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Abstract

Many patient characteristics can affect joint function; yet the implications of this

for musculoskeletal disorders and their treatment are not well understood. A better

understanding of these relationships could aid in clinical decision making and make

it easier to better tailor treatments to each patient. In this work, methods to enable

the study of patient variability were proposed and used to investigate the relation-

ship among patient characteristics, function, and surgical outcomes. A method to

remove bias from waveform data using principal component analysis was introduced

that could be used to combine motion analysis data from different laboratories, thus

enabling multicentre studies and larger sample sizes. In a second study, patient char-

acteristics and biomechanical measures associated with the ability of valgus unloader

braces to reduce predicted medial compartment contact forces were identified. The

hip adduction moment during unbraced walking was the best predictor of mechani-

cal brace effectiveness. The remainder of this thesis focused on articular geometry, a

source of patient variability that has previously been shown to be correlated with joint

function and pathology. Here, a framework was proposed that can be used to predict

the causal effects of geometry on function. Knee joint geometry was characterized and

manipulated through statistical shape modelling and functional effects on knee kine-

matics, cartilage contact, and ligament forces were predicted using musculoskeletal
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simulation. This framework was used to examine the impact of knee joint geometry

on functional outcomes of simulated tibial tubercle osteotomy, a surgery that realigns

the patellar tendon to treat patellar instability. It was found that knees with shallow

patellofemoral geometry were much more sensitive to medial/lateral placement of the

patellar tendon insertion than those with deep geometry. Finally, the potential to use

these techniques to inform clinical decision making through patient-specific modelling

was explored in a case study of a tibial tubercle osteotomy patient.
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Chapter 1

Introduction

1.1 Background and Motivation

Musculoskeletal disorders are the second largest contributor to years lived with dis-

ability worldwide (Vos et al., 2012). These disorders cause pain and reduced mobility,

decrease quality of life, and negatively affect social functioning and mental health

(Woolf and Pfleger, 2003). Knee pain is a significant contributor to musculoskeletal

disorders (Symmons, 2001) and includes pathologies such as knee osteoarthritis and

patellofemoral pain and instability.

Musculoskeletal disorders of the knee negatively impact a person’s quality of life

and represent a significant financial and societal burden. Because of this, research has

been carried out to improve our understanding of the causes of these pathologies and

how best to treat them. Frequently, a sample of those suffering from a given disorder

will be selected to study the population as a whole. While this can provide vital

information about the pathology, patient characteristics can vary widely within a

pathological population. It is recognized that phenotypes exist within these disorders

that represent subgroups of patients who share characteristics that affect the initiation
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and progression of the pathology and the effectiveness of various interventions (Felson,

2010; Roberts et al., 2017). An improved understanding of the role that functional

and anatomical characteristics play in musculoskeletal disorders could ensure that

patients receive treatments that will be effective in improving their quality of life.

In this thesis I investigated how both gross and joint-level anatomy and functional

characteristics can affect response to interventions for tibiofemoral osteoarthritis and

patellofemoral pain and instability. Mechanical overloading of the joint is implicated

in the initiation of both of these musculoskeletal disorders and treatments exist for

both that aim to alter the mechanical joint environment. This makes these well

suited to study though a mechanical model based approach. It is then possible to

directly manipulate characteristics of interest to establish causal relationships. In the

five studies contained in this thesis, I have established a method to correct for nui-

sance variation that exists in multicentre motion analysis studies, examined functional

and anatomical characteristics that affect response to treatment of osteoarthritis and

patellar instability, presented a framework to study the impact of the joint shape-

function relationship on pathology and treatment, and explored the possibility of

using patient-specific models to inform surgical decision making.

1.1.1 Knee Osteoarthritis

Osteoarthritis is a chronic disease that affects 13% of Canadians and numbers are ex-

pected to increase with rising rates of obesity and an aging population (Bombardier

et al., 2011). The disease is characterized by the progressive degeneration of bone,

cartilage, and soft tissue structures in a joint (Figure 1.1) resulting in pain, stiffness,

and swelling. The knee is the most commonly affected joint and knee osteoarthritis is
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a significant source of disability in the elderly. While some risk factors for osteoarthri-

tis have been identified, including genetics, age, injury, and obesity (Issa and Sharma,

2006), much is still unknown about biomechanical factors that affect the initiation,

progression, and treatment of this chronic disease. Because mechanics contribute

to the initiation and progression of osteoarthritis (Felson, 2013), three-dimensional

motion analysis is often used in the study of the biomechanics of osteoarthritis. How-

ever, this type of data collection can be time intensive and recruiting participants

who match inclusion criteria may be difficult, limiting the number of subjects typi-

cally included in single centre studies of human motion. Yet, sufficient standardization

between centres to allow for multicentre studies has not been realized (Maynard et al.,

2003), resulting in a paucity of large scale biomechanics studies. Therefore, there is

a need for procedures that could enable multicentre studies to expand osteoarthritis

research through biomechanical analysis.

Figure 1.1: Osteoarthritis of the knee involves degeneration of cartilage which may
lead to exposed bone. The meniscus, a fibrous tissue that provides structural integrity,
erodes and bone spurs may form on the femur and/or tibia. (www.nlm.nih.gov)

Osteoarthritis is a disease of mechanics and although cartilage and soft tissue
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structures require repetitive loading for maintenance (Arokoski et al., 2000), over-

loading of the articular cartilage in the knee has been implicated in the initiation

and progression of osteoarthritis (Andriacchi and Mündermann, 2006; Felson, 2013;

Sharma et al., 1998). Therefore, joint loading has become an important area of re-

search (Chen et al., 2014; Glitsch and Baumann, 1997; Zhao et al., 2007) and a mea-

sure for assessment of treatment options (Fregly et al., 2009; Kutzner et al., 2011;

Prodromos et al., 1985).

For this reason, many interventions for osteoarthritis seek to slow the progression

of the disease by reducing the load on the damaged tissue, including treatments such

as high tibial osteotomy (Mina et al., 2008), gait retraining (Hunt et al., 2011), heel

wedges (Hinman et al., 2008), and knee braces (Maleki et al., 2016). For example,

valgus unloader braces aim to reduce loading in the damaged medial compartment

of the knee through an external abduction moment applied by a three point bending

mechanism (Figure 1.2). Some have theorized that the braces achieve unloading by

inducing gait adaptations (Gaasbeek et al., 2007) or changes in muscle activation

(Ramsey et al., 2007); yet, a previous study showed that the main contributor to

reduction in medial joint contact force was the externally applied moment (Brandon,

2015). Despite this, reports on the effectiveness of bracing have been inconsistent

(Duivenvoorden et al., 2015; Fantini Pagani et al., 2012; Haladik et al., 2014; Moyer

et al., 2015), and even within studies bracing has found to be effective for some pa-

tients but not others (Dennis et al., 2006; Kutzner et al., 2011). The source of this

discrepancy is not clear; however, a better understanding of patient-specific charac-

teristics that contribute to success of bracing could help in selecting the treatment

with the best chance of success for a patient and in improving the design of braces
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and other interventions.

Overloading of 
medial compartment

Brace moment Improved load 
distribution

+ =

medlat

Figure 1.2: Valgus unloader braces aim to reduce loading in the medial compartment
through application of an external abduction moment, which shifts loading from the
medial to the lateral compartment.

1.1.2 Patellofemoral Pain and Instability

Patellofemoral pain is another musculoskeletal disorder affecting the knee that is

related to mechanical overloading of the joint. Patellofemoral pain is characterized

by anterior knee pain, especially during activities that load the patellofemoral joint

such as squatting, rising from a chair, and stair climbing. There is also evidence that

those with patellofemoral pain have elevated joint loading (Brechter and Powers, 2002;

Ho et al., 2014), although this has been observed primarily at small knee flexion angles

(Besier et al., 2015; Farrokhi et al., 2011). Because of this, abnormal joint loading

is thought to be one of the main contributors to patellofemoral pain (Powers et al.,

2017). Elevated stress in the joint can arise from altered hip and knee kinematics,

muscle function, and patellofemoral geometry (Powers et al., 2017).
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Patellar instability is a related pathology marked by lateral maltracking and dislo-

cation of the patella. Following an acute injury, rates of subsequent dislocations range

from 17-44% with non-operative treatment (Sallay et al., 1996). However, even a singe

dislocation can lead to chronic pain and disability (Atkin et al., 2000). Patellar in-

stability can result from deficiencies in limb alignment, patellofemoral geometry, soft

tissue, and muscle function (Colvin and West, 2008). Those who experience patellar

instability tend to have shallow trochlear grooves with small lateral inclination an-

gles, large tibial tibial tuberosity-trochlear groove distances, and patella alta (Figure

3)(Balcarek et al., 2010; Dejour et al., 1994; Diederichs et al., 2010). Small lateral

trochlear inclination angles and patella alta are also associated with maltracking of the

patella and patellofemoral pain (Harbaugh et al., 2010; Pal et al., 2013; Varadarajan

et al., 2010).

A) Lateral Trochlear Inclination B) TT-TG Distance C) Patella Alta

Figure 1.3: Geometric features associated with patellar instability. A) Lateral
trochlear inclination measures the steepness of the lateral facet of the trochlear groove
in the axial plane. This tends to be smaller, indicating a shallower trochlear groove, in
those with patellofemoral pain and instability. B) Tibial tuberosity-trochlear groove
(TT-TG) distance is the medial-lateral distance between the tibial tuberosity and
the trochlear groove, measured in axial images. This tends to be larger in those with
patellar instability. C) Patella alta refers to a patella that rests more superiorly than
typical. This is common in those with patellofemoral pain and instability.
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Treatment of patellofemoral pain and instability is challenging. The goals of treat-

ment are typically to improve maltracking of the patella, strengthen muscles, stabilize

the patella, and unload the joint. Treatment options include conservative interven-

tions such as exercise therapy, foot orthoses, taping, bracing, and gait retraining and

surgical interventions such as lateral release, medial patellofemoral ligament recon-

struction, arthroscopy, trochleoplasty, and tibial tubercle osteotomy (Barton et al.,

2015; Crossley et al., 2016; Fulkerson, 1994; Rhee et al., 2012). However, the root

causes of patellofemoral pain are still not well understood (Powers et al., 2012) and

long-term follow-ups indicate that the majority of patients continue to suffer from

chronic pain years after the initial presentation of symptoms and treatment (Blønd

and Hansen, 1998; Stathopulu and Baildam, 2003).

Tibial tubercle osteotomy is a surgical procedure used to treat both patellofemoral

pain and instability. In this procedure, the insertion of the patellar tendon on the

tibia is translated, typically medially, anteriorly, and/or distally. The goals of the

surgery are to stabilize the joint by realigning the extensor mechanism, primarily

achieved through medialization of the patellar tendon insertion, and to unload the

joint, primarily achieved through anteriorization. Tibial tubercle osteotomy is typi-

cally successful in preventing lateral dislocation of the patella (Fulkerson et al., 1990;

Pritsch et al., 2007). However, results tend to deteriorate over time (Carney et al.,

2005; Naveed et al., 2013) and it has been reported that 17-37% of patients have func-

tional impairment limiting their activity levels (Buuck and Fulkerson, 2000; Fisher

et al., 2016; Liu et al., 2018). Despite the importance of patellofemoral geometry

to function and pathology, the effect of joint geometry on outcomes of this surgery

remains unclear.
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1.1.3 Research Goal

Variability among those with musculoskeletal disorders of the knee causes pathol-

ogy to arise through different mechanisms and also results in differing responses to

treatment methods. The overall goal of this research was to further the understand-

ing of how sources of variability among patients can influence joint function and the

relevance of this to pathology and its treatment.

1.2 Approach

The ideal approach to studying the role of patient variability in pathology would be

to manipulate the factor of interest while controlling all sources of variability. This is

typically challenging or impossible in vivo, depending on the characteristic of interest.

It is possible to search for correlations between the measures; however, effects may

be masked by other sources of variability and causal relationships cannot be inferred

from these correlations. Musculoskeletal modelling provides a means to approach

this problem as the potential exists to precisely control model elements and directly

assess the impact on functional outcomes, thereby establishing causal relationships.

Additionally, musculoskeletal models enable the prediction of biomechanical outcome

measures, such as joint loading, that are generally infeasible to measure in vivo.

Joint geometry is one source of patient variability that has an effect on joint func-

tion and is associated with both tibiofemoral osteoarthritis and patellofemoral pain

and instability. Yet it can be challenging and cumbersome to characterize the entire

joint geometry using standard two-dimensional measures that are often derived from

radiographic techniques. Statistical shape modelling provides an objective quantita-

tive means to characterize joint geometry. Through principal component analysis,



1.2. APPROACH 9

three-dimensional features that represent the largest sources of geometric variabil-

ity in a sample are extracted. These can then be used to manipulate geometry in a

meaningful manner. By generating a whole joint statistical shape model, it is possible

to ensure that modifications to articulating surfaces are consistent. Therefore, the

combination of statistical shape modelling and musculoskeletal simulation makes it

possible to isolate the effect of relevant morphological features on joint function and

examine the role of this relationship between shape and function in pathology and its

treatment.

In this thesis, musculoskeletal simulation is combined with statistical shape mod-

elling to provide a platform for studying the shape-function relationship. However, a

further approach is required to assess interactions with other factors including surgi-

cal parameters. Factorial design experiments are useful as screening experiments to

efficiently identify significant factors and interactions (Mongomery, 2001). This type

of screening experiment provides a powerful method to select variables for a more in

depth analysis of the relationship between the factor and an outcome measure. It

is then possible to examine these relationships in detail across the expected range of

variability in a factor using a Monte Carlo simulation approach. With this method,

selected factors are randomly sampled from a chosen distribution to generate new

models. This approach can generate hundreds or thousands of simulations; however,

this is made practical through the use of high throughput computing where a large

number of simulations can be run simultaneously on a cluster of processors. The

use of a Monte Carlo approach allows the relationship between various factors and

functional outcome measures to be examined in detail across the range of variability

of the factors of interest.
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1.2.1 Musculoskeletal Models

Joint loading and cartilage stress play a critical role in joint function and pathology.

Yet, it is not typically feasible to measure joint loading in vivo. Direct measurement of

knee joint loading has been made possible for a small number of people through the use

of instrumented knee implants (D’Lima et al., 2006; Kaufman et al., 1996). However,

due to the highly invasive nature of these devices, perhaps fewer than 20 people have

been fitted with instrumented implants. While the joint contact forces measured by

these implants provide valuable data, they are not able to measure muscle or other

soft tissue loads. Furthermore, these are generally older individuals who required

arthroplasty as a treatment for severe knee osteoarthritis and the measured implant

loads may not be representative of those in the natural knee.

The inherent challenges associated with measuring joint contact forces in vivo

makes estimation through modelling an attractive option. To do this, a model is

constructed to represent the musculoskeletal system as relevant segments connected

by joints and driven by muscles. However, calculating joint contact forces is a non-

trivial problem due to the redundancy of the musculoskeletal system. To solve for

joint loading, it is necessary to make assumptions that effectively reduce the number

of muscles acting across the joint (Pierrynowski and Morrison, 1985; Schipplein and

Andriacchi, 1991), have information about the activation level in some muscles (Lloyd

and Besier, 2003; Sartori et al., 2012), or use an optimization routine to distribute

forces among muscles (DeMers et al., 2014; Miller et al., 2014).

The most commonly used method is the inverse dynamics approach. In this case,

the kinematics and external forces are prescribed based on experimental data and an

optimization routine is used to estimate muscle activations or forces that may have
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generated the motion. Optimization criteria can vary, but often involve minimization

of muscle stresses (Anderson and Pandy, 2001; Brandon et al., 2014; Crowninshield

and Brand, 1981), muscle activations (Ackermann and van den Bogert, 2010), or

metabolic energy expenditure (Anderson and Pandy, 2001; Shelburne et al., 2005).

This technique is computationally efficient; however, simulation results are sensitive

to errors in the experimental data.

An optimization routine is also used in the forward dynamics approach to re-

solving muscle forces. In this method, a resulting motion is calculated based on

input muscle activations and an optimization procedure is used to determine what

the muscle activations should be based on a cost-function and constraints. A data

tracking criterion may be used where the objective is to find the activations that will

most closely replicate experimental data (Neptune and Hull, 1999; Remy and Thelen,

2009); however, it is possible to generate simulations without any experimental data

by using the appropriate optimization criterion, such as achieving a given gait speed

while minimizing the cost of transport (Lin et al., 2018). This is one of the biggest

advantages of the forward dynamics approach since it can be used to generate predic-

tive simulations and answer questions for which it would be difficult or impossible to

obtain experimental data. However, this approach tends to be more computationally

costly than the inverse dynamics approach (van den Bogert et al., 2011) and requires

additional modelling elements, including foot-ground contact and musculotendon dy-

namics models. A limitation of both optimization-based approaches is that they are

typically unable to replicate pathological muscle activation patterns such as elevated

levels of co-contraction among muscle groups (Lloyd and Besier, 2003).
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An approach to resolving muscle force distribution that is able to capture patient-

specific neuromuscular control strategies is electromyography (EMG)-driven models.

This technique uses muscle activations measured using EMG to drive a forward dy-

namics model (Lloyd and Besier, 2003; Sartori et al., 2012; Piazza and Delp, 2001).

However, measuring an EMG signal that accurately represents muscle activation is

challenging due to problems such as cross-talk, normalization, and the unclear re-

lationship between EMG and muscle force (Staudenmann et al., 2010; Roberts and

Gabaldón, 2008).

Once an estimate of muscle forces is attained, it is possible to calculate the joint

contact force. Musculoskeletal models often include highly constrained joints, which

simplifies the model by reducing the number of degrees of freedom. For example, the

knee may be assumed to be a simple hinge joint (Glitsch and Baumann, 1997), or a

one degree-of-freedom joint where translations and non-sagittal rotations are defined

as functions of the knee flexion angle (Delp et al., 1990). The contact force can be par-

titioned into medial and lateral components by assuming fixed contact points on the

tibia and using a frontal plane moment balance (Figure 1.4)(Manal and Buchanan,

2013; Winby et al., 2009). This approach has been successful in determining the com-

partmental loads, producing results comparable to more complicated contact models

and winning the Grand Challenge Competition1 in 2012 (Kinney et al., 2013). How-

ever, in reality, the tibiofemoral joint is a six degree-of-freedom joint constrained by

soft tissue and cartilage contact forces and the contact on the tibia does not occur at

fixed points (Farrokhi et al., 2015). Furthermore, these models are unable to produce

1In the annual Grand Challenge Competition to Predict In Vivo Knee Loads, a comprehensive
dataset from a person implanted with a force-measuring knee prosthesis is provided to participants
blinded to the measured forces who attempt to predict knee loading using computational models
(Fregly et al., 2012).
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estimates of cartilage contact stress. The cartilage contact stress is a better repre-

sentation of the loading experienced at local tissue level, which is where biological

changes are initiated (Brand, 2005). For this reason, six degree-of-freedom models

and simulation routines have been developed that include articular geometry and use

ligaments and cartilage contact to constrain the knee joint (Figure 1.5)(Chen et al.,

2014; Lenhart et al., 2015). These models also predict kinematics and contact me-

chanics of the patellofemoral joint, expanding their use for investigations of function

and pathology of this joint.

Fmusc

FMC
M ext

Figure 1.4: The net external moment, Mext, is balanced by the contact force in the
medial compartment, FMC , and the muscle forces, Fmusc. (adapted from Winby et al.
(2009)).
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Figure 1.5: A full degree of freedom model of the tibiofemoral and patellofemoral
joints. Joints are constrained by ligament, muscle, and joint contact forces (Lenhart
et al., 2015).

The use of modelling techniques enables prediction of measures that are difficult

or impossible to measure in vivo, such as cartilage contact pressure and patellofemoral

kinematics. They also allow for investigations into the effect of parameters that are

not easily modifiable in vivo.

1.2.2 Statistical Shape Models

Traditionally, joint geometry has been characterized using an assortment of two-

dimensional measures (Dargel et al., 2009; Laprade and Culham, 2003). These may

be made in vivo, on planar images, or on three-dimensional images and can include

angles, distances, radii of curvature, areas, and volumes. However, these measures
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contain a subjective aspect in landmark identification and are cumbersome when at-

tempting to quantify whole joint geometry. Statistical shape modelling is a technique

that is able to objectively quantify the variability in a set of geometries. Through the

use of multivariate statistics, prominent geometrical features are identified as modes

of variation or principal components (PCs) and scores are assigned to each geometry

in the dataset based on these. In this way, the entire geometry is characterized using

a small number of PCs.

A statistical shape model is constructed from a set of geometry meshes by applying

principal component analysis (PCA) to a matrix, X, that contains the Cartesian

coordinates of a set of nodes in each geometry to be included in the model. Each row

in X contains the coordinates for all nodes for a single geometry mesh,

X =



x11 y11 z11 x12 y12 z12 . . . x1m y1m z1m

x21 y21 z21 x22 y22 z22 . . . x2m y2m z2m
...

...
...

...
...

...
. . .

...
...

...

xn1 yn1 zn1 xn2 yn2 zn2 . . . xnm ynm znm


where n is the number of meshes and m is the number of nodes in each mesh. There-

fore, it is necessary that all meshes have the same number of nodes and that nodes

correspond to the same landmarks in each mesh. For a small number of nodes, it is

possible to manually identify landmarks and ensure they are numbered in the same

order. For example, in a set of two-dimensional x-rays, one could manually label rele-

vant landmarks in a given order. However, for complex three-dimensional geometries

using triangulated meshes, this is not feasible. Some have developed segmentation

procedures where a reference mesh is deformed to match the clinical image (Baldwin
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et al., 2010). This guarantees node correspondence. However, in many cases, includ-

ing if manual segmentation is performed, a method for obtaining node correspondence

is required (Figure 1.6). Many algorithms have been developed to solve this problem

using a variety of approaches (Sotiras et al., 2013; Myronenko and Song, 2010; Ma

et al., 2016; Chen et al., 2010).
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Figure 1.6: Correspondence between nodes must be established before principal com-
ponent analysis can be applied. One method to do this is to morph a reference mesh
to match the shape of each mesh in the dataset using an algorithm such as Coherent
Point Drift (CPD) (Myronenko and Song, 2010). Nodes in the two original meshes
are shown and labelled in black on the left. A reference mesh, shown in the centre
with red nodes, is then morphed to match the shape of these meshes and the coor-
dinates of these corresponding red nodes (right panel) from the morphed meshes are
use to generate the statistical shape model. The original nodes are shown in grey on
the right for comparison.

Once node correspondence is established, the node coordinates can be assembled

into a matrix, X, as shown above. The mean centred matrix is obtained by sub-

tracting the mean mesh, x̄, and this can then be decomposed using PCA into modes



1.2. APPROACH 17

of variation or principal components (PCs), U , and PC scores, Z. Each mesh has

scores, z, for each PC that indicate how well this PC represents the participant’s

geometry.

X − x̄ = UZ

The geometric features represented by each PC can be interpreted by generating

new meshes spanning the scores for that PC, for example ±3 standard deviations of

the scores (Figure 1.7).

xp = x̄ + p σzi
ui, p ∈ [−3, 3]

where σzi
is the standard deviation of scores for PC i, p is the number of standard

deviations, and ui is the loading vector for PC i.

x x + 3 σ  u 
1z 1x - 3 σ  u 

1z 1

Figure 1.7: New meshes can be generated to span a principal component. This can
aid in interpretation of the PC or can be used to generate new geometries. Here, the
mesh is morphed along PC1 by adding ± 3 standard deviations of the scores for PC1
to the mean mesh, x̄.

If the meshes are not isometrically scaled prior to PCA, then the first PC will

generally represent an overall scaling as size is often the largest source of variability.

If multiple bodies are included in their original orientation, then the shape model



1.2. APPROACH 18

will capture variation in both geometry and alignment (Rao et al., 2013). However,

it is possible to generate a statistical shape model that represents only variability in

geometry by performing a registration prior to the application of PCA (Figure 1.8).

Meshes can be aligned by registering them to their anatomical coordinate systems or

through a rigid body registration, such as a Procrustes analysis. There are situations

where inclusion of posture in the statistical shape model is desired. However, the

ability to remove this can be important, especially in cases where the posture was

not well controlled during imaging and the alignment may not be representative of

anything of clinical relevance.

Isometrically 
Scaled

Registered to Anatomical 
Coordinate System

Meshes with 
Corresponding Nodes

Figure 1.8: A whole joint statistical shape model that captures only geometry can
be generated by scaling and registering the meshes before applying PCA. The femur,
tibia, and patella meshes are shown on the left with corresponding nodes in red
and anatomical coordinate systems in green and blue. These are first isometrically
scaled, then each bone is registered to its anatomical coordinate system. This allows
a statistical shape model that explains whole joint geometrical variability, but not
the overall size or the posture the knees were imaged in.

Statistical shape modelling was initially proposed by Cootes et al. (1995) and

used to characterize variability in two-dimensional shapes for computer vision appli-

cations. Since then, the technique has been extended to three-dimensional images

and used in the biomechanics field in anatomy characterization (Bredbenner et al.,
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2010; Haverkamp et al., 2011; Van Haver et al., 2014), automatic image segmenta-

tion (Heimann and Meinzer, 2009; Vincent et al., 2010), relating shape and function

(Fitzpatrick et al., 2011; Smoger et al., 2015), predicting anatomy from sparse data

(Fleute and Lavall, 1998; Nolte et al., 2016; Zhang and Besier, 2017; Zhu and Li,

2011), and finite element model generation (Baldwin et al., 2010; Querol et al., 2006).

1.3 Contributions

The overall objective of this work was to improve our knowledge of how patient

variability can influence joint function and the implications of this for musculoskeletal

pathology, injury, and treatment. This relationship was examined in tibiofemoral

osteoarthritis and patellofemoral pain and instability. Osteoarthritis is a disease of

mechanics and many interventions, including valgus unloader braces, are designed to

have a mechanical effect, making it well suited to be studied through musculoskeletal

simulation. Patellofemoral pain is also theorized to arise from overloading of soft

tissue structures and the kinematics and pathology of the patellofemoral joint have

been correlated with joint geometry. These correlations warrant further investigation

into the implications of the relationship between shape and function for mechanical-

based treatments for patellofemoral pain and instability.

This objective was addressed through five specific aims.

Specific Aim 1: Develop a technique to correct for inter-laboratory differences in

waveform data.

Discrepancies often arise in kinematic and kinetic waveform data when three-

dimensional motion data are collected in different laboratories. As a result, combining

data collected in different laboratories is challenging and multicentre gait studies are



1.3. CONTRIBUTIONS 20

rarely performed. This limits the number of participants included in most motion

analysis studies. To enhance the capacity to identify relevant biomechanical variation

within a patient population, it is necessary to have a sufficiently large sample size.

The ability to combine data collected in different centres through multicentre studies

would make these large sample sizes more attainable. In Chapter 2, I described a

technique that uses principal component analysis to correct for waveform bias that

occurs among laboratories that could enable multicentre studies.

Specific Aim 2: Determine patient characteristics that are associated with effec-

tiveness of valgus unloader bracing in reducing contact force in the medial compart-

ment of the knee.

In this aim, addressed in Chapter 3, I examined how patient characteristics and

biomechanical features of gait are related to the ability of a valgus unloader brace to

reduce predicted medial knee joint contact forces. Joint contact forces were estimated

using a musculoskeletal model and static optimization for a cohort of patients with

medial knee osteoarthritis.

Specific Aim 3: Identify prominent features in articular knee geometry and assess

the influence of these on knee joint function.

In Chapter 4, I described a framework that combines statistical shape modelling

and musculoskeletal simulation to examine the shape-function relationship at the

knee. Statistical shape modelling is used to identify modes of variation in articular

geometry and generate a morphable multibody knee model. Musculoskeletal simula-

tion is used to investigate the effect of these geometrical differences on joint function.
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Specific Aim 4: Investigate the impact of articular geometry on functional out-

comes of tibial tubercle osteotomy.

In Chapter 5, I used the modelling framework developed in the previous aim and a

Monte Carlo approach to examine the implications of the shape-function relationship

for tibial tubercle osteotomy. Patellofemoral geometry and surgical parameters were

concurrently varied to investigate the effect on joint biomechanics and any interactions

between these factors.

Specific Aim 5: Explore the feasibility of using the modelling framework developed

here on a patient-specific basis for surgical planning.

The statistical shape modelling and musculoskeletal simulation framework repre-

sents a step towards patient-specific modelling for surgical planning. In Chapter 6,

I explored the feasibility of this through a case study of a tibial tubercle osteotomy

patient. The patient’s kinematics were simulated and compared pre- and post-surgery

using a patient-specific model.
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Chapter 2

Correcting waveform bias using principal

component analysis: Applications in multicentre

motion analysis studies

This chapter was published in Gait & Posture in 2017 (Clouthier et al., 2017).

2.1 Introduction

The kinematic and kinetic waveform data obtained in three-dimensional motion anal-

ysis can provide insight into research questions regarding human mobility. Thus far,

motion analysis has generally been limited to single centre studies. However, multi-

centre studies would allow sample sizes to be much larger, which may provide insight

into the functional outcomes of infrequently performed procedures as well as the path-

omechanics of rare conditions. Such studies have the potential to accelerate research

in some areas while providing additional power to other studies through increased

sample sizes.

Multicentre motion analysis studies are not typically performed because of the so-

called laboratory effect. Discrepancies arise among data collected on a homogeneous
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cohort in different centres due to differences in laboratory environment, software,

hardware, protocol, and data analysis techniques. This nuisance variation introduced

by the laboratory effect often results in a bias between the waveforms of two centres.

Inconsistencies in locating anatomical landmarks and marker placement contribute to

a large portion of this variation (Della Croce et al., 2005) and, therefore, rigorous stan-

dardization of protocol has been suggested to mitigate the laboratory effect (Gorton

et al., 2009). However, even when the same protocol is used in the same laboratory,

inter-assessor reliability is not ideal (Maynard et al., 2003; Schwartz et al., 2004).

Synthesis of pre-existing data collected using different methods is also precluded.

Many studies have attempted to quantify the reliability of gait data between

sessions, assessors, protocols, and laboratories. Many of these have used correlation

coefficients to quantify reliability (Benedetti et al., 2013; Ferrari et al., 2008; Maynard

et al., 2003); however, such statistics are difficult to interpret clinically and it is

unclear for which values the data may be deemed ‘reliable enough’ (McGinley et al.,

2009). Additionally, some coefficients, such as the coefficient of multiple correlation

(CMC), are influenced by the range of motion of the joint. Other methods have been

implemented which address most of these concerns such as the standard deviation

(Gorton et al., 2009), mean absolute difference (Mackey et al., 2005), or functional

limits of agreement (Røislien et al., 2012). While these may quantify reliability in

a more meaningful way, they do not model what exactly the differences are, and

therefore, may not be easily extended to correct the differences that exist. A method

has been proposed to assess the reliability of marker placement using a generalized

Procrustes analysis. Briefly, the method measures how well the markers are placed on

a participant compared to a large database of previous marker placements performed
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by an expert (Osis et al., 2015). Although this could be useful as a training tool,

it requires that the same marker set be used and also cannot be used to correct for

errors in post-processing.

Principal component analysis (PCA) is a statistical technique that has been widely

used in motion analysis (Boudarham et al., 2013; Deluzio and Astephen, 2007; Hard-

ing et al., 2012). One benefit of PCA is that the entire gait waveform is analyzed so

temporal information is considered, as opposed to analyzing selected discrete points.

This has made PCA a valuable tool in motion analysis and it has been used to identify

and quantify waveform features that differ between groups and conditions as a re-

sult of pathologies (Astephen et al., 2008b; Muniz et al., 2012), surgeries (Almosnino

et al., 2014; Hatfield et al., 2011), and other factors affecting human motion (Landry

et al., 2012; Lee et al., 2009). Similarly, PCA could easily be applied to the issue of

inter-laboratory motion analyses to identify whether differences exist in data collected

from different centres. However, since this statistical technique also produces features

that quantify waveform bias, it is possible to extend PCA to calculate a correction for

the identified differences. If the populations of two centres represent a homogeneous

cohort, then this method can be used to correct the waveform bias that occurs as

a result of the laboratory effect. Therefore, the purpose of this study is to define

and evaluate a PCA-based method that corrects differences between data collected

in different centres on a homogeneous cohort.
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2.2 Methods

2.2.1 Correction Technique

Principal component analysis (PCA) is used to identify and remove differences be-

tween datasets. With PCA, features are extracted from a set of waveform data and

every individual waveform receives a score for each feature. Following this, scores for

different groups can be compared to identify waveform features for which the groups

differ significantly. Because the entire waveform is considered, these features include

both timing and magnitude information.

PCA is first applied to the combined waveform data from the two centres to

statistically quantify the existing differences (Deluzio et al., 1997). The p waveforms

X = x1,x2, ...,xp can be converted into p uncorrelated principal components (PCs)

z = z1, z2, ..., zp through an orthogonal transformation:

z = U t(X − x̄) (2.1)

where U = u1,u2, ...,up are the eigenvectors of the covariance matrix of (X − x̄),

or loading vectors, and x̄ is the mean waveform. The loading vectors, ui, form an

orthogonal basis for the waveform dataset and represent features contained in the

dataset. The PC scores contained in zi measure the degree to which the shape of

an individual waveform corresponds to the feature represented by the loading vector

for that PC, ui. It is possible to identify principal components for which the two

data sets differ by performing a t-test on the PC scores. If the data originated from

a homogeneous population, no differences should exist in PC scores between the two

groups. Any differences that do exist can be termed laboratory effect. This effect may



2.2. METHODS 26

result from any number of sources, but if it is not related to the variable of interest, it

is essentially a nuisance factor. It is then possible to correct for this waveform bias in

the data collected in centre B, for example, such that centers A and B will have the

same mean PC scores on all principal components. This is accomplished by adding

the difference in mean PC scores between centres multiplied by the loading vector

to each waveform from centre B for each principal component where the two centres

differ significantly:

xcorr = x +
∑
i∈S

(z̄Ai − z̄Bi)ui (2.2)

where x is an individual waveform, z̄Ai and z̄Bi are the mean PC scores for the

ith principal component for centres A and B, and ui is the loading vector for the ith

principal component. The summation is carried out over the principal components

deemed to differ significantly between the two centres (S). The summation term

creates a single correction waveform that is added to each individual waveform from

center B. Since the majority of the variation is explained by the first few principal

components (Deluzio and Astephen, 2007), it is sufficient to consider only these first

few PCs for inclusion in the set S. In this case, a 90% trace criterion was used where

only the first k PCs are retained that together explain at least 90% of the variance

in the data (Jackson, 1991).

For the applications demonstrated here, PCA and the correction technique were

applied separately to each plane of the joint angles and moments. PCA and the

correction procedure were performed in MATLAB (The Mathworks Inc., Natick, MA).

Here, the mean PC scores from each centre were used to calculate the correction;

however, if the dataset contains outliers that may influence the mean, it may be
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advisable to use a trimmed mean or other variant when calculating z̄Ai and z̄Bi.

2.2.2 Application on Simulated Crosstalk Error

To ensure that the correction is reasonable, the technique was first applied to a

dataset with a known induced error. Knee kinematics were calculated for 24 healthy

participants (15 female, age 39.5 ± 16.4 years, weight 71.3 ± 10kg) with no history of

mobility impairment or injury walking overground at the Human Mobility Research

Laboratory in Kingston, ON. Each participant gave informed written consent and the

study was approved by the Research Board for Health Sciences at Queen’s University.

Segment coordinate systems were created according to the model used by the Istituto

Ortopedico Rizzoli (Leardini et al., 2007). Crosstalk was then induced by rotating

the thigh coordinate system about its long axis by -5, 5, and 10◦, thus creating three

additional sets of knee angles for each participant. This simulates the error induced

by differences in marker placement and landmark misidentification (Kadaba et al.,

1990). The resulting biases were corrected using the proposed technique. Principal

components for which the datasets differed significantly (p < 0.05) were identified

using Student’s t-tests on the PC scores. No knowledge of the source of the induced

error was used in the correction process. The calculated correction was compared with

the induced error for each participant to ensure that the correction was reasonable.

The induced error was calculated based on the angle of rotation about the long axis

for each participant (Brennan et al., 2011). The changes in data variability were

calculated using the trace of the covariance matrix, which is equivalent to the sum of

the variance at each time point in the waveform data.
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2.2.3 Application to Multicentre Data

Since the intended purpose of this technique is to enable multicentre studies, it was

also demonstrated using a separate dataset of knee kinematics and kinetics collected

in two different centres on similar populations. In both laboratories, participants had

received total knee arthroplasty to treat severe knee osteoarthritis. All participants

were randomly assigned to receive either the fixed or rotating bearing version of the

DePuy PFC R© SigmaTM Posterior Cruciate Substituting Knee. Participant demo-

graphics are given in Table 2.1. At the Human Mobility Research Centre (HMRC) in

Kingston, ON, gait data were collected using two Optotrak 3020 cameras (Northern

Digital Inc., Waterloo, ON) and the knee joint angles and moments were calculated in

MATLAB (The Mathworks Inc., Natick, MA) (Landry et al., 2007). At the Concor-

dia Hip and Knee Institute (CHKI) in Winnipeg, MB, six Vicon 460 cameras (Vicon,

Oxford, UK) were used, markers were placed according to the Helen Hayes model

(Davis III et al., 1991), and knee joint angles and moments were calculated using Vi-

con’s Plug-in-Gait software. The study was approved by the respective institutional

review boards and all participants gave informed written consent. Data collected 2

years post-surgery was used to demonstrate the PCA-based technique. There were 43

participants collected at ‘Lab A’ in Kingston (23 rotating, 20 fixed) and 15 at ‘Lab

B’ in Winnipeg (9 rotating, 6 fixed). The age (p=0.49) and BMI (p=0.80) of the

participants from each centre were found to be similar using Student’s t-tests, and

therefore no indication that the data was non-homogenous and should not be com-

bined was identified. The combined data was examined using a separate PC analysis

both before and after the correction was applied to Lab B to look for differences

between the implant types. Significant differences in implant type were identified
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using Student’s t-test on the resulting PC scores (p < 0.05) and the effect size of

the implant difference was found pre- and post-correction by calculating Cohen’s d

for the PC scores. The knee internal rotation moment was of particular interest in

this case as the difference in the implants is that the rotating bearing implants allow

internal rotation between the tibial component and the polyethylene bearing while

the fixed do not.

Table 2.1: Demographics for total knee arthroplasty patients from two centres

n Rotating
Bearing

Males Age (years) BMI

Lab A
(HMRC)

43 23 22 67.7 (7.6) 32.2 (5.7)

Lab B
(CHKI)

15 9 8 66.1 (5.8) 31.8 (4.3)

2.3 Results

The correction process is illustrated using the induced error in the knee adduction

angle (Figure 2.1A). The waveforms calculated using the 10◦ rotated thigh coordinate

system were found to differ significantly (p < 0.05) for PCs 1 and 2 (Figure 2.1B). The

applied correction (Figure 2.1D) was calculated by multiplying the mean differences in

PC scores by the corresponding loading vectors (Figure 2.1C) according to Equation

2.2. This was then added to each waveform from the 10◦ dataset to create the

corrected waveforms. The theoretical error resulting from the coordinate system

rotation is also shown in Figure 2.1D for all participants. Crosstalk was induced in
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the adduction and internal rotation angles by the coordinate system rotation and

was successfully removed by the correction, as shown in Figure 2.2. The coordinate

system rotation had minimal effect on the flexion angle. The variability in each

individual dataset was unchanged by the correction process, while the variability in

the combined dataset was reduced by 28.5% and 34.3% for the adduction and internal

rotation angles, respectively.
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Figure 2.1: A) Knee adduction angle for healthy participants calculated using the
original and 10◦ rotated coordinate systems. Thick and thin lines show mean and
individual waveforms, respectively. B) Principal component scores for the original
and rotated datasets. * indicates p < 0.05. The first two PCs satisfy the 90% trace
criterion, explaining 92% of the variation in the data. C) Loading vectors for PCs
1 and 2. D) Correction to be added to rotated dataset waveforms (thick line). The
thin lines show the theoretical error induced by the coordinate system rotation for
each participant for comparison.
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Figure 2.2: The crosstalk induced through the coordinate system rotation is shown
for the knee adduction (A) and internal rotation (C) angles. B and D) The resulting
data following the correction of the perturbed data.

To demonstrate the potential benefit of this technique, the knee internal rotation

moment was examined for the combined datasets of total knee arthroplasty patients

before and after the correction. The means and standard deviations of the combined

data from both centres are shown in Figure 2.3 for the original (A) and corrected (B)

data. The variability in the data from each centre was unchanged by the correction

process, but the overall variability in the combined dataset was reduced by 9.5%. By

visual inspection it appears that in either case, those who received a rotating bearing

implant have a larger amplitude in their internal rotation moment. Applying PCA,

the second PC represents the amplitude of the waveform during stance (Figure 2.3C).
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For the original data, the p-value for the difference between implant types for this

PC is 0.081 and the effect size measured by Cohen’s d is 0.47. After the nuisance

variation was removed by applying the correction to the data from Lab B, the p-value

for this PC becomes 0.028 and the effect size becomes 0.60.
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Figure 2.3: The mean knee internal rotation moment waveforms and standard de-
viations for the two implant types are shown for the original (A) and corrected (B)
data. C) The effect of principal component 2. A high score corresponds to a greater
amplitude.

2.4 Discussion

The ability to conduct multicentre three-dimensional gait analysis studies would have

great benefits for human motion research; however, a lack of reliability between data

collected in different laboratories has largely prevented such studies thus far. To

address this, a principal component analysis-based method to correct for waveform

bias in post-processing is presented.

The PCA-based correction technique was first applied to a dataset where error

was induced through misalignment of the thigh coordinate system. This source of

error, crosstalk, is exactly known and well understood (Piazza and Cavanagh, 2000).

It was therefore possible to ensure that the calculated correction was appropriate and



2.4. DISCUSSION 33

it was found that the correction agreed well with the analytically calculated error for

each participant. The application of this PCA-based correction technique was then

demonstrated on gait data collected in two different centres. Partly because no effort

was made to standardize the protocol between these two centres, a large difference

existed in the resulting kinematics and kinetics even though the populations were

very similar. Applying the correction to the data from one centre reduced the overall

variation and allowed the effect of total knee arthroplasty design on knee kinetics to

be identified statistically.

In both of the examples presented here, corrections were only applied for PCs

found to differ significantly between datasets (p < 0.05). However, this criteria could

be modified depending on the level of agreement desired. In theory, if the data were

corrected for every PC, the resulting means from the datasets would be equivalent.

Since these non-significant differences are subtle, correcting them does not have much

effect on the data, and was therefore deemed unnecessary. In fact, if the data were

corrected for every PC, this would be equivalent to adding the mean difference in

the waveforms between the two datasets. However, the benefit of using the proposed

technique is that the waveform bias can be broken down and analyzed using PCA

and the user then has control over which PCs are used in the correction.

One of the benefits of this correction technique is that variation within the datasets

is maintained. A different PCA-based technique to allow for multicentre studies was

previously proposed (Haratian et al., 2014). However, with this previous method,

PCA is essentially used to filter the data meaning that some information will be lost.

In contrast, in the method presented here, one dataset is adjusted such that the means

from the datasets agree. Since the same correction is added to each participant’s
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waveform from one dataset, no information or variability from the individual datasets

is lost. The standard deviation at each point is equivalent to that in the uncorrected

individual dataset. However, since the waveform bias is corrected such that the means

are similar, the overall variability in the combined dataset is reduced from that of the

combined, uncorrected dataset.

When the correction technique was used for the data with induced error, it was

clear which of the datasets was correct and which should be adjusted. However,

generally it is not apparent which dataset is most ‘correct’ and this technique requires

that one dataset be chosen as the standard for others to agree with. However, since

the variability in each dataset is maintained, this choice should not affect relative

comparisons between groups in the data. In the knee arthroplasty example used

here, Lab B was chosen to be corrected since there were fewer participants from this

centre. Alternately, a correction could be applied to both datasets to have them meet

somewhere in the middle. An important issue to recognize when using this method

is that the source of error is not considered. Therefore, care must be taken to ensure

that the populations from various centres are similar enough to be combined and that

there are no inconsistencies that would cause a real kinematic or kinetic differences to

exist between centres. One way to test this would be to test for statistical differences

in the demographics between the two centres.

There is some disagreement regarding whether there is sufficient agreement be-

tween laboratories for gait data to be combined for multicentre studies (Benedetti

et al., 2013; Gorton et al., 2009). Spatio-temporal parameters, such as walking speed

and step length, have generally been found to be reliable (Benedetti et al., 2013). How-

ever, more variability exists in joint kinematics (especially non-sagittal) and kinetics
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(McGinley et al., 2009). Furthermore, the scarcity of multicentre motion analysis

studies may be evidence of the variability that exists between centres. While it may

be possible, albeit difficult, to achieve sufficient reliability through rigorous protocol

standardization, a correction method allows for the synthesis of pre-existing data that

was collected independently as well as cases where protocol standardization proves

insufficient or other nuisance factors exist.

This principal component analysis based technique first assesses whether three-

dimensional gait data collected in different centres are similar. Discrepancies between

centres are identified and modelled statistically through the application of PCA. This

is then taken one step further by using the statistical model to remove these differ-

ences. The use of this technique could facilitate an increase in the number of mul-

ticentre three-dimensional motion analysis studies by mitigating the need to attain

acceptable inter-centre reliability.
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Chapter 3

Identification of good candidates for valgus bracing

as a treatment for medial knee osteoarthritis

This chapter was published in the Journal of Orthopaedic Research in 2018 (Clouthier

et al., 2018).

3.1 Introduction

Valgus unloader braces are a conservative treatment option for medial compartment

knee osteoarthritis. Osteoarthritis has been linked to a mechanical overloading of

the cartilage (Andriacchi and Mündermann, 2006; Felson, 2013; Sharma et al., 1998).

Valgus braces strive to redistribute the loading in the knee through the application of

an external abduction moment, thus shifting some load to the lateral compartment

and unloading the damaged medial compartment. In theory, this unloading will

improve pain and function and slow progression of the disease.

Despite the theoretical benefits of unloader braces, results have been highly vari-

able (Moyer et al., 2015). Some have found positive changes in a variety of outcome

measures, including pain and function (Rezaeian et al., 2017; Haladik et al., 2014;
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Gaasbeek et al., 2007), medial joint space (Nadaud, 2005), knee adduction moment

(Fantini Pagani et al., 2012; Jones et al., 2013), and in vivo medial compartment

loading (Kutzner et al., 2011). Others, however, have found little or no benefit to un-

loader bracing (Duivenvoorden et al., 2015; Ebert et al., 2014), especially over other

conservative treatments such as physiotherapy (Yu et al., 2015) and these differences

have been found regardless of compliance issues. Inconsistent results may be due in

part to the different outcome measures assessed as well as variation in brace designs

and the follow-up time. However, even within single studies the effectiveness of brac-

ing, as assessed by a variety of outcome measures, has been found to vary depending

on the patient (Kutzner et al., 2011; Van Raaij et al., 2010; Dennis et al., 2006).

Reasons for this variability in patient response are unclear.

One mechanism that has been suggested for bracing is correction of frontal plane

alignment. Some have theorized that bracing may be more successful for those with

larger degrees of varus misalignment (Ebert et al., 2014; Ramsey et al., 2007). How-

ever, it was found that frontal plane alignment is not related to reductions in pain

after 12 weeks of bracing (Rezaeian et al., 2017). Many brace designs provide a

mechanism for modifying the valgus alignment of the brace thereby changing the ab-

duction moment applied. Although increasing the applied moment has been found to

decrease the knee adduction moment and medial compartment load (Fantini Pagani

et al., 2012; Kutzner et al., 2011; Pollo et al., 2002), this does not fully explain the

variability in response to bracing; therefore, a need to identify characteristics of good

bracing candidates still exists.

The ability to identify good candidates for unloader bracing could be highly ben-

eficial. Braces can cause discomfort, especially at greater valgus settings (Kutzner
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et al., 2011), and patient compliance is one of the largest issues with this treatment

option (Squyer et al., 2013; Brouwer et al., 2006). While problems with discomfort

or aesthetics may cause some to stop wearing a brace, non-compliance could also be

due in part to a lack of perceived or real benefit to bracing. A better understanding

of patient characteristics that increase brace effectiveness could also lead to improved

brace designs. Since valgus braces are designed to mechanically unload the medial

compartment, reduction in predicted medial compartment loading provides an ob-

jective measure of mechanical brace effectiveness. The objective of this work was

to analyze clinical measures and biomechanical characteristics of unbraced walking

to identify variables that are associated with the mechanical effectiveness of valgus

unloader bracing. We hypothesized that it would be possible to predict mechanical

effectiveness using a combination of clinical and unbraced biomechanical measures.

3.2 Methods

3.2.1 Data Collection

Nineteen people with symptomatic and radiographic evidence of knee osteoarthritis

diagnosed by an orthopaedic surgeon were recruited for this study. They were recre-

ationally active and able to walk a city block, not currently taking medications for

any neurological, cardiovascular, or metabolic disorders, and had no lower limb surg-

eries within the last year. Participants were recruited after being prescribed a valgus

unloader brace, but had not used one previously. Two participants had substantial

valgus alignment (hip-knee-ankle angle > 4◦) and were removed from this study as

this is indicative of lateral compartment osteoarthritis, leaving 17 participants. The

final participants included 8 females and 9 males who had a mean age of 54.4 ± 4.2
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years and mean BMI of 30.0±4.0 kg/m2. This study was approved by the institutional

ethics review board. Participants provided informed written consent and completed

the WOMAC questionnaire on knee health (Roos et al., 1999). Full length stand-

ing radiographs were taken and Kellgren-Lawrence grades (Kellgren and Lawrence,

1957) were assigned by an orthopaedic resident and a radiologist. The participants

had a median Kellgren-Lawrence grade of 4 (2 KL1, 1 KL2, 5 KL3, 9 KL4), mean

hip-knee-ankle angle of −6.8± 5.6◦, and mean medial joint space of 2.1± 1.8 mm.

Overground walking trials were performed at the Human Mobility Research Lab-

oratory in Kingston, ON with an 11 camera motion capture system (Oqus 400, Qual-

isys, Gothenburg, Sweden) and six tandem force plates (AMTI, Watertown, MA,

USA). Eighty-one retroreflective markers were placed on anatomical landmarks and

segment clusters on the upper and lower body (Miller et al., 2014) and a static trial

was collected. Anatomical markers that would interfere with the brace were then re-

moved before walking trials were performed. Surface electromyography was recorded

for 12 muscles on the braced leg and three on the contralateral leg, but was not in-

cluded in this analysis. The appropriate size of knee brace (OA Assist, DJO Global,

Vista, CA) was selected and fitted to the most affected leg for each participant ac-

cording to manufacturer specifications. The brace was tightened to a level that the

participant felt would be tolerable for four hours of activity. All participants were

able to comfortably wear the brace for the approximately 30 minute duration of the

session. Eight additional markers were fixed to the brace to track its deformation

in the frontal plane (Figure 3.1). Participants performed eight walking trials at a

self-selected speed (1.32 ± 0.16 m/s) with and without a brace and a representa-

tive stride was chosen from each condition by selecting the stride with the smallest
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root-mean-squared difference from that participant’s mean vertical ground reaction

force.

Figure 3.1: Marker set used on the lower limb and brace. Markers were placed on the
proximal and distal arms of the brace to track its frontal plane deformation angle.

3.2.2 Musculoskeletal Model

A generic musculoskeletal model (Arnold et al., 2010) was scaled for each partici-

pant. The legs and pelvis were scaled based on the standing radiograph leg length

and hip joint spacing, respectively, and the torso was scaled based on anatomical

marker locations. Frontal plane knee alignment was set based on the hip-knee-ankle

(HKA) angle measured radiographically (Cooke et al., 2007). Inverse kinematics,

inverse dynamics, residual reduction analysis (RRA), and muscle analysis were per-

formed in OpenSim 3.2. The external moment applied by the brace was calculated

by multiplying the frontal plane brace deformation angle by its experimentally deter-

mined stiffness (Brandon, 2015) and was included in the model. Muscle forces were

then estimated using a static optimization to minimize the muscle area-weighted
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sum of squared activations (Brandon et al., 2014). The resulting medial and lateral

tibiofemoral contact forces were calculated in MATLAB (The MathWorks, Natick,

MA, USA) using a frontal plane moment balance at fixed medial and lateral tibia

contact locations (Winby et al., 2009).

3.2.3 Regression Model

A stepwise multiple regression procedure was used to test the hypothesis that me-

chanical brace effectiveness can be predicted using clinical measures and biomechan-

ical characteristics of unbraced walking. The dependent variable, brace effective-

ness, was defined as the decrease in the first peak of the predicted medial com-

partment contact force (MCF) from the unbraced to braced condition, ∆MCF =

MCFunbraced −MCFbraced. Since the braces are designed to unload the medial com-

partment, the brace was considered more effective for a greater reduction in braced

medial compartment contact force compared to the unbraced condition.

Independent variables that predicted brace effectiveness were identified from a

pool of candidate measures using stepwise linear regression. From the standing ra-

diographs, the hip-knee-ankle angle, medial joint space, and Kellgren-Lawrence (KL)

grade were included as potential regressors. BMI and WOMAC pain, function, and

stiffness scores were also included. From the unbraced walking trials, joint moments

and angles were considered for every modelled degree of freedom in the more affected

leg. To objectively select waveform features of the joint kinematics and kinetics for

inclusion in the regression model, principal component analysis (PCA) was first per-

formed on these data (Deluzio and Astephen, 2007). For each set of waveform data,

the first n principal components that explained at least 80% of the variance in the data
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were retained and included as potential regressors. The included external moments

were hip flexion, adduction, and internal rotation; knee flexion and adduction; and

ankle plantarflexion. The angles included were frontal plane pelvis list; hip flexion,

adduction, and internal rotation; knee flexion; and ankle plantarflexion. Unbraced

walking speed, step width, and step length were also examined. Finally, the moment

applied by the brace at the instant of first peak medial contact force normalized by

body weight was included to determine if the variance in brace effectiveness was sim-

ply due to the applied moment. This resulted in a total of 45 potential regressors.

The reasoning for choosing this list of variables is provided in Table 3.1.
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Table 3.1: Justification for inclusion of candidate variables

Candidate Variable Justification for Inclusion

Hip-knee-ankle (HKA) angle Brace thought to modify frontal plane alignment
(Rezaeian et al., 2017; Segal, 2012)

Medial joint space Brace thought to increase medial joint space
(Nadaud, 2005)

Kellgren-Lawrence Grade Braces typically prescribed for moderate knee os-
teoarthritis

BMI Associated with incidence of knee osteoarthritis
(Reijman et al., 2007) and may affect brace per-
formance (Komistek et al., 1999)

WOMAC scores Baseline scores are associated with improvements
in WOMAC scores due to bracing (Rezaeian et al.,
2017)

Kinematics and Kinetics Related to severity (Astephen et al., 2008a) and
progression (Andriacchi and Mündermann, 2006;
Chang et al., 2005) of knee osteoarthritis and often
used to assess brace performance (Dessery et al.,
2014; Petersen et al., 2016)

Brace moment Brace valgus setting found to influence mechanical
effectiveness (Fantini Pagani et al., 2012; Kutzner
et al., 2011; Pollo et al., 2002)

A stepwise linear regression was then performed on these variables to determine a

final regression model. Candidate measures were only considered for inclusion in

the regression model if their correlation with brace effectiveness had a coefficient of

determination (R2) greater than 0.2. The variance inflation factor was calculated for

the variables in the final regression model to test for multicollinearity and regression

diagnostics were performed to ensure the validity of the model. The normality of

the residuals was examined and the standardized residuals and Cook’s distances were
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calculated.

3.3 Results

The stepwise regression procedure yielded a final model that included only two inde-

pendent variables. The radiographic KL grade and the hip adduction moment first

principal component (PC1) score explained 77.4% of the variance in the decrease in

medial contact force (R2 = 0.774). PC1 for the hip adduction moment described

the magnitude of the first peak during stance (Figure 3.2). The knee unloader brace

was found to be more effective for participants who had more severe radiographic

osteoarthritis, as indicated by a higher KL grade, and a greater first peak external

hip adduction moment during unbraced walking. Individually, the correlations of KL

grade and the hip adduction moment PC1 score with brace effectiveness had coeffi-

cients of determination of 0.26 and 0.51, respectively. The moment applied by the

brace was correlated with brace effectiveness (R2 = 0.34), but was not selected by

the stepwise regression for inclusion in the final regression model.
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Figure 3.2: The effect of the first PC for the hip adduction moment. PC1 represents
the magnitude of the first peak during stance. One standard deviation of the hip
adduction moment from 21 age-matched individuals without knee osteoarthritis is
shown in grey for comparison. High scores for PC1 were associated with increased
brace effectiveness.

The decrease in medial contact force was plotted against the KL grade and hip

adduction moment PC1 score (Figure 3.3). Participants with KL grade 4 knee os-

teoarthritis were separated into two groups in terms of their response to the brace.

These groups are highlighted on the KL grade (Figure 3.3A) and hip adduction mo-

ment PC1 score (Figure 3.3B) plots. Adding the interaction term to the regression

model only increased the variance explained by 1% and the term was not statistically

significant (p=0.35); therefore, the interaction term was not included in the final

model.
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Figure 3.3: The decrease in medial contact force as a fraction of body weight (BW)
from unbraced to braced conditions was predicted by two variables: KL grade (A) and
hip adduction moment PC1 score (B). Participants with KL grade 4 osteoarthritis are
highlighted as either having a large (red diamonds) or small (blue circles) decrease in
medial contact force. These same participants are highlighted on the hip adduction
moment PC1 score plot. The potential outlier that was identified is indicated with a
square.

Variables correlated with reduction in medial contact force with R2 > 0.2 that

were included in the stepwise regression procedure are presented in Appendix A.

Regression diagnostics were performed on the final model including the KL grade

and hip adduction moment PC1 score. The variance inflation factor was 1 for both

variables, indicating minimal multicollinearity between predictor variables and the

data were normally distributed. One potential outlier (indicated with a square in

Figure 3.3) was identified based on the standardized residuals and Cook’s distances.

Removing this participant, the same predictor variables were identified and the R2 for

the regression model increased to 0.85. However, no reason to exclude this participant

was identified, so this data point was not removed in the final analysis.

A second regression model using the KL grade and the peak hip adduction mo-

ment, as opposed to the PC1 score, as regressors was created to assess benefit of using
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PCA. For this regression model, the R2 value was 0.72, which was lower than the R2

value of 0.77 of the regression model that used the PC1 score.

3.4 Discussion

Eight clinical measures, 36 biomechanical measures from unbraced walking, and the

moment applied by the brace were analyzed to identify characteristics associated

with reductions in predicted medial compartment contact force using valgus unloader

bracing as a treatment for knee osteoarthritis. Using stepwise linear regression it was

determined that the braces were more effective for those who had more severe radio-

graphic osteoarthritis and larger first peak hip adduction moments during unbraced

walking. With these two variables, it was possible to predict the effectiveness of the

brace in reducing the medial compartment contact force.

These results support previous findings that static alignment is not related to

the effectiveness of bracing (Rezaeian et al., 2017). In that study, the long-term

effectiveness of bracing was assessed based on changes in WOMAC scores after 12

weeks of bracing and baseline WOMAC scores were the best predictor of bracing

success. In the current study, the immediate effect of bracing on medial compartment

loading was evaluated and static alignment was again found to play no role. Some

have found greater reductions in medial contact force or knee adduction moment

when the braces are set in greater valgus adjustment and therefore apply a larger

external moment to the knee (Fantini Pagani et al., 2012; Kutzner et al., 2011; Pollo

et al., 2002). A correlation between applied brace moment and brace effectiveness

was identified in the data presented here; however, it was not one of the final variables

chosen. The KL grade and hip adduction moment were able to explain most of the
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variability in brace effectiveness regardless of the moment applied by the brace. This

indicates that although brace effectiveness can be improved through a greater moment

application, there are other patient characteristics that may be more important in

ensuring the success of bracing.

The hip adduction moment was the best predictor of mechanical brace effective-

ness. The hip adduction moment has previously been found to play a role in the path-

omechanics of knee osteoarthritis. Peak external hip adduction moments are generally

lower in those with knee osteoarthritis (Astephen et al., 2008a; Mündermann et al.,

2005) and knee osteoarthritis progression has been found to be slower in those with a

greater peak hip adduction moment (Chang et al., 2005). In this study, greater reduc-

tions in medial compartment contact force were observed in those with elevated first

peaks of their hip adduction moment, which is more characteristic of asymptomatic

gait. Thus, the hip adduction moment may play a role not only in the initiation and

progression of knee osteoarthritis, but also in the effectiveness of bracing. The find-

ing that gait characteristics can be used to predict brace effectiveness is of particular

interest, because these can typically be modified. Future work should examine the

possibility of using biofeedback (Richards et al., 2016) to train patients to increase

their hip adduction moment prior to brace prescription to determine if this improves

the outcomes of bracing.

Greater reductions in medial compartment contact force were observed for those

with more severe radiographic knee osteoarthritis. This may indicate that bracing

is better suited for more advanced osteoarthritis; however, since the goal of bracing

is generally to slow progression, it is important to consider that in earlier stages of

the disease, a smaller reduction in contact force may still be enough to be clinically
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beneficial. In addition, only three participants in the early stages of radiographic

knee osteoarthritis (KL 1-2) were recruited; therefore, further investigation would be

required to confirm this relationship and this result should be interpreted cautiously.

We theorize that the first peak of the hip adduction moment is capturing a few

factors and functioning as a ‘biomarker’ for good brace candidates. Subsequent anal-

ysis of the data showed that high hip adduction moment PC1 scores were correlated

with decreased weight (R2=0.25), decreased knee flexion stance angle (R2=0.54),

increased walking speed (R2=0.33), and increased pelvic list (R2=0.39). Although

excessive pelvis list is considered to be a problematic gait pattern, all participants in

this study fell within the range observed in asymptomatic controls in our laboratory

(Brandon, 2015). Comparing the subgroups identified with KL grade 4 (Figure 3.3),

the group that responded better to the brace had high first peak medial contact forces

during unbraced level walking (2.86±0.24 BW), while the group that did not respond

as well had low first peak medial contact forces (1.99 ± 0.46 BW). The latter group

of non-responders also had less pelvic list, hip adduction, and trunk lean, which kept

their centre of mass closer to their stance limb, thereby reducing their hip and knee

adduction moments and medial contact force (Dunphy et al., 2016). It may be that

because of this gait adaptation, the brace was unable to reduce the medial contact

force much further. However, brace effectiveness was better correlated with the hip

adduction moment (R2=0.51) than it was with the unbraced first peak medial contact

force (R2=0.29), so the smaller contact force does not fully explain the importance of

the hip adduction moment to brace effectiveness. Therefore, we believe that the hip

adduction moment is capturing the effect of the pelvic list phenomenon along with

other correlated biomechanical factors, including the difference in knee flexion, which
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can have a significant impact on knee contact forces.

Using the peak hip adduction moment instead of the PC1 score, the regression

model still performed well, explaining 71.9% of the variance in the decrease in medial

contact force. The regression model that made use of PCA did perform better (R2 =

77.4%), but there are additional benefits to using this technique. Discrete measures

are somewhat subjective and can result in a large set of measures to describe the

shape, while PCA provides a set of objective measures that can generally describe

the shape of the entire waveform with a small number of components.

The measure of brace effectiveness used in this study was based on an estimate

of the medial contact force obtained through musculoskeletal modelling. This model

provides an estimate of medial and lateral point loads, but cannot predict pressures

experienced by the cartilage and therefore any change in load distribution within a

compartment. Furthermore, the predicted contact forces are dependent on the muscle

forces (Shelburne et al., 2006), which were estimated using a static optimization that

would not have captured changes in neuromuscular coordination between unbraced

and braced conditions (Ramsey et al., 2007) or due to knee osteoarthritis (Hubley-

Kozey et al., 2006). While we cannot guarantee our predicted contact force magnitude

would match actual in vivo measurements, we are confident that the model was sensi-

tive to the change in loading induced by the use of the knee brace. Indeed, the model

was previously validated against in vivo data from a single participant walking with a

variety of gait patterns and found to predict changes in medial compartment contact

forces within 0.03 BW (Brandon et al., 2014). Additionally, the mean reduction in

medial contact force of 9.7 ± 9.2% that was found is similar to the -1 to 23% mean

reductions achieved by two different braces as measured in vivo in three subjects with
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instrumented tibia implants (Kutzner et al., 2011). Another limitation is that neither

long or short term symptomatic effectiveness nor participant’s subjective opinion of

the brace was considered. However, given that the brace is designed to have an im-

mediate mechanical effect (Maleki et al., 2016) and that a strong link exists between

mechanical loading and progression of osteoarthritis, we believe that the reduction in

medial contact force was a suitable objective measure of brace effectiveness.

Radiographic severity as measured by the Kellgren-Lawrence grade and the mag-

nitude of the hip adduction moment predicted patient response to valgus unloader

bracing. The ability to identify good candidates for bracing can help to ensure that

those suffering from knee osteoarthritis receive the treatment that will be most effec-

tive for them. This may also help with the problem of patient compliance as those

who respond to bracing may be more likely to continue with brace use if the reduced

loading results in relief of symptoms and if braces can be prescribed with more con-

fidence of mechanical effectiveness. It is also noteworthy that the potential to train

patients to respond better to bracing may exist through gait modifications.
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Chapter 4

The effect of articular geometry features identified

using statistical shape modelling on knee

biomechanics

This chapter has been submitted to Medical Engineering & Physics to be considered

for publication.

4.1 Introduction

Bone and cartilage geometry varies widely among people and these morphological

differences have important implications for risk of injury and pathology. In the knee,

geometrical features have been associated with anterior cruciate ligament (ACL) in-

jury (Samora et al., 2015), patellofemoral pain and instability (Eckhoff et al., 1994;

Dejour et al., 1994), and knee osteoarthritis (Neogi et al., 2013; Haverkamp et al.,

2011; Bredbenner et al., 2010). Increased posterior tibial plateau slope has been found

to be associated with ACL injury (Todd et al., 2010) and decreased lateral inclination

of the trochlea is common in those with patellofemoral pain and instability (Keser

et al., 2008). While most studies have searched for correlations between geometry and
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existing pathology, Neogi et al. (2013) were able to predict the onset of tibiofemoral

osteoarthritis based on three-dimensional geometry, including wider, flatter femoral

condyles, tibial plateau, and patella facet. However, inferring the causal factors be-

hind these relationships is challenging and, at times, misleading.

Investigations into how morphology affects joint function can provide insight into

why certain geometrical features may put a person at risk for injury or pathology. In

the knee, correlations between morphology and tibiofemoral and patellofemoral kine-

matics have been studied using magnetic resonance imaging (Powers, 2000; Harbaugh

et al., 2010; Lansdown et al., 2017), biplanar videoradiography (Hoshino et al., 2012;

Varadarajan et al., 2010), and cadaveric specimens (Maderbacher et al., 2016; Smoger

et al., 2015). There have been few studies that have examined effects of geometry on

contact mechanics (Smoger et al., 2015; Van Haver et al., 2015). Yet, cartilage loading

has a critical role in the development of pathologies such as osteoarthritis (Felson,

2013; Segal et al., 2009) and patellofemoral pain (Farrokhi et al., 2011; Brechter and

Powers, 2002). Furthermore, since morphology cannot be modified non-invasively in

vivo and not all aspects of geometry can be readily modified in vitro, most exist-

ing studies have been observational, examining correlations between geometry and

function.

Using computational models, specific geometrical features can be systematically

modified. This allows the effect of geometry to be isolated from the influence of

confounding factors such as differences in muscle or soft tissue properties, strength,

or body weight. Musculoskeletal models with simplified knee joint models have been

used to examine the influence of parameters such as joint alignment and contact point

locations on knee biomechanics (Saliba et al., 2017; Lerner et al., 2015). However,
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more sophisticated representations of geometry are possible using models that include

full six degree-of-freedom joints constrained by ligament, muscle, and cartilage contact

forces (Fitzpatrick et al., 2011; Lenhart et al., 2015).

Few computational modelling studies have involved direct modification of artic-

ular geometry to examine the effect on joint function (Khoshgoftar et al., 2015).

This is likely due in part to the difficulty of modifying the articular geometry in a

systematic manner that ensures other relevant structures, such as ligament and mus-

cle attachments and wrapping surfaces, remain consistent with the new morphology.

Statistical shape modelling provides an objective way to quantify complex three-

dimensional morphology by characterizing the variability in a population of shapes

using principal component analysis. By parameterizing the geometric variability in

a low-dimensional space, the statistical shape model can be used to systematically

generate new geometries that are representative of the morphological differences in

the population (Bryan et al., 2012; Rao et al., 2013).

A better understanding of the shape-function relationship in the knee can provide

insight into injury and pathology risk and help to tailor treatments to specific patients.

The first objective of this work was to develop a method to systematically vary

the bone and cartilage geometry in a multibody knee model using statistical shape

modelling. The second objective was to use this technique to predict the effect of

prominent shape features on knee kinematics, contact mechanics during gait, and

ligament loading.
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4.2 Methods

4.2.1 Statistical Shape Model

A statistical shape model of the femur, tibia, and patella bone and cartilage geometry

was created using the right knees of fourteen healthy participants who had no history

of knee injury, pathology, surgery, or chronic pain (6F, 24.1±4.4 years, 74.8±10.6 kg).

Participants provided informed consent according to a protocol approved by the Uni-

versity of Wisconsin’s Health Sciences Institutional Review Board. High resolution

magnetic resonance images (MRIs) were obtained using a 3D IDEAL SPGR sequence

for bone (in-plane resolution 0.37x0.37; slice thickness 0.9 mm; matrix 512x512x304;

repetition time 10 ms; echo times 4.5/5.5/6.1 ms; flip angle 14◦) and 3D FSE Cube

sequence for cartilage (in-plane resolution 0.39x0.39; slice thickness 1.0 mm; matrix

384x384x96; repetition time 2066.7 ms; echo time 19.8 ms; flip angle 90◦) in a clinical

3.0T scanner (MR750, General Electric Healthcare, Waukesha, WI). These images

were manually segmented (Mimics, Materialise, Leuven, Belgium) to create surface

models of the distal femur, proximal tibia, and patella bone and cartilage. Anatom-

ical coordinate systems were generated automatically for each bone (Miranda et al.,

2010; Rainbow et al., 2013) and each bone and cartilage mesh was registered to its

anatomical coordinate system.

Node correspondence was established using the Coherent Point Drift algorithm

(Myronenko and Song, 2010) with the mesh with surface area closest to the mean se-

lected as the reference mesh. This algorithm uses a probabilistic method to non-rigidly

register a reference mesh to a target mesh, thus establishing node correspondence.

The resulting bone meshes contained 7313, 5880, and 1510 nodes for the femur, tibia,
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and patella, respectively, and the cartilage meshes contained 10931, 4109, and 2624

nodes for the femur, tibia, and patella, respectively. Participant femur, tibia, and

patella meshes were separately isometrically scaled and aligned using a Procrustes

analysis in MATLAB (MathWorks, Natick, MA) which minimized the sum of squared

distances between the mesh nodes. This ensured scaling and alignment would not be

included in the shape model. Principal component (PC) analysis was then applied

to the whole joint with the meshes registered to their anatomical coordinate systems.

The resulting statistical shape model quantified variations in geometry for the femur,

tibia, and patella simultaneously and was independent of alignment and isometric

scaling.

4.2.2 Multibody Knee Model

The statistical shape model was used to generate new bone and cartilage geome-

tries for a multibody knee model that included six degrees-of-freedom in each of the

tibiofemoral and patellofemoral joints (Smith et al., 2016b). The joints were con-

strained by muscle, ligament, and cartilage contact forces. Fourteen ligaments were

modelled as bundles of nonlinear elastic springs and cartilage contact was modelled

with a nonlinear elastic foundation formulation (Smith et al., 2016a). Briefly, carti-

lage contact pressure was calculated based on the overlap between cartilage surfaces

(Bei and Fregly, 2004). The combined cartilage thickness for the tibiofemoral and

patellofemoral joints was set to be uniform at 6 and 7 mm, respectively, based on mean

measured cartilage thickness. Ellipsoid and cylinder wrap objects were included to

model ligament paths and prevent penetration of the bony geometry.

For the first six PCs, new knee geometries were created by adding ± 1, 2, or 3
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standard deviations of the PC score multiplied by the loading vector for that PC

to the mean mesh. These geometries were then used to create new multibody knee

models. Ligament and muscle attachment points and wrap objects were morphed with

the geometry using the corresponding nodes of the surface meshes (Figure 4.1). The

attachments were identified in magnetic resonance images for one participant (Lenhart

et al., 2015) and the nodes in the shape model corresponding to these locations were

then used to place ligaments and muscles in the generated models. Wrap objects were

generated based on measurements using specific nodes in the model.

A

B

+3SD PC5-3SD PC5

Figure 4.1: Wrapping surfaces and ligament and muscle attachments were morphed
with the geometry. An example wrapping surface and ligaments are shown for two
deformed models. The third panel shows an outline of the two models to highlight the
differences. A) Wrapping surface dimensions were defined based on nodes in the shape
model. The cylindrical wrapping surface for the posterior capsule was generated based
on a least-squares cylinder fit to nodes on the posterior femoral condyles (red points).
B) Ligament and muscle attachments were fixed to nodes in the shape model (red
points). The fibres for the medial patellofemoral ligament and the patellar tendon
are shown.
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4.2.3 Musculoskeletal Model and Gait Simulation

The 37 generated multibody knee models were integrated into a previously validated

lower extremity musculoskeletal model that included 44 muscle-tendon units (Lenhart

et al., 2015; Arnold et al., 2010). The anatomical coordinate systems of the distal

femur and proximal tibia models were registered to the coordinate systems of the thigh

and shank, respectively, in the musculoskeletal model. The musculoskeletal model was

scaled based on the anatomical dimensions of the participant for whom the nominal

model was generated (Lenhart et al., 2015). Ligament slack lengths were calculated

using reference strains from the nominal multibody model (Lenhart et al., 2015) and a

reference pose with the knee in full extension. The reference pose was determined by

performing two iterations of a forward settling simulation. The tibiofemoral flexion

angle was fixed at 0◦ with no external forces applied, muscles were assumed to be

relaxed (1% activation), and the remaining tibiofemoral and patellofemoral degrees-

of-freedom were allowed to settle into an equilibrium orientation. After two iterations,

the secondary kinematics of the reference pose converged and the resting lengths of

the ligaments were calculated based on this posture and the reference strains.

The participant for whom the nominal model was constructed (23 year old, 61

kg female) walked overground at her preferred speed of 1.3 m/s while whole body

kinematics and ground reaction forces were recorded. Pelvis kinematics and hip

flexion, adduction, and rotation, knee flexion, and ankle plantarflexion angles were

computed using a global optimization inverse kinematics procedure (Lu et al., 1998).

The inverse kinematics solution using the mean geometry was used for all subsequent

walking simulations.
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The muscle activations, cartilage contact pressure, and knee kinematics were sim-

ulated for the walking trial using the Concurrent Optimization of Muscle Activations

and Kinematics (COMAK) routine (Smith et al., 2016b). At each frame in the gait

cycle, pelvis kinematics, hip, tibiofemoral flexion, and ankle plantarflexion angles,

and ground reaction forces were set to measured values. The ground reaction force

was applied in the calcaneus reference frame so that the centre of pressure on the

foot would be the same for all models. COMAK was then used to simultaneously

solve for the muscle activations and secondary knee kinematics (patellofemoral and

tibiofemoral degrees of freedom, excluding tibiofemoral flexion) that minimized an ob-

jective function while whole-body and joint-level movement dynamic constraints were

satisfied. The objective function was the volume-weighted sum of muscle activations

plus contact elastic potential energy (Lenhart et al., 2017). The movement constraints

ensured the hip, tibiofemoral flexion, and ankle generalized accelerations calculated in

the inverse kinematics procedure were produced in the final results. In this way, the

tibiofemoral flexion angle was set based on the inverse kinematics solution while the

patellofemoral and remaining tibiofemoral degrees of freedom were allowed to evolve

in response to cartilage contact, muscle, and ligament forces. Simulations were run on

the Queen’s University Centre for Advanced Computing Frontenac high performance

computing cluster.

The resulting knee kinematics and contact mechanics from the different models

were compared throughout the gait cycle to assess the influence of articular geometry

on functional knee mechanics.
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4.2.4 Comparison to Experimental Measures

The effects of articular geometry on knee mechanics determined using this simula-

tion framework were compared with experimental correlations to assess the predictive

capability of the model and the causality of the observed relationships. The partici-

pants used to develop the statistical shape model all performed an active knee flexion-

extension task with resistance provided by an inertial load (Westphal et al., 2013). A

dynamic, volumetric MRI sequence was used to track tibiofemoral and patellofemoral

degrees of freedom during this task (for details, refer to Kaiser et al. (2017)). PC

scores were computed for each participant’s segmented bone and cartilage geometry.

The active flexion-extension task was simulated for a similar range of flexion using

each of the 37 models generated using the statistical shape model. Tibiofemoral and

patellofemoral kinematics at 20◦ of knee flexion were plotted against participant PC

scores and compared to the changes in kinematics at 20◦ flexion induced by modifying

the geometry across the PC.

4.3 Results

The first six PCs captured 70% of the variance in knee joint geometry. All degrees of

freedom were affected by changes in geometry, with differences in angles up to 17◦ and

translations up to 8 mm (Figure 4.2). Contact force and area and the mean contact

pressure were affected by geometry as well with maximum differences in contact force,

area, and mean pressure of 0.7 BW, 148 mm2, and 2.0 MPa, respectively (Figure 4.3).

PCs 2 and 3 were chosen for closer examination based on the relevance of the shape

features and their effect on mechanics to pathology.
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Figure 4.2: The tibia and patella rotations and translations with respect to the femur
resulting from all knee geometries. The waveforms for the mean geometry are shown
in black. Note that the tibia flexion angle is equivalent for all geometries since this
is set in the simulation.
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Figure 4.3: The contact mechanics for the tibiofemoral (TF) and patellofemoral (PF)
joints resulting from all knee geometries. The waveforms for the mean geometry are
shown in black.

PC2 captured variation in the femoral lateral trochlear inclination angle and in-

tercondylar notch width (Figure 4.4A; Table 4.1). This PC was of particular interest

because of the association between lateral trochlear inclination and patellofemoral

pain and instability (Keser et al., 2008; Harbaugh et al., 2010). A smaller lateral in-

clination angle caused increased lateral shift and lateral tilt of the patella throughout

the gait cycle, but particularly in stance (Figure 4.4B). A smaller lateral inclination

angle also resulted in increased force in the medial patellofemoral ligament (MPFL)

during stance. From -3 to +3 standard deviations of PC2, the maximum change in
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patella tilt was 15.9◦, patella lateral translation was -8.2 mm, and MPFL force was

-0.022 BW (-13.2 N). The trochlear groove geometry also affected the cartilage con-

tact pressure pattern at the instant of the first peak in the tibiofemoral contact force

during stance (Figure 4.5). The pressure was greater and more concentrated on the

lateral side for smaller lateral inclination angles.

Table 4.1: Anatomical measurements for ±3 standard deviations (SD) of PCs 2 and
3 to aid in interpretation of the geometrical features captured by these PCs. The
medial plateau sagittal plane radius was determined by fitting a circle to a sagittal
plane section of the tibial cartilage at the midpoint of the medial tibial plateau. The
remaining measures are described elsewhere (Keser et al., 2008; Dargel et al., 2009;
Laprade and Culham, 2003).

Femur
Measurement

-3SD
PC2

+3SD
PC2

Tibia
Measurement

-3SD
PC3

+3SD
PC3

Lateral
trochlear
inclination

16.1◦ 28.0◦ Medial plateau
sagittal plane
radius

120mm
convex

60mm
concave

Sulcus angle 152.1◦ 138.1◦ AP depth
medial

50.1mm 41.5mm

Intercondylar
notch width

29.5mm 19.7mm Anatomical
medial proximal
tibial angle

88.2◦ 83.7◦
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Figure 4.4: A) Changes in geometry from -3 to +3 standard deviations (SD) of PC2.
PC2 captured variations in the lateral trochlear inclination and intercondylar notch
width. B) Selected patellofemoral kinematics and medial patellofemoral ligament
(MPFL) force for the seven models representing -3 to +3 SD of PC2. A smaller lateral
inclination angle caused increased lateral shift and tilt of the patella and increased
MPFL force.
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Figure 4.5: Effect of PC2 on patellofemoral contact pressure in early stance. Contact
patterns are shown at the first peak tibiofemoral contact force during stance.

PC3 represented changes in the frontal plane slope, anterior-posterior depth, and

concavity of the medial tibial plateau (Figure 4.6A; Table 4.1). This was of particular

interest because of its effects on tibiofemoral kinematics and contact pressure pattern.

A smaller, more concave medial tibial plateau with a larger frontal plane slope caused

decreased external rotation and anterior translation of the tibia relative to the femur

during stance. Additionally, the ACL force decreased (Figure 4.6B). From −3 to

+3 standard deviations of PC3, the maximum change in the knee internal rotation

angle was 9.3◦, tibia anterior translation was 4.2 mm, and ACL force was −0.23 BW

(−137.6 N). This feature also caused a decrease in medial tibial cartilage contact

pressure in late stance (Figure 4.7). In the model with a small, concave medial tibial

plateau (−3SD of PC3), the contact patch was shifted anteriorly and the mean contact

pressure was reduced by 2.4 MPa compared to the model with the large, flat medial

tibial plateau (+3SD of PC3).
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Figure 4.6: A) Changes in geometry from −3 to +3 SD of PC3. PC3 captured
variation in frontal plane slope, anterior-posterior depth, and concavity of the medial
tibial plateau. B) Selected tibiofemoral kinematics and anterior cruciate ligament
(ACL) force for the seven models representing −3 to +3 SD of PC3. A large, flat
medial tibial plateau with a shallow frontal plane slope caused increased external
rotation and anterior translation of the tibia relative to the femur and increased the
ACL force.

0 20-20

0

20

-20

0 20-20 0 20-20

Lateral (mm)

A
nt

er
io

r 
(m

m
)

0

12 MPa

Mean
max: 6.4 MPa

-3SD PC3
max: 8.0 MPa

+3SD PC3
max: 5.6 MPa

Figure 4.7: Effect of PC3 on tibial cartilage contact pressure at the second peak in
the medial tibiofemoral contact force during stance.

A summary of the geometrical features explained by the remaining PCs and the

effects on knee biomechanics at the instant of first peak tibiofemoral contact force

during stance are included in the supplementary material (Appendix B.1).
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The dependence of secondary tibiofemoral and patellofemoral kinematics on PC2

was similar for both the simulated and experimental knee flexion-extension tasks.

Notably, tibiofemoral adduction and patellofemoral tilt increased with PC2 score

(lateral inclination angle), while lateral patella translation decreased (Figure 4.8). A

complete comparison of the measured and simulated tibiofemoral and patellofemoral

kinematics is included in the supplementary material (Appendix B.2).
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Figure 4.8: Comparison of correlation between PC2 score and experimental kine-
matics with effect of PC2 from simulation. Tibiofemoral (TF) adduction angle,
patellofemoral (PF) tilt, and PF lateral translation at 20◦ of flexion during flexion-
extension as measured using dynamic, volumetric MRI tracking is plotted against
PC2 score, which represents lateral trochlear inclination (blue squares). Coefficient
of correlation, R2, for the linear fit to the experimental data is shown. Kinematics at
20◦ of flexion for simulated flexion-extension task are shown for the generated knee
models ranging from −3 to +3 SD of PC2 (red circles).

4.4 Discussion

A statistical shape modelling approach was used to systematically vary articular

geometry in a multibody knee model according to prominent features identified in
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a set of asymptomatic knees. The statistical shape model was used in conjunction

with musculoskeletal simulation to isolate the effect of typical variations in articular

geometry on tibiofemoral and patellofemoral kinematics and contact mechanics during

gait. Changes in morphology affected knee mechanics in ways that have relevance

to joint pathologies, injuries, and treatments. The developed framework provides a

complement to in vivo and in vitro studies of shape and function. When correlations

are observed between geometry and pathology or function, this method can be used

to directly explore the isolated influence of the feature on joint biomechanics to better

understand the mechanism involved and inform the design of future experiments.

Femoral trochlear dysplasia, a geometric abnormality where the trochlear groove

is extremely shallow, has been associated with patellofemoral pain and instability

(Dejour et al., 1994; Keser et al., 2008; Harbaugh et al., 2010). As a result, the

effect of trochlear dysplasia on patellofemoral biomechanics has been relatively well

studied. Dysplastic, shallow trochlear grooves have been found to result in increased

lateral tilt and translation of the patella, increased contact pressure, and decreased

contact area (Powers, 2000; Harbaugh et al., 2010; Van Haver et al., 2015; Jafari et al.,

2008). Though in this study, the trochlear groove did not reach levels of dysplasia

(lateral trochlear inclination < 11◦ (Carrillon et al., 2000)), the relationship between

trochlear groove depth and patellofemoral mechanics was confirmed during gait. The

MPFL force was also increased with the shallow trochlear groove, indicating that this

ligament may be playing a larger role in stabilization of the patella. In addition, the

contact pressure was increased and concentrated on the lateral border of the patella

for the shallow trochlear groove. Those who experience patellofemoral pain often

have elevated cartilage contact stresses (Farrokhi et al., 2011) and it is thought that
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increased cartilage stress may be transferred to pain receptors in the subchondral

bone (Biedert and Sanchis-Alfonso, 2002). To further examine the cause and effect

relationship between these shape features and patellofemoral disorders, future work

should extend the approach used here to the study of patient populations. This

would make it possible to identify prevalent features in a pathological population and

investigate the effect of these features on function to understand the role of geometry

in the pathology.

In the tibiofemoral joint, we found that a larger flatter medial tibial condyle

caused increased external rotation, ACL force, and anterior translation. A flatter

tibial plateau decreases the articular constraint of the joint, thus increasing anterior

translation and ACL force as the soft tissues become more important to maintaining

joint stability. It has been found that those who have sustained an ACL injury tend

to have a shallower, less concave medial tibial plateau compared to asymptomatic

controls (Hashemi et al., 2010). The direct effect of medial tibial concavity on ACL

force and anterior translation shown here could provide a mechanism for this ob-

served correlation. Similarly, Neogi et al. (2013) found that a wider, flatter medial

tibial condyle was associated with initiation of osteoarthritis in an examination of

data from the Osteoarthritis Initiative. In the current study, a larger, flatter medial

tibial plateau resulted in increased cartilage contact pressure throughout stance, par-

ticularly in late stance (Figure 4.7). It is possible that this elevated loading could

contribute to the increased risk of knee osteoarthritis associated with this geometry.

However, further work is required to ensure the same geometric feature is captured

in both studies and to better understand detrimental cartilage loading conditions.

Our simulations provide a measure of the uncertainty in secondary kinematics
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and contact loads that could be expected when using generic articular geometry

to simulate knee mechanics during gait. The medial tibiofemoral contact force, an

important measure in the study of knee osteoarthritis, changed by a maximum 0.29

BW at the first peak over all of the geometries considered, which is 12% of the

medial contact force for the mean model. Furthermore, contact pressure patterns were

affected by geometry (Figures 4.5 and 4.7), with the pressure changing in magnitude

and location. The relevance of this variability depends on the application. The

variation in observed in medial contact force is within the range of decrease that can

be achieved using interventions such as valgus unloader braces (Kutzner et al., 2011;

Pollo et al., 2002), for example The statistical shape model was created based on

the knees of asymptomatic controls and the change in frontal plane alignment was

relatively small (maximum of 3◦). If pathological geometries were included, greater

changes in frontal plane alignment may occur which would lead to an increase in the

variability in medial/lateral distribution of tibiofemoral contact force (Adouni and

Shirazi-Adl, 2014). Our results point to the importance of considering patient-specific

geometry to better understand biomechanical factors associated with pathologies such

as osteoarthritis.

An important outcome of this work is the introduction of a framework for rapid

generation of model geometries used to perform simulations that are representative

of a population. This framework also has the potential to enable development of

patient-specific models through deformation of the statistical shape model. By fixing

ligaments and wrapping surfaces to specific nodes in the statistical shape model, we

were able to morph these with the bone and cartilage geometry. Statistical shape mod-

elling is beginning to be used in segmentation of three-dimensional images (Almeida
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et al., 2016) and generation of cartilage meshes from bony geometry (Smoger, 2016).

Therefore, this type of morphable model based on a statistical shape model may en-

able an automated process to generate multibody knee models from three-dimensional

medical images in the future.

The effects of trochlear groove geometry (PC2) seen in the simulations were similar

to correlations in the experimental data for the active knee flexion-extension task.

This indicates that the associations observed experimentally are causal in nature.

While correlations did exist, they were somewhat weak, with R2 ranging from 0.11−

0.23. However, there are many additional sources of variability in the in vivo data

that may affect kinematics including concurrent geometrical differences, overall body

dimensions, strength, tissue properties, and neuromuscular control strategies. An

advantage of the simulation method is the ability to control these factors. Using the

methods introduced in this study, the interactions between such factors and knee

geometry could be systematically investigated in future simulations.

The statistical shape model in this study was generated based on fourteen asymp-

tomatic controls. Because of this sample size, the features may not be representative

of the population in general, and likely do not represent geometries that may be

found in pathological knees. However, the statistical shape model provides a means

to systematically modify geometry based on objectively quantified shape features.

Furthermore, the geometrical variation in this small asymptomatic group produced

substantial changes in knee biomechanics. A logical next step would be to extend this

approach to a pathological population to identify and assess the impact of geometrical

features associated with the pathology on knee mechanics. Another limitation is that

while this model has the advantage of containing cartilage and ligament structures,
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other soft tissue structures are not represented; for example, variations in meniscus

geometry would undoubtedly affect tibiofemoral biomechanics (Khoshgoftar et al.,

2015). It is also possible that morphological differences are associated with muscle

properties and neuromuscular control strategies. However, our aim was to isolate the

effect of geometry from this type of confounding factor so that the effect of geometry

alone could be examined. The ground reaction force was applied in the calcaneus ref-

erence frame. Thus the position and orientation of the ground reaction force vector

with respect to the whole body centre of mass could be different between models if

the secondary knee kinematics changed. We evaluated this assumption by performing

a second set of simulations with the ground reaction force fixed in global coordinates.

Similar trends and interpretations were obtained in this case.

Our study demonstrates how a statistical shape modelling approach can automate

the generation of knee models suitable for simulating knee mechanics during gait.

We found that variations in articular geometry can substantially alter secondary

tibiofemoral and patellofemoral kinematics, articular cartilage loading, and ligament

loading during gait. Understanding the relationship between shape and function

can provide insight into the mechanisms behind joint pathologies that may lead to

improved prevention and treatment options.
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Chapter 5

Influence of patellofemoral geometry on functional

outcomes of tibial tubercle osteotomy

5.1 Introduction

Patellofemoral pain and instability are complex pathologies that arise from a vari-

ety of anatomical, biomechanical, and psychological sources (Fulkerson, 2002; Powers

et al., 2017). As a result, treatment through conservative or surgical measures is chal-

lenging and highly dependent on patient-specific considerations (Caplan et al., 2017;

Rhee et al., 2012). One common surgical option is distal realignment surgery or tibial

tubercle osteotomy. In this procedure, an osteotomy is used to translate the tibial

insertion of the patellar tendon, typically in the medial and/or anterior direction.

Medialization of the tendon insertion aims to correct a misaligned extensor mecha-

nism, prevent lateral dislocation and maltracking, and offload the lateral facet. The

primary goal of anteriorization is to offload the patellofemoral joint. Release of the

lateral retinaculum may be performed in conjunction with tibial tubercle osteotomy

to further unload and realign the joint (Fulkerson et al., 1990; Tjoumakaris et al.,

2010). This surgery is typically effective at stabilizing the patella and reducing pain;
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however, reported rates of ‘good-to-excellent’ results range from 62− 95% (D’Amore

et al., 2017; Dannawi et al., 2010; Fulkerson et al., 1990; Henderson and Francisco,

2005; Pritsch et al., 2007), with results deteriorating over time (Carney et al., 2005;

Naveed et al., 2013). Reports on successful return to recreation are limited; however,

while Liu et al. (2018) reported 83% were able to return to sport, Fisher et al. (2016)

found that only 63% of military personnel were able to return to military activity,

and Buuck and Fulkerson (2000) reported 19% were unable to return to any level of

recreational activity.

Patellofemoral joint geometry varies widely among people and affects joint biome-

chanics and risk of pathology. Trochlear dysplasia, a flat and shallow femoral trochlear

groove, is a geometry that is common in those with patellofemoral pain and instability

and is considered a risk factor for these pathologies (Balcarek et al., 2010; Dejour et al.,

1994; Harbaugh et al., 2010; Keser et al., 2008); however, pain and instability are not

exclusive to this geometry. The lateral inclination angle of the femoral trochlear is

known to affect patellofemoral biomechanics, with smaller inclination angles resulting

in increased lateral translation and tilt of the patella and increased lateral contact

pressure (Harbaugh et al., 2010; Jafari et al., 2008; Powers, 2000; Van Haver et al.,

2015). Furthermore, it has been shown to affect the results of orthopaedic procedures

such as medial patellofemoral ligament reconstruction which is less effective in those

with shallow trochlear grooves (Hopper et al., 2014; Schöttle et al., 2006). Given the

role trochlear geometry plays in the pathology and biomechanics of the joint, it is

likely to affect the results tibial tubercle osteotomy as well, though what this effect

might be remains unclear.

Currently, clinicians rely largely on static measures or intraoperative alignment to
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plan tibial tubercle osteotomies (Caplan et al., 2017; Henderson and Francisco, 2005;

Karamehmetolu et al., 2007). The frontal plane distance between the tibial tuberosity

and the trochlear groove (TT-TG) is commonly used as an indication for the proce-

dure and to calculate the magnitude of tubercle transfer (D’Amore et al., 2017; Farr

et al., 2011). However, TT-TG distance is affected by knee flexion angle, muscle ac-

tivation, and imaging modality (Camp et al., 2013; Cosgarea, 2017; Izadpanah et al.,

2014). Additionally, this static measure has been found to be a poor predictor of

dynamic patellar maltracking (Carlson et al., 2017). Similarly, intraoperative align-

ment and passive flexion tests likely do not replicate dynamic alignment and tracking

(Pritsch et al., 2007). Yet, in a simulation study, Cohen et al. (2003) found that op-

timal transfer distance varied per patient. Therefore, an improved understanding of

how patient-specific factors including articular geometry affect functional outcomes

of tibial tubercle osteotomy could aid in achieving optimal results for each patient.

Computational simulation provides a means to examine the effect of articular ge-

ometry and orthopaedic surgery on functional biomechanics. Articular geometry and

ligament attachments can easily be modified and functional measures including joint

kinematics, ligament forces, and cartilage contact pressure during dynamic activities

are accessible. Advances in statistical shape modelling allow one to identify major

sources of geometric variability and to systematically modify joint morphology based

on these features. Therefore, our objective was to use statistical shape modelling and

musculoskeletal simulation to examine the coupled effects of patellofemoral geometry

and tibial tubercle osteotomy on functional joint mechanics.
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5.2 Methods

5.2.1 Statistical Shape Model

A statistical shape model of knee bone and cartilage geometry was created using the

right knees of fourteen healthy participants (6F, 24.1 ± 4.4 years, 74.8 ± 10.6 kg)

who had no history of knee injury, pathology, surgery, or chronic pain. Participants

provided informed consent according to a protocol approved by the University of Wis-

consin’s Health Sciences Institutional Review Board. High resolution magnetic reso-

nance images were obtained using a 3D IDEAL SPGR sequence (0.37x0.37x0.9mm)

for bone and 3D FSE Cube sequence (0.31x0.31x1.0mm) for cartilage in a clinical

3.0T scanner (MR750, General Electric Healthcare, Waukesha, WI). These images

were manually segmented (Mimics, Materialise, Leuven, Belgium) to create surface

models of the femur, tibia, and patella bone and cartilage. Anatomical coordinate

systems were automatically generated for each bone (Miranda et al., 2010; Rainbow

et al., 2013) and each bone and cartilage mesh was registered to its coordinate system.

Node correspondence was established using the Coherent Point Drift algorithm

(Myronenko and Song, 2010). For each of the femur, tibia, and patella, participant

meshes were isometrically scaled and aligned using a Procrustes analysis. Principal

component analysis was then applied to the whole joint with the meshes registered to

their anatomical coordinate systems to create a statistical shape model that captured

whole joint geometry, but not alignment or scaling.

The first principal component (PC) represented the overall cartilage surface area

and lateral tibial plateau convexity and explained 21% of the variability in knee joint

geometry. Trochlear groove depth and lateral trochlear inclination were captured by
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the second principal component which explained 13% of the variation in knee joint

geometry. Because of the relevance of this feature to patellofemoral joint function

and pathology, PC2 was used to generate seven new knee geometries ranging from

shallow to deep trochlear grooves (mean and ± 1, 2, and 3 standard deviations (SD)

of PC2). The generated femurs had lateral trochlear inclination angles ranging from

16.1◦ (-3SD) to 28.0◦ (+3SD).

A morphable multibody model was used to place fourteen ligaments and mus-

cle/ligament wrapping surfaces on the geometries. Ligament attachments for a nomi-

nal model were located using the magnetic resonance image for one of the participants

in the shape model (Lenhart et al., 2015). These were then assumed to be fixed to

nodes in the statistical shape model and node correspondence was used to place these

on the new geometries. Similarly, cylindrical and ellipsoidal wrapping surfaces were

generated based on measurements between specific nodes in the shape model. This

ensured ligaments and wrapping surfaces were consistent with the bone and cartilage

geometry. Ligaments were modelled as bundles of nonlinear tension-only springs.

5.2.2 Musculoskeletal Model and Gait Simulation

These new knee geometries were integrated into a previously validated musculoskeletal

model (Lenhart et al., 2015). Cartilage contact was modelled with a nonlinear elastic

foundation formulation (Smith et al., 2016a) where contact pressure was calculated

based on the overlap between the cartilage surfaces (Bei and Fregly, 2004). The

uniform combined cartilage thickness for the tibiofemoral and patellofemoral joints

was set to be 6 and 7 mm, respectively based on the mean cartilage thickness of the

participants in the statistical shape model.
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The model was scaled based on the anatomical dimensions of the person for whom

the nominal model was generated (Lenhart et al., 2015). A reference pose for each of

the seven geometries was updated by performing two iterations of a forward settling

and used to calculate ligament resting lengths. Following this, we simulated tibial

tubercle osteotomy by modifying the insertion of the patellar tendon on the tibia.

Overground gait was simulated based on the kinematics and ground reaction forces

of the participant for whom the nominal model was constructed walking overground

at a self selected speed of 1.3 m/s. Inverse kinematics were computed for pelvis ro-

tations and translations and hip flexion, adduction, and rotation, knee flexion, and

ankle plantarflexion angles using a global optimization procedure (Lu et al., 1998).

The Concurrent Optimization of Muscle Activations and Kinematics (COMAK) rou-

tine (Smith et al., 2016b) was used to simulate muscle activations, cartilage contact

pressure, and secondary kinematics (tibiofemoral and patellofemoral degrees of free-

dom, aside from the tibiofemoral flexion angle). In COMAK, pelvis kinematics, hip,

tibiofemoral flexion, and ankle angles, and ground reaction forces were set to mea-

sured values at each frame of the gait cycle. Numerical optimization was then used to

simultaneously solve for muscle activations and secondary kinematics that minimized

an objective function while ensuring hip, tibiofemoral flexion, and ankle generalized

accelerations match those calculated in the inverse kinematics. The objective function

was the volume-weighted sum of muscle activations plus contact elastic potential en-

ergy (Lenhart et al., 2017). This allowed the effect of articular geometry and changes

to ligament attachments to be observed for the same overall motion. Simulations

were run on the Queen’s University Centre for Advanced Computing Frontenac high

performance computing cluster.
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5.2.3 Screening Experiment

A factorial design experiment was conducted first to screen for relevant variables.

A full 24 factorial design experiment was performed to assess the impact of four

factors, listed in Table 5.1. Lateral release was simulated by removing all the lateral

patellofemoral ligament strands from the model. The overground gait simulation

was then run for each instance of the model. Outcome measures examined were

mean patellofemoral contact pressure, patellofemoral contact area, and patella medial

translation during stance. The instant of peak stance patellofemoral contact force

wwas examine, which occurred at 15% gait cycle and corresponded to a tibiofemoral

flexion angle of 18◦. Significant factors and interactions were identified using a normal

probability plot of effect estimates and verified with 4-way ANOVAs where p<0.05

was considered significant.

Table 5.1: Low and high levels for each factor assessed in screening experiment

Factor Low High

Anterior Tuberosity Transfer 0 cm 2 cm

Medial Tuberosity Transfer 0 cm 2 cm

Lateral Release None Complete

Trochlear Groove Depth
(Lateral Inclination Angle)

Shallow
(16.1◦)

Deep
(28.0◦)

5.2.4 Monte Carlo Simulations

Important factors identified in the screening experiment were then used in a Monte

Carlo simulation to more closely examine the effect of these factors and interactions

between them. Seven hundred and fifty new models were generated for this analysis.
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For each model, one of the seven geometries was randomly chosen and the patellar

tendon tibial insertion was randomly displaced between -1 and 2 cm medially and 0

and 2 cm anteriorly. While the patellar tendon is not typically transferred laterally,

lateral displacement of the tendon insertion was included to simulate the mal-aligned

extensor mechanism typical of a tibial tubercle osteotomy patient. Patellofemoral

kinematics and contact mechanics and ligament forces were examined throughout

the gait cycle as well as at the instant of peak patellofemoral contact force during

stance (15% stance). To assess the alignment of the extensor mechanism, the frontal

plane angle between the patellar tendon and the rectus femoris (RF-Q angle) was also

calculated (Freedman et al., 2014), where a positive angle indicated valgus alignment

of the extensor mechanism.

5.3 Results

From the factorial design screening experiment, it was found that medial transfer,

anterior transfer, and trochlear geometry significantly affected at least one outcome

measure. Lateral release did not significantly affect any of the outcome measures

during stance. However, lateral release did cause increased medial translation and

subluxation of the patella during swing in three models. This occurred in both ge-

ometries when the patella tendon was medialized and anteriorized 2 cm and in the

knee with a shallow trochlear groove with 2 cm medialization and no anteriorization.

Because the primary focus of our analysis was on stance biomechanics, this factor

was not included in the Monte Carlo simulations and all models had an intact lateral

patellofemoral ligament.

The results of the Monte Carlo simulations provided greater insight into the effects
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identified in the screening experiment. Medial transfer of the patellar tendon reduced

lateral translation of the patella throughout gait; however, this effect was much more

pronounced in femurs with shallow trochlear grooves (Figure 5.1). Lateral trans-

lation decreased by 3.1 mm per 1 cm of medialization in the shallowest trochlear

groove model and 0.8 mm/cm medialization in the deepest trochlear groove model

in early stance (15% gait cycle). Lateralization and excessive medialization both

resulted in increases in maximum patellofemoral cartilage contact pressure during

stance, with greater variability in knees with shallow trochlear grooves. Medial patel-

lar tendon transfer also resulted in a decrease in force in the medial patellofemoral

ligament (MPFL) throughout stance, again with greater variability in knees with

shallow trochlear grooves.
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Figure 5.1: Effect of medial patellar tendon (PT) transfer on lateral patella transla-
tion, maximum patellofemoral contact pressure, and medial patellofemoral ligament
force throughout the gait cycle for the most shallow (-3SD PC2) and deep (+3SD
PC2) trochlear grooves. These measures were more sensitive to medial PT transfer in
the shallow groove models. Transfer greater than 10 mm resulted in sharp increases
in pressure in the shallow groove models. The instant of maximum contact pressure
during stance (15% gait cycle) was chosen for further analysis in the following figures.

Cartilage contact in early stance (15% gait cycle) was also affected by both tendon

transfer and trochlear geometry. Lateralizing the patellar tendon insertion increased

mean cartilage contact pressure by 0.47 MPa/cm (30.5%/cm). For medialization,

mean contact pressure on the patella was minimized between 9 − 14 mm of medial

transfer depending on geometry (Figure 5.2). A sharp increase in contact pressure
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occurred for medial transfer greater than 10 mm in femurs with shallow trochlear

grooves. A similar pattern occurred in the contact area, with contact area maximized

between 7 − 12 mm of medial transfer and a sharp decrease past 10 mm in shallow

trochlear grooves. Patellofemoral contact force was reduced with medial transfer

for all geometries (-21.2 N/cm or -6.3%/cm). Anterior transfer had minimal effect on

contact area, but resulted in decreased contact pressure (-0.16 MPa/cm or -9.6%/cm)

and force (-48.5 N/cm or -12.9%/cm).
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Figure 5.2: Effect of medial and anterior patellar tendon transfer on total
patellofemoral mean contact pressure, contact area, and contact force for knees rang-
ing from shallow (-3SD PC2) to deep (+3SD PC2) trochlear grooves in early stance
(15% gait cycle). An medial transfer distance that minimized contact pressure and
maximized contact area existed for all geometries. Anterior transfer resulted in small
decreases in contact pressure. Both medial and anterior transfer of the patellar tendon
reduced contact force equally for all geometries.

The effect of medial transfer on medial facet contact pressure depended on ge-

ometry (Figure 5.3). For knees with deep trochlear grooves, mean medial pressure
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increased linearly with medial transfer (0.42 MPa/cm or 51.6%/cm). However, in

knees with shallow trochlear grooves, lateral transfer also increased pressure and

there was a minimum at approximately 2.5 mm of medial transfer. Lateral facet con-

tact pressure decreased with medial transfer (-0.39 MPa/cm or -22.8%/cm), unless

the patella began to dislocate medially, resulting in a sharp increase in pressure.
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Figure 5.3: Effect of medial patellar tendon transfer on mean medial and lateral
patellofemoral contact pressure in early stance (15% gait cycle). Quadratic regression
curves are shown for each geometry for the medial pressure. Medial contact pressure
was minimized at ∼2.5 mm of medial patellar tendon transfer for knees with shallow
trochlear grooves, but increased linearly with medial transfer in knees with deep
trochlear grooves.

Mean patellofemoral contact pressure was minimized when the extensor mecha-

nism was approximately aligned, at an RF-Q angle between -3 and -2◦ (Figure 5.4).

This corresponded with approximately 9 − 12 mm of medial patellar tendon trans-

fer in all geometries. Sensitivity of RF-Q to medial transfer was slightly greater in

models with deep trochlear grooves than shallow (-4.3◦/cm versus -7.0◦/cm).
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Figure 5.4: Effect of the angle between the rectus femoris and the patellar tendon
(RF-Q angle) in early stance on mean patellofemoral contact pressure and relation-
ship between the RF-Q angle and medial patellar tendon transfer distance. Mean
contact pressure was minimized when the RF-Q angle was approximately -3◦ for all
geometries. This angle corresponded to a medial patellar tendon transfer distance of
approximately 10 mm.

In knees with shallow trochlear grooves, the sharp increase in contact pressures

was a result of the patella becoming disengaged from the trochlear groove causing

pressure concentrations (Figure 5.5). In knees with deep trochlear grooves, the patella

remained seated in the trochlear groove for all patellar tendon transfers and medial

transfer caused the pressure pattern to shift medially (Figure 5.5).
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Figure 5.5: Cartilage contact pressure patterns for lateral and medial patellar tendon
transfer in knees with shallow (-3SD) and deep (+3SD) trochlear grooves. Anterior
transfer for these models was between 0.7− 3.3 mm. In the -3SD model, the patella
began to dislocate medially resulting in pressure concentration. In the +3SD model,
contact was shifted medially by medial tendon transfer.

5.4 Discussion

We examined how patellofemoral geometry affects the biomechanics of simulated tib-

ial tuberosity osteotomy by coupling a statistical shape model with musculoskeletal
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simulation. The functional effects of surgery on patellofemoral mechanics were pre-

dicted during overground walking. The primary observation was that articular geom-

etry had substantial effects on surgical outcomes, as assessed by post-surgical knee

cartilage loading patterns. In particular, contact pressure in patellofemoral joints

with shallow trochlear geometry were highly sensitive to the degree of medial transfer

of the tibial attachment of the patellar tendon.

The biomechanical effects of anterior and medial transfer of the patellar tendon

have been investigated through cadaveric and simulation experiments. As expected,

medialization of the patellar tendon decreased lateral facet contact force and pressure,

increased medial facet contact pressure, and induces a medial shift of the patella

(Beck et al., 2005; Benvenuti et al., 1997; Fulkerson et al., 1990; Maugans et al.,

2017; Purevsuren et al., 2014). Anteriorization has been shown to decrease contact

force and, in some cases, contact pressure (Lewallen et al., 1990; Pan et al., 1993;

Rue et al., 2008; Shirazi-Adl and Mesfar, 2007; Singerman et al., 1995). These effects

were confirmed in the current study. The Monte Carlo approach used here extends

previous findings that have generally examined two or three transfer distances in

knees with different articular shapes, providing a more complete understanding of

the relationship between transfer distance, geometry, and biomechanics.

Previous biomechanical studies have not investigated the effects of articular geom-

etry on this surgery. It was noted by Cohen et al. (2003) that the decrease in contact

stress achieved by tibial tubercle osteotomy varied among their patient-specific mod-

els and that different optimal parameters were found for each patient, though the

source of this variability was not examined. The biggest effect of trochlear geometry

found in the current study was on the sensitivity of patellofemoral biomechanics to



5.4. DISCUSSION 89

medial patellar tendon transfer. Much greater changes occurred with medial patellar

tendon transfer in lateral patella shift, contact pressure and area, MPFL force, and

engagement in the trochlear groove in knees with shallow trochlear grooves. However,

with this geometry there was the risk of excessive medial patellar tendon transfer re-

sulting in medial subluxation of the patella, whereas bony restraint prevented this in

deep trochlear grooves. In all geometries, medialization reduced total contact force

and shifted contact pressure medially; however, in shallow trochlear grooves, medial-

ization initially reduced medial contact pressure before it began to increase. In knees

with deep trochlear grooves, medial contact pressure increased linearly with medial-

ization. This could be of concern in patients with a deep trochlear groove and cartilage

lesions on the medial facet, although that is considered to be a contraindication for

the procedure (Farr et al., 2011).

Mean patellofemoral contact pressure was minimized for medial transfers between

9 and 14 mm, depending on geometry. Similarly, contact area was maximized for

medial transfers between 7 and 12 mm. Typically, clinicians aim to transfer the

patellar tendon insertion a medial distance that will ‘normalize’ the TT-TG distance

and Pritsch et al. (2007) reported performing an average 14.3 mm of medialization.

However, the statistical shape model was created based on asymptomatic people, and

while the ‘optimal’ medialization identified was less than that performed by Pritsch

et al., the participants in the current study had TT-TG distances ranging from 0.8−

13.7 mm, below what is considered pathological and an indication for tibial tubercle

osteotomy (D’Amore et al., 2017). This optimal distance was also the distance that

aligned the extensor mechanism during early stance. The frontal plane extensor

mechanism angle, or RF-Q angle, is typically 6.5 ± 4.9◦ in asymptomatic people



5.4. DISCUSSION 90

(Freedman et al., 2014), which is similar to the 4.6 ± 1.1◦ we found for models with 0

mm of medialization. The fact that the RF-Q angle that minimized contact pressure

was not the angle typically observed in asymptomatic knees may indicate that location

of the tibial tubercle should not be decided solely based on cartilage contact pressure

in walking, and that considering other activities and criteria is necessary.

Lateral retinacular release was excluded from the Monte Carlo simulations based

on the screening experiment. The lack of effect of lateral release on patellofemoral

biomechanics is in agreement with previous in vitro experiments (Lewallen et al., 1990;

Yang et al., 2017). However, it is noted clinically that lateral release can be useful in

some cases of a tight lateral retinaculum and excessive lateral patellar tilt (Fulkerson,

2002), but that overzealous release of the lateral retinaculum can lead to poor results,

including medial dislocation of the patella (Sanchis-Alfonso and Merchant, 2015). Our

model and most previous models and in vitro experiments have used asymptomatic

knees and it is understood that lateral release has little effect for a normally aligned

patella (Fulkerson, 2002). We did find that in three cases with large displacements

of the tibial tubercle, complete lateral release caused the patella to begin to dislocate

medially during large flexion angles in swing. Therefore, although we did not find an

effect of lateral retinacular release during stance on kinematics or contact mechanics,

the role of this procedure should be considered when examining other tasks.

The musculoskeletal model and simulation routine used has been validated for

a dynamic knee flexion task based on tibiofemoral and patellofemoral kinematics

(Lenhart et al., 2015), and tibiofemoral contact forces during gait were similar to

those from an instrumented tibia (Smith et al., 2016c). However, verifying the ac-

curacy of in vivo cartilage contact pressure it is not straightforward. The agreement
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with previous cadaveric and modelling studies provides some confidence that the re-

sults are reasonable. The nominal musculoskeletal model and articular geometries

were generated based on asymptomatic participants and we therefore have not likely

captured differences in soft tissue and muscle properties and neuromuscular control

that may exist in those with patellofemoral pain and instability. Similarly, any full

body changes that may occur as a result of surgery and rehabilitation were not in-

cluded. While these factors would likely influence surgical results as well, we chose to

use the same musculoskeletal model and overground walking data for all knee models

to isolate effects due to articular geometry and patellar tendon insertion from the

influence of factors such as pain, muscle strength, body dimensions, and neuromus-

cular control strategy. This allowed for analysis of the specific mechanical effects of

geometry and patellar tendon transfer.

In summary, this study shows that the goals of extensor mechanism alignment

and unloading of the patellofemoral joint can be achieved in knees with both shal-

low and deep femoral trochlear grooves with tibial tubercle osteotomy. However,

patellofemoral geometry is important to consider given it can influence the response

of patellofemoral kinematics and contact mechanics to anterior and medial transfer of

the tibial tuberosity. This further emphasizes the patient-specific nature of treatment

of patellofemoral disorders. An improved understanding of how patient-specific fac-

tors, including joint morphology, affect functional surgical outcomes has the potential

to aid in decision making for orthopaedic procedures. Similar techniques may enable

to use of patient-specific models for assessment of treatment options and surgical

planning in the future.
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Chapter 6

Towards the use of patient-specific modelling for

surgical planning: A case study

6.1 Introduction

The simulation framework outlined in Chapters 4 and 5 has the potential to be

extended to generate patient-specific models for surgical planning. The ability to

simulate a wide variety of surgical parameters for multiple activities to determine

how joint kinematics, cartilage contact and ligament loading would be affected could

provide a valuable supplement to current surgical decision making. Computational

modelling allows simulation of subtle changes to surgical parameters and the pre-

diction of measures such as contact pressures, ligament forces, and patellofemoral

kinematics which cannot typically be measured in vivo. To use this for surgical deci-

sion making, a patient would have an MRI taken of their affected joint then visit a

motion capture laboratory to perform a variety of relevant tasks while full-body kine-

matics and ground reaction forces are recorded. A patient-specific multibody model

would be generated based on the MRI with the aid of statistical shape modelling
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techniques and the tasks would be simulated using a musculoskeletal model for varia-

tions of surgical parameters. In this way, it may be possible to predict the mechanical

response of the musculoskeletal system to various surgical parameters which could be

used to determine the optimal parameters for the patient.

A patient-specific model was used to simulate tibial tubercle osteotomy for a single

patient case study. The aim was explore the feasibility of using patient-specific models

in surgical planning and to identify what further work is required for implementation

of this technique.

6.2 Methods

A 16 year-old female patient who was scheduled to receive tibial tubercle osteotomy

on her left knee as a treatment for patellofemoral pain and instability was recruited for

this case study. She and her parent provided informed written consent and the proto-

col was approved by the Queen’s University Health Sciences and Affiliated Teaching

Hospitals Research Ethics Board. The patient’s patellofemoral issues began three

years prior to surgery when she landed a jump at gymnastics and felt her knee give

way. She had discomfort in her knee and had been unable to participate in sports

since this incident. She did not have a documented patella dislocation event, but

experience feelings of instability where she felt her knee give out. On exam she had

no swelling or inflammation and the alignment and rotational profile of her lower

extremities were normal. Anterior and posterior cruciate ligament testing and hyper-

laxity testing were normal. Her knee was tender with patellar manipulation and she

had a positive apprehension sign. She had tried bracing and physiotherapy but did

not find benefit from these conservative treatments.



6.2. METHODS 94

Motion capture and magnetic resonance images (MRIs) were obtained 7 weeks

pre-surgery and 6 months post-surgery. Seventy nine retroreflective markers were

placed on anatomical landmarks and segment clusters on the participant (Figure

6.1). Marker trajectories were recorded using an 11 camera passive motion capture

system at 200 Hz (Oqus 400, Qualisys, Gotherburg, Sweden) and synchronized ground

reaction forces were recorded at 1000 Hz using four force plates (AMTI, Watertown,

MA). Muscle activity was collected using surface electromyography (EMG) at 1000

Hz (Trigno Wireless EMG System, Delsys Inc, Boston, MA). Electrodes were placed

according to Seniam guidelines (www.seniam.org) after the sites were shaved and

cleaned with alcohol. EMG was recorded for 16 muscles, including the vastus lateralis,

rectus femoris, vastus medialis, biceps femoris, semitendinosus, medial gastrocnemius,

lateral gastrocnemius, and tibialis anterior for both legs.
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Figure 6.1: The patient with attached retroreflective markers and wireless EMG
sensors.

The participant performed the following tasks: overground walking at self-selected

speed, overground walking at approximately 90% of self-selected speed, overground

walking at approximately 110% self-selected speed, stair ascent, stair descent, lunge

with affected limb forward, lunge with contralateral limb forward, and squat.

Marker trajectories and ground reaction forces were filtered at 10 Hz with a sec-

ond order dual-pass Butterworth filter and ground reaction forces were assigned to

the right or left foot in Visual 3D (C-Motion, Germantown, MD). EMG data were

bandpass filtered (20-450 Hz), full-wave rectified, and enveloped with a 6 Hz lowpass

second order zero lag Butterworth filter. Signals for each muscle were then normalized

to the maximum recorded magnitude for that muscle across all tasks.
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An MRI of the affected knee was obtained using a 3D T1 VIBE sequence (0.254x0.254x0.5

mm; repetition time 10 ms; echo time 3.43 ms; flip angle 10◦) (Zheng et al., 2010)

with a 3.0T scanner (Magnetom Trio, Siemens, Erlangen, Germany) while the pa-

tient was in a relaxed supine position. Cartilage and bone surfaces were manually

segmented (Mimics, Materialise, Leuven, Belgium) from the pre-surgery image to ob-

tain surface meshes. Surface meshes of the distal femur, proximal tibia, and patella

bone and cartilage were then smoothed and remeshed (Geomagic Wrap, 3D Systems,

Rock Hill, SC) and node correspondence with the statistical shape model used in

Chapter 4 was established using Coherent Point Drift (Myronenko and Song, 2010).

Node correspondence was then used to automatically place ligaments and wrapping

surfaces on the multibody model. Anatomical measurements of lateral trochlear in-

clination and tibial tuberosity to trochlear groove (TT-TG) distance were made on

the pre-surgery MRI. The patient was also scored on the principal components (PCs)

from the statistical shape model.

The multibody model was incorporated into the generic lower limb musculoskeletal

model (Lenhart et al., 2015) which was scaled based on anatomical markers placed on

the patient. The forward setting procedure was used to update the reference posture

used to calculate ligament resting lengths as described in Chapter 4.

The amount of tibial tubercle transfer achieved by the surgery was measured in

the axial plane of the post-surgery MRI. A second model was created by displacing

the tibial attachment of the patellar tendon the measured amount. The pre- and

post-surgery tasks were simulated using the corresponding models and the COMAK

routine (Smith et al., 2016b).

Similar to the procedure described in Chapter 5, a Monte Carlo approach was used



6.3. RESULTS 97

and 200 models were generated by perturbing the tibial attachment of the patellar

tendon 0-2 cm medially and 0-2 cm anteriorly. A representative trial for each of the

tasks performed was then simulated for each model using the musculoskeletal model

and COMAK routine.

The procedure required to generate the patient-specific model and use it to analyze

surgical parameter is outline in a flow chart in Appendix C.

6.3 Results

The patient had a lateral trochlear inclination angle of 17.8◦, a TT-TG distance of

13.6 mm, and a PC2 score of -13.6 (-0.08 SD of PC2) (Figure 6.2). In the pre-surgery

MRI, the patient’s patella was resting in a lateral position, with significant space

between the medial facets of the patella and trochlear groove (Figure 6.3). Post-

surgery, the patella was better seated in the trochlear groove. From the post-surgery

MRI, it was measured that the tibial tubercle had been translated approximately 9.2

mm medially and 2.9 mm anteriorly.
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Figure 6.2: Box and whisker plot showing geometrical measures, principal component
2 (PC2) scores, and resting patella lateral tilt and lateral shift for the 14 asymptomatic
participants used to generate the statistical shape model (Chapter 4). Patella tilt
and shift were measured on the static MR images. The same measures for the tibial
tuberosity osteotomy patient are shown with red asterisks.
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Figure 6.3: Pre- and post-surgery MR images of the patient’s affected (left) knee.

Gait speed and knee flexion angles were similar at both visits (Figure 6.4). Pre-

surgery, the patient walked with a stiff knee, with minimal flexion during stance,

for all slow and all but one typical speed walking trials. Post-surgery, this gait

pattern persisted for all trials. This gait strategy had the effect of minimizing the
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patellofemoral contact force during stance (Figure 6.4B).
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Figure 6.4: A) Overground gait speed for self-selected speed walking 10% faster
and slower speeds for pre- and post-surgery visits. B) Knee flexion angle and
patellofemoral contact force for three walking speeds pre- and post-surgery. Contact
force was estimated using the model with the original patellar tendon attachment for
pre-surgery trials and the 9.2 mm medial, 2.9 mm anterior transferred attachment for
post-surgery trials.

It was predicted that the contact pressure during the lunge would be reduced by

the surgery, especially on the lateral facet of the patella (Figure 6.5). The contact

pressure was reduced further than predicted in the post-surgery lunge, however, due

to the patient placing less weight on the operated limb during the lunge.
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Figure 6.5: Contact pressure pattern for the lunge at 20◦ knee flexion. The patient
performed the lunge task performed both pre- and post-surgery and both trials were
simulated to estimate contact pressure. The pre-surgery lunge was simulated using
the original model and the model with transfer of the patella tendon corresponding
to the performed surgery.

The pre-surgery fast walk trial is presented to examine the effect of patellar tendon

transfer for this patient because the patellofemoral joint was loaded during stance in

this trial. This provides an instance where the joint is loaded while being high enough

to be in the trochlear groove since the tibiofemoral flexion angle is relatively small

(<20◦).

Medialization of the patellar tendon attachment resulted in medial translation of

the patella throughout gait, but especially in stance (Figure 6.6). This also caused

increased lateral tilt of the patella, with greater changes for medialization over 10 mm

as the patella began to dislocate medially. Anteriorization primarily affected contact

mechanics, causing an decrease in contact force and pressure.
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Figure 6.6: The effect of medial transfer of the patellar tendon (PT) tibial attachment
on patella translation and tilt and anterior transfer on patellofemoral contact force
and mean contact pressure throughout gait for the fast walking trial.

At the instant of peak patellofemoral contact force in stance (16% gait cycle),

the relationship between mean contact pressure and medialization was approximately

parabolic, with pressure minimized at 9-14 mm of medialization (Figure 6.7). Contact

area was maximized for the same range of medialization. Anteriorization decreased

mean contact pressure, but had little effect on contact area. The 9.2 mm of medi-

alization the patient actually received fell within this optimal range. However, the

simulation results indicate the contact pressure could have been further reduced with

additional anteriorization.
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Figure 6.7: Effect of medial and anterior transfer of the patellar tendon insertion
on mean patellofemoral contact pressure and contact area at the instant of peak
patellofemoral contact force in stance (16% gait cycle) for fast walking pre-surgery.
The model that corresponded to the performed surgery is shown with a red star.

Predicted muscle activations resembled the measured EMG signals for the typical

speed walking trials, both pre- and post-surgery (Figure 6.8, Figure 6.9).
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Figure 6.8: Comparison of measured enveloped muscle EMG signals with muscle
activations predicted using the model for pre-surgery typical walking speed trials.
The simulation results are muscle activations where 1 is maximal activation. The
experimental recorded EMG signals are shown as a fraction of the maximum EMG
signal across tasks. The semitendenious EMG signal was of poor quality with no
discernible periods of activity/inactivity and was therefore discarded.
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Figure 6.9: Comparison of measured enveloped muscle EMG signals with muscle
activations predicted using the model for post-surgery typical walking speed trials.
The simulation results are muscle activations where 1 is maximal activation. The
experimental recorded EMG signals are shown as a fraction of the maximum EMG
sigal across tasks. The medial gastrocnemius EMG signal was of poor quality with
no discernible periods of activity/inactivity and was therefore discarded.

6.4 Discussion

A patient-specific model was generated to simulate tibial tubercle osteotomy for one

patient. A Monte Carlo approach was used to examine the effect of anterior and

medial transfer of the tibial patellar tendon insertion on patellofemoral joint biome-

chanics during various tasks.

A range of medial transfer distances was identified that minimized mean patellofemoral

contact pressure and maximized contact area. The performed surgery was very close

to the predicted optimal location for the amount of anteriorization that was per-

formed. The simulation results indicated that further reductions in contact pressure
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could have been achieved with greater anteriorization. However, the primary goal

in this case was to stabilize the patella and improve tracking, which is achieved

through medialization. Furthermore, large anterior transfer distances can result in

cosmetic problems, discomfort when kneeling, reduced quadriceps strength (Takran

et al., 1997), and skin healing issues (Farr et al., 2011). Nonetheless, it was possible

using this simulation framework to predict the mechanical outcomes of given surgical

parameters pre-surgery, identify optimal placement for a given criteria, and compare

this post-surgery with the performed surgical parameters.

The patient did not appear be fully recovered at the follow-up visit. Pre-surgery,

she walked with a stiff-legged gait with minimal knee flexion during stance and avoid-

ance of quadriceps activation for most trials, but did exhibit a typical asymptomatic

gait pattern in one typical speed trial and the fast walking trial. However, post-

surgery, she did not use a typical gait pattern for any trials, despite walking at

similar speeds to the pre-surgery visit. She also appeared to struggle with performing

the lunge, avoiding placing load on her operated limb. This avoidance of loading the

patellofemoral joint post-surgery made pre/post-surgery comparisons more difficult.

In future work, a longer follow-up period may be more appropriate. Additionally,

there may be potential to use motion analysis and musculoskeletal modelling to iden-

tify functional deficiencies and select appropriate rehabilitation tasks.

Using elements from the statistical shape modelling reduced the manual effort

required to create the patient-specific model. The use of node correspondence to place

ligaments and wrapping surfaces automatically reduced time and effort required to

manually locate these on the MRI. However, the manual segmentation of the bone and

cartilage was a time consuming part of the process. With the continual improvement
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of automated segmentation processes (Ahn et al., 2016; Norman et al., 2018), rapid

automatic generation of multibody knee models will likely be achievable in the future.

Articular geometry influences joint function and response to tibial tubercle os-

teotomy, as demonstrated in Chapters 4 and 5. Therefore the inclusion of articular

geometry in the model allows for a better prediction of how the surgery will affect

this specific patient than could be achieved using a generic geometry. However, lig-

ament properties and neuromuscular control strategy can affect contact mechanics

and kinematics as well (Smith et al., 2016b). Incorporating patient-specific ligament

properties and the ability of the model to replicate pathological neuromuscular control

strategies, such as co-contraction, may further improve predictions of surgical results.

Measurement of soft tissue properties in vivo is challenging, but techniques using

shear wave elastography (Arda et al., 2011; Deffieux et al., 2009) or T2*-weighted

MRI (Biercevicz et al., 2013) may offer a means to approximate these. It is not

clear what influence these may have on simulations of surgery, but this is something

that should be explored in future work. In this patient, anatomical measures of

lateral trochlear inclination and tibial tuberosity-trochlear groove distance were not

indicative of pathology based on literature values (LTI < 11◦, (Carrillon et al., 2000);

TT-TG > 15 mm, (D’Amore et al., 2017)), although they approached the extremes of

values measured in asymptomatic participants (Figure 6.2). This may indicate that

the instability and pain are a result of a soft-tissue deficiency, so it is possible that

properly modelling such a deficit could be particularly relevant in this case.

For the most part, the muscle timings were similar between the simulation and

EMG measurements. This provides some confidence that the muscle forces and result-

ing contact forces are reasonable. However, it is unclear how differences in activation
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patterns and magnitudes in muscles such as the tibialis anterior and semitendinosus

might affect the accuracy of the model in predicting changes due to surgery. Further

validation examining the ability of the model to predict secondary kinematics would

be necessary. The secondary kinematics for a knee flexion-extension task measured

using dynamic MRI compared favourably with the simulated results (Lenhart et al.,

2015), yet the ability of the model to predict changes due to surgery would need to be

validated before this information could be used clinically on a patient-specific basis.

Although motion capture data was collected post-surgery, this could not be used to

validate the predicted secondary kinematics as these degrees-of-freedom cannot be

measured with sufficient accuracy using this modality.

A significant challenge with using simulation as part of surgical planning is identi-

fying the appropriate criteria to use as a basis for decision making. It is often unknown

what values of a given outcome measure will lead to successful clinical outcomes, or

even which outcome measures should be considered. For example, evidence suggests

that overloading of cartilage is detrimental and can cause pain (Farrokhi et al., 2011)

and degeneration (Felson, 2013). Yet, some level of loading is required to maintain

healthy cartilage (Griffin and Guilak, 2005). Although a musculoskeletal model may

be able to predict the change in loading, it is unclear what the desired contact force

or pressure is. Multiscale models may aid in understanding how loading affects the

health of cartilage and other soft tissues. Furthermore, outcomes that are most im-

portant to patients such as pain reduction and increased mobility are challenging to

quantify. In addition, the cartilage contact model used here is unable to estimate

shear stress on the cartilage, which is also thought to play a role in cartilage de-

generation (Andriacchi et al., 2004). Therefore, as computational models are able to
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estimate these measures with increasing accuracy, it is important that we fully under-

stand ‘healthy’ and pathological joint biomechanics and how these relate to clinically

relevant outcomes so that well-defined criteria can be developed for assessment of

modelling results.

Overall, this case study shows that patient-specific modelling for surgical planning

holds promise. There is potential to provide useful data to clinicians to inform their

decision making and improve outcomes for patients. However, before this can be fully

realized, work remains to be done in speeding up model generation, inclusion of ad-

ditional patient-specific parameters, model validation, definition of outcome criteria,

and development of a means to disseminate results to clinicians.
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Chapter 7

Discussion

7.1 Summary

There are many characteristics that vary widely across the human population and

affect the function of the musculoskeletal system. Some of these may put certain

people at greater risk of developing a musculoskeletal disorder. Gross anatomy and

functional characteristics such as increased body mass, varus alignment of the knee,

and increased knee adduction moment each increase the risk of developing knee os-

teoarthritis, for example (Felson et al., 1997; Miyazaki et al., 2002; Sharma et al.,

2001). Similarly, variation in articular geometry can affect response to treatments

such as medial patellofemoral ligament reconstruction, which effectively treats patel-

lar instability in those with a deep trochlear groove, but not in those with a shallow

trochlear groove (Schöttle et al., 2006). A better understanding of how patient char-

acteristics affect development and treatment of musculoskeletal disorders could lead

to an improved ability to prescribe the most effective treatment to each patient. In

this work, I have attempted to address this issue by examining how patient char-

acteristics such as gait biomechanics and joint morphology affect joint function and
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treatment outcomes.

Multicentre studies are rare in three-dimensional motion analyses due to bias in-

troduced into waveform data collected in different centres. In Chapter 2, I proposed a

technique based on principal component analysis to correct for the nuisance variation

introduced by the protocol, marker placement, software, and hardware of a data col-

lection centre. The use of such a technique could enable the combination of waveform

data from various centres, thus increasing sample sizes in motion analysis studies. In

turn, this would increase the power of these studies and make identification of subsets

of patients with similar characteristics more attainable.

Patient response to valgus unloader bracing as a treatment for medial knee os-

teoarthritis has been variable, but the reasons why bracing may be effective for one

patient but not another remain unclear. I identified a functional measure that was

associated with mechanical effectiveness of unloader bracing (Chapter 3). Patients

with a larger hip adduction moment during unbraced gait experienced a greater re-

duction in medial knee contact force with bracing. This knowledge could help in

patient selection for bracing, but also indicates that it may be possible to use gait

retraining to increase the effectiveness of bracing for a subset of patients.

Joint geometry varies widely among people and is known to affect joint function.

Additionally, certain morphological features have been found to be associated with

musculoskeletal disorders. I developed a framework that can be used to isolate the ef-

fects of articular geometry on joint kinematics and cartilage contact. This framework

employs statistical shape modelling to characterize and manipulate geometrical vari-

ability and combines this with musculoskeletal modelling to assess function. Using
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these methods, I found that even the variability that existed in a group of asymp-

tomatic patients was enough to induce meaningful differences in knee kinematics and

cartilage contact during gait (Chapter 4). I then extended this, using a Monte Carlo

approach, to examine how the shape-function relationship in the patellofemoral joint

interacts with the surgical parameters of tibial tubercle osteotomy. I found that

femoral trochlear groove geometry affected the sensitivity of patella kinematics and

cartilage contact to patellar tendon transfer distance.

Patient-specific modelling is the natural extension of tailoring treatment based on

certain characteristics. However, generating the patient-specific geometry, ligament

attachments, and muscle wrapping surfaces required for a multibody model can be

a time intensive process. I used statistical shape modelling techniques to automate

some aspects of the model generation. Although manual segmentation was required

to produce cartilage and bone surface meshes, the use of node correspondence to

place ligament attachments and wrapping surfaces greatly simplified the process.

Predicted muscle activations agreed well with measured electromyograms in a case

study and it was possible to estimate biomechanical effects of different patellar tendon

transfer distances using the model. A more thorough validation would be required to

confirm the ability of the model to predict biomechanical changes resulting from tibial

tubercle osteotomy on a patient-specific basis, but this highlighted the possibility of

using modelling techniques in the future to augment clinical decisions regarding the

optimal intervention for an individual patient.

In this work, I have explored some of the pathways through which functional

characteristics and joint geometry can affect the development and treatment of knee

osteoarthritis and patellofemoral instability. I have established a framework that can
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be extended to the study of interventions that address mechanics in other joints and

pathologies. By better understanding how patient-specific characteristics influence

musculoskeletal disorders and their treatment, it may be possible to ensure that each

patient receives the most effective intervention.

7.2 Pathology Subgroups

It has been suggested that patients with osteoarthritis represent a heterogeneous pop-

ulation that consists of subgroups or phenotypes with similar characteristics (Felson,

2010; Knoop et al., 2011). Such groups can be defined on the basis of genetics, mech-

anism of onset, nature of pain, frontal plane knee alignment, state of progression,

severity of symptoms, or other characteristics (Driban et al., 2010; Felson, 2010).

Understanding and defining these subgroups is important because the disease may

progress differently in each group. Furthermore, some treatments may be effective

for only one subgroup and the therapeutic effect may be missed if studied on the os-

teoarthritis population as a whole. It is possible that the existence of such phenotypes

could explain the variable effectiveness of many interventions for knee osteoarthritis

(Driban et al., 2010; Moyer et al., 2015; Zhang et al., 2008).

Cluster analysis has been used to identify some potential subgroups of osteoarthri-

tis. Knoop et al. (2011) identified five phenotypes on the basis of radiographic severity,

lower extremity muscle strength, body mass index, and depression that showed differ-

ent clinical outcomes. Roberts et al. (2017) identified three subgroups based on gait

patterns that differed in proximal tibia bony architecture. The results of my work on

valgus unloader bracing support this idea of functional subgroups of knee osteoarthri-

tis that respond differently to treatment. In this case, the subgroup that responded
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to bracing and the one that did not were separated by the hip adduction moment

during gait. More exploration of the existence of such groups and their response to

treatment could improve the ability to choose the appropriate patients for a given

intervention and to design better treatments based on subgroup characteristics.

7.3 Shape-Function Framework

Joint geometry is another patient characteristic that plays a significant role in joint

function and pathology. Measures of bone and cartilage geometry have been associ-

ated with pathologies and injuries including patellofemoral pain (Keser et al., 2008),

patellar instability (Balcarek et al., 2010), anterior cruciate ligament tear (Hashemi

et al., 2010; Samora et al., 2015), and osteoarthritis (Everhart et al., 2014). Anatomi-

cal measurements have also been found to be correlated with patellofemoral (Powers,

2000; Stefanik et al., 2013; Varadarajan et al., 2010) and tibiofemoral kinematics

(Hoshino et al., 2012; Maderbacher et al., 2016). These studies have used various

two-dimensional measures of joint anatomy; however, to better characterize the entire

bone or joint in an objective way, some have used statistical shape modelling to iden-

tify correlations between shape and pathology (Bredbenner et al., 2010; Haverkamp

et al., 2011; Neogi et al., 2013) or function (Fitzpatrick et al., 2011; Lansdown et al.,

2017; Smoger et al., 2015).

To determine the causal factors and mechanisms behind the correlations that have

been identified between shape and function or pathology, it is necessary to control

other confounding factors while manipulating joint geometry to observe the biome-

chanical impact of a geometrical feature. This is not feasible in vivo, however in a

cadaveric study, Van Haver et al. (2015) used 3D printing to create femoral trochlear
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groves representative of different classes of trochlear dysplasia. The shape of the

printed models was based on computed tomography images of patients with patellar

instability that had been categorized as one of the four Dejour dysplasia types (De-

jour and Saggin, 2010). Fitzpatrick et al. (2016) were also able to isolate the effect of

trochlear geometry in a finite element model. They set the sulcus angle measured in

an axial plane 10 mm below the proximal edge of the articular cartilage to a target

angle. The modification along the length of the trochlear groove was linear scaled

based on proximal/distal distance from this level. Modification of geometry in vitro

and in silico is clearly possible, but ensuring the shape is morphed in a coherent and

meaningful way can be challenging. Statistical shape modelling can provide a means

to achieve this without simply using existing geometries, where a given geometrical

feature is not directly controllable, or defining arbitrary morphing functions. Statisti-

cal shape modelling methods have been used previously to morph meniscus geometry

across features identified using statistical shape modelling and assess the impact on

meniscus and cartilage contact pressure in static loading (Khoshgoftar et al., 2015).

In Chapters 4 and 5, I have outlined a method that combines statistical shape

modelling and musculoskeletal simulation and demonstrated how this can be used to

investigate the relationship between joint shape and function on its own and in the

context of interventions. Through statistical shape modelling, it is possible to sys-

tematically and objectively model true geometric variability in a given population.

Previous studies have typically modified one surface at a time which can cause articu-

lating surfaces to be incongruent. However, by applying principal component analysis

to all bones in the joint simultaneously, the bones may be modified in a coherent way
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that helps to maintain congruence among joint surfaces. Integrating this with a mus-

culoskeletal model enables the simulation and analysis of biomechanics throughout a

dynamic task. Some approaches decouple movement dynamics from joint mechanics

by using a musculoskeletal model with a one degree-of-freedom knee joint to pre-

dict muscle forces which are then transferred to a separate finite element knee model.

However, the use of a multibody knee model with an elastic foundation contact model

allows concurrent simulation of muscle activations, joint kinematics, and contact me-

chanics. Furthermore, the computational efficiency of multibody models compared to

finite element models makes them better suited to perform the large number of sim-

ulations required in a Monte Carlo approach. Together, a combined statistical shape

modelling and musculoskeletal simulation framework provides a powerful tool that

can be used to gain an understanding of the role of joint geometry in pathology and

its treatment so that musculoskeletal disorders can be better prevented and treated.

7.4 Future Work

There are several ways that the work presented in this thesis could be continued and

a few recommendations for future work are outlined here.

In Chapter 3, the hip adduction moment was identified as a predictor of brace

effectiveness. We hypothesized that it was acting as a ‘biomarker’ that encapsulated

several other factors including knee flexion angle, body mass index, walking speed,

and pelvic list. These factors should be further explored to understand how each

may contribute to the ability of the applied brace moment to unload the medial

compartment of the knee. Furthermore, since the hip adduction moment can be

modified through gait changes, the causal relationship between the hip adduction
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moment and brace effectiveness should be investigated using biofeedback. Patients

with a small hip adduction moment for whom the brace is minimally effective could be

identified and recruited. They could then be trained to walk in a way that increases

their hip adduction moment using a biofeedback paradigm and the effectiveness of

the brace during this modified gait could be assessed. This should help to clarify how

the hip adduction moment contributes to the mechanical effectiveness of the brace

and could improve outcomes of bracing for these patients.

In general, the proposed simulation framework should be used to explore the

shape-function relationship in the context of other pathologies and treatments and in

other joints. Given datasets containing pathological and asymptomatic geometries,

features correlated with the pathology could be identified. Through simulation, it

would then be possible to determine the effect of these features on joint biomechanics

so that the mechanism by which this feature contributes to the pathology could

be understood. Finally, the effect of these relevant geometrical features on various

interventions could be explored to identify any considerations that should be made

in planning treatment for a patient based on their joint geometry.

Generation of patient specific models can be a time consuming manual process.

I have demonstrated the use of statistical shape modelling to automatically place

ligament and muscle attachments and wrapping surfaces on a model. However, other

ways to simplify generation of patient specific models using statistical shape modelling

should be explored. For example, including soft tissue properties in the shape model,

predicting cartilage geometry based on bone geometry, predicting three-dimensional

geometry from two-dimensional images, and automated segmentation routines.

The agreement of the results of simulated tibial tubercle osteotomy with previous
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cadaveric studies is encouraging (Chapter 5). However, before this model could be

used to inform surgical decision making on a patient specific basis, its ability to ac-

curately predict the functional outcomes of this surgery should be more thoroughly

validated. This could be done through a study where patients’ kinematics are recorded

pre- and post-surgery using a modality that can measure patellofemoral kinematics

such as biplanar videoradiography or dynamic MRI. The changes in patellofemoral

kinematics predicted by the model could be then compared with the true differences

during dynamic activities. This type of validation would strengthen the results pre-

sented in this work and represent a step towards the use of patient-specific models

for surgical planning.
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Fantini Pagani, C. H., Hinrichs, M., Brüggemann, G. P., 2012. Kinetic and kinematic
changes with the use of valgus knee brace and lateral wedge insoles in patients with
medial knee osteoarthritis. Journal of Orthopaedic Research 30 (7), 1125–1132.



REFERENCES 125

Farr, J., Cole, B. J., Kercher, J., Batty, L., Bajaj, S., 2011. Anterior knee pain and
patellar instability (Fulkerson osteotomy). In: Sanchis-Alfonso, V. (Ed.), Anterior
Knee Pain and Patellar Instability, 2nd Edition. Springer, pp. 455–462.

Farrokhi, S., Keyak, J. H., Powers, C. M., 2011. Individuals with patellofemoral
pain exhibit greater patellofemoral joint stress: A finite element analysis study.
Osteoarthritis and Cartilage 19 (3), 287–294.

Farrokhi, S., O’Connell, M., Gil, A. B., Sparto, P. J., Fitzgerald, G. K., 2015. Altered
Gait Characteristics in Individuals With Knee Osteoarthritis and Self-Reported
Knee Instability. Journal of Orthopaedic & Sports Physical Therapy 45 (5), 351–
359.

Felson, D. T., 2010. Identifying different osteoarthritis phenotypes through epidemi-
ology. Osteoarthritis and Cartilage 18 (5), 601–604.

Felson, D. T., 2013. Osteoarthritis as a disease of mechanics. Osteoarthritis and Car-
tilage 21, 10–15.

Felson, D. T., Zhang, Y., Hannan, M. T., Naimark, A., Weissman, B., Aliabadi, P.,
Levy, D., 1997. Risk factors for incident radiographic knee osteoarthritis in the
elderly. The Framingham study. Arthritis & Rheumatism 40 (4), 728–733.

Ferrari, A., Benedetti, M. G., Pavan, E., Frigo, C., Bettinelli, D., Rabuffetti, M.,
Crenna, P., Leardini, A., 2008. Quantitative comparison of five current protocols
in gait analysis. Gait & Posture 28 (2), 207–16.

Fisher, T. F., Waterman, B. R., Orr, J. D., Holland, C. A., Bader, J., Belmont, P. J.,
2016. Tibial tubercle osteotomy for patellar chondral pathology in an active United
States military population. Arthroscopy 32 (11), 2342–2349.

Fitzpatrick, C. K., Baldwin, M. A., Laz, P. J., FitzPatrick, D. P., L. Lerner, A., Rul-
lkoetter, P. J., 2011. Development of a statistical shape model of the patellofemoral
joint for investigating relationships between shape and function. Journal of Biome-
chanics 44 (13), 2446–2452.

Fitzpatrick, C. K., Steensen, R. N., Tumuluri, A., Trinh, T., Bentley, J., Rullkoetter,
P. J., 2016. Computational analysis of factors contributing to patellar dislocation.
Journal of Orthopaedic Research 34 (3), 444–453.

Fleute, M., Lavall, S., 1998. Building a Complete Surface Model from Sparse Data
Using Statistical Shape Models : Application to Computer Assisted Knee Surgery.
Lecture Notes in Computor Science 1496, 879–887.



REFERENCES 126

Freedman, B. R., Brindle, T. J., Sheehan, F. T., 2014. Re-evaluating the functional
implications of the Q-angle and its relationship to in-vivo patellofemoral kinematics.
Clinical Biomechanics 29 (10), 1139–1145.

Fregly, B. J., Besier, T. F., Lloyd, D. G., Delp, S. L., Banks, S. A., Pandy, M. G.,
D’Lima, D. D., apr 2012. Grand challenge competition to predict in vivo knee loads.
Journal of Orthopaedic Research 30 (4), 503–13.

Fregly, B. J., D’Lima, D. D., Colwell, C. W., aug 2009. Effective gait patterns for
offloading the medial compartment of the knee. Journal of Orthopaedic Research
27 (8), 1016–21.

Fulkerson, J. P., 1994. Patellofemoral pain disorders: Evaluation and management.
Journal of the American Academy of Orthopaedic Surgeons 2 (2), 124–132.

Fulkerson, J. P., 2002. Diagnosis and treatment of patients with patellofemoral pain.
American Journal of Sports Medicine 30 (3), 447–456.

Fulkerson, J. P., Becker, G. J., Meaney, J. A., Miranda, M., Folcik, M. A., 1990.
Anteromedial tibial tubercle transfer without bone graft. The American Journal of
Sports Medicine 18 (5), 490–496.

Gaasbeek, R. D. A., Groen, B. E., Hampsink, B., van Heerwaarden, R. J., Duysens,
J., 2007. Valgus bracing in patients with medial compartment osteoarthritis of the
knee. A gait analysis study of a new brace. Gait & Posture 26 (1), 3–10.

Glitsch, U., Baumann, W., nov 1997. The three-dimensional determination of internal
loads in the lower extremity. Journal of Biomechanics 30 (11-12), 1123–1131.

Gorton, G. E., Hebert, D. A., Gannotti, M. E., 2009. Assessment of the kinematic
variability among 12 motion analysis laboratories. Gait & Posture 29 (3), 398–402.

Griffin, T. M., Guilak, F., 2005. The Role of Mechanical Loading in the Onset and
Progression of Osteoarthritis. Exercise and Sport Sciences Reviews 33 (4), 195–200.

Haladik, J. A., Vasileff, W. K., Peltz, C. D., Lock, T. R., Bey, M. J., 2014. Bracing
improves clinical outcomes but does not affect the medial knee joint space in os-
teoarthritic patients during gait. Knee Surgery, Sports Traumatology, Arthroscopy
22 (11), 2715–2720.

Haratian, R., Twycross-Lewis, R., Timotijevic, T., Phillips, C., 2014. Toward flexibil-
ity in sensor placement for motion capture systems: a signal processing approach.
IEEE Sensors Journal 14 (3), 701–709.



REFERENCES 127

Harbaugh, C. M., Wilson, N. A., Sheehan, F. T., 2010. Correlating femoral shape with
patellar kinematics in patients with patellofemoral pain. Journal of Orthopaedic
Research 28 (7), 865–872.

Harding, G. T., Hubley-Kozey, C. L., Dunbar, M. J., Stanish, W. D., Astephen Wil-
son, J. L., 2012. Body mass index affects knee joint mechanics during gait differ-
ently with and without moderate knee osteoarthritis. Osteoarthritis and Cartilage
20 (11), 1234–42.

Hashemi, J., Chandrashekar, N., Mansouri, H., Gill, B., Slauterbeck, J. R., Schutt,
R. C., Dabezies, E., Beynnon, B. D., 2010. Shallow medial tibial plateau and steep
medial and lateral tibial slopes: New risk factors for anterior cruciate ligament
injuries. American Journal of Sports Medicine 38 (1), 54–62.

Hatfield, G. L., Hubley-Kozey, C. L., Astephen Wilson, J. L., Dunbar, M. J., 2011.
The effect of total knee arthroplasty on knee joint kinematics and kinetics during
gait. The Journal of Arthroplasty 26 (2), 309–18.

Haverkamp, D. J., Schiphof, D., Bierma-Zeinstra, S. M., Weinans, H., Waarsing, J. H.,
2011. Variation in joint shape of osteoarthritic knees. Arthritis and Rheumatism
63 (11), 3401–3407.

Heimann, T., Meinzer, H. P., 2009. Statistical shape models for 3D medical image
segmentation: A review. Medical Image Analysis 13 (4), 543–563.

Henderson, I., Francisco, R., 2005. Treatment outcome of extensor realignment for
patellofemoral dysfunction. Knee 12 (4), 323–328.

Hinman, R. S., Payne, C., Metcalf, B. R., Wrigley, T. V., Bennell, K. L., 2008. Lateral
wedges in knee osteoarthritis: What are their immediate clinical and biomechanical
effects and can these predict a three-month clinical outcome? Arthritis Care and
Research 59 (3), 408–415.

Ho, K. Y., Keyak, J. H., Powers, C. M., 2014. Comparison of patella bone strain
between females with and without patellofemoral pain: A finite element analysis
study. Journal of Biomechanics 47 (1), 230–236.

Hopper, G. P., Leach, W. J., Rooney, B. P., Walker, C. R., Blyth, M. J., 2014.
Does degree of trochlear dysplasia and position of femoral tunnel influence outcome
after medial patellofemoral ligament reconstruction? American Journal of Sports
Medicine 42 (3), 716–722.



REFERENCES 128

Hoshino, Y., Wang, J. H., Lorenz, S., Fu, F. H., Tashman, S., 2012. The effect of distal
femur bony morphology on in vivo knee translational and rotational kinematics.
Knee Surgery, Sports Traumatology, Arthroscopy 20 (7), 1331–1338.

Hubley-Kozey, C. L., Deluzio, K. J., Landry, S. C., McNutt, J. S., Stanish, W. D.,
aug 2006. Neuromuscular alterations during walking in persons with moderate knee
osteoarthritis. Journal of Electromyography and Kinesiology 16 (4), 365–78.

Hunt, M. A., Simic, M., Hinman, R. S., Bennell, K. L., Wrigley, T. V., 2011. Feasi-
bility of a gait retraining strategy for reducing knee joint loading: increased trunk
lean guided by real-time biofeedback. Journal of Biomechanics 44 (5), 943–7.

Issa, S. N., Sharma, L., 2006. Epidemiology of osteoarthritis: An update. Current
Rheumatology Reports 8 (1), 7–15.

Izadpanah, K., Weitzel, E., Vicari, M., Hennig, J., Weigel, M., Südkamp, N. P.,
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Appendix A

Predicting Brace Effectiveness Additional Analysis

In Chapter 3, 45 variables were analyzed to identify characteristics associated with

reductions in medial compartment contact force. These were first screened to identify

variables correlated with the reduction in medial contact force (R2 > 0.2). A stepwise

regression procedure was then performed on this subset of variables to determine the

final regression model. The subset of variables used in the stepwise regression proce-

dure are shown in Figure A.1. Principal component (PC) scores can be interpreted

based on high and low scores for each PC (Figure A.2).
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Figure A.1: Candidate regressors with R2 > 0.2 plotted against reduction in me-
dial contact force (∆MCF). These variables were included in the stepwise regression
analysis. Participants with Kellgren-Lawrence (KL) grade 4 osteoarthritis who had
a large (responders) or small (non-responders) decrease in medial contact force are
highlighted. The potential outlier identified is indicated with a square. The principal
component (PC) scores can be interpreted using Figure A.2.
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standard deviations) are shown for each PC. One standard deviation of the data from
21 age-matched individuals without knee osteoarthritis is shown in grey. In all cases,
high scores were associated with increased brace effectiveness.
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Appendix B

Shape-Function Additional Analysis

B.1 Effect of Additonal Shape Features

The shape features captured by principal components (PCs) 1, 4, 5, and 6 are shown

in Figures B.1-B.4.
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-3SD PC1 +3SD PC1

Figure B.1: PC1 captured the
superior-inferior height the anterior
femoral cartilage covers, the convexity
of the lateral tibial plateau, and the
shape of the lateral femoral condyle.

-3SD PC4 +3SD PC4

Figure B.2: PC4 captured the frontal
plane slope of the medial tibial
plateau, and the anterior posterior
height of the lateral trochlear facet.
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-3SD PC5 +3SD PC5

Figure B.3: PC5 captured the inclina-
tion of the medial facet of the trochlear
groove, the convexity of the medial
border of the patella, and the frontal
plane slope of the medial and lateral
tibial plateaus.

-3SD PC6 +3SD PC6

Figure B.4: PC6 captured the slope
of the lateral femoral condyle, the
superior-inferior height of the patella
apex, and the convexity of the lateral
tibial plateau.

The effect of all PCs on kinematics and contact mechanics in early stance are

shown in Figures B.5 and B.6.
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Figure B.5: Kinematics for models from -3 to +3 standard deviations (SD) of each
PC. Values are shown for the instant of the first peak in tibiofemoral contact force
during stance.
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Figure B.6: Contact mechanics for models from -3 to +3 standard deviations (SD)
of each PC. Values are shown for the instant of the first peak in tibiofemoral contact
force during stance.

B.2 Comparison of Simulated and Experimental Data

Kinematics for a knee flexion-extension task against an inertial load are shown below

(Figure B.7). The fourteen participants used to create the statistical shape model

performed this task while kinematics were measured using a volumetric, dynamic

MRI sequence (blue). The task was simulated for the 37 geometries generated using

the statistical shape model (red). The variation in geometries from the statistical

shape model covers the range of geometries in these participants and a similar range

of kinematics is represented by both.
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Figure B.7: Tibiofemoral and patellofemoral kinematics for a knee flexion-extension
task against an inertial load. In vivo data captured using a volumetric, dynamic MRI
sequence is shown in light blue. Simulated kinematics using the geometries generated
based on the statistical shape model are shown in red.
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Appendix C

Patient-Specific Model Implementation Process

The use of a patient-specific model to analyze treatment options, as applied in Chap-

ter 6, requires several steps (Figure C.1). A patient specific-multibody knee model is

generated base on MRI data. Motion capture marker data is processed and used to

scale a generic musculoskeletal model and to drive simulation of motion tasks. Cur-

rently, manual segmentation of the bone and cartilage geometry from the MRI is the

most time consuming step in this process. Tracking of the marker data and prepara-

tion of the meshes for the multibody model also require some manual intervention.
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Data Collection MRI Motion Capture

Processing Segmentation (~3 days)
- Manual segmentation of 
femur, tibia, and patella bone 
and cartilage

Mesh Preparation (~2 hours)
- Isolate outer surface of carti-
lage meshes (manual)
- Smooth and remesh 
- Generate anatomical 
coordinate systems

Multibody Model Generation 
- Node correspondence with 
reference mesh
- Placement of 
ligament/muslce attachments 
and wrapping surfaces 

Musculoskeletal Model
- Scale model
- Passive simualtions for 
ligament slack length
- Passive simulations to update 
functions for knee DOF 
constraints during inverse 
kinematics 

Monte Carlo Preparation
- Generate model instances

Simulation

Visual 3D Processing
- Estimate joint centres
- Filter data
- Assign GRF to right/left feet

Format Motion Data for 
COMAK

Analysis

Static Trial Motion Trials

Data Tracking (~3 hours)
- Semi-automated marker 
labelling 

COMAK (~2 hours)
- Run simulation for each model on computing cluster

Analyze and Summarize Results

Figure C.1: Process to generate a patient-specific model and analyze treatment op-
tions. Steps involving time consuming manual processes are highlighted.
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Appendix D

Ethics Approval

Ethics approval from the Queen’s University Health Sciences Research Ethics Board

for the knee brace study (Chapter 3) and case study (Chapter 6) are included in the

following pages.



 
QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING 
HOSPITALS RESEARCH ETHICS BOARD-DELEGATED REVIEW 
July 16, 2013 
 
Dr. Kevin Deluzio 
Department of Mechanical and Materials Engineering  
Queen’s University 
 
Dear Dr. Deluzio 
Study Title: MECH-047-13 Effectiveness of Knee Unloader Bracing To Reduce Medial Knee Contact Force 
During Gait. 
File # 6010273 
Co-Investigators:  Dr. A. Campbell, Mr. S. Brandon, Mrs. A. Morton, Mr. M. Brown 
 
I am writing to acknowledge receipt of your recent ethics submission. We have examined the protocol, peer review, 
WOMAC questionnaire, recruitment letter, revised information/consent form – controls and revised 
information/consent form – osteoarthritis participants for your project (as stated above) and consider it to be 
ethically acceptable. This approval is valid for one year from the date of the Chair's signature below. This approval 
will be reported to the Research Ethics Board. Please attend carefully to the following listing of ethics requirements 
you must fulfill over the course of your study: 
 
Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study procedures, etc.), 
you must submit an amendment to the Research Ethics Board for approval. Please use event form: HSREB Multi-
Use Amendment/Full Board Renewal Form associated with your post review file # 6010273 in your Researcher 
Portal (https://eservices.queensu.ca/romeo_researcher/) 
 
Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be reported 
within 2 working days or earlier if required by the study sponsor. All other serious adverse events must be reported 
within 15 days after becoming aware of the information. Serious Adverse Event forms are located with your post-
review file 6010273 in your Researcher Portal (https://eservices.queensu.ca/romeo_researcher/) 
 
Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants must be 
reported to the Research Ethics Board within 7 days of becoming aware of the complaint. Note: All documents 
supplied to participants must have the contact information for the Research Ethics Board.  
 
Annual Renewal: Prior to the expiration of your approval (which is one year from the date of the Chair's signature 
below), you will be reminded to submit your renewal form along with any new changes or amendments you wish to 
make to your study. If there have been no major changes to your protocol, your approval may be renewed for 
another year.  
 
Yours sincerely, 
 

 
Chair, Research Ethics Board 
July 16, 2013 
 
Investigators please note that if your trial is registered by the sponsor, you must take responsibility to ensure 
that the registration information is accurate and complete 



 

Amendment Acknowledgment/Approval Letter 

July 09, 2014 
 
Dr. Kevin Deluzio 
Department of Mechanical and Materials Engineering  
Queen's University 
 
RE: File #6010273 MECH-047-13 Effectiveness of Knee Unloader Bracing To Reduce Medial Knee 
Contact Force During Gait. 
 
Dear Dr. Deluzio: 
 
I am writing to acknowledge receipt of the following: 

 Notification of some revisions: 
- Upper age limit for inclusion changed from 60 to 65 years old  
-  Replaced use of one hinge brace manufactured by Ossur Unloader XL to a similar brace by a 

different manufacturer (DonJoy OA) 
 A copy of the revised information/consent form – Participants with Knee OA (v.4 – 06/14) 
 A copy of the revised information/consent form – Healthy Control Participants (v.3 – 06/14) 
 Participants reimbursed $20 for parking costs 
 A copy of the revised information/consent form – Participants with Knee OA (v.5 – 06/14) 
 A copy of the revised information/consent form – Healthy Control Participants (v.4 – 06/14) 

 
I have reviewed these amendments and hereby give my approval.  Receipt of these amendments will be 
reported to the Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics 
Board. 
 
Yours sincerely, 
 

 
 
Albert Clark, Ph.D. 
Chair 
Health Sciences Research Ethics Board 
 



 
QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS 

RESEARCH ETHICS BOARD (HSREB) 

HSREB Renewal of Ethics Clearance 

October 31, 2016  

 

Dr. Daniel Borschneck  

Department of Surgery  

Kingston General Hospital  

ROMEO/TRAQ #: 6015442  

Department Code: SURG-326-15 

Study Title: Performance Assessment of Two Surgical Reconstructions for the Adolescent 

Patellofemoral Joint.  

Review Type: Delegated 

Date Ethics Clearance Effective: November 04, 2016  

Ethics Clearance Expiry Date: November 04, 2017 

Dear Dr. Borschneck,   

The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB) has 

reviewed the application. This study, including all currently approved documentation has been granted ethical 

clearance until the expiry date noted above.  

Prior to the expiration of your ethics clearance, you will be reminded to submit your renewal report through 

ROMEO. Any lapses in ethical clearance will be documented below.  

Yours sincerely, 

 
Chair, Health Sciences Research Ethics Board 

The HSREB operates in compliance with, and is constituted in accordance with, the requirements of the Tri-

Council Policy Statement: Ethical Conduct for Research Involving Humans (TCPS 2); the International 

Conference on Harmonisation Good Clinical Practice Consolidated Guideline (ICH GCP); Part C, Division 5 
of the Food and Drug Regulations; Part 4 of the Natural Health Products Regulations; Part 3 of the Medical 

Devices Regulations, Canadian General Standards Board, and the provisions of the Ontario Personal Health 

Information Protection Act (PHIPA 2004) and its applicable regulations. The HSREB is qualified through the 
CTO REB Qualification Program and is registered with the U.S. Department of Health and Human Services 

(DHHS) Office for Human Research Protection (OHRP). Federalwide Assurance Number: FWA#:00004184, 
IRB#:00001173 

 

HSREB members involved in the research project do not participate in the review, discussion, or decision. 
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