, substantial
data was still acquired for each functional movement for some ranges of the movement cycle. While the
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dataset provided several trends that can be further investigated, the findings should be interpreted with
caution, as correlation does not always mean causation.
In summary, this study provided foundational kinematic data of the PFJ across five distinct functional
movements. Three functional movements – lunging, sidestepping and walking – were thoroughly analyzed
for correlations and trends within, and across subjects. Increasing patellar lateral tilt increases the length
of the MPFL within a subject while lunging, sidestepping and walking. Patellar lateral displacement has
no correlation to MPFL length while lunging or sidestepping; however, a linear correlation was observed
for walking. It is possible that the MPFL is wrapping tighter across the femur before elongating for certain
functional movements. As flexion increases, there is a decrease in the volume between the patellar and
femoral articulating surfaces. The line of action of the quadriceps tendon might be pulling the patella closer
to the femur, reducing the functional space between the two bones. The timing of the change in loading
profile of articular surface of the patella within the trochlear is subject specific. This chapter investigated
walking, lunging and sidestepping; however, the dataset provides a much broader spectrum of movements.
The analysis can be applied to dropbox and descent trials. Expanding the dataset to include larger portions
of the cycle of each functional movement will improve our understanding of PFJ function during different
motions.

Increasing the sample size of PFJ data will further our understanding and validate our

observations.
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Chapter 3
How does a PFP Gait Rehabilitation Program Alter PFJ
Mechanics?
3.1

Introduction

PFP is a common injury among the general population46. The incidence rate increases amongst the more
active population – especially runners47,48. Current literature estimates 25% of American runners who
sustain an injury will be diagnosed with PFP49,50. While there is a general agreement that PFP is caused by
malalignment and increased stress during tracking of the PFJ, the mechanisms driving PFP are not
known3,51. There is new evidence that suggests those diagnosed with PFP exhibit altered hip kinematics:
an increase in internal rotation and an increase in adduction51–53. Reducing these kinematics has been shown
to reduce pain and improve patient function; however, the long term results have not been as encouraging52.
The underlying causes of the disease may persist, causing the disease to emerge again3. An investigation
into the change of PFJ kinematics due to a gait rehabilitation paradigm may give further insight into the
indirectly affected mechanics which mitigate pain in the short term.
There have been several studies investigating strengthening hip abductor and rotator muscles to mitigate
PFP54,55. While these studies have not included a long-term follow-up, a 5.7 year follow-up study by Blonde
et al. was performed using 250 athletes from a sports clinic who were diagnosed with PFP56. While there
was some success in mitigating PFP, most patients (74%) continued to experience pain. For the patients
who had success with the muscle strengthening program, their pain disappeared in 8.1 months on average.
Real-time biofeedback during gait rehabilitation is a tool that combines real-time gait mechanics (such as
kinematics, kinetics or electromyography) and a visual/audible feedback system57. The unison of these two
mechanisms provides feedback for the subject to adjust their gait while under the guidance of someone
experienced in gait rehabilitation. It was initially introduced into the literature approximately thirty years
ago and has been used primarily as a rehabilitation tool for remedying gait abnormalities in adults after
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stroke57. Some studies have applied this methodology to subjects afflicted with PFP, to mitigate pain and
increase joint functionality52,58. Recently, Noehren et al. did a gait rehabilitation study to mitigate pain and
increase function in subjects with patellofemoral pain 52. They used a 2-week gait rehabilitation real-time
biofeedback paradigm with 8 sessions, focused on decreasing the hip adduction angle. The rehabilitation
program resulted in a decrease in hip adduction and internal rotation angle, as well as improvements in pain
and function. These assessments persisted at a 1-month follow-up.
The purpose of this study was to assess various PFJ mechanisms affected by a gait rehabilitation program
aimed at improving pain and functionality at the PFJ for a patient afflicted with PFP by reducing the hip
adduction angle. PFJ mechanisms were investigated by analyzing knee kinematics – both patellofemoral
and tibiofemoral, PFJ congruence, and MPFL elongation. We reasoned that a more congruent joint would
exhibit increase contact area and reduce joint stress – causing reduced pain. Additionally, a more congruent
PFJ would rotate and translate less during motion, with more consistent tracking within the TG. We
hypothesized that the patella would exhibit reduced lateral movement relative to the femur, decreasing the
total elongation of the MPFL.

3.2

Methods

One 20-year-old subject with a history of PFP was invited to participate in a data collection. Prior to data
collection, the subject participated in four sessions of gait rehabilitation. Following IRB approval and
informed consent, a licensed therapist coached the subject into her unhealthy or healthy gait patterns,
depending on the task.

3.2.1 Gait Rehabilitation
The subject participated in four sessions of gait rehabilitation aimed at activating her gluteals to reduce hip
adduction. During this time, the subject was instructed not to run outside of the training sessions. At the
beginning of each visit, anatomical retroreflective tracking markers (Table 7) were applied to the subject
prior to experimentation.

48
Table 7. List of applied anatomical markers.

Body Segment
Pelvis

Thighs
Shanks
Feet

Anatomical Markers
Right ASIS
Right PSIS
Left ASIS
Left PSIS
Greater Trochanter
Medial Epicondyle
Lateral Epicondyle
Tibial Plateau
Medial Malleoli
Lateral Malleoli
First Metatarsal Head
Fifth Metatarsal Head
Distal Aspect of the Shoe

Tracking markers were placed on the bilateral anterior superior iliac spines, L5-S1 and the second
metatarsal head. Additionally, three markers were placed at the rearfoot of the shoe. Finally, rigid clusters
of four retroreflective markers were placed on the lateral thigh and shank. A standing calibration trial was
performed and the anatomical markers were removed from the subject.
A mirror was placed in front of the subject to provide visual feedback of her hip adduction angle and gait
pattern. During the first visit, the subject freely altered her gait mechanics to observe the changes they had
on the hip adduction angle. Once the subject had become better acquainted with the system, feedback
training commenced. As the subject ran, the goal was to maintain an increased hip adduction angle
compared to her original pattern. The subject was directed to contract her gluteal muscles and attempt to
run with her knees pointing straight ahead, while maintain a level pelvis to help achieve her goal.
As the subject progressed through her visits, the total run time was increased from 15 minutes to 30 minutes
over her eight visits (four visits/week for two weeks). A faded feedback design was incorporated into the
rehabilitation program to help internalize and retain the new gait pattern 59. During the first four visits,
feedback was provided continuously during the run time. In the next four visits, the feedback system was
gradually removed in an equal distribution between the beginning, middle and end of the training session.
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3.2.2 Data Collection
The subject performed 6 running trials on an instrumented treadmill (AMTI, Watertown, Massachusetts).
BVR of the left knee and OMC of the lower extremity were simultaneously acquired at 250 Hz during
treadmill running for three random trials. OMC of the lower extremity was acquired at 250 Hz during
treadmill running for the remaining three trials. During the fifth trial, the subject mentioned that her anterior
knee pain was beginning to return during the trials. Following the first six trials, the licensed therapist
coached the subject back into her post gait rehabilitation pattern using previously discussed coaching
methods. Using the same data collection protocol, six additional trials were collected during treadmill
running.

3.2.3 Image Processing and Gait Analysis
The two x-ray camera views were corrected for distortion, and calibrated using methods described in the
previous chapter. A CT scan of the subject was acquired and segmented using Mimics v17 (Materialise,
Ann Arbor, MI) to create 3D models of each of the bones (0.387x0.387x0.625 mm voxels). Kinematics of
the femur, patella and tibia were computed using a markerless bone registration technique described in the
previous chapter. This process results in six-degree-of-freedom matrices describing that transformation
from the pose of the bone in CT-space to its pose in each frame during the motion. Additionally, ACSs,
Euler joint angles, PFJ congruence and the MPFL ligament model were calculated and generated using the
methods described in Chapter 2.

3.3

Results

3.3.1 Rehabilitation Kinematics and Mechanics
Following gait rehabilitation and during the first 20 ± 6 degrees of flexion following initial contact, the
subject ran with approximately 4 degrees less hip adduction (p < 0.0001), 5 degrees less hip internal rotation
(p < 0.0001), no change in knee flexion (P = 0.431), 1.4 degrees more medial patellofemoral tilt (p < 0.05),
2.7 mm more medial patellofemoral displacement (p < 0.05), and 1.8% more volumetric congruence (p <
0.0001). The MPFL shortened 1.5 mm (p < 0.0001) (Figure 38).

50

Figure 38. Box and whiskers plots of lower limb measurements before and after gait rehabilitation
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3.3.2 MPFL Trends and Correlations
A linear correlation was observed between MPFL elongation and patellofemoral displacement (r2 = 0.6),
patellofemoral tilt (r2 = 0.8), knee abduction (r2 = 0.6), and patellofemoral volumetric congruence (r2 = 0.24)
each with a slope significantly different than zero (p<0.0001) (Figure 39).

Figure 39. Linear correlations of the MPFL length and PFJ measurements.

3.3.3 Congruence Trends and Correlations
Prior to initial contact, PR obliquity (r2 = 0.13, p < 0.0001), as well as the proximal flexion angle of the PR
(r2 = 0.40, p<0.0001) was observed to trend towards zero linearly as a function of knee flexion. After initial
contact, these measures had a mean of -1.9° and -1.9° degrees respectively with a slope not statistically
different than zero (p = 0.38 and p = 0.16). (Figure 40).
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Figure 40. Comparative trends of congruence measurements before and after initial contact. Initial contact represented by a
vertical black line

After initial contact, there was a 3° decrease in the proximal flexion angle of the PR (p < 0.001) and a 2.5°
decrease in valgus obliquity (p < 0.001), as well as a decrease in PR flexion (p < 0.001) and PR obliquity
variance (p < 0.001) (Figure 41).

Figure 41. Box and whiskers plots of congruence measures and variances before and after initial contact.

3.4

Discussion

This pilot study was performed to determine the effects of the gait rehabilitation program on PFJ mechanics.
The gait rehabilitation aimed to increase hip abduction and external rotation to mitigate pain associated
with PFP. We observed a significant decrease in both measurements as well as a self reported reduction in
subject pain - indicating the goals of the gait rehabilitation were obtained. Furthermore, we investigated
the effect of the altered hip kinematics on PFJ and knee kinematics, MPFL length, and PFJ congruence.
We observed a significant increase of volumetric congruence, as well as a significant decrease in
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patellofemoral lateral tilt, patellofemoral lateral displacement, knee abduction and MPFL length following
gait rehabilitation and during the first 20 ± 6 degrees of flexion following initial contact.
Linear correlations were observed between MPFL length and patellofemoral tilt, patellofemoral
displacement, knee abduction and patellofemoral volumetric congruence. As the patella tilts and translates
medially (towards the MPFL insertions) and as knee abduction decreases, a linear decrease in MPFL length
was observed. The results suggest that decreasing knee abduction – a visually observable knee posture –
is accompanied by a decrease of lateral tilt and displacement, shortening the MPFL. Interestingly, a
reduction in MPFL length is correlated with an increase in patellofemoral volumetric congruence. The
patella may be pulled closer into the TG as the MPFL shortens - decreasing the space between the
articulating surfaces; however, larger sample sizes of healthy and unhealthy datasets for a variety of
functional movements are required to validate this result.
Prior to initial contact, the PR exhibited significantly larger obliquity and proximal flexion angles.
Additionally, there was a significantly larger variance in both datasets prior to initial contact, just after
engagement (engagement occurs around 20° of flexion)35. The articulation of the PR within the TG may
be applying restraining forces to the PR, increasing alignment of the PR within the TG. Interestingly, hip
external rotation and abduction had no correlation with PR proximal flexion, PR obliquity, PFJ tilt,
translation, volumetric congruence or MPFL elongation. This may indicate that guidance of the patella into
the TG may depend only on knee flexion and ab/adduction posture, and the MPFL.
While several trends and patterns were observed, the results must be interpreted with caution as we report
results for a single subject for a single functional movement - running. A larger sample size and range of
normative and unhealthy gait for patellofemoral motion is needed to put these results into perspective,
especially when comparing across functional movements. While the subject mentioned anterior knee pain
emerging during her ‘PFP gait’ and significant differences were seen in the targeted hip kinematics, BVR
of the subject’s jogging should ideally be captured before and after the rehabilitation program. Currently,
the MPFL length measurement is determined by modeling a series of points from the approximate femoral
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insertion to the patellar insertion based on current literature. The MPFL varies substantially between
patients, ranging from 45mm to 64mm in length and 3mm to 30mm in width7. Without a resting ligament
length, the MPFL length can not be modeled as percent strain.
While the study has its limitations, the results are promising as they suggest that gait rehabilitation can alter
patellofemoral volumetric congruence, MPFL length and PFJ kinematics. While we cannot determine
cause and effect with these methods, the results suggest that reducing hip adduction and internal rotation
reduces knee abduction, which in turn reduces lateral tilt, translation and elongation of the MPFL. The
results further suggest that a reduced length of the MPFL in turn increases patellofemoral volumetric
congruence. These results may have implications for patients with faulty mechanics who are developing
PFJ pain or instability.
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Chapter 4
Conclusions
Our current understanding of dynamic PFJ mechanics in literature is limited to static or very slow in vivo
measurements. To improve upon our understanding on how the PFJ moves dynamically, two studies were
performed across a wide range of functional movements, each with their own unique goals. The first study
aimed to provide foundational data of the PFJ and associated mechanisms such as MPFL length, joint
congruence and engagement. The second study looked at the effects of a gait rehabilitation program that
targeted hip mechanics to mitigate pain associated with PFP. We investigated the changes in PFJ mechanics
caused by the rehabilitation. Both studies used BVR motion capture techniques in conjunction with a CT
scan of the knee to quantify and evaluate PFJ motion.
Foundational kinematic data of the PFJ was provided across five distinct functional movements. Three of
those movements – lunging, sidestepping and walking – were thoroughly analyzed for correlations and
trends within, and across subjects.

Based on the analysis, our hypothesis that increasing lateral

patellofemoral tilt increases the length of the MPFL was confirmed. Lateral patellofemoral displacement
has no correlation to MPFL length while lunging or sidestepping; however, a linear correlation was
observed for walking and jogging. The MPFL may be wrapping tighter across the femur as the patella
moves laterally prior to lengthening for functional movements that exhibit a slower loading profile (lunging
and sidestepping). In future studies, our hypothesis can be validated by measuring the curvature of the
MPFL as a function of lateral patellofemoral displacement.
The results of the pilot rehabilitation study are promising as they suggest that gait rehabilitation can alter
patellofemoral volumetric congruence, MPFL length and PFJ kinematics. While we cannot determine
cause and effect with these methods, the results suggest that reducing hip adduction and internal rotation
reduces knee abduction, which in turn reduces lateral tilt, translation and elongation of the MPFL. The

56
results further suggest that a reduced length of the MPFL in turn increases patellofemoral volumetric
congruence. These results may have implications for patients with faulty mechanics who are developing
PFJ instability.
We hypothesized that a consistent congruence measurement could be created and applied to the PFJ. We
confirmed this in our volumetric and orientation analysis and observed some interesting trends. As knee
flexion increases during lunging, there is a decrease in the volume between the patellar and femoral
articulating surfaces. A combination of an increased contraction of the quadriceps and a more posterior
line of action of the quadriceps tendon might be pulling the patella closer to the femur, reducing the
functional space between the two bones. Patellofemoral volumetric congruence increases as the proximal
flexion angle of the PR decreases. A decrease in the proximal flexion angle creates a flusher surface
between the patella and femur, reducing the volume between the two articulating surfaces. While lunging,
PFJ flexion occurs slower than knee flexion, causing the proximal articular face of the patella to rotate
further from the femur. This causes the patella to articulate on its distal articular surface during deep flexion.
Finally, we observed an increase in alignment, and reduction in PR orientation variance after engagement
of the PR within the TG. The data suggests the TG is applying a restraining force to the patella, creating
better alignment. Further investigation is required to determine the importance of the trends and measures
if they are to be applied to future rehabilitation strategies.
We developed a BVR synthetic data protocol to optimize the experimental set up and maximize data quality.
While we attempted to achieve an optimal setup for the range of functional movements, the resultant setup
still had its flaws. The quality of the data outputted from the synthetic protocol was much better than
experimental data – leading to some incorrect conclusions of the set up. The patella was often occluded by
thigh tissue and the femur during deep flexion, making it impossible to track. The change in subject height
was also not accounted for across a given day. Additionally, the FOV was centred at an average knee height,
causing some subjects to move out of the FOV during deep flexion. The step length of subjects was often
too short during walking and descending movements, causing occlusion of the stance leg during toe off in
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the walking and descending trials. Thus, we were unable to retrieve data from all BVR trials, limiting our
total sample size and sample range of each functional movement. Currently, we are upgrading the BVR
synthetic data protocol to improve upon some of these flaws. CT scans include the soft tissue around the
knee to better represent the data quality of BVR collections. Additionally, a physical volume has been
added to x-ray sources and image intensifiers to conceptualize over crowding of the capture volume.
To improve quality of data, the x-ray sources should be placed anterior to the subject, approximately 30°
to 60° apart, depending on available lab space. The x-ray source positioning provides a clearer view of the
patella, while maintaining the same FOV. The setup should try to avoid capturing the patella in the sagittal
plane. The anterior aspect of the patella does not have as much soft tissue surrounding the bone compared
to the femur and tibia. This can cause a loss of the anterior patella, increasing the tracking difficulty and
measurement error. Additionally, CT-scans and subject parameters should be collected prior to BVR data
collection. This allows for the BVR set up to be optimized to a subject specific FOV in advance. Currently,
BVR and OMC calibration can take between thirty minutes to an hour. Calibrating the systems for each
subject is not feasible; however, creating a calibration object that can be easily oriented within the system
would speed up this process considerably.
The results of the pilot rehabilitation study must be interpreted with caution as we report results for a single
subject for a single functional movement - running. A larger sample size and range of normative and
unhealthy gait for patellofemoral motion during is needed to put these results into perspective; especially
when comparing across functional movements. While the subject mentioned a re-emergence of anterior
knee pain during her ‘PFP gait’ and significant differences were seen in the targeted hip kinematics, BVR
of the subject’s jogging should be captured before and after rehabilitation to better represent the effects of
the program. Currently, the MPFL length measurement is determined by modeling a series of points from
the approximate femoral insertion to the patellar insertion based on current literature. The MPFL varies
substantially across subjects; ranging from 45mm to 64mm in length and 3mm to 30mm in width7. Without
a resting ligament length, the MPFL length can not be modeled as percent strain; limiting our understanding
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of the model. Using ultrasound shear wave elastography, mechanical properties of the ligament can be
determined44. Applying these technologies in conjunction with BVR may lead to further insights of MPFL
function.
For all datasets, it is imperative to increase the subject sample size and increase the range of the captured
functional movement cycle. This dataset is the first to analyze PFJ kinematics and mechanics across a
range of functional movements to the best of our knowledge. However, the size of the dataset needs to be
increased to validate the preliminary findings. The current datasets have various ‘holes’ in each functional
movement. For example, walking trials were limited to mid stance, and a couple frames of toe off.
Expanding this range to include all of stance would further our knowledge of the PFJ as the patella
disengages and reengages. As the dataset increases in size, it can be used to validate some of the preliminary
findings across tasks. One direction to investigate is the percent strain of the MPFL. A method of measuring
resting ligament length during functional movements is required; however, it would normalize the datasets
between subjects. Another avenue of further research is investigating PFJ mechanics and congruence across
functional movements for the same range of knee or hip kinematics. Determining how visually observable
gait mechanics effect the PFJ could be ground breaking in maintaining and restoring a healthy joint.
In conclusion, we observed several correlations between the MPFL length, PFJ kinematics, and PFJ
congruence. The first study provided a large arrangement of dynamic BVR PFJ and TFJ kinematic data
for five functional movements: walking, lunging, sidestepping, dropbox landing and descending. The
findings from this study provide a basis for further PFJ studies to improve upon. Hip targeted gait
rehabilitation was shown to have significant effects on PFJ kinematics, mechanics and congruence.
Whether these changes are beneficial or can be maintained is yet to be seen; however, they currently provide
insights into mitigating PFP using non-intrusive methods. These datasets can be used to provide the basis
of our understanding of the PFJ and guide future studies towards joint function, health, prevention and
rehabilitation.
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Appendix A IRB approval

Figure 42. IRB approval.
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Appendix B Foundational PFJ Kinematics
This thesis aimed to provide foundational PFJ kinematics across five different functional movements.
While ten distinct trials were captured for each of the functional movements (sixteen for walking), not all
trials could be manually tracked due to the trial specific data quality. PFJ flexion (Figure 43), obliquity
(Figure 44), and tilt (Figure 45), were determined for these dynamic movements and the running trials
collected during the pilot gait rehabilitation study.

Figure 43. Foundational data for PFJ flexion.
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Figure 44. Foundational data for PFJ Obliquity.
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Figure 45. Foundational data for PFJ tilt.

Additionally, PR proximal flexion (Figure 46), PR distal flexion (Figure 47), obliquity (Figure 48) and
volumetric congruence (Figure 49) were calculated for each trial.
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Figure 46. Foundational data for PR Proximal Flexion.
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Figure 47. Foundational data for PR distal flexion.
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Figure 48. Foundational data for PR Obliquity.
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Figure 49. Foundational data for volumetric congruence.

Finally, the MPFL was modelled for walking, lunging, sidestepping, dropbox landing, and descending
motions (Figure 50).
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Figure 50. Foundational data for MPFL length.

