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Abstract

‘In this pilot study, we assessed the relationship between three-dimensional patellar
kinematics and patellofemqrai cartilage morphology in 10 individuals with varus or valgus
alignment and early knee osteoarthritis (OA). - We used a novel, validated, non-invasive
magnetic resonance imaging (MRI)-based technique to assess three-dimensional patellar
kinematics and a validated quantitative MRI (gMRI) technique to assess cartilage
morphdlogy at the patellofemoral joint. Varus and valgus alignment was assessed from a
‘standing anteriorposterior radiograph.

Differences in three-dimensional patellar kinematics between the varus and valgus
groups were assessed using a raﬁdom ‘effects model. We found that the varus group
displayed constant medial tilt, constant external spin and decreasing anterior translation with
increasing tibiofemoral flexion. We found that the 'valgus group displayed increasing medial
tilt, cohstant internal spin, a greater proximal bosition and a constant anterior position with
. increasing tibiofemoral flexion. No difference was seen in lateral translation between the
varus and valgus groups and the patella was centred in the troéhlear groove. »

Medial and lateral compartment cartilage morphology was compared to varus and
valgus alignment using a two-way analysis of variance (ANOVA). No difference was found
between the varus and valgus groups. A power analysis revealed that 30 subjects are
required in each group to detect a significant difference.

The relationship between three-dimensional patellar kinematics and the ratio of
medial to lateral compartment cartilage morphology was assessed using a regression model.
We found that the rate of medial tilt increased with decreasing ratio of medial to lateral
compartment bone/cartilage interface area. Results suggested a relationship between lateral
patellar translation and proportion of medial to lateral cartilage normalized volume, mean
thickness and percentage cartilage coverage. This finding was greatly influenced by two data
points and therefore this result is not conclusive. .

Cartilage degeneration at the patellofemoral joint cannot be completely explained by
the presence of varus or valgus malalignment. Other local biomechanical factors, such as
kinematics, are likely involved. A better understanding of the relationship between three-
dimensional patellar kinematics and cartilage degeneration allows for the development of

improved treatment strategies to arrest the onset and progression of patellofemoral OA.
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Chapter [: Introduction

Chapter 1: Introduction

Osteoarthritis (OA) of the knee is a disease characterized by pain, reduced
mobility and joint dysfunction that becémes prevalent in individuals over the age of 50.
The knee is made up of the tibiofemoral joint and the patellofemoral joint. OA can be
found in one of these two joints or in both. Articular cartilage degeneration at the joint is
one indication of OA. The Framinéham Osteoarthritis Study, a subsection of the
Framinghani cohort cardiovascular study which began in 1948 with 5209 participants,
was conducted at the 22nd biennial examination (1992-3). Approximately 50% of ihe
608 surviving members (mean age 80.7) who experienced knee pain had some form of
knee OA'?. 5.3% had isolated patellofemoral OA and 19.7% combined tibiofemoral and

patellofemoral OA. At this time there is no known cure for knee OA.

Biomechanical factors almost certainly play a role in the initiation and
progression of knee OA, although it is not clear which ones are most important. These
factors may be different for the tibiofemoral and patellofemoral joints. Various studies

have related obesity’" %, varus-valgus laxity’™®”'*® and patella position’* to

. patellofemoral OA. In particular, valgus malalignment is associated with the progression

of lateral patellofemoral OA and varus malalignment is associated with the progression of
medial patellofemoral OA® 0’60. However many subjects in this study did not follow this
pattern of progression. Of the individuals with medial progreésion 30% had valgus
malalignment and of the indivi.duals with lateral progression 45% had varus alignment.
This suggests that alignment alone‘ is not sufficient to explain patellofemoral OA
prdgression. - Ultimately v\ve would like to identify local biomechanical factors to design

effective prevention and treatment strategies.
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A key limitation of recent studies of the mechanics of patellofemoral OA
progression is that they assess mechanics with tibiofemoral alignment. Tibiofemoral
alignment provides little information about the local biomechanical environment at the
patellofenioral joint in activity. Patellar kinematics and contact areas play a role in the
transference of force through the joint. Relative positions of articular surfaces, lines of
actions of muscles and soft tissues influence patellar kinematics and contact areas. OA
may be caused by altered magnitudes and patterns of loading. Ideally, we would measure
force at the j‘oint to better understand the local environment and its relationship to OA but
at this time we are not able to do so in vivo. We can, 'however, measure three-
dimensional patellar kinematics in vivo. Our group has developed a novel, non-invasive,
magnetic resonance imaging (MRI)-based technique to assess three;dimensional patellar

kinematics both .accurately and precisely in vivo *.

A second key limitation is that joint space narrowing, the measure of distance
between bones from a radiograph, is widely used as an ihdicator of OA. Radiographic
OA is defined by the presence of joint space narrowing and osteophytes (bony
protrusions. through the cartilage surface). But OA also has a clinical or symptomatic
definition which focuses on pain and réduced mobility of the patients. One study found
that radiographic evidence (\)f OA does not correlate well with clinical/symptomatic
0A'®. This suggests there are limitations to the radiographic definition of OA. MRI has
many advantages over conventional radiology, in particular the ability to visualize soft
tissues, such as articular cartilage. Several groups have developed quantitative MRI

27,32

(gMRI) methods of measuring cartilage morphology in vivo By ‘examining the
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articular cartilage with MRI, rather than measuring the space it should fill with

radiography, specific regions of cartilage degeneration can be identified.

It is not clear how tibiofémoral alignment affects patellar kinematics, and
ultimately load transmission, through the patellofemoral joint. Understanding this
relationship is important as abnormal loading conditions likely contribute to the onset and
progression‘of knee OA. It is ﬂot clear how tibiofemoral alignment relates to cartilage
morphology. If compartmental cartilage degeneration is associated with alignment,
corrections to alignment can be made in order to minimize cartilage degeneration. It is
not clear whether thére is a relationshiia between patellar kinematics and‘ cartilage
morphology. If this is the case, treatment strategies should focus on correcting patterns

of patellaf kinematics rather than malalignmeﬁt.

There are three objectives in this pilot study. The first objective was to exémine

. the relationship between varus and valgus. alignment and patellar kinematic parameters
and to determine the effect size required to observe statistically and clinically significant
differences. The second objective was to determine if medial and lateral compartmental
cartilage morphology was associated with varus and valgus alignment and to determine
the effect size for observing possible differences. Finally, the third was to study the

relationship between patellar kinematic parameters and cartilage morphology in order to

identify which relationships should be examined in more detail in future studies.
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To examine the three objectives we asked three particular research questions (Figure 1.1):

1. Which features of three-dimensional patellar kinematics are associated with valgus
alignment and which features are associated with varus alignment?
2. Is local, compartmental patellofemorai cartildge morphology associated with varus or

valgus alignment?

3. Are specific patterns of three-dimensional patellar kinematics associated with local,

compartmental patellar cartilage morphology?

Figure 1.1: The relationship between research questions 1, 2 and 3.
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Chapter 2: Literature Review

2.1 Introduction

The local biomechanical environment at the patellofemoral joint is thought to play a
key role in the onset and progression of patellofemoral osteoarthritis (OA). This chapter
begins by providing an overview of the anatomy and biomechanics at the patellofemoral
joint. It vthe.n defines OA and examines its economical impact, the risk factors associated
with it and the treatment options available to individuals suffering from it. Finally, new
imaging based technologies which allow us to gain insight into cartilage héalth and
biomechanics at the patéllofemoral joint are discussed. In partiéulgr, new and novel

techniques for assessing cartilage morphology and three-dimensional patellar kinematics

/

in vivo will be discussed.
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2.2 The Patellofemoral Joint
2.2.1 Anatomy

The knee joint consists of two distinct joints, the tibiofemoral joint and the
patellofemoral joint. The tibiofemoral joint facilitates the flexion and extension of the leg
while the patellofemoral joint plays an important role in guiding the line of action of
extensor muscles in the leg (Figure 2.1). The patella is a large sesamoid bone which
articulates in the trochlear grove on the anterior side of the distal femur. The patella is an
insertion site for the quadriceps tendon and an origin site for the patellar ligament which
then inserts into the tibial tuberosity on the anterior side of the tibia. The patellar
ligament is often considered an extension of the quadriceps tendon which passes through

the patella.

The Patellofemoral Joint Anterior

13WsoH "3 PAold 6661 © uoneNSN)|

Resultant , f, \
lateral forcedh..

™ Toial tuberosty

Figure 2.1 (above): The Knee Joint
ref www.hughston.com/hha/a.extmech.htm

Figure 2.2 (right): Measurement of Q-angle ref 1999 Floyd E.
Hosmer http://www.aafp.org/afp/20030901/907.html
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2.2.2 Mechanics
2.2.2.1 Articular cartilage

Both the posterior surface of the patella and the vtrochlear groove of the femur are
covered in articular cartilage (hyaline cartilage) which provides a smooth, low-friction
surface for the patella to travel along as the knee flexes and extends. The patellaf
articular cartilage is very thick when compared to cartilage in other compartments of the
knee and other joints®®. It has also been suggested that the patellar cartilage is more
permeable than other articular cartilage as well as having a greater compr_essive aggregate

modulus®®'3?

, €ven in comparison to its mating cartilage in the trochlear groove. This
likely makes it more susceptible to damage®. It has been suggested that cartilage

damage increases the frictional force on the bearing surface’.

2.2.2.2 Loads on the Patella

| A posteriorly directed resultant force acts on the patella. The patella acts as the
fulcrum of a lever as the knee flexes and extends, increasing the moment arm of the
4quadriceps mﬁscle as it travels along the trochlear groove’. The quadriceps are strong as
they are used in all activities involving knee flexion, such as walkiﬁg, climbing stairs,
sitting down etc. Tension in the quadriceps tendon and patellar ligament, measured in the
sagittal plane, produces a resultaﬁt posteriorly dirécted force that acts on the patella
(Figure 2.3). It'has been found that the ratio of tenéion in the patellar ligament to the
quadriceps tendon decreases from angles of tibiofemoral flexion of 30° and above®. This
increase in resultant force is also due to the increasing distance of the joint from to the

body’s centre of gravity. Through cadaver studies, the maximum force has been found to
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be half of body weight duﬁng walking and over eight times. body wéight during deep
knee bends™®.

There is also a lateral force component acting on the patella. The g-angle,
measured in the frontal plane, is measured as the angle between the line from the origin
of the quédriceps muscle (the anterior superior iliac spine) to the centre of the patella and
the line from the tibial tuberosity to the centre of the patelia (Figure 2.2). The resultant
forge vector of the tension applied by the quadriceps tendon and the patellar ligament is
directed laterally (Figure 2.3). In knee extension the patella tends to sit in a lateral
positioﬁ because the trochlear groove is shallower at its superior end and allows for
lateral displacement. As the knee flexes to 20° and greater, the patella is confined by the

lateral side of the trochlear grove.

Figure 2.3 Resultant posterior force acting on the patella.
Left: Sagittal view of direction of quadriceps force (Q),
patellar force (P) and resultant force.

ref http://moon.ouhsc.edu/dthompso/namics/compose.htm

Right: Axial view of distribution of posterior force between
the medial and lateral patellar compartments, acting
normal to the contact surface.

ref http://moon.ouhsc.edu/dthompso/namics/compose.htm
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2.2.23 Kinematics
The forces acting upon the patella and the geometry of the patellofemoral joint
define the three-dimensional kinematics of the paiella. For example, as just mentioned
the lateral side of the trochlear groove éonstréins the motion of the patella in angles of
knee flexion above approximately 20°. Although a great deal of research on the topic of
three-dimensional patellar tracking has beén carried oﬁt (mostly in vitro but some in vivo)
there lacks consensus as to what normal patellar tracking is. This is likely due to the
large variations in muscle strength and bone geometry between individuals. In in vitro
studies loading conditiqns must be simulated, and therefore the loading conditions are
likely ﬁot exactly what is seen in 1.1ivo. In vivo studies have been, until recently, invasive
in nature however new‘ima{ging technologies have allowed for non-invasive techniques
for measuring kinematics in vivo. The non-invasive, in vivo studies are however limited
by imaging bore sizes (limiting the range of tibiofemoral flexion that can be studied), the
supine orientation of the study participants, the simulation 6f erect loading conditions,
and the great expense involved with imaging. Ir vivo study is essential to understanding
three-dimensional kinematics.

Consensus about patterns of patellar tracking has emerged in the literature.. One
reviev? article studied difference in patellar tracking parameters in in vitro and in vivo
studies'®®>. Most in vitro studies have found that as the tibiofemoral joint flexes the
patella shifts medially and then tends to shift laterally after approximately 30° of flexion
105

Patterns in in vivo studies are not as consistent however there seems to be a

consistent medial shift up to 30° '®. For medial/lateral patellar tilt, in vitro studies have

- found a medial tilt in early stages of tibiofemoral flexion and then a lateral tilt later, while
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in vivo studies have found both increasing medial tilt and increasing lateral tilt'®. No
consistency has been seen in patterns of internal/external rotation of the patella in either

in vitro or in vivo studies'®.

Other kinematic parameters such as anterior and superior
patellar translation and patellar flexion are not as commonly measured. As the knee
flexes the patella flexes about the femur and shifts inferiorly until about 90°. Anterior
translation is likely related to patellar flexion, the morphology of the patellar and

- trochlear cartilage and bone geometry. Further study is required in order to understand

the range of normal three-dimensional patellar kinematics.

2.2.2.4 Contact Areas and Stresses

- The magnitude of load and three-dimensional patellar kinematics both contribute to
defining contact areas and stresses at the patellofemoral joint. Since the patella has a
relatively small area for potential contact when compared to other joints, large contact
pressures are found. In vitro studies have shown that the contact area is located at the
distal end of the patella near extension, shift proximally up to 90 degrees of flexion and

81

then returns towards the middle after 90 degrees of flexion™'. The size of this contact

area appears to increase from 0 to 60 degrees® but after that there is no consensus about

8, others that it

the size of the contact area. Some groups repoft that it increases®”’
decrease™ and others that it stays the same®>. New MRI-based methods of measuring
contact area in vivo are being developed. However, as with patellar kinematics, the range
of tibiofemoral flexion that can be studied is limited by the size and geometry of the

92,135

imaging bore and the methods have not been rigorously validated as of yet It is

10
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difficult to calculate the actual magnitude of contact stresses at the joint in vivo as both

the resultant forces and the areas of contact change as the knee flexes and extends.

2.2.3 Summary

The local biomechanical environment at the patellofemoral joint is a.very complex
interaction between geometry, cartilage health, three-dimensional patellar kinematics,
. contact afeas and contact stresses. It is likely that the biomechanical environment

contributes to the onset and progression of pathologies at the patellofemoral joint.

11
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2.3 Knee Osteoarthritis

- Osteoarthritis (OA) is a disease characterized by pain and joint.dy_sfunction and is the
most common musculoskeletal disorder, affecting 1 in 10 Canadians (MHA OA
consensus conference 2002). It is most prevalent in individuals over the age of 50 and
can have grave affects on mobility, activities of daily living and quality of life in its
sufferers. Knee OA is the most common form of the diseasg. The Framingham
Osteoarthritis Study is a subSection of the Framingham cohort cardiovascular study
which began in 1948 with 5209 participants. At the 22nd biennial examination (1992-3)
the 1161 surviving members of the cohort were asked whether they experienced knee
pain. If they gave an affirmative answer they underwent radiographic assessment of both
knee compartments. 608 individuals (220 men and 388 women, mean age 80.7 + 5 years)
gave affirmative answers and of this group approximately 50% had some form of knee |
OA (radiographic joint space narrowing was used as an indicator)®. This number
included individuals with both tibiofemoral and patellofemoral OA. The tibiofemoral
joint is perceived to be the more common knee compartment to find OA however this
study discovered that the pafellofemoral joint was involved in approximately half of al}
knee OA cases with 5.3% of the group having isolated PF OA and 19.7% of the group

having combined TF and PF OA (Figure 2.4) '%.

12



Chapter 2: Literature Review

Figure 2.4: Distribution of
knee osteoarthritis in the
Framingham cohort knee
pain group (n=608). Ref:
McAlindon, 1996

2.3.1. Characteristics of Knee OA

Indicators of knee OA are the degeneration of articular cartilage within the joint, the
presence of osteophytes (bony protrusions on the joint surface) and subchondral sclerosis
(hardening of the bone)'®. These three indicators (Figure 2.5) manifest themselves
differently from person to person and a cause and affect relationship between them has
yet to be established. Also, the order in which they present themselves is uncertain, i.e.

does cartilage thinning, development of osteophytes or subchondral sclerosis occur first.

13
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Osteophyte

Sclerosis

Figure 2.5: Lefi- Anterioposterior radiograph of the
tibiofemoral joint.  Right- Skyline radiograph of the
patellofemoral joint. Joint space narrowing (jsn) and
osteophytes are present in both joint and subchondral
sclerosis is present in the tibiofemoral joint. An example
of each is shown, however other instances are seen in
these radiographs.

Ref: hup.//www.physsportsmed.com/asr/knee/vitanzo.htm

Cartilage has a limited ability to regenerate once damage has occured. Two different
mechanisms of cartilage wear have been proposed: 1) interfacial wear due to the
articulation of the two joint surfaces and 2) fatigue wear due to the repetitive stressing of
the cartilagem. Interfacial wear occurs at the cartilage surface whereas fatigue wear
occurs within the cartilage. Cartilage does not share the adaptive behaviour of bone
although it does have a limited ability to repair and regenerate. Any mechanical insult to
the cartilage, however, most likely results in permanent damage. Some degree of
articular cartilage wear is a natural consequence of aging.

In knee OA, osteophytes initially occur in the peripheral regions of the bone-cartilage
interface (Figure 2.4) and as the disease progresses develop in more central regions of the
cartilage plate. Osteophytes in their early stages are covered by cartilage but in their later
stages tend to ‘push through’ the cartilage surface and are exposed to the joint capsule.

The exposed bone then articulates with the opposing cartilage causing further wear. It is

14
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1 unknown whether the composition of the bor;:e’ of ;he osteophyte and the cartilage
Covering the osteophytes differs from normal bone and cartilage.

‘ Sclerosis is the hardening of the bone directly underneath the articular cartilage. It is

: attributed to increased bone density, trabecular microfractures and macroscopic collapse

' in subchondral bone. Sclerotic regions appear brighter'on radiographs (Figure 2.4).

There is disagreement about whether sclerotic changes are primary or secondary in

. osteoarthritis. A recent study suggests that sclerosis is a secondary change occurring as a

result of increased loading due to chaﬁges in thickness and the biomechanical properties

of articular cartilage'®. Other groups believe: that éhanges in subchondral bone precede

cartilage changes'®. Scleroris most commonly occurs in subchondral regions of the

weight bearing bone, such as the tibia'’

. It is hypothesized that the increased load in the
bone causes more blood to flow to this area, stimulating the osteoblasts in the
subchondral region to deposit bone on existing trabeculae to meet the loading needs'.

Sclerosis is not often seen in patellofemoral OA. Cartilage degeneration and osteophytes

are the two main indicators of OA at this joint.

2.3.2 .Clinical and Radiographic Assessment of Knee OA
- OA is a disease that affects different individuals in different ways. Some people
experience severe pain and loss in mobility while others are hardly affected by the
disease at all. Classification schemes have been created over the years in order to assess
different stages of the disease. Two different definitions of OA are used when ‘study.ing

the disease: 1) radiographic OA which relates to the presences of cartilage degeneration,

osteophytes and sclerosis and 2) clinical or symptomatic OA which refers to thel pain and
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loss of mobility an individual experiences as a result of the disease. A distinct difference
between cliniéally relevant patellofemoral OA and radiographic patellofemoral OA has
been éstablished. The former describes how it affects individuals who are debilitated by
their OA and the latter quantifies the destfuctioﬁ of cartilage and presence of osteophytes
and is most often used in research studies. An interesting study showed that radibgraphic
evidence of pafellofemoral OA does not correlate with pain and loss Qf mobility'®. This

has léad researchers to question the best methods of quantifying disease progression and
to develop clinical and radiographic classification systems, both of which have their own

merits.

2.3.2.1 Clinical OA

Clinical osteoarthritis is assessed by \symptoms and signs identified usually by a
family physician during physical examination. Common symptoms of OA includé pain,
stiffness, alteration in shape, functional impairment, anxiety and depression. Theré are
signs associated with each ot" the symptoms which included crepitus, restricted
movemeht, tenderriess, bony swelling or deformity and muscle wasting and weakness'”.
Radiography is often used to support the clinical diagndsis of OA because the signs and
slymptoms of the disease are of quite a general nature, which can lead to ﬁlisdiagnosis.
Clinical diagnoses can be controversial, especially in early OA, begause the signs and
symptoms used are not speciﬁc to this disease.

Although research studies tend to use the radiographic definition of OA, the
debilitation and pain component of the disease has also been studied and quantified.

Questionnaires have been developed which assess the clinical status of OA, such as the

16
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Western Ontario and McMaster Universities OA Index (WOMAC) (Appendix A)'>"*, the
Comprehensive OA Test (COAT)?!, the Rheumatoid and Arthritis Outcome Score

(RAOS)ZO, the German short musculoskeletal function assessment (SMFA-D)”O’“z, the

'Knee Injury and OA Outcome Score (KOOS)"**"! and the short form -36 Arthritis-

Specific Hgalth Index (ASHI)'®. The most commonly used questionnaire is the
WOMAC OA Index (Appendix A) whiéh has been validated for use at the hip and
knee'*". It measures clinically important symptoms of the disease by using activities c;f
daily living to determine the pain, stiffness and physical function of the patient. It is most

often used to assess treatment outcomes or disease progression in longitudinal studies but

is also an important tool in assessing the clinically relevant stage of OA in cross«

Sectional studies. Questionnaires are the clinical link in studies which use radiographic

‘grade OA as a primary outcome measure.

2.3.2.2 Radiographic OA

Numerous grading scales have been developed for the radiographic assessment of
patellofemoral OA. The first and still the most commonly used imaging modality to
study OA is radiography. An atlas for the rédiographic assessment of OA, the Kellgran-
Lawrence scale, was developed to characterize stages of the diseaselog’lovg’125 . Grades 0°
through 4 are based on varying degrees of osteophyte presence and joint space narrowing

(Table 2.1). In the radiographic assessment of OA cartilage degeneration is often

-estimated by measuring joint space narrowing. The reasoning behind this is that the

distance between bones in the joint ultimately decreases as a result of the cartilage wear.
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Limitations of this method are that local cartilage deficits are not visible on radiographs

and that cartilage is assumed to fill the entire space between the bones.

Grade Indicators

0 No osteophytes

1 Doubtful osteophytes

2 Minimal osteophytes, possible joint space narrowing, cysts
and sclerosis

3 Moderate or definite osteophytes with moderate joint
space narrowing

4 Severe large osteophytes and definite joint space
narrowing

Table 2.1: The Kellgran-Lawrence osteoarthritis grading scale.

Variations of this scale exist*®!2%134135,168,169

, some of which address the limitations of
the Kellgrari-Lawrence scale. The foremost limitation of the Kellgran-Lawrence protocol
is that the radiographs are not taken in a weight bearing position, and therefore an
accurate measurement of joint space is not obtained because cartilage compresses under
load. New protocols have been established fér obtaining weight bearing radiographs in

conjunction with the Kellgran-Lawrence scale’. A newer bone atlas®'*®

is endorsed by
the Osteoarthritis Research Society International (OARSI). The largest population-based
OA studies to date (Framingham cohort, Chingford cohort) use radiographic assessment
of the knee joint to quantify the stage of OA.

There are two inherent flaws in the radiographic assessment of kne¢ OA. The
first is that radiography provides a representation of a three-dimensional object in two
dimensions; the image obtained wiil always be dependent on the angle at which it is
taken.  Protocols ﬁave been developed to standardize anatomical positioning for
radiography of patellofemoral OA24’128;129. These protocols have been validated for

reliability however a technician trained in OA positioning protocol is required''>'”*. The

second flaw is that all radiographs must be taken in a weight bearing position in order to

18
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obtain an accurate measure of joint space. For the tibiofemoral joint this is not much of a
problem because the anterior-posterior radiograph with the leg in an extended position
while standing will suffice. However, imaging the patellofemoral joint presents a greater
challenge. The Buckland-Wright protocol dictates that the patient must stand with the
knee flexed to 30° (with the aid of a support frame if necessary). The X-ray tube is then
positioned directly above the patient’s head and the cassette on a step above the patient’s
foot (Figure 2.6). Sometimes a trace of the patient’s foot is taken in order to reposition
correctly at another time point. The difﬁculty with this method is ih positioﬁing the knee
at 30°. A géniometer is used to measure this angle, however in obese patients (as many
osteoarthritic patients are) it may be more difﬁcult to identify the location of the bones.
A small study has also shown that the position of the x-ray tube is of substantial
importance in calculating joint space'?®. It found that a of 2° change in x-ray tube
alignment caused an error of 1 mm in joint space measurement. In OA, a 1 mm
difference in joint space measurement can change the Kellgran-Lawfence grade, which

could lead to misclassification and.mistreatment.

19
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Direction of
multiple
X-ray beams
.

Figure 2.6: Left: The OARSI protocol for
skyline view radiographs of the patellofemoral
Jjoint. Right: An example of a skyline
radiograph of the patellofemoral joint.

ref right: Buckland-Wright 1995

ref lefi:www.kneeclinic.com.au/papers/TKR/tkrchapter.htm

2.3.3 Treatment

Currently there is no cure for OA. Treatment options focus on pain management and
maintenance of mobility. Early treatment strategies have a systemic and biomechanical
component and include the combination of drugs, exercise, bracing, education and
acupuncture with the goal of slowing down onset and progression of the disease’”.

Systematic approaches have focused on reducing inflammation and pain. Oral drugs,
such as acetaminophen in a first instance or nonsterioidal anti-inflamatory drug (NSAID)
when acetaminophen has failed, are used for pain management’’. Glucosamine, which
may aid in cartilage repair by increasing proteoglycan synthesis’*'**'%° and chondroitin,

which may reduce degredation of cartilage”'®'**'”7 are in the clinical trial stages.

4,145,166 47,93

Corticosteroid injections and capsaicin cream” " are also sometimes prescribed for

20
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pain. Finally, some individuals have shown benefits when obtaining acupuncture

treatrnentm’1 3 ’62.

The bibmechanical approaches have been pimarilly physiotherapy based. . General
exercise (strength and aerobic activities) is prescribed for knee OQAS*'%1%6178 1y
particular, muscle strength in the quadriceps is stressed because it has been identified as a
risk féctbr\ of OA™'% in all knee compartments''. Bracing, taping and corrective
footwear have also been used to treat knee QA!S44410713714LI4ZIS31900 141y the aim pf

reducing impact'®, reducing lateral thrust at the knee'®, increasing proprioception and

137 141

reducing feelings of instability ”’, controlling lateral ihstability and repositioning the

patella*.

Educationé.l programs have also had success in the management of OA. Mail™,
telel;hone184 and group education programs'2"'>¢!7>!8 paye also been shown to improve
the health status of individuals with OA.

When all of the non-surgical treatments of knee OA have been exhausted éurgical
treatments are often sought. In younger patients high tibial osteotomy, which attempts to

correct lower limb alignment, has been successful in reducing pain"'®

and delaying
articular cartilage wear in the tibiofemoral joint’>. Total knee arthroplasty (TKA) is the
most popular and successful treatment for individuals with late stages of knee OA and
less that a 20 year life expectancy’®''®. TKA has a success rate of 95% at the 15 year

mark*% 144149, Cartilage transplants and tissue engineering are also being explored as a

treatment for knee OA>7°,
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2.34 EconOmics

The economic burden of OA is two fold, béing a combination of direct costs and
indirect costs. The direct costs include drugs, medical care, hospital, research funding
and peﬁsions and benefits’. The indirect costs can be summarized as lost wages and
include premature mortality, chronicv disability and short term disability’. The most recent
report that discusses the costs assaciated with musculoskeletal" illness in Canada,
Economic Burden of Illness in Canada, was carried out in 1998 and found that 2.6 billion
dollars were attributed to direct costs and 16 billion to indirect costs®. Musculoskeletal
disorders héve the third highest indirect costs of all categories of disorders and have a
| similar economic burden as cancer’. Because arthritis accounts for approximately 60% of

122 the cost

- musculoskeletal disorders and OA for approximately 45% of all arthritis cases
of OA in particular runs over 5 billion dollars per year. Due to the aging population, it is
estimated that the incidence of arthritis in Canada will increase by 124%, from 2.9 to 6.5

million sufferers, by 203 1%,

2.3.5 Risk Factors

Thére is a wide body of literature on the topic the risk factors associated with kneé
OA, yet very little is understood about the etiology of the disease. The identification ot:
risk factors allows treatment étrategies to be developed that focus on modifying the
detrimental factor in order to arrest the onset or prog/ression of the disease. It is most
likely that the etiology of the disease is related to both biomechanicé and biochemistry,

therefore interdisciplinary study is necessary to fully understand the origins of the

disease. Many possible risk factors of knee OA have been studied independently or in
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combination and tend to be classified in two distinct groups: systemic and biomechanical.
Systemic factors include age, 'Asex, ethnicity, bone density, hormonal stétus, nutritional
factors and genetics®, while biomechanical factors include obesity, mechanical
environment (knee laxity, proprioception, knee alignmént), loading, acute injury,
océupation and sports participation®®. For example, it has been showﬁ that obesity (most
commonly quantified by a body mass index of 30 or abO\;e) is associated with knee OA%® -
and that weight léss reduces the risk of symptomatic knee OA”. It is likely a
combination of some or all of the systemic and biomechanical risk factors that lead to the
onset. and progression of kneé OA. Longitudinal research shows that treatment strategies
must target a combination of these risk factors'®.

It has been suggested that the risk factors of tibiofemoral and patellofemoral knee OA
“are different’'. However the risk factors associéted with patellofemoral OA have had
limited attention to date. One ‘study found that obesity and meniscectomy were more
strongly correlated with medial tibiofemoral OA than patellofemdral OA and that
osteophytes are more strongly correlated with patellofemoral OA than tibiofemoral OA*.
The samplé sizes of this study vwere, however, too small to say this conclusively. Another
study found that obesity and menisceétomy were not greater risk factors of tibiofemoral
OA than patellofemoral OA. However, they did not have any data on osteophytes'>. A ,
different study looking at knee alignment found that the tibiofemoral joint is more
vulnerable to the effects of alignment than the patellofemoral joint in disease

progression®®. Previously, the patellofemoral joint was omitted from knee OA studies but

now there is no question that the patellofemoral joint plays a large role in symptomatic
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knee OA'®. It is apparent that the particular risk factors of patellofemoral OA shouid be

studied more closely.

2.3.6 Lower Limb Alignment and Knee OA

Lower limb alignment has been associated with both tibiofemoral and patellofemoral
knee OA? 1’34’6145 °. It is thought that the mechanical environment associated with a varus
(bbw-legs) or valgus (knock-knees) malalignment (Figure 2.7) may contribute to the
onset and -the progression of OA at the knee joint. Alignment may produce different
mechanical changes at the tibiofemoral and .patellofemoral joints and therefore it is

important to study them separately.

Figure 2.7: An example of varus alignment or bow-legs (left) and valgus
alignment or knock knees (right). Ref Mast 2002 '

Knee alignment is a risk factor of knee OA and is most often measured from a leg
lengths radiograph. Many protocols have been developed to ensure the proper

42,132,152
h 32,15

positioning of patients for this radiograp . To assess OA, it is important that the

radiograph is taken in the anterioposterior plane in a weight bearing position (i.e.
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standing) and that normal shoes are worn in order to study the natural stance of the
individual. Bony landmarks at hip, knee' and ankle are used to identify the mechanical
a§e5 of the femur and tibia and measure the angle between the two lines. Women more
commonly have a valgus deformity due to naturallylwider hips. There are both manual
and electronic methods of measuring the knee angles from radiographs.

Alignment is associated with compartment specific tibiofemoral OA progression. It
has been shown that varus malalignment is associated with medial tibiofemoral OA
progression and valgus .malalignment is associated with lateral tibiofemoral OA
progression'’. This study used Kellgran-Lawrence radiographic grading to study disease
progression. Another study used quantitative MRI techniques to study changes in
compartmental tibiofemoral cartilage volume in OA knees*. This study found that rate
of cartilage loss was associated with knee alignment in a compartment _speciﬁc manner.
For example, a large valgus angle was associated with a greater rate of cartilage loss in
the lateral compaﬂrﬁént of the tibiofemoral joint. One limitation of this study was that a
full leg length radiograph was not obtained. Tibiofemoral angles were measured on
images from the midshaft of the femur to the midshaft of the tibia. It has also been
shown that varus, but not valgus, alignment makes the knees more vulnerable to the
effects of obesity on disease progression'’. It was found that during gait the medial
compartment transmits 60 to 80%.of the axial load and the lateral compartment transmits
the remainder of the axial load_'54. Gait analysis of individuals with varus malalignment
found more'load is transmitted through the medial tibiofemoral compartment than the
lateral, but analysis of individuals with valgus malalignment found that in order for the

lateral tibiofemoral compartment to transmit more load than the medial a much greater

25



Chapter 2: Literature Review

degree. of malalignment was required'®. It is thought that the redistribution of loading
creates a local environment in which OA progresses more quickly.

Varﬁs or valgus alignment is also associated with the direction of the lateral reaction
force vector at the patellofemoral joint. Q-angle (Figure 2.2) is affected by varus and
valgus alignment (varus alignment decreases g-angle and valgus alignment increases q- -
angle). A decrease in q-angle reduces the lateral reaction force and an increase in g-angle
increases the lateral reaction force'®. Increase in q-angle causes changes in the contact
pressures at the patellofemoral joint. In a cadaver study in which they varied g-angle,
half of the knees saw a lateral shift which unloaded the medial compartment and the other
~half saw a separation of specific contact areas in both the medial and lateral
compartments with greater g-angles’’. A decrease in Q-angle resulted in the reverse
effeét with either a medial shiﬁ of the contact area, unloading the lateral compartment, or
a separation of specific contact areas in the medial and lateral compartments®’.

The association between alignment and patellofemoral OA has -also been studied.
One study found that lateral patellofemoral OA is more common ,thaﬁ medial
patellofemoral OA, valgus malalignment was associated witﬁ lateral patellofemoral OA
and varus malalignment was associated with medial patellofemoral OA®'. This study
also found that OA in individuals with valgus knees more often involved both the
patellofemoral and tibiofemoral joint whereas individuals with normal alignment more
often had isolated tibiofemoral OA. They took weight-bearing radiographs and used the
Kellgran-Lawrence scale to define OA. Limitations of this study include that it wasn’t

population based and it was cross-Sectional, therefore the affects of alignment on

development and progression of the disease were not studied. ‘This study had a large
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sample size (n=292) and there were many individuals who did not follow into the general
trend seen. For example, the study found that of the individuals with knee OA and lateral
patellofemoral joint narrowing, 43 had valgus alignment and 32 had varus alignment.
Although there was an association with valgus alignment and lateral patellofemoral joint
space narrowing, a large number of individuals with varus alignment displayed the same
pattern. This suggests that there are additional factors involved in the compartmental
cartilage thinning phenomenon.

Recently, a follow up study, from the same group, which looked at the progression of
OA at the patellofemoral joint, was published®'. It found that the progression of lateral
patellofemoral OA is more common than medial patellofemoral OA and patellofemoral
OA is affected by varus or valgus alignment in a compartment-specific manner. The
study also found that individuals with varus alignment at baseline were twice as likely to
have isolated medial patellofemoral OA progression and that individuals with valgus
alignment at baseline were 1.6 times more likely to have isolated lateral patellofemoral
OA progression. These results were expected, however there were some other interesting

findings in this study.

£ w0
g 60 @ Varus
. 40 @ Valgus
i 20 - O Neutral
0 :
Medial Lateral
PF OA Progression

Figure 2.8: Results from Cahue et al. 2004. Number of varus and valgus knees
undergoing medial and lateral patellofemoral OA progression. Ref Cahue, 2004

27



Chapter 2: Literature Review

First, the group with lateral progression has almost the same number of varus knees as
valgus knees (Figure .2.8). The medial group shows a greater distinction between

alignment and medial progression.

TaMe 2 Knoe csiconrthuiths progreseion in specilic compartments detwasn bascting and 18 months®
Compartmeai(s) in which progrexsion oecurred

Mudial PF Modidd PF Laters) PF Latersl PF.  Modind FF
Knes alignmem Medial and Modist and Lasweral and Laxeral an and
ot bascting PFoaly mxial TF  TFomy Rsoral TF PF oty loterad TF TE onty media TF laweral FF
Voras I:uw_l1 28(13) 8(4) 24018 3 33(16) t (D5} t (0.5) 18 (9) 26{12)
(a = 211)
Vaulgrm ?,gﬂ 12¢8) 2{1) pA¢ 1] 4B 47(30) 5(3) 159 6(4) 128
(n = 158) :

* Vintues are the momber (%), PF = pateliufemnamt TF = tibjofemora.

Table 2.2: Results of distribution of tibiofemofal (TF) and patellofemoral (PF) OA progression from
Cahue et. al. 2004 Note only a small number of individuals had both lateral PF and TF progression.

Second, very few individuals have both | lateral patellofemoral and tibiofemoral
progfession' and both medial patelIofemoral and tibiofemoral progression (table 2.2).
There are likely other risk factors influencing the distribution of disease progression.
Current understanding of OA mechanics predicts that varus alignment wouid be .

associated with the progression of both medial patellofemoral and medial tibiofemoral

~OA and that valgus alignment would be associated with the progression of both lateral

patellofemoral and lateral tibiofemoral OA. However, this was not found. There were
only 3 individuals with varus knees who had both forms of medial knee OA andy only 5
individuals with valgus knees who had both forms of lateral knee OA, in a study of 237
individuals. One limitation of this particular study is that Q-angle, which might have
provided some additional useful information, was not measured. These studies suggest

further study is required in this area to understand other possible risk factors and

indicators of the changes in local mechanical environment.
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2.4 Methods for Assessing Articular Cartilage Morphoiogy

Innovations in imaging technology have allowed researchers to visualize soft tissues
in vivo. Aﬁicular cartilage is most commonly measured indirectly using radiography in
OA research. However, radiographs only have the ability to assess total degeneration of
both cartilage platés, no information with regards to the degeneration of one plate or any
specific areas of cartilage degéneration can be obtained. This is a qualitative assessment
of cartilage degeneration and is most often used in ab clinical setting. Magnetic resonance
imaging (MRI) and ultrasound are téchniques which have been used to study articular
cartilage in vivo. MRI has emerged as the most popular method of cartilage imaging,
with soﬁe groups focusing on the quantitative assessment of articular cartilage
morphology27’3 > and others the biological content of the cartilage itself”’. Areas of
cartilage degeneration found with MRI have been associated with joint space narrowing
measurement from radiographs at the patellofemoral 'jointﬁ.‘, The quantitative assessment
of cartilage is more useful in reseafch settings. Bbth MRI and ultrasound have the
potential to contribute to the further understanding of OA progression through

longitudinal studies which can track changes in cartilage morphology and biochemistry.

2.4.1 MRI Methods

MRI is an imaging modality very popular ‘in medical research becausg soft tissues
can be visualized and there are no known side effects, such as ionizing radiation. In
brief, MRI is based on the premise that by applying a radiofrequency (RF) pulse in a

magnetic field the displaced waves can be detected and transformed into and image.

Different tissues displace waves in different manners and these differences allow us to
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differentiate between different tissues in the im‘age. Different imaging sequences (type,
leﬂgth and order in which the RF pulse is applied) can be optimized for specific tissues.
One current limitaltion of MRI is the long imaging time involved. Longer scans produce -
better images. The sequences chosen usually involve a trade off of image resolution to
time. The usual time for an adequate cartilage scan is 10 to 15 minutes, depending on the
purpose. The main reasoﬁ for keeping imaging times to a minimum is that the patient
must remain still for the duration of the scan because motion artefacts on the acquired.
image can distort images and measurements. It is not an eaéy task to remain in one
position for extended periods of tifne, especially for individuals experiencing pain.
Another drawback of MRI is that it is a very expensive imaging modality due to the cost
of the machines themselves, the long imaging times and the technical staff recjuired.
Several groups have developed methods of analyzing articular cartilage
morphology with MRI?®#8138.140.147.167 * The Khee joint is the most commonly studied
with quantitative MRI (QMRI) due to its relatively flat éartilage plates, which reduces
problems associated with the partial volume effect (not having sufficient resolution to
detect abrupt changes in the object geometry) which occurs at curved cartilage surfaces.
There is a substantial body of literature lookiﬂg at many different groups of individuals of
| alllages in healthy and diseased knees. QMRI allows for the study of cartilage changes at
a macroscopic level and’ provides insight into patterns in cartilage degener’atién which
have not been p;eviously studied in vivo. There were three separate issues that had to be

overcome in the development of gMRI analysié: 1) an MRI sequence protocol optimized

for cartilage viewing, 2) a method of segmenting (delineating) the cartilage from the MR
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images, and 3) a method to extract the morphological parameters from the segmented
cartilage models.

The challenge in developing an MR sequence for articular cartilage is based on
the tissue’s complex composition and the composition of surrounding tissues.. It is also
important that the quality of the image is not compromised by cartilage that has
degenerated. For quantitative analysis an extremely high in-planelresolution is desirable
because ‘cartilage is very thin, especially in osteoarthritic cases. Also, the slice thickness
should be sufficiently small to reduce the chance of missihg any featurés of cartilage
morph'ologj Originally, high resolution 3D T1-weighted fat-suppressed gradient echo
sequences were used on a 1.5 Tesla MR scanner for cartilége imaging. While the images
it produces are of high quality the imaging times are over 16 minutes if a sufficiently high
in-plane resolution is desired'*®'%. ‘Staying still for over 16 minutes is not an easy task,
especially for participants with joint pain, therefore reducing the time of the MR without
sacrificing resolution or image quality was a logical next objective for researchers. The
high-resolution fl-weighted 3D fast low angle shot (FLASH) sequence with water
excitation has been validated on a 1.5 Tesla MR scanner using CT arthrography, A-mode
ultrasqund and excised cartilage of individuals undergoiﬁg total knee arthroplasty. _It isa
faster sequence, taking 7 to 10 minutes depending on the size of the joint, and it does not

sacrifice image resolution or quality’*>"%.

This sequence is now the most commonly
used in qMRI of cartilage morphology. Research and clinical practice is slowly making a

move to 3 Tesla scanners and unfortunately sequences which are optimized for a 1.5

Tesla scanner are not necessarily ideal at 3 Tesla. Groups are now attempting to
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determine which sequences will optimize cartilage viewing on the 3 Tesla MR scanner
and validation has been carried out™.

The‘method of cartilage segmentation (manual or semi-automated) is a subject of
- contention in the field of qMRI. Originally manual cartilage segmentation was used in -
all gMRI studies. In this method researchers manually outline the cartilage area in a slice
by slice fashion, often using custom software. Since manual segmentation is very labour
intensive, taking up to 1 hour pér cartifage plate, groups have begun to develop semi-
automated techniques which have been shown to speed up the process by approximately

138,140

15%'"%. These semi-automated techniques include region growing , active shape

113 39,172

modelling'®’, edge detection''?, B-spline snakes and active contours'®. Some degree
of usér interaction is required in all of these'methods, for example to use B-spline snakes
the user must identify the corners of the cartilage and correct any inconsistencies due to
artefacts in the image and fegions where two cartilage plates are in contact. It has also
been shown fhat time savings have increased with user experience'’>. Progress in semi-
automated tools for cartilage segmentation. inclﬁdés the addition of modules to decrease
user interaction by employing cartilage .templates or information from the previous MR
slice. At this time it appears all of the large scale OA studies using gMRI are being
carried outv using manual segmentation.

ane a cartilage model is extrécted from the MR images morphblogical
parameters are calculated. Thé most commonly used morphological parameters are

thickness, volume and surface area. In OA research other parameters are important such

as denuded cartilage area (where the bone is exposed), percentage of cartilage coverage

and number of cartilage fragments. For the thickness measurement a Euclidean distance
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transformation is most often used'™® although others calculate the cartilage thickness by

8113 The Euclidean distance transformation is a more sophisticated

using .-no_rmal vectors
algorithm for calculating the distance between two surfaces (the bone-cartilage interface
and the cartilage surféce in this case) but is less time consuming than a simple normal
distance. calculation. The Euclidean distance transformation assigns diétance maﬁs to

each voxel in the segmented volume™®. Volume calculations are based on the numerical

integration of voxels by multiplying pixel size by slice thickness''*'*’, by bilinear and

106,138 dl 70

cubic interpolation , or by a shape-based interpolation metho Surface area is
calculated using a triangulation algorithm®. All other parameters afe derivatives of these
three main algorithms.

qMRI methods have been validated and used to study cartilage moi‘phology in
numerous studies of healthy and diseésed joints. Validation has been carried out using
water displacement of surgically retrieved tissues'*®'*®!"?  CT arthrography’'",
stereophotogrammetry®® or phantom MR images'®. gMRI has been used in many -
clinical trials. One study foun& that men tended to have more cartilage volume than
women even when results were normalized to joint ax;nd body size®. They also found that
changes in tibial and femoral cartilage volume in osteoarthritic knees are related’ 6 and
that women using estrogen replacement therapy (ERT) have more cartilage than -

s

'8 Other groups have found that muscle cross-Sectional area was related to

controls
cartilage morphologygg; found that cartilage volume decreased at 3-7 minutes and at 8-12
minutes (to a lesser extent) after carrying out deep-knee bends®®; and that QMRI can

accurately measure cartilage morphological parameters of severely deteriorated

83,84

osteoarthritic cartilage
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Databases of normal and osteoarthritic cartilage morphology as assessed from
gMRI are being created. Databases of osteoarthritic knees have the potential to relate
morphological parameters to stages of OA and provide information on possible patterns
in diseiase progression. One group in particular is attempting to compile databases of
both normal and osteoarthritic knees in order to create thickness templates of the cartilage
surface. Currently there are 2 knee templates, one based on 14 healthy patellofemoral
joints and the other based on 33 osteoarthritic patellofemoral joints*®. gMRI also has
great poteﬁtial in longitudinal studies of disease/structure modifying OA drugs
(D/SMOADs). These studies will have a large number of subjects therefore there is a
great need to decregse processing time in gMRI without compromising precision. As
previously mentioned, a 15% time savings can be realized with semi-automated
algbrithms. Interactive touch-sensitive screens also have the potential to decrease mariual

segmentation time by 15%'°. A combination of these two methods is likely the direction

of future work.
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2.4.2 Biochemical Methods

Delayed gadolinium enhanced MRI (dGEMRIC) is another method of assessing
cartilage in vivo. In this method gadolinium, a contrast agent, is injected into the patient
and over time it diffuses into the articular cartilage. The contrast agent distributes itself
inversely to the concentration of glycosaminoglycans (GAG), a component of cartilage
associated with cartilage stiffness. GAG concentration of the cartilage can be determined
from this inverse relationship (Figure 2.9). The dGEMRIC method has been used in
many cartilage and OA studies and is an important tool in understanding the degeneration

of cartilage on a molecular level.

Figure 2.9: The distribution of
gadolinium in the patellofemoral joint
measured using the dGEMRIC protocol.
Gadolinium  distributes inversely to
glycosaminoglycans. Ref Burstein 2001
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2.5 Three-Dimensional in vivo Patellar Tracking
Researchers and physicians suspect that abnormal patellar tracking plays a role in
patellofemoral OA. An early hypothesis was that tilting of the patella produced a hyper-

pressure on the lateral compartment causing pain (Figure 2.10)".

HYPERTENSION EXTERNE

Figure 2.10: Hyper-pressure syndrome of the patella as described by Ficat et al. An excess
pressure in the lateral compartment may be associated with anterior knee pain. Ref Ficat 1975

This work motivated other groups to study patellar kinematics. However, due to imaging
limitations the patella was only studied in two dimensions and one position of knee
flexion by means of skyline or sunrise radiographs. As new imaging technology became
available, such as MRI, CT and ultrasound, patellofemoral kinematics were studied in
more detail, first ex vivo and then in vivo with both invasive and non-invasive techniques.
These methods are all very computationally intensive. The strength of these new
methods is that we can now study patellofemoral kinematics in three dimensions and can
describe patellar motion completely as medial-lateral translation, anterior-posterior
translation, proximal-distal translation, flexion, tilt (internal/external rotation) and spin

(varus/valgus rotation) (Figure 2.11). In order to replicate patellar motion in activities of
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daily living such as walking, climbing up and down stairs and sitting in a chair some type

of load must be applied to the joint when measuring patellar kinematics.

3 translations rgiations

L
1 ateral shift Laters] rotation
(Frontal view in (frontal view in
extension) extension)
P M l L
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(frontal view in (axial view)
extension) ‘
-———
A § P A P
l‘-
Anterior ranslation Flexion
{sagitta) view) (sagittal view)

Figure 2.11: Patellar kinematics, 3 translations
and 3 rotations. Katchburian, 2003

2.5.1 Invasive Methods

Patellar kinematics have been measured in vivo using invasive techniques such as
photogrammetry'®' or intracortical pins''"''*. The photogrammetry, often referred to as
RSA, technique reqpires radio-opaque markers to be inserted in the bone. The joint is
then x-rayed in a bi-planar reference frame at the position of the bones at various points

in time be determined. Veress et al used this technique to study a group of 4 volunteers

who had undergone high tibial osteotomy. 3 steel balls were surgically implanted, one in
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the patella and one in each femoral condyle, and x-rays in the axial and sagittal view
were taken of the volunteer’s knee joint at intervals of 30° from 0 to 90° while they were
lying prone and pushing isometrically on a loading rig. The patella tended to .shift
infereriorly but patterns of tilt were not as constant within the volunteers. No other
kinematic parameters were. reported. This study was limited by the limited number of
balls and problems imaging the balls in some of the images. Three-dimensional
quantities were not assessed.

The intracortical pin technique éntails bone pins being drilled into the femur, tibia
and patella. One study assessed one male volunteer with no history of knee pathology''’.
Intracortical pins were inserted into the anteriolateral aspect of the patella, the medial
condyle of the femur and the medial. aspect of the tibia, slightly proximal to the tibial
tuberosity.. Optoelectric markers weré attached to each pin and the volunteer performed
various tasks while seated, while standing and while squatting. Kihema:tic data were
acquired »using a four camera system and joint kinerﬁatics were derived. It 'is obvious

from this and from photogrammetry studies that non-invasive patellaf tracking techniques

are much more practical as there is no risk of pain or infection.

2.5.2 Non-invasive 1maging Methods

Groups have experimented with CT, ultrasound and optoelectrohic systems for
- assessing patellar kinematics. The advantages of these other approaches are that they do
‘not have the size constraint of traditional MR scanners, nor the complication of metal

artefacts when imaging or when building rigs to be used in the studies. For example,

Asano et al conducted a study using CT which assessed the knee from 0 to 120°. A
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limitation of this technique however is the ionizing radiatibn exposure’. Another
technique utilized ultrasound sonography which has the advantage of being less
expensive than CT or MRI'®, This study found that the method had a mean error of
1.4+3.2 mm. Lastly, Lin et al conducted a study in 12 healthy subjects using a clamp

which mounted on the patella and an optoelectric system''*'?,

This method has a range
of motion of 20° and displayed kinematic results consistent with the literature. This
study is limited by possible movement of the clamp, the altered mechanics that clamping
might cause and that skin markers were used to define the femoral and tibial coordinate

systems. These three novel examples of assessing patellar tracking have potential

however they are not as advanced as the MRI methods as of yet.

2.5.3 Non-invasive Methods using MRI

MRI is the most comronly used imaging modality for assessing patellar kinematics.
The risk to the volunteer is minimal because there is no ionizing radiation exposure.
Also, different MR'sequence_:s allow for optimal imaging of different tissues depending
on the application. For example, if joint kinematics are being assessed, a sequence
optimized for bone will be applied.

One group developed an MRI-based technique of measuring three-dimensional

%7 In this method a geometric model of the joint is created

patellar kinematics in vivo
from a high-resolution MR image using a T1-weighted spin echo sequence on a 1.5T

scanner. Contours of the bone at 5 angles of loaded knee flexion are created from fast

(under 1 minute), low-resolution MR images. The load applied during the low-resolution

scans was approximately 100 N. The contours are matched to the geometric model using




Chapter 2: Literature Review

an iterative closesf points algorithm. Three-dimensional patgllar kinematic parameters of
flexion, internal/external spin, tilt, proximal translation, lateral translation and anterior
translation are derived using the coordinate system described in Section 4.4.
Tibiofemoral kinématics are also assessed with this method. One strength of this method
1s that it has been rigorously validated for both accuracy and precision' (repeatability)66’67.
The accuracy study was carried out by comparing results using the MRI b:jtsed technique
to results obtained using bi-planar x-rays and CT in three cadaver knees. The results of
the accuracy study found an error of 1° for rotations and 0.88 mm for translations. The
repeatability ‘study was carried out in three volunteers and both intra-observer and
repositioning error were assessed and found to be less than 3° for rotations and less than
2.5 mm fér translations and less than 2.15° for rotations and less than 0.7 mm for
‘translations, respectively. A study of individuals undergoing high tibial osteotomy found
that after the surgical treatment tibiofemoral and patellofemoral joint kinematics were
altered®'. Specifically, the subjects showed a 6.5° decrease in mean tibial adduction, a 0.8
mm decrease in lateral tibial translation, a 5.1° decrease in patellar flexion and a 1.2°
decrease in patellar spin and a 1.6° increase in meaﬁ medial patellar tilt and a 4.2 mm
increase in proximal patellar translation.. These ché.nges alter the loading pattern at the
joints. A strength of this method is that allows individuals with knee pathologies to be
- assessed because the imaging time in loaded flexion is short, in contrast to other methods
'th‘at require individuals to hold the loaded position for 6 minutes'*’.

Another in vivo method of measuring patellar kinematics in weight-bearing also

135

measured contact areas in the patellofemoral joint Normal patellar tracking was

studied 10 healthy volunteers (mean age 30).' A sagittal image was taken to measure
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tibiofemoral flexion. An axial spoiled gradient echo MR sequence was takenon a 1.5 T
scarine_r in order to visualizé both the bone and soft tissue at the patellofemoral joint. In
partiéular, 5 images at angles of knee flexion ranging from -10° to 60°. A 13.61kg load
was applied to the knee using a foot plate attached to ;1 pulley system. Five kinematic
parameters were assessed (3 rotations, medial-lateral .and proximal-distal translations).
Details on the coordinate system used to define the kinematic parameters were not given.
The patellar translations and rotations were calculated with respect to the femur in the
extended position. The transformation matrices used to measure the mO\'/ement from the
extended position were measured by registration using Analyze software (Mayo Clinic,
Rochester, MN). An accuracy of 1.5 mm for translations and 3° for rotations was
reported however the Vélidation was carried out by measuring the orientation of a
phantom (an invisible goniometer and four vials of gadolinium saline solution). Contact
area was measured using B-splinés and then calculated the centroid of the 1ine on each
slice in order to track the contact area through the range of flexion. This study showed
that through the range of tiBiofemoral flexion the patella translated inferiorly and
medially, flexed at similar angles as the tibiofemoral joint, tilted medially with a peak at
30° aﬁd returning to the 6riginal position at 60°, and rotated externally by an average of
2° at 30° of tibiofemoral flexion. The contact area increased from. a mean of
approximafely 200 mm? at 0° to approximately 560 mm? at 60° and it tended to move
medially mirroring and surpassing the movement of the patella, inferiorly until 60° and
posteriorly with the femoral condyle curve'*. Limitations of _this study include the small

field of view making measurement of tibiofemoral flexion difficult, the static loading

condition and lack of reporting the anterior-posterior translation which is important when
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defining ‘normal’ kinematics. Also, the volunteers had to hold the weight-bearing
position for over 6 minutes which may be difficult if the method is extended to
pathological knees.

Open MR is a valuable tool for studying the patellofemoral joint in deep flexion. The
range of knee flexion that can be studied at is not limited by the size of the traditional MR

176,
scanner’s bore!’®!'82,

One study examined the patellofemoral joint of 10 healthy
volunteers at 30° and 90° of flexion in an open MR. The knee was loaded by applying a
10 Nm torque to the lower third of the shank. 2D and 3D sulcus angles (B),
patellofemoral angle (between S and F), patellar shift (displacement between Py, and C)

and tilt angle (o) were assessed with with respect to a patellar based coordinate system

(Figure 2.12).

Figure 2.12: Coordinate system used by von Eisenhart-Rothe et al, 2004.

The repeatability of the method was found to be between 1.2% and 8.3% (CV%). No
data have been published regarding the accuracy of the method. They found differences

in patellar height (anterior-posterior translation), flexion, tilt and lateral shift between 30°



Chapter 2: Literature Review

andl 90°. Limitations of this study include the lower resolution images due from the low
field open MR (0.2T as opposed to 1.5 T of a normal MR), the omission of kinematic
analysis in the coronal plane and the static loading condition. In a second open MR
study, volunteers stood in the open MR scanner while images were taken from full
extension to 60° or 70°. The only kinematic parameters studied were medial-lateral
translation and tilt. A lateral translation through the range of flexion in 6 subjects
bilaterally and 7 subjects unilaterally and a tilt in 3 knees in hyperextension and 5 knees
at 0° was found. The kinematic parameters were assessed qualitatively and no
information regarding acéuracy or precision was reported.

Cine phase and fast phase contrast MRI is a dynamic means of assessing joint

kinematics in vivo>>'®

. Cine phase contrast MRI (cine-PC MRI) is the combination of
cine MRI and phase-contrast MRI. Cine MRI collects data at specified time points.
Phase-contrast MRI provides the velocity components of the phase signal (x, y, z)
associated with the anatomical images. Thé combination of the two techniques allows
specific anatomical points; to be tracked over time. One group used cine-PC MRI as well
as a newer version of this method called fast PC-MRI (which uses segmentéd phase
encoding) to study patellofemoral and tibiofemoral kinematics'*®. In this method the
volunteer lies prone in the MR scanner and bends and extends his or her lower leg in time
with a metronome throughout the scan. Three ‘different sets of scans are taken. The first
is an axial slice at the femoral condyle level in order to select the second which is in the

sagittal or oblique sagittal plane (this is the cine- or fast-PC scan which takes

approximately 5.5 and 3 minutes, respectively) from which the kinematics are derived

and last is 3 axial scans at the femoral epicondyle, midpatellar and tibia 2 cm below the
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patellar tendon insertion. Kinematics can then be derived with minimal manual input, i.e.
the task of bone segmentation from each image slice is eliminated, the only task of the
user is to identify specific anatomical points to create the coordinate system (Figure

2.13).

Figure 2.13: Anatomical coordinate system assignment, Sheehan et al 1998.

Accuracy for the method was assessed using a motion phantom (a gelatine doped plate)
that moved at a known velocity. The accuracy using the phantom was less than 0.7 mm
for in plane motion and 4.0 mm for out of plane motion (Sheehan 1998). The precision
of cine-PC MRI was reported to be 0.46 mm and 0.21° and the subject inter exam
variability is 1.6° to 2.4° for fast-PC MRI and 2.4° to 6.1° for cine-PC MRI'®.
Limitations of this method are that there is little or no resistance during the motion. Even
though the muscles are active, the method does not simulate activities of daily living.
Motion artefact can result in the images if changes in speed occur within a cycle. Motion

outside of the plane of motion cannot be accurately quantified. People with knee

pathology may not be able to carry out the knee motion over extended periods of time.
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2.5.4 Summary of MRI-based Methods
Many groups use MRI to assess patellar kinematics in vivo. Differences in coordinate
axes assignment, loading direction and angles of tibiofemoral flexion studied create

difficulties in comparing results of studies (table 2.3). Further, differences in methods of

validation raise questions as to the accuracy of the reported results.
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Method MR -. Loading Range of - Kinematic Parameters Validation
Technique Flexion Measured
Fellows et al Closed Bore axial 0° to 45° 1. flexion Accuracy: Cadaver study - < 1° and
MRI ~100 N | 2. spin < (.88 mm
3. tilt Repeatability: < 3° and < 2.5 mm
4. anterior translation (intra-observer)
5. proximal translation <2.15and < 0.7 mm
6. lateral translation (repositioning)
Patel et al Closed Bore Axial -10° to 60° 1. flexion Accuracy: Orientation Phantom — <
MRI =~ 130N | 2. spin 3°and < 1.5 mm
3. tilt Repeatability: none reported for
4. proximal translation patellar kinematics, for
5. lateral translation tibiofemoral kinematics
6. inferior tilt 3.8 to 15.6 CV % (intra-
observer) and 6.3 to 26.0
CV % (inter-observer)
Von Eisenhart- Open Torque 0°, 30°, 90° 1. tilt Accuracy: None
Rothe et al MRI 10 Nm 2. lateral translation Repeatability: error between 1.2 and
: 8.3CV%
Sheehan et al Cine-phase | none (fast- 10° to 30° 1. flexion Accuracy: Motion Phantom- in-
MRI PC) 2. spin plane < 0.7mm,
. 3. tilt out of plane < 4.0mm
34 N (cine- Repeatability: < 0.46 mm and <
PC) 0.21° (precision),

1.6° to 2.4° (fast-PC inter-
exam variability),

2.4° to 6.1° (cine-PC
inter-exam variability)

Table 2.3: Summary of in vivo MRI based techniques for assessing patellar kinematics.
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2.6 Summary ‘

1.

The local biomechanical environment at the patellofemoral joint is a very complex
interaction between geometry, cartilage health, three-dimensional patellar kinematics,
contéct areas and contact stresses. It is likely that _the local biomechanical
environment contributes to the onset and progression of pathologies at the
patellc;femoral joint. |

Knee OA is a disease characterized by pain and limited mobility to its sufferers and
there is no known cure. The patellofemoral joint is involved in approximately half ;)f
knee OA cases. Identifying risk factors of OA is impoftant in the development of
treatment strategies to arrest the onset and progression of OA.

OA can be deﬁﬁed radiographically or cliniéally. Rédiographic OA is characterized
by the presence of osteophytes, joint space narrowing and sclerosis. Clinical OA is
determined by physical examination and questionﬁaires.

Cartilage cannot be imaged using conventional radiography. Therefor¢ specific

feature of cartilage degeneration cannot be identified.

. Varus and valgus alignment are associated with the progression of patellofemoral OA

in a compartment specific manner. Varus alignment is associated with medial OA
progression and valgus alignment is associated with léteral OA progression.
Alignment explains only some isolated compartmental progression. The affect of
malalignment on the local biomechanical environment of tfle patellofemoral joint is
not’clear.

qMRI is a method of measuring cartilage morphology in vivo. Features such as

cartilage thickness, volume, surface area and denuded area can be quantified. qMRI
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allows each cartilage plate to be assessed individually and specific regions of
cartilage degeneration to be identified.

Three-dimensional patellar kinematics can now be assessed accurately and non-
invasively in vivo using MR imaging techniques. Assessing patellar kinematics
provides important information regarding the local biomechanical environment at the

patellofemoral joint.
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Chapter 3: Methods A — Patellofemoral Cartilage Morphology

3.1 Introduction

We will use quantitative MRI (gMRI) to assess cartilage morphology at the
patellofemoral joint in order to answer research questions'number 2 and 3. gMRI is a
validated method of assessing cartilage morphology in individuals with osteoarthritis
(OA). In gMRI cartilage thickness, volume and surface area, among other parameters,
can be assessed from MR images. qMRI is becoming a key tool used in the most recent
and comprehensive osteoarthritis studies. Parameters calculated with gMRI are area of
bone/cartiiage interface, cartilage surface area, cartilage volume and mean cartilage
thickness. Other parameters relevant to OA can be derived from these. In this study, we
used gMRI to assess total, medial compartment and lateral compartment cartilzige
morphology of the patella and femur at thé patellofemoral joint.

We used a manual segmentation technique and a touqh-sensitive screen to delineate
cartilage areas from the MR images. One limitation of gMRI is the labourious manual
segmentation process (identifying cartilage on images) and although serrﬁ-automated
techniques are being developed, time savings of only 15% (or about 10 minutes per
dataset) are being realized*”'"?. New‘ input devicles, such as digitizing tablets and touch-
sensitive screens, have the potential to speed up the manual seéxnentation process. These
new input devices have not been assessed in the context of qMRI. We compared the new
input devices to a traditional mouse, which is most commonly used in manual

segmentation, in terms of time, precision and percentage difference between devices.

“Section 3.2 of this chapter has been accepted for publication. McWalter EJ, Wirth W, Siebert M, von
Eisenhart-Rothe R, Hudelmaier M, Wilson DR, Eckstein F. Use of novel interactive input devices for
segmentation of articular cartilage from magnetic resonance images. Osteoarthritis Cartilage In Press”
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. 3.2 Input Device Study

In this study, we compared cartilage segmentation t"ime, precision (reproducibility)
and measurement consistency for three input devices (mouse, digitizing tablet, touch-
sensitive screen). The comparison was made by following fhe progress of an individual,
myself, being trained to segment cartilage in order to avoid user bias towards one input
‘device. ‘Two new interactive computer input devices were compared to a traditional
mouse (Optical Mouse, Logitech, Fremont, California). The first device was an
inferactive digitizing tablet (Graphire3, Wacom, Krefeld, Germany), which consists of a
4 x 5 inch active region within which the user writes with an electronic pen. Each point in
the active region corresponds to a point on the screen in a scaled down manner. The
tablet enables the user to navigate the cursor throughout the workspace by drawing and
clicking within the active region. The second device was an interactive touch-sensitive
screen with a 1280 x 1024 pixel matrix (Cintiq 18SX, Wacom, Krefeld, Germany). The
user segments directly on this screen using an electronic pen sfmilar to the one used with
the digitizing tablet. The screen can be angled from an upﬁght to a horizontal position to

suit the user’s preference.

3.2.1 Subjects and Imaging

We used eéch of the three devices to process MR images of the knee from 12 subjects
using a gMRI technique®. Six of the images were from six individuals With no history of
knee symptoms and signs (3 females, 3 males, mean age 23.34+2.1 years) and six of the

images were from six individuals with severe knee osteoarthritis (6 females, mean age

66.8+7.2 years). Two sets of images were acquired in each subject, one in the axial plane
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28,28,55,55,78,78,85,179,179, Images were acquired using a T1

and one in the coronal plane
weighted fast low angle shot (FLASH) 3D gradient echo sequence with water excitation,
which has been previously validated in terms of technical accuracy”>*** and

28,54,54,55,55,858510L10 * por the individuals with no

reproducibility upbn repositioning
histo’ry.of\knee problems a 1.5 T Siemens Magnetom Vision scanner was used and the
MRI parameters were as follows: repétition time (TR) = 17.2 ms, echo time (TE) = 6.6
ms, and flip angie (FA) = 25° For the individuals with knee OA a 1.5T Siemens
Symphony Quantum scanner was used and the MRI parameters were as follows: TR =
19ms, TE = 8.6 ms, and FA = 20°. For all images the in plane resolution was 0.31 mm x
0.31 mm, the slice thiékness was 1.5 mm, the pixel matrix was 512 x 512, and the field of
view was 16 cm. The acquired image is anisotropic, therefore to obtain an isotropic

representation of cartilage an interpolation algorifhm is applied to the volume (described

in Section 3.3.3.1).

3.2.2 Image Analysis

With no previous experience in cartilage segmentation, I received preliminary
training with the broprietary software created specifically for cartilage segxnnentation187
and an introduction to established; validated protocols prior to performing the cartilage
segmentation with all three devices. Iwas allowed one week to become familiar with the
‘input devices. In contrast to previous studies which apply semi-automated techniques173 ,
segmentation was performed using a fully manual technique in this study. For each

acquired dataset from the normal subjects, the carﬁlage from the patella was segmented

three times (once with each input device) within one sitting. To avoid bias associated
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with user training or fatigue, the order in which the input devices were used within the
sitting differed for each dataset (Table 3.1). All six possible orders were used. The order
- in which the datasets were segment;ad was not varied to ensure that the user did not recall
features of the particular dataset; if the same dataset is segmented last in one session and
first in the next a bias would be introduced.

dataset Session 1 Sdays Session 2

1 abc — abc
2 bca — bca
3 cab — cab .
4 acb — acb
5 cba — cba
6 bac — bac

Table 3.1: Investigator schedule for cartilage segmentation. a = interactive
digitizing tablet, b = interactive touch-sensitive screen, ¢ = traditional
mouse.  Session | was completed in its entirety before session 2
commenced. '

To limit bias associated with familiarization with the dataset, the user thoroughly studied
each dataset before beginning the session. Once all six datasets had been segmented
(session 1), segmentation was repeatéd (session 2) according to the schedule found in
Table 3.1, which dictated a five day interval between dataseté.‘ The entire process was
then repeated for the six normal medial\tibiae (coronal images), the six OA pétellae (axial
images), and the six OA medial tibiae (coronal images). The patellar and medial tibial
cartilage plates were selected to represent the segmentation of cartilage in the axial and
coronal views, respectively. Due to the labour intensive nature of manual carﬁlage
segmentation it did not seem practical to segment more than one cartilage plate in each
plane.

Once the segmentation was complete, quantitative descriptions of cartilage were

obtained using established techniques. Cartilage Vblume was calculated by numerically
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integrating of all segmented voxels (Section 3.3.3.1)°°>'*, Mean cartilage ‘thickness
calculations were made using a three-dimensional Euclidean distance transformation

(Section 3.3.3.2)"""187187 and surface area calculations made using a triangulation

technique (Section 3.3.3.3)°>>187,

3.2.3 Statistical Analysis

We compared- the input devices using the following three parameters: 1) Time
required for segmentation, 2) consistency between devices for volume, mean thicknéss
and surface area results, and 3) precision (reproducibility) of the analysis of cartilage
morphology. |

The time spent to segment each cartilage plate (i.e. patella or medial tibia) for each
subject (n=12) was recorded for each device in each session. The mean and standard
| deviation of the segmentation time were calculated for each input device. Only the times
recorded for session 2 were used in the analysis of time because session 1 was considered
an orientation session. We tested the null hypothesis that there was no significant
difference in segmentation time between devices with a Wilcoxon Signed Rank Test.
The Wilcoxon Signed Rank Test is a non-parametric version of a t-test and is therefore
suitable in this situation as a normal distribution of results could not be assumed for the
small samples in this study.

We compared volume, surface area and mean thickness calculations (mean of
sessions 1 and 2) made after segmenting for all three input devices. We tested the null

hypothesis that there were no significant differences between input devices for measured

volume, surface area and mean thickness again using a Wilcoxon Signed Rank Test.
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The precision of each input dévice was determined by calculating the root mean
squére (RMS) of the coefficient of variation expressed as a percentage (CV%) and RMS
standard deviation®® (n=6) of cartilage 4volume, surface area, and mean thickness between
the two sessions. We tested the null hypothesis that there were no significant differences

in precision errors between the input devices with a Wilcoxon Signed Rank Test.
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3.3 Cartilage Morphology of Individuals with Varus/Valgus Alignment
3.3.1 Image Acquisition

Axial MR images-of each subject’s symptomatic knee were acquired usinga 1.5 T
General Electric Signa MR scanner (Figure 3.1).- The symptomatic knee was the one the
subject identified as being more severely affected by OA. The participant lay supine with
the ‘leg in a relaxed position and the knee flexed to approximately 30°, measured with an
MR safe goniometer (which has an error of 10° to 15°). The knee was flexed in order to
include both the patellar and femoral patellar groove cartilage of the patellofemoral joint
within a 16 cm x 16 cm field of view. A receive-only cardi'ac phased array coil was used
because .its flexibility allowed for knee' flexion (the knee. coil could not accommodate
flexion). This coil alsd allowed for the positioning of saline filled plastic bags around the
knee, which were used to obtain uniform fat suppression and to enhance signal to noise
ratio. The MR sequence used was a three-dixﬁensional T1-weighted spoiled fast low
angle shot (FLASH) with fat suppression, a sequence that is optimized for quantitative
analysis of cartilage and that is the most commonly aécepted and used for gMRI”®. The
data were collected with a matrix of 256 x 256 pixels, the data were interpolated to 512 x
512 within the GE software. The cardiac coil did not allow for the 'image to be collected
at 512 x 512 initially. A 512 x 512 matrix is desirgble for carrying out cartilage
segmentatio‘n. The slice thickness was 1.5 mm and had an in-plane resolution of 0.31
mm (after interpolation), the repetition time was 21.4 ms, the echo time was 4.2 ms, the

flip angle was 20° and the scan time was 7 minutes and 40 seconds for 1 repetition (Table

3.2).
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Parameter Image Parameters
Slice thickness 1.5 mm
In-plane Resolution 0.31 mm
Repetition Time (TR) 21.4 ms
Echo Time (TE) 4.2 ms
Flip Angle (FA) 20°
Number of Excitations (NEX) 1
Field of View (FOV) 160 mm
Matrix Size 512x 512
Time 7 min 40 s
Coil Cardiac

Table 3.2: gMRI imaging parameters.

Figure 3.1: MRI image of patellofemoral joint cartilage using a T-1 weighted
FLASH 3D sequence with fat suppression.

3.3.2 Cartilage Segmentation
The cartilage was segmented from the MR images using a custom, proprietary
software package (Chondrometrics GmbH, Munich, Germany) and an interactive touch-

sensitive screen (Cintiq 18SX, Wacom, Krefeld, Germany). Segmentation refers to the
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process of classifying pixels according to the type of tissue they represent. In this case
the segmented pixels represent cartilage. First the images were converted from the
DICOM or .dem format to a proprietary .chm format using a program called CHM Read.
The .chm file contains all information in the original DICOM file and documentation of
every modification made to the dataset, i.e. all of the information regarding the

segmented Sections of the image is saved in this file.

Figure 3.2: The Cintiq 185X by Wacom, a touch-sensitive screen on which

the user can write with a digitizing pen to move the cursor through the

workspace. Ref: http://www.wacom.com/Icdtablets/index.cfm
CHM Works was used for the manual segmentation of the patellar and femoral cartilage.
The touch-sensitive screen, Cintiq 18SX (Wacom, Krefeld, Germany), allows the user to
navigate about the desktop using a digitizing pen, as seen in Figure 3.2. It provides a
more comfortable method of manual segmentation than the mouse and reduces
segmentation time by approximately 15% (see Section 3.3 for details)'?’. This finding
was obtained as a result of a study we carried out and a description of it can be found in
Section 3.3. In this method of manual segmentation each slice was studied in a

sequential manner to identify the bone/cartilage interface. Specifically, the user manually

draws a line along the bone/cartilage interface on each slice. The segmented line is one
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pixel thick and is colour coded green (Figure 3.3). A second sequential pass of the slices
was then carried out to identify the cartilage surface. The user draws a single pixel line
along the cartilage surface (articulating surface) which is colour coded pink (Figure 3.3).
The area between the bone/cartilage interface line (green) and the cartilage surface line
(pink) was identified as cartilage. This process was carried out for the patellar cartilage
and then for the femoral cartilage. A description of how the segmented cartilage was

divided into medial and lateral compartments can be found in Section 5.5.2.

Figure 3.3: Manual Cartilage Segmentation. The green line indicates the bone
cartilage interface and the pink line indicates the cartilage surface. Both patellar and
femoral cartilage was assessed.

Cartilage segmentation involves judgement by the user, especially in the case of
osteoarthritis where there are often defects in the cartilage and osteophytes present. For
this reason, whenever doubt existed an anatomist (a medical doctor who specializes

human in anatomy) was consulted. Once the segmentation was complete, the
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segmentation of each dataset was verified by an anatomist very experienced in cartilage

segmentation from MRIL

3.3.3 Assessment of Morphological Parameters
| The .chm file containing the segmented cartilage information was then loaded into
the calculation program. The program uses the area identified as cartilage on each slice
and calculates .morphologicaI. parameters. The primafy calculated morphological
parameters are volume, thickness and surface area. In osteoarthritic knees parameters
such as percentage of cartilage coverage provides valuable information about the stage of
_the osteoarthritis present. The areas identified during segmentation are processed using

various algorithms to extract the desired morphological parameters.

3.3.3.1 Volume

Volume of the patellar and femoral cartilage was assessed using a shape-based
interpolation method'*®. This algorithm was developed to allow calculation from objécts
for which the in-plane resolution is not equal to the slice sepafation. The interpolation
step creates isotropic volume information and can be carrigd out before or after
segmentation. By carrying out the interpolation step after segmentation, segmentation
time is drastically reduced, as fewer slices require segmentation. The steps involved in
the intérpolation algorithm are as follows:

1. The bone/cartilage interface line and cartilage surface line defined during

cartilage segmentation was described as a series of points.
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2. A line was drawn between a point on one slice and the nearest point on the
adjacent slice.

3. A three-dimensional surface was created for the bone/cartilage interface and the
cartilage surface according to the lines drawn between adjacent slices (Figure
3.4).

4. An isotropic binary volume was created. The edge voxels were determined
from the three-dimensional surfaces.

5. The volume was determined by the numerical integration of voxels in the

isotropic binary volume.

Figure 3.4: Three-dimensional representation of a patellar cartilage plate. The bone/cartilage
interface (top) and cartilage surface (bottom) have been created using the shape-based
interpolation algorithm. The differences in colour indicate regions of differing cartilage thickness
(vellow thickest, dark blue thinnest).

3.3.3.2 Thickness

Thickness of the patellar and femoral cartilage was assessed using a three-
dimensional Euclidean distance transformation (EDT) algorithm'®'7’. The strength of the
EDT lies in the efficiency and accuracy it achieves when compared to other algorithms
used for this application, which often entail computing all the normal vectors of a discrete

surface. It does however act on two three-dimensional surfaces (the bone/cartilage
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interface surface and cértilage surface), therefore the edge interpolation step described in
Section 3.2.2.1 must be ﬁrst carried out. The algorithm progrésses as follows:

1. A, shape-based A interpolation was used to define the three-dimensional
bone/cartilage interface and cartilage surface.

2. A bir‘lary assignment system was used to identify voxels belonging to the
cartilage.

3. Each voxel is encoded with the minimal distance normal to the nearest
bone/cartilage interface voxel. These distances were defined by pﬁssing a series
of local 3D coordinate masks containing local distance vectors over the data
volume and then recalculating the global distance for each one.

4. Cartilage thickness was determined by reading the distance values of the cartilage
surface voxels.

5. Mean cartilage thickness was determined by finding the mean of all thickness

values.

3.3.3.3 Surface Area
Surface area for the bone cartilage/interface and the cartilage surface were
assessed for the patella and the femur. The measurement of surface area of the cartilage
was based on a triangulation. technique ‘which uses information from the Euclidean
distance transformation **. The algorithm is as follows:
1. A triangle was created for each point on the surface with its nearest neighbour (on

the same slice) and closest point on the next adjacent slice.

2. The surface area was calculated by integrating the size of all triangles. -
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3.3.4 Measured Parameters
Other morphological parameters were extracted using the volume, thickness
and surface area algorithms. The morphological parameters assessed in this study are

~ listed below and the unit of measurement of each is shown in table 3.3.

1. Areaof Bone/Cartilage Interface— The bone/cartilage interface is the surface at which
the bone and cartilage meet. It is an important parameter in determining the size of
the particular joint and is used to normalize size dependent variables. The surface

area algorithm was used to calculate bone/cartilage interface (Section 3.2.3.3)."

2. Cartilage Surface Area— Cartilage surface area refers to the area of the cartilage
adjacent to the synovial fluid. In osteoarthritic knees, areas of bone without cartilage
coverage are taken into consideration. This measure is dependent on joint size. The

surface area algorithm was used to calculate cartilage surface area (Section 3.2.3.3).

3. Cartilage Volume — A three-dimensional measure of the amount of cartilage in the
particular cartilage plate. This parameter is dependent on the size of the bone itself.

Cartilage volume was calculated using an interpolation algorithm (Section 3.2.3.1).

4. Normalized Volume— This parameter is calculated by dividing cartilage volume by
bone/cartilage interface area. This parameter is sometimes considered a surrogate
measure of mean cartilage thickness, however the thickness assessed is not

necessarily normal to the bone/cartilage interface.

5. Mean Cartilage Thickness— The mean of the thickness measurements taken over the
entire volume of cartilage. . This measurement is taken normal to the bone/cartilage

interface using a Euclidean distance transformation algorithm (Section 3.2.3.2).
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6. Percentage Cartilage Coverage — This parameter is important in osteoarthritic knees
because it describes the amount of bone that still has cartilage coverage. When
se'gmentiﬁg the cartilage surface any regions that are not covered in cartilage are
identified along the bone/cartilage interface. Percentage cartilage coverage can then
be calculated by dividing the area of the covered bone/cartilage interface by the total

bone/cartilage interface.

_ " Unit of

Parameter measurement
Bone/Cartilage Interface: cm’
Surface Area: cm’
Volume: mm”®
Normalized Volume: mm
Mean Cartilage Thickness: mm
Percentage Cartilage Coverage: -

Table 3.3: Units of measurement for cartilage morphologic parameters assessed in this study.

335 Accuracy and Precision

The gMRI method has been validated for accuracy and precision in normal and
osteéarthritic cartilage. Initially the volume, thickness and surface area calculation
algoﬁthmé were validated using test objects or phantoms and knee joint cartilage
data®®®, The accuracy, precision and diagnostic value of the method as a whole has also

been assessed in normal®’>}>%*%170

and osteoarthritic knees?’. Root-mean square (RMS)
coefficient of variation (CV%) is used to define accuracy. In osteoarthritic cartilage the
accuracy is +4.6% for surface area, +8.9% for cartilage thickness and £9.1% for cartilage

volume®®. Precision was defined as the root mean square (RMS) of the coefficient of

variation expressed as a percentage (CV%) and RMS standard deviation. The precision

(with a five day interval between segmentation) in normal knees has been found to be
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+4.3% for vélume, +2.7% for surface area and +4.4% for cartilage thickness and in
osteoarthritic knees has been found be +5.6% for volume, £2.6% for surface area and
:|:6.1% for cartilage thicknessm.‘ gMRI of osteoarthritic kn¢es appears to be less
repeatable than normal cartilage. But the increased CV% is.related to the relatively

smaller amounts of cartilage as compared to normal knees. Therefore, the magnitude of

the repeatability error is similar between normal and OA knees.
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Chapter 4: Methods B — Three-dimensional Patellar Kinematics

4.1 Introduction

To answer research qliestions 1 and 3, we assessed three-dimensional .patellar
kinematics in individuals with knee osteoarthritis (OA) and varus or valgus malalignment
using a novel, non-invasive MRI-baséd method developed by our group66’67. We used the

method to assess differences in patellar kinematics between the varus and valgus groups.

The method consists of a series of imaging and post processing steps (Figure 4.1).
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MR Image Acquisition
1 high resolution image
6 low resolution images at 6 angles of
loaded flexion

v

[ Segmentation

Femur, Tibia and Patella shapes
extracted from MR Images

Model and Contours
Geometric model created from high-
resolution image, 6 sets of contours
created from low resolution images

v
- ™

Anatomical Axes Assignment
Coordinate system created for the
femur, tibia and patella

Precomputation
Initial manual match of each contour
to the geometric model

~ 3 M\
Shape Matching
Final shape match of geometric model
to each contour, transformation
matrices are calculated

A 4

Kinematics
Calculation of the magnitude of
patellar translations and rotations at
each angle of flexion

Figure 4.1: Flow chart of three-dimensional patellar
kinematics method. :
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4.2 High-resolution Scan

One high-resolution MR scan of the knee joint in a rela%ed, extended position was
acquired in the sagittal plane with a T1-weighted spin echo sequence using a 1.5 Tesla
scanner (GE Genesis-Signa, General Electric, LX, USA). The slice tl;ickness of this scan
was 2 mm and the in-plane resolution was 0.625 mm. Other imaging parameters can be

found in table 4.1. The parameters have been optimized for time and image quality®.

Parameter High-Resolution Image
Slice Spacing 2 mm
In-plane Resolution ‘ 0.625 mm
Repetition Time (TR) 750 ms

| Echo Time (TE) 21 ms
Flip Angle (FA) . 90°
Number of Excitations (NEX) | 1
Field of View (FOV) 320 mm
Matrix Size 512x 512
Scan Time 10:20 min
Coil Body

Table 4.1: High-resolution imaging parameters

The femur, patella and tibia were segmented from the high-resolution scan in a slice-
by-slice fashion using Analyie software (Mayo Clinic, Rochester, MN). As mentioned in
Chapter 3, segmentatioﬁ refers‘ to the process of classifying pixels according to the type
of tissue they represent. In this instance we are identified the femur, tibia ahd patella. A
semi-automated, region growing tecimique based on pixel intensity was used to identify
the contours of each bone in each MR slice in which they appeared. Manual corrections
were made to these contours to account for motion and intensity artefacts in the original
image. The contour was then filled in to identify all the bony regions as a single intensity
(Figure 4.2). [Each bone was identified as a different object map. Visually, the

distinction between object maps was colour coded: the femur in red, the tibia in green and

the patella in yellow.
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Segmentation
[

Figure 4.2: Segmentation of the femur (red), the tibia (green) and the patella (yellow) from one MR
slice. The image on the left is the original image and on the right is the segmented image. Each slice
in the MR dataset was segmented in this fashion.

Three-dimensional geometric models of the femur, tibia and patella were created
using an adaptive deformation algorithm. The object map was imported into the surface
extractor module of Analyze. This module creates a three-dimensional point cloud model
from the object map of each bone using a built in algorithm. This algorithm initially fits
polygons to the object map surface, essentially covering the spaces between the original
segmented slices. The algorithm considers all of the edges of the polygons as individual
springs attached together at the polygon nodes. The polygon edges are deformed in an
iterative fashion, according to a mass-spring model, until the nodes reach an equilibrium
position. The final position of the nodes approximates the surface of the object. The
Cartesian coordinates of the nodes were imported into Matlab (The Mathworks, Natick,
MA, USA) to create a three-dimensional point cloud model which describes the surfaces

of the femur, tibia and patella (Figure 4.3).
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Figure 4.3: Three-dimensional point cloud model of the femur, tibia and patella.
Left: sagittal view, Centre: frontal view, Right: axial view.

4.3 Loading Rig Design

An axial force in the leg was applied using a loading apparatus in order to simulate
the type of loading experienced when standing. In order to load the knee in a flexed
position a custom, MRI compatible rig was designed. The participant lies supine within
the MR scanner therefore the load had to be applied approximately normal to the axial
plane. The rig had to meet the size constraints of the MR scanner’s bore (width 57 cm,
height from table to ceiling 40 c¢m), had to be designed and construc.ted using non-
metallic, MR compatible parts only, had to permit the application of different load
magnitudes and had to be adjustable for use with the right or left foot. It was also
important that our rig be portable because it may be used in different MR scanners.

The final apparatus (Figure 4.4) consists of a pedal attached to a loading bed mounted

on a U-shaped frame. The pedal and loading bed can freely rotate about the cross-bar of
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the frame and can be positioned on the left or right side of the cross-bar depending on
which knee is being loaded. The pedal was oriented at 30° from the horizontal when in
the loaded state and the amount of load applied by the pedal is dependent on both
position of the foot on the pedal and the amount of weight placed on the loading bed

(Figure 4.5).

Figure 4.4: MR compatible loading rig. Left: Side view of the loading rig showing pedal,
loading bed and frame. Right, Oblique view of the loading rig showing the pedal and loading
bed rotating about the U-shaped frame.

Figure 4.5: An example of loading a participant’s knee. During actual imaging the leg is
supported by padding.
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In this study the applied load was set to 80 N. This load is small relative to normal
activities (ground reaction force in the vertical/axial direction durin'g\'gait is in the order
of 700 N, depending on body weight). However a load had to be chosen' which would
allow people with symptomatic knee osteoarthritis, which entails some degree of pain or
reduced mobility, to carry out the loading task. The participant was positioned with the
knee at the desired angle of flexion and with his or her foot in the required position on the
pedal. This position was defined so the approximate centre of each individual’s foot -was
in the same position and the foot was oriented in the correct direction. The pedal was set
at a loading angle of 30°. Various foqm pads were placed under the flexed leg to ensure
the initial angle of flexion remained constant. Immediately prior to the commencement
of the scan the load was applied and the participant was instructed to ‘maintain’ the
original position, but not move the pedal. The experimenter ensured that the participant
had in fact maintained this poéition by observing a visual mark on the rear side of the
loading rig. Each participant had a practice session holding the pedal in position priof to

the scan.

4.4 Low-resolution Scan

Six low-resolution MR scans were acciuired in the sagittal plane with a Tl-weighfed
spin echo sequence. These six datasefs were acquired at six different angies'of loaded
knee flexion between 0° and 40°. The slice thickness was 7 mm and the in-plane
resolution was 1.25 mm. Further imaging parameters can be found in table 4.2. In the

first low-resolution scan the participant’s knee was placed in approximately 40° of

tibiofemoral flexion with his or her foot placed on the pedal of the loading rig (described
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in Section 4.3 Loading Rig Design). The angle of tibiofemoral flexion was decreased by
approximately 6° per scan by instructing the individual to move slightly further away
from the rig itself. The loading position rig remained fixed. Immediately prior to the.
commencement of the scan an 80 N load was applied to the rig and the participant was
instructed to ‘maintain’ the flexed knee position for the duration of the scan

(approximately 40 seconds).

Parameter Low-Resolution Image
Slice Spacing 7 mm
In-plane Resolution 1.25 mm
Repetition Time (TR) 283 ms
Echo Time (TE) 13 ms
Flip Angle (FA) 90°
Number of Excitations (NEX) 1
Field of View (FOV) 320 mm
‘Matrix Size 256 x 256
Scan Time 38 seconds
Coil Body

- Table 4.2: Low-resolution imaging parameters

- The femur, tibia and patella were segmented from each of the 6 low resolution images in
a slice-by-slice fashion, in the same manner as was carried out for the high resolution
images. However, they were not assembled into models. Instead, the Cartesian

coordinates of the outlines of the femur, tibia and patella were extracted from the

segmented images and imported into and displayed in Matlab (Figure 4.6).
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Figure 4.6: Low resolution contours.

4.5 Anatomical Axes Assignment

An orthogonal, anatomical axis system was individually assigned to the femur,
tibia and patella using anatomical landmarks identified from the high resolution image.
The sign conventions were based on the Joint Coordinate System®’. In the right knee the
positive directions are proximal, lateral and anterior. To maintain a right handed
coordinate system in this study the positive directions of the coordinate axes in the left
knee are proximal, lateral and posterior. As with the Joint Coordinate System model
rotations and translations were referred to using the clinical terms: flexion/extension,
adduction/abduction, internal/external rotation, medial/lateral translation,
anterior/posterior translation and superior/inferior translation. This naming system is
adequate for tibiofemoral kinematics. However more descriptive names were used for

the patella to help visualize the actual movements. The six kinematic parameters for the
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patella are therefore named flexion, épin, tilt, proximal translation, lateral translation and
anterior translation. A more complete descﬁption of each is provided in Section 4.6.

To define the coordinate axes in each boné, anatomical landmarks were identified
on the original high resolution MR scan; Since not all of these landmarks were visible in
the imaging plane (sagittal), Analyze was used to resample the data and create an
isotropic raw volume from the high resolution scan using an input driven linear
interpolation algorithm. The three orthogonal views were then displayed. The in-plane
resolution of the isotropic volume was 0.625 mm (this was also the in-plane resolution of
the high resolution scan). The anatomical landmarks definitions for the femur and tibia
were based on those described by Lerner et al.''® and for the patella were based on those

161

described by . The femoral, tibial and patellar coordinate systems used have also been

65,90

described previously (Appendibe) The positive directions for the right knee are

lateral, anterior and superior and for the left knee are lateral, posterior and superior.

4.6 Shape-n;atc.hing

The aim of the shape-match was to accurafely match the outlines of the femur,
tibia and patella created from the low resolution images to the .geometric modelé of the
femur, tibial and patella created from the high resolution image. Custom software wﬁtten
in Matlab by former lab members, Robert Fellows. and Nicholas Hill, was used to carry
out this task. The shape-matching process was based on an Iterative Closest Points (ICP)
algorithm'® and the final outpﬁt of this step is 6 transformation matrices relating the

position of the geometric model to the position of each set of outlines. This process is

carried out in 2 steps, a pre-computational shape-match and the actual shape-match itself.
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~ 4.6.1 Iterative Closest Points Algorithm

The ICP algorithm is a method of registering a data shape to a model ‘shape using
a mean-square distance metric'®. Registration is the i>roc¢ss of identifying the
geometric transformation required to align two different representations of the same
shape. In the present situation the geometric model (high resolution) is the model shape
and the outline (low resolution) is the data shape. This algbn'thm can be summarized by
three steps:

1. The shortest Euclidean distance between each point in the outline arid the
geometric model was determined in an iterative fashion. . The shortest distance is
determined by finding the distance between all combinations of outline points to
geometric model points and identifﬁng the shortest distance. When the shortest
distance was found the point Iiair was considered to be ‘closest points’.

2. The rigid body transform, seen below, which described the motion of the
geometric model from its original to a new position based on the ‘closest point’
pair was determincdlso. X, Y and Z is the translation vector and the 3 x 3 R

matrix describes the rotation (Equation 4.1).

[FlexedPosition] = T[InitialPosition] ~Equation 4.1

where
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3. The transformation, according matrix caiculated in 2, was applied and the mean-
square error of the mean distance between the outline points and the geometric
model points.

These three sieps were iterated until the change in the mean sqliare error was less than a
predetermined value. The smaller this value is the more accurate the transformation will
be, however a smaller desired change in error results in more iterations and a longer

processing time.

4.6.2 Pre-computation

| The pre-computation to define the starting position for the ICP is carried out for
the purpose of speeding up the actual shape-match process. It also ensures that the
desired convergence on the global minimum distance between the geometric model and
the bone outlines occurs. ICP can be very sensitive to the initial position of the geometric
model and outlines, especially to rotations. The pre—corriputation step requires the user to
translate and roiate the geometric model until a relatively gobd match with the outline is
obtained (Figure 4.7). First, an initial match of the.centres of mass of the geomeiric
model and the outline was carried out. Next, translations and rotations were input into
the program by the user and were adjusted until the user was satisfied with‘the» initial
match. The femur, tibia and patella were each matched individually. A fast version of
the ICP élgorithm (the number of points in the geométric model and the outline is

reduced) was run in which the system was deemed to have converged when the error had

not changed by more than 0.001 mm. The output of the pre-computation is initial

t
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transformation matrices for each individual bone match between the geometric model and

each outline position.

Translation

—

Rotation

Figure 4. 7: A manual trial and error translation and rotation of the geometric model is
carried out to create an initial match to the outline.

4.6.3 Shape-Match

The shape-match program takes as input the geometric models, all the low
resolution outlines and all the initial transformation matrices calculated in the pre-
computation step and outputs the final transformation matrices between each bone and
outline. In this program the ICP algorithm was run and the stable condition was met
when the error had not changed by more than 0.00001 mm. Images of the final shape-
match of each outline with the geometric model were displayed in order to confirm the

shape-match (Figure 4.8). An image of the relative motion of the patella and the tibia

with respect to the femur at each angle of flexion (Figure 4.8) was also plotted.
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Figure 4. 8: Left: final shape match, yellow lines are the outlines from the low-resolution model.
Middle: Motion of the patella. Upper right: Motion of the femur, note virtually no movement.
Lower left: motion of the tibia.

4.7 Kinematics
Patellofemoral kinematic parameters were calculated using the coordinate axes

assigned to each bone and the transformation matrices determined by the shape-match.
The angle of tibiofemoral flexion associated with each transformation was calculated as
the degree of rotation about the medial/lateral axis of the femur using the Joint
Coordinate System®”. The following 6 patellofemoral kinematic parameters (Figure 4.9)
were calculated for each angle of tibiofemoral flexion*'"*’:

1. Flexion - the rotation of the patella about the medial/lateral femoral axis

2. Tilt — the rotation of the patella about the superior/inferior patellar axis

3. Spin — the rotation of the patella about the axis perpendicular to the medial/lateral

femoral axis and the superior/inferior patellar axis
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4. Proximal translation — translation of the patella along the supverior/inferior femoral
axis

5. Lateral translation — translation‘of the patella along the medial/lateral femoral axis

6. Anterior patellar translation — translation of the patella along th.e anterior/posterior

femoral axis.

(4)

(2) )

Figure 4.9: Patellofemoral kinematics positive directions. Ref: Robert Fellows, Thesis, 2003
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~

4.8 Accuracy and Precision

The accuracy of this novel, MRI-based techniqﬁé for measuring three-
dimensional patellar kinematics in vivo was. assessed using roentgen
sterophotogrammetric analysis (RSA)®’. Former lab member Robert Fellows carried out
a study using three cadaver knee specimens. Three-dimensional patellar kinematics were
assessed using two different methods:

1. The MRI based technique described above, with modification to the MRI
compatible loading apparatus
2. Taking simultaneous bi-planar x-rays in various static positions and creating_a
geometric model from a computéd tomogra{phy (CT) scan
The accurac& of the method was determined to be 1.75° for rotations and 0.88 mm for
translations, calculated as the mean absolute différence between the RSA and MRI
measurements.

The precision (repeatability) of the method was measu?ed in terms of intra-subject
variability and inter-experimenter variability®®. Three healthy subjects underwent
numerous assessment of three-dimensional kinematics (two high resolution scans and 4
low resolution loading cycles). The error in intra-subject variability- was less than 1.5°
for rotations and less than 1 mm for translations which was based on two ﬁigh resolution
scans and four separate loading cycles for each subject. The int_er-exper_imenter errér was
measured between 3 experimenters and was found to be less than 2.15° for rotations and

less than 0.7 mm for translations. Patellar spin showed the greatest variation, however

the patterns of all parameters were consistent between experimenters.
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5.1 Study Population

Individuals with early knee osteoarthritis were recruited to participate in this
study. Participants were identified through a database maintained by the Mary Pack
Arthritis Centre, Vancouver, BC. Individuals listed in this database had previously
participated in osteoarthritis studies and had expressed an interest in being contacted to
participate in future studies. Dr. Jolanda Cibere, a Rheumatologist at the Centre,
accessed the database and identified possible candidates for this study based on the
following criteria:

1. Knee osteoarthritis in at least one compartment of the knee (tibiofemoral or
patellofemoral) assessed from an anterior/posterior and/or skyline radiograph

2. Detectable varus (bow-legs) or valgus (knock-knees) knee malalignment by visual
nspection

- 3. No contraindication for MRI (which was then again confirmed prior to imaging)

Twenty individuals were identified through the database and were contacted via regular
mail. The letter outlined the study’s objectives and procedures which had been approved
by the University of British Columbia and the Vancouver Coastal Health Research

Institute Ethical Review Committees.
5.2 Measurements

Twelve individuals agreed to participate in the study and gave informed consent
(Appendix C). They each underwent measurements in the knee they identified as being

more severely affected. Measurements included:

1. Assessment of varus or valgus leg alignment from a leg lengths radiograph

2. Assessment of patellofemoral cartilage morphology with qMRI

3. Assessment of three-dimensional patellar tracking with novel MRI procedure
4

. Assessment of clinical OA severity with the Western Ontario and McMaster
University (WOMAC) osteoarthritis questionnaire

5. Measurement of height and weight : ‘
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S.2.1 Assessment of Varus-Valgus Knee Alignment

One standing, full leg, anterioposterior radiograph was taken to assess the
femorotibial angle of the lower leg'*'. Dr. Savvas Nicolaou, a radiologist at Vancouver
General Hospital, read the radiographs for this study and assessed the angle. First the
mechanical axis of the femur was identified as the line from the centre of the femoral
head to the centre of the intercondylar notch. Next the mechanical axis of the tibia was
identified as the line from the centre of the anterior crest of the tibial plateau to the centre
of the talus bone. The angle of intersection of these two lines was measured and the
participant was classified into the varus (less than 180°) or valgus group (greater than
180°) (Figure 5.1). Individuals were required to display a minimum of 3° of

malalignment in order to be included in this study.

Figure 5.1: The measurement of femorotibial angle from
radiographs using the Moreland protocol. The mechanical axis of
the femur and tibia are defined and the angle between them is
measured. An angle of < 180° is varus and >180° is valgus.
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5.2.2 Assessment of Patellofemoral Cartilage Morphology

Patellar and femoral cartilage morphology at the patellofemoral joint was assessed
using the qMRI method outlined in Chapter 3. First, patellar and femoral cartilage was
segmented and measured (Figure 5.3). Femoral cartilage in this study refers to the
cartilage that covers the trochlear groove of the femur (Figure 5.2). The entire patellar
cartilage plate was used in this assessment. However, due to the limitation of the field of
view in the axial plane it was not possible to assess the entire femoral plate. Instead, the
number of slices of femoral cartilage assessed was dependent on the number of patellar
cartilage slices that the individual participant displayed. The amount of femoral cartilage
assessed was % the size of the patellar cartilage plate. For example, if the patella had 20
cartilage slices, 15 femoral slices were assessed. The first femoral slice to be assessed

was the most proximal of the trochlear groove of the femur.

Figure 5.2: Articular surface of the femur with the Figure 5.3: Segmented patellar (pink)
patella, the trochlear groove. Ref: Gray’s Anatomy and femoral (blue) cartilage.
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Next both the patellar and femoral cartilage plates were divided into medial and
lateral compartments (Figure 5.4). The patellar cartilage was divided along the median
ridge and the femoral cartilage was divided along the deepest point of the trochlear

groove. The cartilage morphology of the compartments was assessed separately.

Figure 5.4: The medial and lateral division of patellar and femoral cartilage. The patellar
cartilage is divided into medial (right) and lateral (left) compartments along the median ridge and
the femoral cartilage is divided along the depth of the patellar groove.

The following cartilage morphologic parameters were assessed for the patella and femur

(details of each measurement can be found in Section 3.2.4):

Area of Bone/Cartilage Interface
Surface Area

Volume

Normalized Volume

Mean Thickness

Percentage Cartilage Coverage

;oo B e =

5.2.3 Assessment of Three-Dimensional Patellar Kinematics

The assessment of three-dimensional patellar kinematics was carried out using the

method described in Chapter 4. Six angles of loaded flexion were assessed for each
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participant. In some cases the individual moved during the scan or two of the angles of
tibiofemoral flexion were ‘similar, therefore only S scans were analyzed for all
participants. If all 6 scans were good, the scan that caused the least difference in angle

between the two adjacent scans was removed.

5.2.4 WOMAC Questionnaire

The WOMAC questionnaire (Appendix A) is a self-administered questionnaire
which addresses pain, stiffness and physical function in individuals with OA at the knee
and hip. It was developed and validated for use as a research tool in knee and hip OA
studies'>. The researcher specifies which knee or hip (right or left) the pétient should.
assess when completing the questionnaire. The questionnaire takes only five minutes to
complete. It focuses on a combination of pain and mobility questions that have been
identified as specific to OA by the questionnaire developers. The WOMAC can be
administered in a Likert scale format where the patient answers each question as none,
mild, moderate, severe or extreme or in a visual analog format were the patient places an

x on a line that ranges from none to extreme. We administered the WOMAC LK3.1

questionnaire in the more severely affected knee.
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5.2.5 Height and Weight Measurement

Height and weight were measured on a manual scale like those found in a doctor’s

office. Body mass index (BMI) was then calculated (equation 5.1).

(weight)

BMI = , Equation 5.1
‘height ’

5.3 Statistical Analysis

All statistical analysis was carried dut using a 0.05 level of significance.
Statistical analysis was carried out using Statview (SAS, Cary, NC, USA) ana Minitab
Student Package (Minitab, State College, PA, USA). When t-tests were performed, a
two-sample t-test was used when comparing between the varus and valgus groups and a
paired t-test was usedb when comparing side or compartment differences between
individuals. We used the t-te;ts under the assumption that the data was normally

distributed.

5.3.1 Varus/Valgus Alignment Groups

We t‘ested the null hypothesis that there was no significant difference in alignment
between the right and left knee using a paired t-test. We also tested the null hypotheéis
that there was no difference in BMI between the varus and valgus groups using a two-
sample t-test. We tested the null hypothesis that there was no difference in WOMAC

score between the varus and valgus groups using a two-sample t-test.
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5.3.2 Varus/Valgus Alignment vs. Cartilage Morphology

We tested -the null hypothesis that there was no difference in total cartilage
morphology between the varus and valgus groups using a two-sample t-test. Each of the

6 morphologic parameters was tested for both patellar and femoral cartilage.

We tested the null hypothesis that there was no difference in compartmental patellar
and femoral cartilage morphology between the varus and valgus groups using a two-way
analysis of variance (ANOVA). The two factors were compartment (medial or lateral)

and alignment (varus or valgus).

5.3.3 Varus/Valgus Alignment vs. Three-dimensional Patellar Kinematics

We tested the null hypothesis that there was no difference in patellar tracking value or
slope between the varus and valgus groups using a linear random effects model. The
linear random effects model is a hierarchical or multilevel model and in this case we used

a 2-level model. This test is often chosen when the experimenter would like to make

“
)

inferences on the data outside the particular independent variables measured. It was
suitable in this case because the angles of loaded tibiofemoral flexion varied from.
participant to participant and inferences were desired for other angles between measured
values. The random effects model has been used previously in a patellar kinematics
study]3 5. Dr. Michael Schulzer, a statistician with the Centre for‘Clinical Evaluation and
Epidemiology, was the statistical advisor for this Section and carried out the statistical

analysis using specialized multilevel modelling software (MLwiN, London, UK).
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As mentioned, we used a 2-level model. Level 1 is the subject’s individual patellar
tracking data and level 2 is the alignment group’s (varus or valgus) combined data. First,
a linear regression line was fit to each individual’s patellar kinematic data, therefore each
individual had 6 regression lines associated withl him or her, one for each patellar
kinematic parameter (flexion, spin, tilt, anterior translation, lateral translation and
proximal translation). A slope and an intercept were defined for each individual. The
mean slopes.and intercepts were used to create a group spéciﬁc (varus or valgus) model
of the data. In this instance we have defined the intercept as a random variable (allowed
to vary normally about the mean) and the slope as a fixed variable (was considered to be

the mean). The final model is displayed in equation form (Equation 5.2).
y = intercept + slope *x + level *grp + interaction *grp*x Equation 5.2

The independent variable, x, was angle of tibiofemoral flexion. For the varus group
grp=0 and for the valgus group grp=1. The intercept and slope terms were mean values
of the individual data. The interaction term shows how one independent Ve\lriable varies
asa function of the other. The standard error (SE) for each term in the equation is also
calculate(i within this model. ’By dividing the mean value by the SE a z-score can be

calculated showing the significance of the term.

A
'

/

If the interaction term was not significant a random effects model without the

interaction term was created (Equation 5.3).
y = y-int + slope *x + level *grp . Equation 5.3

The 95% confidence interval for each line was also calculéted.
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The random effects model allowed differences in values of kinematic parameters
and differences in rates of change of parameters between the varus and valgus group to

be identified.

5.3.4 Three-dimensional Patellar Kinematics vs. Patellar Cartilage Morphology

We tested the null hypothesis that there was no relationship between patellar
kinematic parameters and compartmental cartilage morphology using a regression model.
This model was suitable because we wished to examine correlations rather than
di»fferences between groups. In order to carry out this regression both of these parameters
had to be summarizeci as single number for each participant. Each patellar kinematic

parameter (PKP) was summarized two different ways:
1) The mean value of the initial 5 kinematic measurements

2) The slope of the regression line fit to the initial 5 kinematic measurements.
Each compartmental cartilage morphologic parameter (CCMP) for each participant was
summarized as the ratio of the medial compartment value to the lateral compartment

value using a logarithmic representation (Equation 5.4):
[Ln (CCMP peq) — Ln (CCMP 1,)] Equation 5.4

Cartilage volume was not assessed in this model as the normalized volume parameter
provided a more accurate means of comparison.
Each of the 6 mean PKP were individually related to 5 compartmental carfilage

morphologic parameter ratios according to the following regression model (Equation

5.5): : ' '




Chapter 5: Methods C ~ Study Design

[Ln (CCMPyeq) — Ln (CCMPy,)] = mean (PKP) (equation 5.5
This was also carried out for the slope of the patellar kinematic parameter (Equation 5.6):
[Ln (CCMPyeq) — Ln (CCMPyy)] =4slope (PKP) Equation 5.6

Therefofe 30 regressions using the mean patellar kinematic parameter value and 30
different regressions using the slope of the patellar kinematic parameter value were
carried out (i.e. 6 patellar kinematic parameters x 5 cartilage morphologic pa}rameter
ratios). A p-Valué for the order of fit for the regressions is also reported and refers to the
most appropriate curve fit to the daté, for example a signiﬁcant p-value for a first order -
polynomial indicates that a higher degree polynomial should be considered for fitting the

points.

The femoral cartilage was not assessed in \this manner because a complete
description of the entire cartilage plate could not be obtained due to the limited field of
view of the MRI images and t%le curvature of the cartilage plate. Because the movement
of the patella across the femur is dependent on the angle of tibiofemoral flexion and
because the inferior portions of the femoral cartilage plate are not included in the model
as they follow the curvature of the femur, an accurate representation of the relationship

between patellar kinematics and femoral cartilage morphology would not be obtained.
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Chapter 6: Results
6.1 Introduction
The participants in this study were divided into grou;;s according to the knee
alignr;lent that tﬁey displayed. = Group specific relationships between cartilage
morphology and patellar kinematics were then assessed. Finally, the relationship
between patellar kinematics and cartilage morphology, independent of knee alignment

was assessed.

Section 6.4 of this chapter has been accepted for publication. McWalter EJ, Wirth W, Siebert M, von
Eisenhart-Rothe R, Hudelmaier M, Wilson DR, Eckstein F. Use of novel interactive input devices for
segmentation of articular cartilage from magnetic resonance images. Osteoarthritis Cartilage In Press.
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6.2 Varus/Valgus Alignment
The angle of alignment of the more severely affected knee was considered in assessments

of varus and valgus alignment (highlighted in red in table 6.1).

Participant Alignment Right Knee Left Knee

Angle Angle

o 1 Varus 178.1 179.0
2 Valgus 183.5 184.5

3 Valgus 183.5 183.4

4 Varus 165.5 164.5

5 Valgus 184.5 182.5

6 Valgus 182.9 181.3

7 Valgus 182.2 184.3

8 Varus 174.2 173.1

g 9 Varus 178.3 179.9
10 Varus 170.7 175.0

11 Varus 172.5 170.9

12 Varus 174.9 169.5

Table 6.1: Angles of lower limb alignment for 12 study participants. Both knee angles
were assessed, only the imaged knee (highlighted in red) was considered in the study.

Two individuals, participant 1 and 9, were excluded from the study due to the minimal
malalignment. The study was then conducted with 10 individuals, 5 with varus
alignment (4 men, 1 woman) and 5 with valgus malalignment (5 women). The mean and
standard deviation femorotibial angle of the varus group was 169.7° + 3.2° and of the
valgus group was 183.3° + 0.8°. A normal femorotibial angle is close to 180°. No
significant difference was seen in angle of alignment between the right and left knee.
The mean BMI of the varus group was 25.9 + 4.4 and the valgus group was 27.4 + 3.3.

For the number of subjects assessed, there was no statistically significant difference in

BMI between the groups (p=0.5694).
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6.3 WOMAC
The mean WOMAC scores for pain, stiffness and difficulty carrying out activities
éf daily living (ADLs) were not significantly different befween groups (p=0.05). The
mean and standard deviation of the WOMAC scores for the varus and valgus groups are

shown in table 6.2.

Varus Valgus P-value
Pain (20) 5.6 (3.2) 5.2 (2.8) 0.84
Stiffness (8) 1.4 (0.5) 2.4 (1.5) 0.22
Difficulty performing ADLs (68) 16.4 (8.0) 21 (10.5) 0.46

Table 6.2: Mean and standard deviation () of the pain, stiffness and difficulty performing activities
of daily living for the WOMAC questionnaire. The p-value for the difference between groups were
not significant in any case.
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6.4 Input Device Study

Segmenltation using the interactive touch-sensitive screen was on thé order of
15% faster than segmentation using the optical mouse for three of the four cartilage plates
(Table 6.3). Use of the tablet involved tended to increase segmentation time when

compared to the mouse, although the increase was not statistically significant (Table 6.3).

tablet screen mouse
normal patella | 756 min | 60 =9 min* 71 £ 9 min
normal tibia 69 + 10 min 60 = 6 min 64 + 8 min
OA patella 75+ 14 min | 57 £ 7 min* 71 = 8 min
OA tibia 78 £ 12 min | 60 £ 8 min* 74 + 8 min
total time 1784 min 1421 min 1680 min

Table 6.3: Mean and standard deviation of time for each segmentation input
device (interactive digitizing tablet, interactive touch-sensitive screen and
traditional mouse) for the normal patella, normal tibia, OA patella and OA tibia
for session 2 only. The total time spent using each input device in session 2 is
also shown. * identifies a statistically significant differences as compared to the
mouse (p=0.032 for all significant values). :

We found no systematic differences in cartilage volume, surface area, or mean
cartilage thickness between the different segmentation input devices (Table 6.4).

“We found no significant difference in the precision (reproducibility) of the results
for the different input devices (Table 6.5). Resegmentation precision errors for volume
ranged from 1.9% to 3.7% in normal cartilage for th'e mouse, from 3.8% to 5.2% for the
tablet, and from 3.6% to 4.3% for the screen. In the OA cartilage surfaces,
resegment_ation precision errors for volume ranged from 4.7% to 5.2% for the mouse,
from 4.7% to 5.0% for the tablet, and 3.9% to 5.6% for the screen. Similar precision

erfors were obtained for surface area and mean cartilage thickness (Table 6.5).
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tablet vs mouse

screen vs mouse tablet vs screen

volume: :
normal patella -0.5% 2.2 -0.8% £2.2 0.3% + 0.6
normal tibia - 0.6%=+3.0 0.4% + 3.1 0.2%+2.7
OA patella 24%=+19 -1.8% + 3.9 -0.4% +4.8
OA tibia 1.0%=+2.0 0.7%+3.2 0.3% = 3.1
surface area: _
normal patella 0.1% £ 1.3 -0.7% + 1.9 0.8% 1.3
normal tibia 05%=x14 -0.1%+1.0 0.5% + 0.6
OA patella 0.3%+0.8 -02%=+1.3 0.6%+1.8
OA tibia -0.8% £ 1.5 04%+1.1 -1.1%=+24
mean thickness: - ‘
normal patella -0.2%+1.9 0.5% + 1.8 -0.6% + 0.7
normal tibia 1.2% + 3.6 1.6% £ 3.6 -0.3% + 4.1
OA patella -1.8%+2.5 -1.6% £ 4.1 0.0%+5.3
OA tibia 26%+ 14 1.0%+ 4.7 1.7% + 4.3

Table 6.4: Systematic differences and standard deviation in cartilage volume, surface area,
and mean thickness for the digitizing tablet versus the mouse, the touch-sensitive screen

versus the mouse and the digitizing tablet versus the touch-sensitive screen.

tablet

screen

mouse

Volume (mm):

Normal patella

3.8% (3688.5+138.8)

3.6% (3677.5:132.2)

3.7% (3704.4£131.5)

Normal tibia

5.2% (2005.9+109.8)

4.3% (1998.6£102.9)

1.9% (1990.1£31.1)

OA patella

4.7% (1847.2+£95.1) .

3.9% (1864.5£75.6)

5.2% (1894.8£99.9)

OA tibia

5.0% (1824.7+83.6)

5.6% (1821.8+82.1)

4.7% (1805.7+66.4)

surface area(mm’):

Normal patella

2.7% (14.36£0.39)

1.8% (14.24+0.27)

2.0% (14.34+0.28)

Normal tibia

2.0% (11.84%0.23)

1.8% (11.77+0.24)

1.4% (11.77£0.15)

OA patella

2.7% (11.23£0.32)

2.0% (11.16£0.24)

2.2% (11.19+0.24)

2.6% (10.75+0.26)

2.0% (10.71%0.19)

OA tibia

2.1% (10.63£0.24)

mean thickness (mm):

Normal patella

2.2% (2.66+0.06)

3.2% (2.68+0.09)

2.8% (2.66+0.08)

Normal tibia

5.0% (1.47+0.07)

4.4% (1.47£0.07)

1.9% (1.45+0.03)

OA patella

4.6% (1.35£0.07)

5.3% (1.36£0.07)

6.1% (1.38%0.09)

OA tibia

5.9% (1.16x0.06)

5.6% (1.14£0.05)

5.3% (1.130.05)

Table 6.5: Precision (reproducibility) expressed as CV% and mean and standard deviation (mean +
standard deviation) in cartilage volume, surface area, and mean thickness for each segmentation input
device (digitizing tablet, touch-sensitive screen and traditional mouse).

95




Chapter 6: Results

6.5 Varus/Valgus Alignment vs. Cartilage Morphology
6.5.1 Patellar Cartilage

Volume, normalized volume and mean thickness of the varus group were
épproximately twice those of the valgus group (Table 6.6). For the number of subjects
assessed, no difference was seen for bone cartilage interface or % cartilage coverage.

Surface area was approximately 40% greater in the varus group.
pp Y gr group

Parameter Varus Valgus P-value
Bone Cartilage Interface (cm?) 14.43 (1.87) 12.25 (1.33) 0.0580
Surface Area (cmz) _ 15.13 (2.13) 10.94 (3.12) | 0.0220*
‘Volume (mm") 3796 (1083) 1668 (581) 0.0079*
Normalized Volume (mm) 2.60 (0.49) 1.37 (0.48) 0.0047*
Mean thickness (mm) 2.32 (0.50) 1.07 (0.44) 0.0028*
% Cartilage Coverage 96.6 (3.8) 82.2 (21.0) 0.2000

Table 6.6: Difference in total patellar cartilage morphology for the varus and valgus groups.
Mean, (standard deviation) and P-value. * identifies a significant difference

-In both ’groups the lateral pateilar compartment was larger than the medial. In the
'valgus group the lateral 'compartment bone/cartilage interface was approximately 85%
larger (p=0.0230). In the varus group, the lateral compartment was approximately 60%
lafger for bone/cartilage interface (p=0.0050), 50% for surface area (p=0.0040) and 70%
for volume (p=0.0110). For the number of subjects assessed, no significant difference

was seen for any of the other parameters (Table 6.7).
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Varus Valgus
Parameter Medial Lateral Medial " Lateral

Bone Cartilage Interface 5.5 8.8 4.2 7.8
(cm?) (0.8) (1.3) (0.5) (1.8)
Surface Area (cm®) 6.6 10.0. 4.5 6.9
(1.2) (1.6) (0.8) (3.5)
Volume (mm”) 1411 2379 . 568 1093
(446) (704) (141) (562)

Normalized Volume 2.6 2.7 1.4 1.4
mm) (0.6) (0.5) (0.2) (0.7)

Mean thickness (mm) 2.1 2.3 0.9 1.1
(0.5) (0.5) (0.3) (0.4)

% Cartilage Coverage 92 99 89 - 77
ab 1) (8 (33)

and lateral compartments of the varus and valgus groups.

6.5.2 Patellar Cartilage vs Varus/Valgus Alignment

Table 6.7: Mean and standard deviation() values for patellar cartilage morphologic parameters the medial

For the number of subjects assessed,-_ no statistically significant difference was

found in compartmental cartilage morphology (medial and lateral) between the varus and

valgus groups using a two-way ANOVA (Table 6.8). We did not find that the cartilage

had degenerated more in the lateral compartment for the valgus group or in the medial

compartment for the varus group.

J

Parameter P-Value for Interaction
Bone Cartilage Interface (cm®) 0.7400
Surface Area (cm’) 0.6080
Volume (mm") 0.3440
Normalized Volume (mm) 0.8970
Mean thickness (mm) 0.8880
% Cartilage Coverage 0.2330

Table 6.8: P-values for 2-way ANOVA of patellar cartilage morphology and

varus/valgus alignment.
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6.5.3 Femoral Cartilage

Volume and mean thickness of the varus group were approximately twice those of
the valgus group (Table 6.9). The varus group also displayed an approximately 30%
larger bone/cartilage interface, 40% larger surface area and 60% gfeater normalized
volume. F-or the number of subjects assessed, no differencé was seen in percentage

cartilage coverage.

Parameter _ Varus Valgus P-value
Bone Cartilage Interface (cmz) 11.85 (1.50) 9.25(0.47) 0.0210*
Surface Area (cmz) 11.37 (0.79) 8.02 (2.50) 0.0460*
Volume (mm") ' 2724 (141) 1342 (568) 0.0031*
Normalized Volume (mm) 2.34 (0.45) 1.45 (0.61) 0.0340*
Mean thickness (mm) 2.00 (0.43) 1.00 (0.03) 0.0320*
% Cartilage Coverage 89.4 (9.9) 82.5 (24.6) 0.5800

Table 6.9: Difference in total femoral cartilage morphology for the varus and valgus groups.
Mean, (standard deviation) and P-value. * identifies a significant difference

The .bone/caftilqge interface in the lateral companment’ of the varus group was
approximately twice that of the medial compartment (p=0.0020) (Table 6.10). The
valgus group. displayed an approximately 80% larger bone/cartilage interface (p=0.0020)
and twice the surface area (p=0.0020) and mean thickness (p=0.0090) in the lateral

compartment.
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Varus Valgus
Parameter Medial Lateral Medial Lateral

Bone Cartilage Interface 3.2 6.4 4.2 7.6
(mm?) (0.6) 0.7) (0.9) (1.0)

Surface Area (mm”) 3.1 5.6 4.0 8.3
(0.7) (2.4) (0.5) (0.8)
Volume (mm") - 556 827 937 1782
: : (256) (448) (180) (308)
Normalized Volume 1.7 1.3 2.4 24
(mm) (0.6) (0.7) (0.8) (0.4)

Mean thickness (mm) 1.2 1.0 1.9 1.9
(0.6) (0.6) (0.6) (0.3)

% Cartilage Coverage - 91 79 77 96

(18) (32) (23) ()

Table 6.10: Mean and standard deviation() values for femoral cartilage morphology of the medial and

lateral compartments of the varus and valgus groups.

i

6.5.4 Femoral Cartilage vs Varus/Valgus Alighment

" For the number of subjects we assessed, medial and lateral cartilage morphology was not

related to varus or Valgus alignment (Table 6.11).

Parameter P-Value for Interaction
Bone Cartilage Interface (cm”) 0.7950 '
Surface Area (cm’) 0.2150
Volume (mm’) 0.0570
Normalized Volume (mm) 0.4900
Mean thickness (mm) 0.5880
% Cartilage Coverage 0.1290

Table 6.11: P-values for 2-way ANOVA of femoral cartilage morphology
and varus/valgus alignment. ,
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6.6 Varus/Valgus Alignment vs. Patellar Kinematics

| A linear random effects statistiéal model was used to study the difference between
the varus and valgus groups for all six patellar kinematic parameters. By combining the
data of all subjects, the model created a linear equation for each kinematic pé,rameter in

the following form:

y = y-int (SE) + slope (SE)*flexion + level (SE)* grp + interaction (SE)*grp*flexion

The linear equation includes:

e the y-intercept of the line

e the slope of the line _

e the level or height of the line which is different for the varus and valgus groups

. the interaction term which indicates an interaction between groups (in this case it
indicates the slope of the line is different between the varus and valgus groups)

e grp: O for the varus group, 1 for the valgus group

e flexion: the angle of tibiofemoral flexion (independent variable)

The y-intercept, slope, level and interaction terms are mean values from each individual
in the varus and \}algus ‘groups (Section 5.3.3). The standard error (SE) in the mean
values is reported in brackets 'néxt to the term itself. Z-scores were found by dividing the
‘mean by the SE (the population mean, p, is assumed to be 0). The p-value was calculated
from the Z-scoré. If a significant difference (z>1.96) is found in the interaction term it
was included in the model when plotting the lines for va;'us and valgus groups. If there
was ﬁo significant difference in the interaction terms a simplified model, without the
interaction term, was used to plot the lines. In the latter case the p- and z—vélues reported
for slope and level are those of the simplified model. A significant difference in the slope
term refers to a non-zero slope. A significant difference in level is only meaningful if

there is no interaction between the groups, i.e. if the groups have the same slope.
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6.6.1 Patellar Flexion

Patellar flexion increased for both groups as tibiofemoral flexion increased and
the patella was initially in a greater angle of extension for the valgus group (Equation 6.1,
Figure 6.1). The difference in initial positions between groups was about 7° (p=0.0047,
z=-2.60, n=10). For the number of subjects we assessed, the interaction term was not
significant between the varus and valgus groups (p=0.2297, z=-0.74, n=10) therefore the
model without the interaction term was used. There was a significant, increasing slope
for both groups (p=0.0000, z=-13.73, n=10).

y =-9.667(2.152) + 0.564(0.041) flex — 7.459(2.874)grp  Equation 6.1

y =-9.667 +0.564 flex — 7.459grp

Patellar Flexion (c
Flexion +ve J/ p
-~ 15
g 10 —
= —
s 0 1 ' = ' varus
3 5 2. = a0 40 |=— =—valgus
= -10 =
8 -
8 15 =
a
-20

tibiofemoral flexion (degrees)

Figure 6.1: Linear random effects model of mean patellar flexion. Patellar flexion increased with
increasing tibiofemoral flexion. The patellae of the valgus group begin in a greater angle of
extension than the varus group.
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6.6.2 Patellar Spin

The varus group displayed a constant angle internal spin and the valgus group
displayed a constant angle of external spin (Figure 6.2). The overall difference between
the angle of spin was about 6° (p=0.0048, z=-2.59, n=10). For the number of subjects we
assessed, slope was not significant between groups (p=0.4052, z=-0.24, n=10) therefore
the line is horizontal. The interaction term was not significant between the varus and
valgus groups (p=0.2810, z=-0.58, n=10) therefore the model with out an interaction term
was used (Equation 6.2).

y =2.010(1.829) — 0.008(0.032) flex — 6.382(2.461)grp  Equation 6.2

y =2.010 - 0.008 flex — 6.382grp

Patellar Spin

Internal Spin +ve

varus
= = == yalgus

patellar spin (degrees)

tibiofemoral flexion (degrees)

Figure 6.2: Linear random effects model of mean patellar spin. The varus group maintains an
external spin and the valgus group maintains an internal spin through the angles of tibiofemoral
flexion.
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6.6.3 Patellar Tilt

The varus group displayed a constant angle of medial tilt of approximately 10°

throughout the range of knee flexion and the valgus group was less tilted at full extension

and tilted medially as the knee flexed at a rate of approximately 2° per 10° of knee

flexion (Equation 6.3, Figure 6.3).

between the varus and valgus groups (p=0.0028, z=2.77, n=10).

The patterns of tilt were significantly different

1 =9.602(3.256) — 0.005(0.049) flex — 3.891(4.642)grp + 0.153(0.070) grp - flex

Equation 6.3

y =9.602 - 0.005 flex —3.891grp + 0.153grp - flex

Patellar Tilt
Medial Tilt +ve

14
0
@ 12 gutat =
- —
o 10 —
% — -
= 8 — varus
T 6 = == vyalgus
|
8 4
g 2
Q 0 T T T 1

0 10 20 30 40

tibiofemoral flexion (degrees)

Figure 6.3: Linear random effects model of mean patellar tilt. The varus group displayed a
constant angle of medial tilt and the valgus group was less tilted initially and tilted medially with

increasing tibiofemoral flexion.
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6.6.4 Proximal Patellar Translation

The patellae of the valgus group were positioned about 10 mm more proximally
than the varus group (p=0.0078, z=2.42, n=10) and in both groups the patellae moved
distally as the knee flexed at a rate of approxitmatelyl0 mm per 10° (p=0.0000, z=-21.11,
n=10) (Figure 6.4). For the number of subjects assessed, the interaction term was not
significant signifying the pattern of proximal translation was not different between
groups (p=0.0527, z=1.63, n=10). The model without the interaction term was therefore
used (Equation 6.4).

y = 29.106(2.606) — 0.566(0.026) flex + 8.794(3.627)grp Equation 6.4

y =29.106 — 0.566 flex +8.794grp

Proximal Patellar Translation -t

Proximal +ve

e W
R
L 30 ~
8 _ s T~ T~
SE o e = varus
= E m: ™~ _ |=— =—valgus
g 10 \
e 5 B
S

O T T T 1

0 10 20 30 40

tibiofemoral flexion (degrees)

Figure 6.4: Linear random effects model of mean proximal patellar translation. The patellae of
both groups translated distally as the knee flexed, in extension the valgus patellae are positioned
more proximally.
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6.6.5 Lateral Patellar Translation

For the number of subjects assessed, there was no significant difference in pattern
of lateral translation between the varus and valgus groups (p=0.4403, z=0.15, n=10)
(Equation 6.5). The position in the mediolateral plane did not change for either group
(p=0.4522, z=0.12, n=10) nor was there a difference in position (p=0.3336, z=0.43,
n=10). The patellae of both groups remained centred in the trochlear groove throughout
the range of tibiofemoral flexion for both the varus and valgus groups according to the
linear random effects model (Figure 6.5).

y = —0.344(1.730) + 0.003(0.028) flex +1.0141(2.351)grp (Equation 6.5)

y =-0.344+0.003 flex +1.014grp

Lateral Patellar Translation

Lateral +ve

10
8

varus
= = valgus

lateral translation (mm)

tibiofemoral flexion (degrees)

Figure 6.5: Linear random effects model of mean lateral patellar translation. The mean patellar
translation of both groups was approximately 0 throughout the range of tibiofemoral flexion.
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6.6.6 Anterior Patellar Translation
The anterior translation of the valgus group remained relatively constant at 25 mm
while the varus group’s patellae tend to move posteriorly by about 1mm per 10° of
tibiofemoral flexion (p=0.0005, z=3.27, n=10) (Equation 6.6, Figure 6.6).
y =31.627(0.754) — 0.123(0.020) flex — 6.584(1.0930)grp + 0.088(0.027)grp - flex
Equation 6.6

y =31.627 —0.123 flex — 6.584grp + 0.088grp - flex

Anterior Patellar Translation <k

Anterior +ve

35
6 30—
$ ——
& E 20 varus
=
= E 15 — = valgus
2
®

0 T T T 1

0 10 20 30 40

tibiofemoral flexion (degrees)

Figure 6.6: Linear random effects model of mean anterior patellar translation. The valgus group
maintained a constant position and the varus group slowly moved posteriorly through the range of
tibiofemoral flexion.
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6.6.7 Summary of Significant Differences

A summary of the differences in kinematic parameters between the varus groups can be

seen below (Table 6.12).

Slope Level Interaction

P z P i/ p 4

Flexion/Extension 0.0000* | 13.73* | 0.0047* | -2.60* - -

Internal/External Spin 0.4052 -0.24 0.0048* | -2.59* -, -
Abduction/Adduction Tilt | 0.4602 -0.10 | 0.2005 -0.84 | 0.0028* | 2.77*

Proximal Translation 0.0000* | -21.11* | 0.0078* | 2.42* - -

Lateral Translation 0.4522 -0.12 | 0.3336 043 - -
Anterior Translation 0.0000* | -6.12* | 0.0000* | -6.02* | 0.0005*| 3.27*

Table 6.12: Summary of significant p- and z-values for the linear random effects model parameters (slope,
level and interaction). The p- and z-values are those of the actual models used, not all of which contained
an interaction term. * identifies significant differences.
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6.7 Pafellar Kinerﬁatics vs Patellar Cartilage Morphology

The results of the regression analysis using the mean patellar kinematic
parameters have not been included because the range of tibiofemoral flexion angles
assessed for three-dimensional patellar kinemé_tics was not consistent for all participants.
The mean kinematic parameter for each individual was associated with a particular mean
tibiofémoral angle. The maximum difference in mean tibiofemoral angle befween
subjects was 15°.

The regression analysis for slope of the patellar kinematic parameters is presented

in the following Sections.

6.7.1 Bone/Cartilage Interface

Patellae with propbrtionally larger lateral compartments (area of bone/cartilage
interface) tiltéd medially through the range of tibiofemorél flexion at a greater rate. A 1
and 2™ _order regression was carried out (Figure 6.7 and 6.8) and resulted in R? values of
77% and 82%, respectively (Table 6.14). For the number of subjects assessed, no
relationship was found between the rate of change of other kinematic parameters and

compartmental bone/cartilage interface ratio (Table 6.13).

Kinematic Parameter R’ P-value P-value
(quality of fit) | (order of fit)

Flexion 22% 0.1695 0.3720
Internal/external Spin 3% 0.6537 0.8788
Medial/Lateral Tilt 77% * 0.0009* 0.0027*
Proximal Translation 0% 09151 0.4254
Lateral Translation 34% 0.0771 0.2237
Anterior Translation 11% 0.3414 0.4922

Table 6.13: Results of linear regression for bone/cartilage interface and kinematic parameters. P-
value (quality of fit) identifies the p-value associated with the regression). P-value (order of fit),
indicates a higher order polynomial should be considered for the regression fit. * identifies a
significant difference

108




Chapter 6: Results

Polynomial R’ P-value (order of fit)
1% order - 77% 0.0027
2" order 82% 0.2121

Table 6.14: First and second order regression fit for
bone/cartilage interface to tilt as described by the R
value and a P-value indicating the appropriateness of fit.

Siope of Tilt vs. Ratio of Bone/Cartilage Interface

1* order polynomial fit

al

_.2 " | R

| [ ]
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Figure 6.7: Linear regression fit of the ratio of medial
bone/cartilage interface to the slope of patellar tilt. The

0

1

2 3 4 5

slope med iaVIaterél it
Y =-.46-1.138* X; R*2 = 766

equation and the R’ values are shown.
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Slope of Tilt vs. Ratio of Bone/Cartilage Interface
2™ order polynomial fit

-2 M . M
-3 1
DS N
=57
-6 7
-_7-.
-8 7
-.Sj
-1
-1.1 7
-1.2 +r—rrrr——rr——

-3 -2 -1 0 A 2 3 4 5
slope medial/lateral tilt

© Y =-42-.806*X-1.515*X"2; R*"2= 816

" ratio bei

Figure 6.8: 2" order polynomial regressi'on fit of the ratio of medial to
lateral bone/cartilage interface to the slope of patellar tilt. The regression
equation and the R” values are shown.

6.7.2 Surface Area

For the number of subjects assessed, no correlation was seen between any
kinematic parameter and proportion of medial to lateral ca'rtilage. surface area using a
linear regression model (Table 6.15). The results suggest that a higher order polynomial
may provide a better fit to the lateral translation data (p=0.0158). The majority of the
data points showed a similar compartmental éartilage surface area ratio and
approximately no change in‘ rate of | medial or lateral translation (i.e. maintaingd a
constant mediolateral position). The R? value increased from 18% to 69% to 72% for the
linear, 2™ order\ aﬁd 3" order polynofnial fits, respegtively (Téble 6.16). The increase in
R? value with higher order fits is influenced greatly by a few outlying points (Figure 6.9

and Appendix D).
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Kinematic Parameter R’ P-value P-value
(quality of fit) | (order of fit)

Flexion 7% 0.4569 (0.4881
Internal/external Spin 0% 0.8764 0.9899
Medial/Lateral Tilt 39% 0.0537 0.1775
Proximal Translation 13% 0.2979 0.5084
Lateral Translation 18% 0.2232 0.0158 *
Anterior Translation 6% 0.5145 0.7973

Table 6.15: Results of linear regression for surface area and kinematic parameters. P-value

(quality of fit) identifies the p-value associated with the regression.

P-value (order of fit),

indicates a higher order polynomial should be considered for the regression fit. * identifies a

significant difference

Polynomial R’ P-value (order of fit)
1* order 18% 0.0158
2™ order 69% 0.0109
3" order 72% 0.5272

Table 6.16: I*, 2 and 3™ order regression fit for surface area to
lateral translation as described by the R’ value and a P-value

indicating the appropriateness of fit.

Slope of Lateral Translation vs. Ratio of Surface Area
1** order polynomial fit

75 7
5 1
254 .

-.25 1

ratio sa

-1 7
-1.25 1

-5 , ®
L
-.75 1

-1.5

-2 -1

0 1 2

slope lat trans

Y =-358+1.368" X, R*2=.179

Figure 6.9: I* order polynomial (linear) regression fit of the ratio of
medial to ‘lateral surface area to the slope of lateral patellar

translation. The regression equation and the R’ values are shown.
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6.7.3 Normalized Volume

For ‘the number of subjects assessed, no correlation was seen between any
kinematic parameter and proportion of medial to lateral normalizéd volume using a linear
regression model (Table 6.17). The results suggest that a higher order polynomial may
provide a better fit to the lateral translation data (0.0030). The majority of the data points
showed a very small or no differencé between medial and lateral compartment
normalized volume and approximately no change in rate of medial or lateral translation
(i.e. maintained a constant mediolateral position). When assessing this relationship using
- higher order polynomials the R? value increased from 15% to 81% to 91% to 91% for the
linear, 2" order, 3" order and 4™ order polynomial fits, respectively (Table 6.18). The
increase in R? value with higher order fits is ihﬂuenced greatly by a few outlying points

(Figure 6.10 and Appendix D).

Kinematic Parameter R’ P-value P-value
: (quality of fit) | (order of fit)

Flexion 1% 0.7456 0.6004
Internal/external Spin . 0% 0.9800 0.9950
Medial/Lateral Tilt 14% 0.2808 0.4608
Proximal Translation 10% 0.3628 0.6755
Lateral Translation - 15% 0.3749 0.0030%,
Anterior Translation 4% 0.5458 0.5053

Table 6.17: Results of linear regression for normalized volume and kinematic parameters. P-
value (quality of fit) identifies the p-value associated with the regression. P-value (order of fit),
indicates a higher order polynomial should be considered for the regression fit. * identifies a

significant difference
Polynomial R’ P-value (order of fit)
1* order 15% 0.0030
2" order 81% 0.0014
3" order 91% 0.0488
4™ order 91% 0.8087

Table 6.18: I, 2 3™ and 4" order regression fit for normalized
volume to lateral translation as described by the R’ value and a P-
value indicating the appropriateness of fit.
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Slope of Lateral Translation vs. Ratio of Normalized Volume

1* order polynomial fit
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Y =.026 +.797 * X; R*2 = .099
Figure 6.10: 1" order polynomial (linear) regression fit of the ratio of
medial to lateral normalized volume to the slope of lateral patellar
translation.. The regression equation and the R’ values are shown.

6.7.4 Mean Thickness

For the number of subjects assessed, no correlation was seen between any
kinematic parameter and proportion of medial to lateral mean thickness proportions using
a linear regression model (Table 6.19). The results suggest that a highér order
polynomial may provide a better fit to the lateral translation data (p=0.0116). The
majprity of the data points showed a very small or no difference between medial and
lateral compartment mean thickness. and approximately no change in rate of medial o?
lateral translation (i.e. maintained a constant mediolateral position). When assessing this
relationship using higher order polynomials the R? value increased from 14% to 72% to
79% for the linear, 2™ order and 3™ order polynomial fits, respectively (Table 6.20). The
increase in R? value with higher order fits is influenced greatly by a few outlying points

(Figure 6.11 and Appendix D).
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Kinematic Parameter R’ P-value P-value
(quality of fit) | (order of fit)

Flexion 4% 0.5705 0.3067
Internal/external Spin 0% 0.8483 0.9842
Medial/Lateral Tilt 33% 0.0819 0.2447
Proximal Translation 10% 0.3695 0.6690
Lateral Translation 14% 0.2808 0.0116 *
Anterior Translation 4% - 0.5675 0.6730

Table 6.19 : Results of linear regression for mean thickness and kinematic parameters. P-value
(quality of fit) identifies the p-value associated with the regression. P-value (order of fit),
indicates a higher order polynomial should be considered for the regression fit. * identifies a

significant difference

Polynomial R” P-value (order of fit
1% order 14% 0.0116
2" order 72% 0.0067
3" order 79% 0.2110°
Table 6.20: 1%, 2" and 3™ order regression fit for mean

thickness to lateral translation as described by the R’ value
and a P-value indicating the appropriateness of fit.

Slope of Lateral Translation vs. Ratio of Mean Thickness

1* order polynomial fit
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Figure 6.11: I'' order polynomial (linear) regression fit of the ratio of
medial to lateral mean thickness to the slope of lateral patellar
translation.. The regression equation and the R’ values are shown.
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-~ 6.7.5 Percentage Cartilage Coverage

For the number of subjects assessed, no correlation was seen between any
kinematic parameter and proportion of medial to lateral mean thickness using a linear
regression model (Table 6.21). The results suggest fhat a higher order polynomial may
provide a better fit to the lateral translation data (p=0.0002). The majority of the data
poin;s showed a very small or no difference between medial and lateral compartment
percentage cartilage coverage and approximately no'change in rate of medial or lateral
translation (i.e. maintained a constant mediolateral position). When assessing this
relétionship using higher order polynomials the R? value increased from 6% to 91% to
94% for the linear, 2™ order and 3™ order polyﬁomial fits, respectively (Table 6.22). The
increase in R? value with higher order fits is influenced greatly by a few outlying points

(Figure 6.12 and Appendix D).

Kinematic Parameter R’ . P-value P-value
(quality of fit) | (order of fit)

Flexion 0% 0.8821 0.7957
Internal/external Spin 0 % 0.9171 0.9751
Medial/Lateral Tilt - 18% 0.5232 0.7041
Proximal Translation 22.% 0.1691 0.4117
Lateral Translation 6% 0.5143 0.0002 *
Anterior Translation 0% 0.8045 0.7592

Table 6.21 : Results of linear regression for percentage cartilage coverage and kinematic
parameters. P-value (quality of fit) identifies the p-value associated with the regression. P-value
(order of fit), indicates a higher order polynomial should be considered for the regression fit. *
identifies a significant difference

Polynomial R’ P-value
1% order 6% 0.0020
2" order 91% 0.0010
3" order 94% 0.1110

Table 6.22: First and second order regression fit for
percentage cartilage coverage to lateral translation as
described by the R’ value and a P-value indicating the
appropriateness of fit. '
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Slope of Lateral Translation vs. Ratio of Percentage Cartilage Coverage
1* order polynom1a1 fit
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Figure 6.12: I order polynomial (linear) regression fit of the ratio of medial to lateral
percentage cartilage coverage to the slope of lateral patellar translation.. The regression
equation and the R” values are shown.
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6.8 Summary

1.

The varus group displayed a greater degree of malalignment (169.7° £ 3.2°) than the
valgus gfoup (183.3° + 0.8°), which is consistent with other studies.

The WOMAC questionnaire showed that the varus and valgus groups were at similar
stages of clinical OA.

A 15% time sévings is obtained when using the touch-sensitive screen for cartilage
segmentation.

The varus group had greater total patellar cartilage surface area, volume, normalized
volume and mean thickness than the valgus group.

There wﬁs no relationship between compartment specific cartilage morphology and
varus/valgus élignment.

The varus and valgus groups displayed similar patterns (slopes) for flexion, spin and
anterior translation however the initial position of the patella were different.

The vai'us énd valgus groups displayed different patterns (slopes) for tilt and proximal
translation. The varus group displayed a constant angle of medial tilt and thevvalgus
group an increasing medial tilt through the range of tibiofemoral flexion. The varus
group displayed a slight posterior translation through the range of tibiofemoral
flexion while the valgus group maintained a constant position. |

For the number of subjects assessed, .nc\> difference was seen in lateral patellar
translation between varus and valgus groups.

Patella with proportionally lérg'er lateral patellar compartment bone/cartilage interface

area tilted medially at a greater rate with increasing tibiofemoral flexion.
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10. The relationship between patellar cartilage surface area, normalized volume, mean
thickness and percentage cartilage coverage and lateral translation were influenced by

a few inconsistent data points.
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Chapter 7: Discussion
71 Introduction
We assessed the relationship between three-dimensional patellar kinematics,
cartilage morphology and varue/valgus alignment in individuals with early knee
osteoarthritis (OA). The techniques of assessing three-dimensional patellar kinematics
and cartilage morphology were both MRI based and have been independently validated

for both accuracy and precision®”®’.

To date, the most comprehensive OA studies of
Qarus/valgus alignment have relied on radiographic assessment of OA, in which cartilage
is measured by joint space narrowing. We used gMRI in our study which allowed us to
assess the cartilage morpholoeg directly. The relationship between patellar kinematics
and OA has received little attention in the literature. Only one other group has assessed
three-dimensional kinematics in individuals with OA, however, their method has not
been validated for._accuracy. Because our method has been rigorously validated, we are
conﬁdent that the relationships we have discovered between patellar kinematics and
varus/valgus alignment in knee OA are accurate. To our knowledge, we are the first

group to assess the relationship between cartilage morphology and patellar kinematics,

independent of leg alignment.

Section 7.3.1 of this chapter has been accepted for publication. McWalter EJ, Wirth W, Siebert M, von
Eisenhart-Rothe R, Hudelmaier M, Wilson DR, Eckstein F. Use of novel interactive input devices for
segmentation of articular cartilage from magnetic resonance images. Osteoarthritis Cartilage In Press.
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7.2 Synthesis — A Comparison to the Literature
7.2.1 Alignment |

The amount of varus and valgus alignment in our groups was comparable to that
found in other studies®. Individuals with varus alignment had a more severe
malalignment that the individuals with valgus alignme'ntm. .The mean valgus alignment
was 3.3° and since 3° was thé minimum malalignment required for this study the valgus
group displayed a relétively minor malalignment, however other studies report valgus
malalignment of 3.9° + 2.9° 3161 The varus group’s mean alignment of 10.3° is higher

than the malalignment of 5.0° + 3.7° reported in previous studies®" ',

7.2.2 BMI

The mean body mass index (BMI) was consistent with that seen in the general
Canadian population’’. Both the varus and the valgus groups had mean body mass
index’s (BMI’s) in the overweight range. In the varus group two individuals were obese,
one was overweight and two were in the normal range. In the valgus group one
individual was obese, one was overweight and three were in the normal range. Obesity
(but not being overweight) is a risk factor of OAS%%® therefore obesity may be related to
OA in the three individuals who were obese but not to the study sample as a whole.
Because the majority of individuals in this study were in the normal weight range we
believe that the risk factor of alignment could be adequately isolated to 6btain meaningful

results.
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7.2.3 WOMAC

The results of the WOMAC were consistent with those of individuals suffering
from early OA. The questionnaire studies the clinical symptoms of osteoarthritis in a
specified jointlz. The results showed no significant difference in clinical symptoms.of
pain, stiffness or difficulty carrying out daily activities between the varus and valgus
groups. The scores in all categories were all quite low, confirming that this study was in
fact examining a group with clinical symptoms of early knee osteoarthritis. As
preViously mentioned, clinical symptoms of osteoarthritis do not con§late well with
yradiographic evidence of the disease (joint space narrowing and osteophytes). Therefore
even though the groups have similar clinical severity this does not suggest that their state

of cartilage health should be similar.

7.2.4 Cartilage Morphology and Alignment
7.2.4.1 Comparison to Normal Cartilage

When comparing the absolute values of total cartilage morphology to those
reported in the literature for normal individuals the results suggest some cartilage
degeneration has occurred. Ouf ﬁndihg of patellar cartilage volume of 3.80 = 1.08 ml for
the varus group (predominantly men) was ‘consistent with the normal range for men
reported in the literature, which has been reported to be 4.22 + 0.77 m!*> and 3.56 + 0.48
ml1* for men. The valgus group’s (all women) patellar volume measurement was 1.67 =
0.58 ml which is lower than reported normal values of 2.87 + 0.89*3 and 2.97 £ 0.72 m1*

for women. The standard deviation for our varus group was much larger than those

reported in the literature which is not surprising because some individuals may have had
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more severe OA.. Also it must be noted that the measure of volume in the valgus group
appears to be normal however it is not uncommon for inflammation of the cartilage to
oceur in early stages of OA'®. We found the mean thickness measurement in the normal
range for the varus group to be 2.32 + 0.50 mm which was slightly lower than the value
reported in the literature for men of 2.93 = 0.42 mm®. For the varus group we found the
mean thickness to be 1.07 % 01.44 mm which again was lbwer than the Vélue_ éf 220 +
0.43 mm reported in the literature®®. Cartilage degeneration in the valgus group appears

to have progressed further than in the varus group.

7.2.4.2 Compartment Specfﬁc Progression of OA

It is not surprising that we did not observe a compartment specific difference in
cartilage degeneration between the varus and valgus groups. Previous‘ studies that found
a compartment specific difference’®" defined progression as a change in Keligran-
Lawrence grade in one compartment only using radiography. Cartilage morphology was
not assessed. Joint space narrowing, the radiographic measure of cartilage degeneration,
does not occur until later Kellgran-Lawrence grades (Section 2.3.2.2). In the valgus
group we saw a 15% less percentége cartilage coverage in the lateral compartment. After
carrying out a power analysis we found that for this difference to be significant we would
require 30 individuals in each group. The study was in not powered sufficiently to find a
significant difference -in percentage cartilage covlerage between the medial and lateral

compartments.
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7.2.5 Kinematics and Alignment

Compaﬁng three-dimensional patellar kinematics to other literature is difficult
- because patterns of normal patellar tracking remain unclear. One reason for this is that
there is not agreement on which parameters should be studied. The most commonly
studied par‘ameters are lateral patellar shift or translation, lateral patellar tilt and spin
(internal/external rotation). Some grbups consider only rotational parameters'*®, some

182

study two-dimensional parameters from three-dimensional models °° and others study

135

every parameter possible about many different coordinate axes ™. It is also difficult to
compare measured parameters in these iﬁstances because there is no consensusAabout how
the coordinate systems should be defined. Parameters are highly dependent on the origin
of 'thé coordinate system as well as the bony landmarks chosen to determiné .axes
directions. There have been attempts to standardize coordinate systems®® however this
has yet to be widely accepted. We used a coordinate system similar to that used by some
groups'®"'%, but very different from others'®2. Some groups did not report the details of
axes assignmeﬁt” 6,

Groups have also suggested that the direction of movement will affect the
measured values. For example, the position of the patella at 30° of tibiofemoral flexion
may be dependant on whether the tibiofemoral joint is on a path of flexion or extension.
This phenomenon has been shown in a gait study''*. bifferences in patéllar position have
also been observed when static and dynamic methods have been used”?, therefore care

must be taken when comparing static and dynamic studies. Finally, factors such as

loading and muscle actions can affect the location of the patella. Some. groups apply

67,136 182

axial loads , torsional loads ™ or no.load”g.‘ Some groups have observed that the type
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of muscle contraction (concentric, eccentric or isometric) can also affect patellar position.
The aim of most studies is to achieve a loading conditioﬁ which mimics the movement
from standing and bending in a weight-bearing position while others are attempting to
mimic patterns of gait. The limitation of all imaging studies to date is thg supine, prone
or side position that loading is carried out in. All of these differences in méthodology
make numerical comparisons between studies and the establishment of normal values
difficult therefore comparing patterns of tracking between studies is a more reasonable

approach.

7.2.5.1 Lateral Translation

Our finding was different from that seen in previous in vivo studieé which have
shown a medial shift of between 4-5.5mm in early angles of knee flexion (0° to 30°) but
no consensus in later angles of flexion'®®. Some studies showed a lateral translation and
other showed a constant or increasé in the medial translation in greater angles of flexion
(Figure 7.1)'®. In particular, one group found a barabolic shape of medial translation,
beginning at Omm at _-10° of flexion, peaking at 3.2mm of medial translation at 30°

flexion and returning to a central location (Omm) at 60° of flexion'**.
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Figure 7.1: In vivo assessment of
lateral patellar translation. Varus
and valgus results from this study
have been added to the graph.
Original graph: Katchburian 2003

Our finding of a constant angle of approximately 10° of medial tilt for the varus

group and an increasing in medial tilt at a rate of approximately 2° per 10° in the valgus

group was consistent with some studies and inconsistent with others. Other in vivo

imaging based studies showed a parabolic pattern of tilt beginning and ending at 0° for -

10° and 60° of knee flexion and peaking at 4.4° of medial tilt at 30° of knee flexion'*

and a constant angle of medial tilt at approximately 10° at knee angles between 10° and

30° of knee flexion’’. A synthesis of in vivo studies, found patterns of patellar tilt were
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variable between studies, some increasing and others decreasing (Figure 7.2) .
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7.2.5.3 Spin

Our findings were not consistent with those found in the literature. However
there is not consensus between many studies. One in vivo MRI based studies revealed a
similar finding consistent angle of external spin of 5° 148 and the other an increasing angle
of external spin beginning at 1° at -10° of knee flexion (internal spin position), then -2° at
30° of flexion and finally -5° at 60° of knee flexion'*>. There is no clear pattern of spin

between studied other in vivo studies (Figure 7.3)!.

Our results were very similar to
those reported by Sheehan et al because similar coordinate systems were used, the
coordinate system used by Patel et al is not described in detail and therefore it is

uncertain whether or not this is the source of differences.
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7.2.5.4 Patellar Flexion, Proximal Translation and Anterior Translation

Our finding of patellar flexion and distal translations with tibiofemoral flexion is
consistent with the literature. The rate of patellar flexion was slightly lower than that of
tibiofemoral flexion and the rate of distal translation was approximately 5 mm per 10° of
knee flexion. These results are consistent with those reported in the literature'>>'*%,
however most groups do not measure this parameter. No other groups have presented
results regarding anterior translation. However previous results from our lab have shown
a relatively constant anterior position at 25 mm which is consistent with the valgus group

results. The varus group’s patellae are positioned more anteriorly than seen previously.

7.2.5.5 Patellar Kinematics in OA

Our results for lateral translation and patellar tilt of the varus group were similar to
those reported in a study examining patellar kinematics in varus knees in early OA®%.
This study assessed only these two three-dimensional kinematic parameters and did so at

0°, 30° and 90° only. No difference in mediolateral translation at 0° and 30° was found
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and the patella was centred in the trochlear groove. The healthy volunteers in this study
-showed a significant increase in medial shift from 0.1 mm at 0° of flexion to 1.6 mm at
- 30° of flexion®. Both our varus and valgus groups displayed a conétant magnitude of
translation and the mean value of translation was approximately 0 mm (céntred in the
trochlgar groove). In the other study, the varus group displayed no difference in tilt at 0°
or 30° with a constant tilt of approximately 9°. The normal group in this study showed a
significant increase medial tilt-of 2.7° between 0° and 30° of knee flexion®®. In our study
the varus group displayed a constant medial tilt at approximately 10° and the valgus
group displayed an increasing me;iial tilt at a rate of approximately 2° pér 10° of
tibiofemoral flexion. The results for the varus group were similar to those of our varus

group and the results of the normal group were slightly lower than those of our valgus

group.
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7.3 Analysis of the Results
7.3.1 Input Device Study

The input device study was designed to determine whether new interactive
computer technology improves speed and resegmentation precision (reproducibility). of
gMRI. These input devices had not previously been evaluated in the context of cartilage
segmentzition. Segmenting using the interactive touch-sensitive screen reduced manual
segmentation times by approximatgly 15%. All input devices produced consistent results
(no systematic bias) and similar precision errors. This suggests that using different input
devices within one study (due to the preferences of different users, to reduce fatigue of
the user by changing position, to increase user corrifort) will not produce a systematic
bias in the results. The consistency between segmentation input devices suggests that |
qMRI results depend on how the user views the image and defines the cartilage volume,
s.nd that this process is not influenced substantially by a particular input device for
segmentation. The differences seen between input devices are small enough to not

adversely affect study results.

.7_.3.2 Cartilage Morphology and Varus/Valgus Alignment

Results suggest that cartilage degeneration is in a slightly more advanced in the
valgus group. It was not surprising that a thers was a difference in surface area and
volume betw_een the varus and valgus groups because the distribution of gender was not
equal between groups. A larger surface area and Voluinq was found in the varus group
which was 80% male. The mean cartilage thickness and normalized caftilage volume

were also significantly greater for the varus group, however this finding is likely an
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indication that the valgus group is in a slightly more advanced stage of cartilage
degeneration because theee parameters are independent of joint size. It was surprising
that no difference was seen for bone/cartilage interface at the patella because this is an
indicator of joint size and we would assume a difference in this parameter due to the
gender distribution. No difference in percentage cartilage coverage was observed likely
because of the large standard deviation observed in the valgus group. The differences in
- cartilage morphology between groups may be attributed to a few individuals with more
advanced OA. The apparent difference in stage of OA according to the amount of
cartilage degeneration is not consistent with our assessment of the clinical/symptomatic
progression of the disease using the WOMAC que’stionnaire; |

This study did not reveal a compartment specific degeneration of eartilage in the
varus or valgus groups. This may be due te the insufﬁciene power of the study (Section
7.2.4.2) or because we were studying 5 group of individuals with early knee
| osteoarthritis. In later stages of OA this relationship may become more apparent. We
assessed differences in cartilage morphology which is different from previous groups
who assessed radiographic OA*"®'. The assessment of cartilage in radiographic OA is .
done indirectly by measuring the space that the cartilage is assumed to fill. Previous
studies have not assessed the relationship between alignment and cartilage morphology

and therefore it is possible that this relationship does not exist.
7.3.3 Three-dimensional Patellar Kinematics and Varus/Valgus Alignment

The pattern of patellar tracking in individuals with varus and valgus alignment

appears to be different from those seen in other in vivo imaging based studies. The
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differences seen méy be due to the stafe of the osteoaﬁhritic cartiiage, as compared to
. )

normal, healthy cartilage. The change in lubrication of the joint surfaces my create

friction that restricts the pafella from travelling along a normal path.

We expected to observe a medial translation the varus group and a lateral
translation in the valgus group. Instead we saw no medial or lateral translation in either
group. The lateral force may not be large enough to overcome the friction on the surface
causing us to see the pattern of constant position of the patella in this plane through the
range of knee flexion. The malalignment may also cause changes in contact area. For
varus malalignment an increase in medial contact area may be observed, again this Would
reduce the lateral force thereby reducing possible lateral translation.

We had expected varus alignment to cause medial tilt and valgus alignment to
cause lateral tilt. We did not see this pattern. If the distribution of contact pressure-
shifted to one compartment we would expect to see a tilt in the direction of the excess
force. The mélalignment in this study may not have been severe enough to produce a
measurable effect, especially in the valgus group. Alignment may play a greater role in
tilt in deeper angles of knee flexion where the contact pressures are greater but we were
unable to study these angles due to the size of the MRI bore.

Our finding of internal spin in the varus group and external spin in the valgus
group was consistent with our expectations. The varus and valgus alignment is likely

causing the patella to rotate in the direction of the malalignment in order to maintain its

position in the trochlear groove. This is a logical finding that has not previously been

assessed in vivo.
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As expected, we saw patellar flexion and distal translation through the range of
tibiofemoral flexion. We did however observe a difference bétween groubs. The valgus
group presented with what can be interpreted as patella alta. The starting posifion affects
the remainder of the pattern of patellar flexion; therefore it is important to measure this
parameter. This finding may be caused by tibiofemoral joint thinning, however we did
not rﬁeasure this parameter. This finding may also be due to changes in the material
properties of the patellar ligarnegt. Particularly in women as tensile strengfh of ligaments
may be related to oestrogen''’.

We expected the patella to remain in a constant aﬁterior position through the
range of flexion. The varus group, however, displayed a more anterior position. Some of
the difference in anteriorposterior position can be described by the greater cartilage
thickness observed in the varus group, however this accounted for only a small portion of
the difference. In the varus group the patella was tilting medially which would also cause
an anterior translation of the origin of the patella, as we defined it. Another possible
explaﬁation is that anterior translation. is a function of patellar and femoral bone geometry

which may be independent of alignment and cartilage health altogether.

7.3.4 Three-dimensional Patellar Kinematics and Cartilage Morphology

The relationship between the rate of change of patellar tilt and the proportion of
medial to lateral patellar bone/cartilage interface area implies that patellar tilt may be
related to the shape of the patella. Bone/cartilage interface describes bone surface area
(not to be confused with cartilage surface area). Specifically, we saw that the patella

tilted medially at a greater rate if the lateral patellar compartment was proportionally
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larger. When the compartmental difference was small enough (the lateral compartment
beiﬁg only slightly larger) we observed a pattern of lateral patellar tilt. This relationship
suggests that patellar type influences how the patella tracks. There are 3 types of patella:
in typé I both compartments are concave and of equal size (10% of population), in type II
the medial compartment is srﬁaller and the lateral compartment is concave (65% of
population), and in tﬁe 11T the medial compartment is distinctly smaller (25%)'%. This
relationship is likely due to the differences in area available for load transferred in each
compaﬁment. One possible outcome of this finding is the development of patella type
specific treatment strategies for OA.

There appeared to be a moderate relationship between the rate of change of medial
tilt and proportion of patellar surface area (R*=39%) and mean thickness (R*=33%). The
surface area relationship was likely also related to patella type. The mean thickness
relationship showed a small increase in rate of lateral tilt with a proportional'ly greater
lateral compartment mean thickness and a small increase in rate of medial tilt with a
proportionally greater medial compartment mean thickness. It is to be expected that
thinnerb cartilage in one compartment is related an increased tilt towards that compartment
but the relationship to rate of change would require a more detailed analysis of change in
mean thickness across the cartilage plate itself.

We found that most individuals showed no change in rate in mediolateral patellar
translation when thére were very small differences in normalized volume, mean thickness
and percentage cartilége coverage between the medial and létéral patellar compartments.
Thé order of fit of the polynomials was increased for these parameters. We found that

the R? values increased with higher order polynomials. Although we observed what
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could be considered a statistically significant relationship with the higher order
polynomials the results were in fact influenced by the data points of two individuals and
therefore we cannot conclude vthat a relationship in fact exists. The two individuals that
did not follow this pattern showed change in translation through the range of knee
flexion. Individual 1 displayed an increasing shift laterally of 0.25 mm per degree of
flexion and individual 2 an increasing shift medially of 0.32 mm per degrée of flexion.
Individual 1 had more significantly more cartilage in the medial compartment which
suggests thaf perhaps lateral compartment degeneration causes an increased rate of lateral |
translation. Individual 2 had slightly more cartilage in the medial compartment therefore
another factor such as bone geometry or joint contact area may be causing the increased
rate of medial translation. Given the results of this pilot study we cannot conclude that

the rate of change of lateral patellar translation is related to compartmental differences in

cartilage morphology.
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7.4 Strengths énd Limitations
7.4.1 Strengths

| One strength of our study is that we used a novel method for assessing three-
dimensional patellar kinematics in vivo. Our method has been validated for accuracy
using a cadaver mpdel. Other patellar kinematic methods have assessed accuracy with a

phantom or not at all’>">'%

The intra-subject variability and inter-experimenter
repeatability has also been assessed. Other studies have relied heavily on radiography to
carry out OA assessment and measurement of lateral patellar translation and tilt from a

two-dimensional view. Our method gives a true three-dimensional assessment of joint
kinematics.

Using QMRI provides a more complete representation of cartilage degeneration at
the patellofemoral jdint. gMRI has been validated for accuracy and precisionv in both
healthy and osteoarthritic knees. The analysis identifies regions of cartilage degeneration
and it differentiates between the patellar and femoral cartilage. Radiography does not
have this ability. By isolating the cartilage of the rriedial and lateral compaftments we
were able to relate cartilage degeneration to kinematics. This is different from previous
studies that havé related compartmental radiographic OA to alignment®'®.

| By combining in vivo three-dimensional patellar kinematics and gMRI analysis of
cartilage morphology we were able to isolate cartilage degeneration from alignment and
relate it to patellar kinematics. No other group has studied this relationship to date.

Understanding the relationship between patellar movement and cartilage distribution and

health is essential in developing treatment strategies for OA.
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7.4.2 Limitations
7.4.2.1 Group differences

The gender distribution in this study was unequal between the varus and valgus
groups. We have, however, fninifnized the group related differences by ﬁsing normalized
parameters and ratios. It is common in OA studies to see more women than men and we
noted that the mean age of the men was significantly higher than the mean age of the
women. This finding is consistent with the demographic of OA sufferersA.. The valgus
group was 100% female and the varus group was 20% female, which has the potential to .
inﬂuénce results. Cartilage volume in particular has been shown to be associated with
gender; males tend to have more 'cartilage than females. This relationship has been
' showﬁ both to be related® and unrelated to height andb weight”®. To take into
consideration the relationship of volume to joint size, the volume parameter is normalized
to bone/cartilage interface. Also, mean cartilage thickness and percentage cartilage
coverage are not influenced by joint size. No groups have assessed gender differences in
patellar kinéinatics in vivo but it is not unreasonable to assume that bone geometry and
joint loading patterns are not different between men and women. Alignment is more
likely to affect patellar kinematics than gender. When studying the relationship between
cartilage morphology and. patellar kinematics we used the ratio of the cartilage
parameters to eliminate differences due to size.

In future, full scale studies we will attempt to have an equal gender distribution

between the varus and valgus groups.' One option is to carry out the study with equal

number of men and women in each group. A second option would be to carry out the
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study with entirely men or entirely women. By adding a gender component to subject

recruitment criteria, gender will no longer be a confounding variable.

7.4.2.2 Three-Dimensional Patellar Kinematics

Loading condition and range of tibiofemoral flexion are key limitations to the
method used to assess three-dimensional patellar kinematics. The load applied in this
study was only about 10% of what would be expected carrying out an activity such as
walking. Also, it was applied while the subject lay supine, therefore the gravitational
forces were different than those experienced in a standing position. The loading task was
static and most activities that indi_viduals carry out during a normal day, Vsuch as walking
or climbing stairs, are dynamic. It has been shown that there are differences in three-
dimensional patellar kinematics between static and dynamic activities”. The range of
tibiofemoral flexion assessed is limited by the size of the MRI bore. Angles of
tibiofemoral flexion about approximately 40° could not be assessed. There were also
accuracy and precision (repeatability) errors associated with the patellar tracking method
which were measured previously®®. The inter-experimenter error is not of concern in the
preseﬁt study because one experimenter analyzed all datasets. The intra-subject
positioning error and the accuracy can be combined using a root mean square calculation

to assess the combined error in the method which was less than 2.8° for rotations and less

than 1.1 mm for translations.
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7.4.2.3 qMRI

Patellar and femoral cartilage morphology was .limited by the in—plané resolution
and the field of view of the MR scans. The cardiac coil was used to obtain 'the MR
images due to its flexible nature. It allowed us to position the subject’s knee at 30° in
order to visualize the femoral cartilage however it did not have the capabﬂity' to collect
the data at an in-plane resolution of 0.31 mm. The data was collected at 0.625 mm and
interpolated to 0.31 ‘mm. The knee coil is most commqnly used in qMRI as it has the
ability to collect data at 0.31 mm but does not allow for kneé flexion. Also, the field of
view limited the amount of femoral cartilage we could assess.

The medial and lateral patellar and femoral compartments were divided in the
sagittal plane. This direction is not necessarily normal to the bone/cartilage interface.
The division was therefore dependent on the orientation of the acquired image. Another
possible method of identifying the medial and lateral compartments would be to create
fhe division normal to the borie/cartilage interface. This method would consistent with |
the cartilage morphology algorithms.” A small study assessing the most appropriate
method of dividing compartments should be carried out.

It would also be advantageous to carry out a principal components analysis to
determine if any of the gMRI parameters are associated with one another. In this analysis
the key parameters would identiﬁed and expressed as a single factor. This would make

the statistical computation less complex.
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7.4.2.4 Statistics

We used a linéar random effects model to interpret our patellar kinematics data.
Because this is a pilot study, we felt that using a linear model wés sufficient to assess
mitial differences between the varus and valgus groups. A higher order random effects
model may be used in a larger scale study if it better represents the pattern of tracking.

The study was not powered sufficiently to observe statistically significant
differences between compartmental cartilage morphology (medial and lateral) between
the varus and valgus groups. 'We observed a 15% difference between medial and lateral
compartments for percentage cartilaée coverage. For this size difference to be
statistically significant, 30 individuals would be required for each group. Future, full
scale studies looking at compartmental cartilage differences should contain this number
of subjects per group.

In order to carry out a lineér regression we summarized the patellar kinematic
parameters and the cartilage morphologic parameters. It Qas not practical to compare the
mean kinematic pm@eters between individuals due to the large differences in the mean
tibiofemoral vangle between individuals, therefore it was not used. In our study we
examined the rate of change of the kinematic parameter only by comparing the cartilage
ratio to each individual’s slope. This does not provide any information about the position
or orientation of the patella, just the rate at which it is changing. Also, by calculating the
ratio of medial to lateral compartment for the mean and fate of change of kinematic
parameters vs./e do not obtaih any iriformation with regards to the state of cartilage
degeneration. Only relative cartilage degeneration can be obtained. Individuals with

severe cartilage degeneration are not differentiated from those with minimal
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degeneration. A grading system should be implemented into analysis in future studies in

order to identify the amount of degeneration that has occurred for each individual.

7.4.2.5 Study Design

The-small sample size, early stage of OA and cross-sectional nature of this pilot
study were key limitations. Although, we only had a small sample we were able to detect
differences in some parameters. We could also determine effect size from the pilot data
we obtained. Therefore we can ensure to power future full scale studies sufficiently. All
of the individuals in our study were in early stages of patellofemoral ‘OA. This was
perhaps one reason that we did not see a conipartmental difference in cartilage
morphology between the varus and} valgus groups. Also, we were not able to determine
conclusively if compartmental differences in cartilage morphology were related to
patellar vkinematics. If we’d had subjects with a range of cartilage dggeneration this
relationship may have been clearer. Our forerr;ost limitation is the cross-Sectional nature
of this study. We were therefore not able to study any cause and effect relationship
related to our research questions. Only associations between parameters could be
determined. Longitudinal studies are preferable in OA research due to the often slow
progression of the disease. The cause aﬁd effect relationship is important when

developing OA treatment strategies.
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7.5 Contributions and Future Work
7.5.1 Relevance of the Work'

We found 'diffe‘re.nces' in three-dimensional patellar kinematics between
individuals §vith varus and valgus alignmént and knee OA. Previous studies have
associated alignment to OA, but alignment is not a measufe of relative movement of the

3161 By assessing differences in three-dimensional

bones or loading pattemé at the joint
patellar kinematics with our validated method we are one step closer to understanding the
effect of alignment on the local bio;nechanical environment.

We did not see a compartment difference in cartilage morphology between the |
varus and valgus groups. Previous studies have focussed on the relationship between

radiographic OA and alignment®"®'.

Joint space narrowing, a surrogate measure of
cartilage degeneration, is only one portion of the radiographic definition of OA. In this
study we, examined the relationship between cartilage morphology and alignment. It is
possible that a relationship between cartilage morphology and alignment does not exist.

To our knowledge, this study is the first to examine the relationship‘ between
cartilage morphology and thréc—dimensional patellar kinematics. We found patellar type,
proportional differences in medial and lateral compartment in particular, may influence :
the rate at which the patella tilts with tibiofemoral flexion. Other possible relationship,

such as that between rate of lateral patellar translation and normalized, volume mean

thickness and percentage cartilage coverage require further study.
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7.5.2 Future Work

Imprdvements could b'e made to our patellar kinerﬁatic méthod by attempting to
control the angles of tibiofemoral flexion measured. One possible method of doing this is
by making markings on the subject’s knee that identify the joint centre and the
'anatomical axes of the femur and the tibia. The goniometer would be consistently
positioned for each éngle of flexion. The result of this would be a :more consistent
difference‘ between measured angles of flexion. A more accurate regression fit would be
obtained to describe each individual’s pattern of patellar kinematics. Also, the mean
kinematic value for each measurement would be more similar between individuals and
cou.ld be used to assess the relationship between the mean magnitude of patellar
kinematic parameters and cartilage morphology.

We have shown that patterns of patellar tracking are different between the varus
and valgus groups however we do not know which, if any, of these patterns are
associated with knee OA. Patellar kinematics of normal, healthy, age-matched
individuals should be assessed using our method and a database assembled. We could
then establish if the individualé with malalignment show significantly different patterns
of patellar tracking than normal individuals. Further, the relationship between alignment
and OA could be assessed by comparing the pgtf‘em.s of patellar kinematics of individuals
with varus or valgus alignment, with and without OA. .

Our study did not‘ﬁnd a compartment specific relationship between cartilage
morphology and alignment however a sufficiently powered study might. A study
containing 30 individuals in each ‘group with an equai gender distﬁbution has the

potential to display a compartmental difference in percentage cartilage coverage if in fact
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this relationship exists. The relationship between compartmental cartilage morphology
and alignment would be better assessed in a longitudinal study because isolated
compartmental changes in cartilage could be isolated. Also, by collecting the MRI scans
of cartilé.ge at an iﬁ-plane resolution of 0.31 mm the edges of the cartilage would be more
defined and more accurate results could be obtained.

To further understand the relationship between cartilage morphology and patellar
kinematics, a comprehensive study of h'ealthy individuals and individuals with various
stages of OA should be carried out. The majority of the group we studied was at
comparable stages of cartilage degeneration and showed comparable results in terms of
compartmental distribution of cartilage. This was not the ideal group to study this
relationship in. By studying both normal individuals and individuals in various stages of
cartilage degeneration with and without rhalalignment a mofe representative sample of
the population would be assessed and possible trends identified.

Results from this pilot study have raised new questions with regards to the cause
and effect relationshii) between patellar kinematics and knee OA. It would be interesting
to determine if patellar kinematics change as cartilage degenerates by .carrying out a
longitudinal study. Our patellar kinematics method is well suited for longitudinal studies
because the original anatomical axes can be used at each measurement point so it is
sensitive to changes. We also found that patella type was associated with the rate of
change of patellar tilt. This raises the question: Are individuals wifh a certain type of
patella more likely to have compartment specific cartilage degeneration? This study
would ideally be carried out longitudinally grouping individuals éccording to patella type

in order to assess the progression of cartilage degeneration.
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Other aspects of patellofemoral mechanics, such as contact areas, must also be
studied in vivo to gain understating of the effect of the local biomechanical environment -
on OA progression. We probose that by adding a contact area assessment to the pﬁtellar
kinematics method we would be able to establish whichlfeatures of patellar tracking
cause changes in loading patterns. It is likely that abnormal loading patterns lead to OA.
Also, it would be beneficial to assess patellar kinematics and contact areas through a
larger range of knee flexion. This could be done using an.open MRI system. By gaining
understanding of the_meéhanics of the joint better treatment strategies to arrest the onset

and progression of OA can be developed.
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Chapter 8: Conclusion
In this pilot study, we assessed three-dimensional patellar kinematics and
cartilage morphology in individuals with varus/valgus malalignment and early knee OA.

We were able to answer our research questions and our findings are summarized below:

Question 1: Which features of three-dimensional patellar kinematics are associated with
valgus alignment 'and which feafurés are associated with varus alignment?

We found thét three-dimensional patellar kinematics were different between the varus
and valgus groups.

e The varus group disblayed a constant medial patellar tilt of approximately 10° and
the valgus group displayed an increasing medial patellar tilt, beginning at
approximately 6° of medial tilt, through the range of tibiofemoral flexion.

e Both the varus and valgus groups displayed a constant ‘spin through the/ range of
tibiofemoral flexion, but the patellae of the varus group displayed an internal spin
of approximately 2° and the patellae of the valgus group displayed an external
spin of approximately 4.5°.

e The patellae of both groups flexed and translated distally at the same rate with
increasing tibioferﬁorél flexion. The patellae of the Valglis groups were ihitiaily
positioned approximately 10 mm more proximal than those of the varus group.

e The valgus group displayed a constant anterior position through the range of
tibiofemoral flexion at approximately 25 mm. The varus group displayed a small

amount of anterior translation, beginning at approximately 31 mm.
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e There was no difference in lateral translation between the varus and valgus groups
and the mean amount of translation was approximately 0 mm.

Our findings for the varus group for tilt aﬁd lateral translation were consistent with what

was found previously’>. The results for spin were as we expected but fhe results for

lateral translation were not. By identifying abnormai patterns of patellar tracking,

treatment strategies aimed at correcting these patterns, such as physiotherapy programs

and orthotics, can be developed.

Question 2: Is local, compartmental patellofemoral cartilage morphology associated

with varus or valgus alignment?

We did not find local, compartmental cartilage morphology to be associated with varus or
valgus alignment. We had expected varus alignment to be associated with a reduced
amount of cartilage in the medial compartment and valgus alignment ‘to be associated
with a reduced amount of cartilage in the lateral compartment. After carrying out a
power analysis we determinled that each group would have to contain 30 individuals to
find a significant difference. There are two other possible reasons to explain why this
relationship was ot seen. First, the osteoarthritis was not advanced enough for isolated
compartmental cartilage degenération to have occurred. Second, cartilage degeneration is
not associatéd with alignment. Previous studies have shown that alignment may be
associated with OA progression’' but this was assessed‘ radiographically and joint space
narrowing, a surrogate for cartilage dégeneration, is only one component in this definition

of OA progression.
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Question 3: Are specific patterns of three-dimensional patellar kinematics associated

with local, compartmental patellar éartilage morphology?

We have shown that the rate of medial patellar tilt was greater in individual’s
proportionately larger lateral compartment bone/cartilage interface area. A relationship
may exist between the rate of change in lateral patellar translation and normalized
volume, mean thickness and pércentage cartilage coverage, However this relationship
was inﬂuenced by a small number of data points. This relationship requireé further study
in a more diverse sample which includes healthy and OA knees and varying degrees of
malalignment. There ma}; also be value in examining the relationship between mean

kinematic parameters and cartilage morphology in the future.

In this pilot study we found differences in patellar kinematics between the varus
and valgus groups, some of which were unexpected. We found these differences despite
the relatively small samples size for each group which suggests that the differences in
patterns of patellar kinematics between groups was quite strong. We expected lateral
translation to be related to valgus alignment and medial translation to be related to varus
alignment. This was not the case. ' The pattern of patellar spin was as we expected.
Treatrﬁent strategies are currently implémented on the basis that the patterns of patellar
kinematics are as we would expect them to be. The expected patterns are based on
assumptions made with regards to how the patelia will likely move and not on measured
values. Our results may inﬂﬁence treatment inté{ventions that aim to correct abnormal

patterns of patellar tracking.
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We also assessed the relationship between compartmental _cartilége morphology
and alignment, which is different from previous studies that most often assess the
relationship between radiographic OA and alignment. Mean cartilage thickness and
percentage cartilage coverage are a more accurate measure of cartilage degeneration in
the joint than joint space narrowing measurement from radiography. However, cartilage
degeneration is just one component of OA progression. It is possible that alignment may
be associated with other OA indicators, such as the presence of osteophytes, and not
cartilage degeneration. We also related compartmental cartilage morphology and rates of
changé patellar kinematics but no clear associations were found. If a relationship were to
exist it would likely be between tilt and/or lateral translation and compartmental mean
thickness and/or percentage cartilage coverage as these are more direct measures of

cartilage degeneration.

In conclusion, the common aim in answering our three research questions was to
provide information that will improve treatment strategies to arrest the onset and
progression of patellofemoral OA. By gaining a better understanding of the local
biomechanical environment at the patellofemoral joint and its relationship to cartilage
degeneration, pathological features can be identified and interventions to correct the
abnormaliﬁes carried out. Better treatment strategies are needed to improve the quality of

life of individuals suffering from this debilitating disease.
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Appendix A

WOMACP® Osteoarthritis Index LK3.1

INSTRUCTIONS TO PATIENTS

In Sections A, B and C, questions will be asked in the following format.
You should give your answers by puttingan “ 2 " in one of the boxes.

EXAMPLES:
1. If you putyour“ 2 "inthe'left-hand box, i.e.

None Mild Moderate Severe Extreme
] a a a Q

Then you are indicating that you have no pain.

2. Ifyouputyour® 7 "inthe right-hand box, i.e.

None Mild Moderate Severe ,Extréme
a a d a 2]

Then you are indicating that your pain is extreme.

3. Please note:

a) thatthe further to the right you place your “ & " the more pain
you are experiencing.

b) thatthe further to the left you place your “ & "the less pain
you are experiencing. '

c) please do not place your “ 4 " outside the box.

You will be asked to indicate on this type of scale the amount of pain, stiffness
or disability you have experienced in the last 48 hours.

Think* about your (study joint) when answering the
questionnaire. Indicate the severity of your pain, stiffness and physical
disability that you feel is caused by arthritis in your (study
joint).

Your study joint has been identified for you by your health care professional.
If you are unsure which joint is your studyjomt please ask before completing
the questionnaire.

Copyright©2000 Nicholas Beltamy
AllRights Reserved
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Appendix A

WOMAC® Osteoarthritis Index LK3.1

Section A

Think about the pain you felt in your (study joint)
due to your arthritis during the last 48 hours.

(Please mark your answers withan “ 4 "))

QUESTION: How much pain do you-have? . Study Coordinator
: . Use Only
1. Walking on a flat surface. _ i
None Mild Moderate  Severe -  Extreme

a d d a - - Q PAINT

2. Going up or down stairs.

None Mild Moderate Severe Extreme
Q Q a - Qa a PAIN2

3. At night while in bed, i.e., pain that disturbs your sleep.

None ~ Mild Moderate Severe Extreme
Qa Q - Q ' a Q PAIN3

4. Sitting or lying.

None Mild Moderate Severe . Extreme
Q a a d a PAINd

5. Standing upright.

None - Mild Moderate Severe Extreme
Q a Q Q a PAINS

Copyright©2000 Nicholas Bellamy
AllRights Reserved
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WOMACP® Osteoarthritis Index LK3.1

Section B
STIFFNESS

Think about the stiffness (not pain) you feltin your (study joint)
due to your arthritis during the last 48 hours.

Stiffness is a sensation of decreased ease in moving your joint.

(Please mark your answers withan “ 4 ".)

1}
. . . L Study Coordinat
6. How severe is your stiffness after first awakening in the . éseogrn‘l;a o
morning?
None Mild Moderate Severe Extreme :
a a a Qa Q STIFF6
7. How severe is your stiffness after sitting, lying or resting later
in the day?
None Mild Moderate Severe Extreme
Q Q a Q Qa STIFF7
Copyright©2000 Nicholas Bellamy
- AllRights Reserved
V3 - English for Canada Page 3 of 6
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WOMAC® Osteoarthritis Index LK3.1

Section C

DIFFICULTY PERFORMING DAILY ACTIVITIES

Think about the difficulty you had in doing the following daily physical actlv:tles
due to arthritis in your (study joint) during the last 48 hours.
By this we mean your ability to move around and to look after yourself.

(Please mark your answers withan“ 4 ".)

QUESTION: What degree of difficulty do you have? - Study Coordinator
Use Only
8. Descending stairs. K
None Mild Moderate  Severe Extreme
Qa a a a G  ||PFIN8 e

9. Ascending stairs.

None ~ Mild Moderate Severe Extreme
a ] a a Q PFTNO

10. Rising from sitting.

None : Mild Moderate Severe Extreme
a a a a Q . PFTN10
11. Standing.
None Mild - Moderate Severe Extreme ’
Q Qa a : Q Q PFTN1

12. Bending to the floor.

None Mild Moderate Severe .  Extreme .
a a d a a PFTN12

13. Walking on a flat surface.

None Mild Moderate Severe Extreme
a Q - Qa a Q PFTN13

Copyright©2000 Nicholas Bellamy
AllRights Reserved
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WOMAC® Osteoarthritis Index LK3.1

Section C

DIFFICULTY PERFORMING DAILY ACTIVITIES

Think about the difficulty you had in doing the following daily physical activities

due to arthritis in your

(study joint) during the last 48 hours.

By this we mean your ability to move around and to look after yourself.

(Please mark your answers withan “ % ".)

QUESTION: What degree of difficulty do you have?

14. Getting in or out of a car, or getting on or off a bus.
a Q a a Q
15. Going shopping.
a a : a a Q
16. Putting on your socks or stockings.
Q g Q a a
17. Rising from bed.
d a a Q Q
18, Taking off your sécks or stockings.
a d a a a

19. Lying in bed.

a Q a a a

None Mild Moderate Severe Extreme

None Mild Moderate Severe Extreme

None Mild Moderate Severe Extreme

None Mild Moderate Severe Extreme

None .. Mild Moderate Severe Extreme

None Mild Moderate  Severe Extreme

Study Coordinator
sUse Only

PFTN14-

PFTN15

PFTN16 .

PFTN17

PFTN18

N

PFTN19

Copyright®2000 Nicholas Bellamy
AliRights Reserved
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WOMACP® Osteoarthritis Index LK3.1

Section C

4
&

DIFFICULTY PERFORMING DAILY ACTIVITIES

Think about the difficulty you had in doing the following daily physical activities
due to arthritis in your (study joint) during the last 48 hours.
By this we mean your ability to move around and to look after yourself.

(Please mark your answers withan “ % ")

QUESTION: What degree of difficulty do you have? Study Coordinator
. ' Use Only
20. Getting in or out of the bath. *
None Mitd Moderate Severe Extreme ,
a - Qa a a a PFTN20
21. Sitting.
None Mild Moderate Severe Extreme
a Q a a a PFTN21

22. Getting on or 6ff the toilet.

None Mild Moderate Severe Extreme
a Q Q a a PFTN22 o

23. Performing heavy domestic duties.

None Mild A Moderate Severe Extreme
Q ] . a a- (] PFTN23

24. Performing light domestic duties.

None Mild Moderate Severe Extreme
a ] Q Q ] PFTN24

Copyright©2000 Nicholas Bellamy
AllRights Reserved
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Appendix B: Anatomical Axes Assignment

I. Femoral Axes Assignment

To create the femoral coordinate system four anatomical landmarks were
identified.

1. The most posterior aspect of the lateral femoral condyle (f1)

2. The most posterior aspect of the medial femoral condyle (£2)

3. The most superior aspect of the intercondylar notch (f3)

4. The centroid of the superior femoral shaft (f4)
f1 and 2, the posterior lateral and medial femoral condylar points, were identified from
the last axial slice in which the most superior aspect of the intercondylar notch was

visible (Figure B.1).

medial

lateral

Figure B.1: The lower arrow indicates the lateral posterior
femoral point (fl) and the upper arrow indicates the medial
posterior point of the femur (f2). These points are identified on
the last axial slice containing a bridge between femoral condyles.

Next the sagittal slice containing the most superior aspect of the intercondylar notch was

identified and the most inferior point of femoral bone was recorded as 3 (Figure B.2).
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Figure B.2: Point f3 identifies the most distal point on the femur.

This point is identified on the sagittal slice containing the most

superior point of the intercondylar notch.
The centroid of the superior femoral shaft was calculated from the geometric model of
the femur created from the high resolution image. The superior axial slice of the femur
was identified and the geometric mean of all of the points in this slice was determined
and recorded as f4.

To determine the coordinate axes for the femur the following unit vectors were

found:

1. f1 X f2 (posterior aspects of the medial and lateral condyles)

PosteriorCondyles = i
lrir2 |
2. 3 X f4 (superior aspect of the intercondylar notch and the centroid of the superior

shaft). This vector defines the superior/inferior femoral axis (Slaxis) where

superior is the positive direction.

SIAxis = &
|£374 |
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The cross-product of these two unit vectors was then determined to define the

anterior/posterior femoral axis (APAxis) where anterior is the positive direction.

APAxis = SIAxis x PosteriorCondyles

Finally, the cross-product of the APAxis vector and the SIAxis vector was found to

determine the medial/lateral axis vector (MLaxis).

MLAxis = APAxis x Slaxis
The origin of this coordinate system (Figure B.3) is f3, the superior aspect of the

intercondylar notch.

Lateral : Medial e Lateral

Figure B.3: Femoral coordinate system. Left: left knee
(anterioposterior view), Right: right knee (anterioposterior view)
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IL. Tibial Axes Assignment
The anatomical landmarks required to define the tibial coordinate system are as

follows:

1. The superior aspect of the fibula (t1)

2. The most posterior aspect of the lateral tibial plateau (t2)

3. The most posterior aspect of the medial tibial plateau (t3)

4. The superior medial tibial eminence (t4)

5. The centroid of the inferior tibia (t5)
tl was found on the sagittal slice showing the most proximal part of the fibula (Figure

B.4).

Figure B.4: Point t] is the most superior point of the fibula

identified on a sagittal slice.
The axial coordinate of t1 was used to find the axial slice in which t2 and t3 will be
defined. Once the axial slice was located a check can be carried out to ensure that the
fibula does in fact disappear in the next most superior slice. t2 and t3, the posterior

lateral and medial tibial plateau was then identified (F igure B.5).
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Figure B.5: The axial
slice  containing  the
most superior point of
the fibula. t2 and 3
are identified as the
most posterior lateral
and medial aspects of
the tibial plateau.

t4, the superior medial tibial eminence, was found in the sagittal slice with the most

proximal point of the eminence (Figure B.6).

Figure B.6: Most superior point of the medial tibial
eminence found on a sagittal slice.

Finally, f5, the centroid of the inferior tibia was determined using the same method as

outlined for finding the centroid of the superior femur.
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To determine the coordinate axes for the femur the following unit vectors were
fbund:
1. t2 X t3 (posterior aspects of the medial and lateral tibial plateau)

1263
| 2263 |

PosteriorPlateau =

2. t4 X t5 (superior aspect of the medial tibial eminence and the centroid of the

inferior tibia). This vector defines the superior/inferior tibial axis (Slaxis).

The cross-product of these two unit vectors was then determined to define the

anterior/posterior tibial axis (APAXxis).

APAxis = SIAxis x PosteriorPlateau
Finally the cross product of the anterior/posterior axis (APAxis) vector and the
superior/inferior axis (SIAxis) vector was found to determine the medial/lateral axis

vector (MLaxis).

MLAxis = APAxis x Slaxis

The origin of this coordinate system (Figure B.7) is t4, the superior aspect of the medial

tibial eminence.
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{ Medial |
~J -

Lateral

Lateral __

Medial

Figure B.7: Tibial coordinate system. Left: left knee (oblique view),
Right: right knee (oblique view)
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IIL. Patellar Axes Assignment
Four landmarks on the patella were identified in order to assign the patellar

coordinate system. They were:

1. The posterior point of the mid axial patellar slice (p1)

2. The lateral point of the mid axial patellar slice (p2)

3. The superior point of the mid sagittal patellar slice (p3)

4. the inferior point of the mid sagittal patellar slice (p4)
To determine the mid axial patellar slice the first and last axial slices in which the patella
was visible were identified and the slice midway between these two was identified. If
there are two mid slices, that in which the posterior patellar point is more posterior was

chosen. P1 and p2 are found on the mid slice as seen in Figure B.8.

Figure B.8: The most posterior point (p1) and lateral point (p2) on
the axial midslice of the patella.

The sagittal patellar mid slice was determined in the same manner as the axial patellar
mid slice and p3 and p4, the superior and inferior points on the patella, were recorded as

seen in Figure B.9.
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Figure B.9: The superior (p3) and inferior (p4) points
on the sagittal midslice of the patella.

To calculate the coordinate axes for the patella the following unit vectors were

found:

1. pl X p2 (posterior and lateral mid axial points)

_—

plp2
| p1p2 |

PosteriorLateralVector =

2. p3 X p4 (superior and inferior mid sagittal points). This vector defines the

superior/inferior patellar axis (Slaxis).

SIAxis = %
| p3p4 |

The anterior/posterior patellar axis (APaxis) was defined as the cross-product of the

superior/inferior axis (SIaxis) and the posterior-lateral vector.

APAxis = SIAxis x PosteriorLateralVector

And finally, the medial/lateral patellar axis (MLAXis) is the cross-product of the APAxis

and the STAxis.
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MLAxis = APAxis x Slaxis

The origin of the patellar coordinate system (Figure B.1 0) is p1, the most posterior point
of the mid axial slice.

Lateral .2

Medial

e J
Medial
v

“Lateral

Figure B.10: Patellar coordinate system. Left: left knee (oblique view),
Right: right knee (oblique view)
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Appendix C: Participant Consent Form

Principal Investigator: . Dr. David R. Wilson, Ph.D

(604) 875 4428

Department of Orthopaedics

Division of Orthopaedic Engineering Research
Vancouver General Hospital

Co-Investigators: Dr. Jolanda Cibere, M.D., Ph.D
Department of Health Care and Epidemiology, VGH
Arthritis Centre

Dr. Savvas Nicolaou, M.D.
Department of Radiology, VGH

Dr. Alex MacKay, Ph.D
Department of Radiology, VGH
Department of Physics, UBC

Emily McWalter, B.Sc. Mechanical Engineering
Division of Orthopaedic Engineering Research, VGH
Department of Mechanical Engineering, UBC

Contact: Emily McWalter, B.Sc. Mechanical Engineering
(604) 875 4111 ext. 66314

In case of Emergency call (24 hours a day)

(604) 875 4111 ext. 55056

Division of Orthopaedic Engineering Research, VGH
Department of Mechanical Engineering, UBC

Title: Image Guided Assessment of Patellar Tracking and Planning of Patellar
Realignment

Purpose:

The purpose of this study is to examine the relationship between varus and valgus
malalignment (bow-legs and knock-knees), patellar mechanics (how your knee-cap
moves when you bend your knee) and cartilage thickness in the patellofemoral joint (the
joint between your knee-cap and your thigh bone). We, the investigators, are interested
in examining a possible relationship between these items and patellofemoral osteoarthritis
(the degeneration or break-down of cartilage).

179




Appendix C

Invitation:

You have been asked to participate in this research study as you have participated in
previous research studies through the Mary Pack Arthritis Centre at Vancouver General
Hospital and have expressed an interest in participating in further research studies. You
also display varus or valgus knee alignment (bow-legs or knock-knees) which is an area
of particular interest to the investigators of this study. Finally, you also have some knee
pain which may be associated with possible osteoarthritis in your patellofemoral joint
(the break down of cartilage in the space between your knee-cap and your thigh bone).

Treatment Alternatives:

This study is a research study. It is not an alternative to the normal treatments available
for knee osteoarthritis. You should continue with the treatment regime suggested to you
by your primary care giver and any specialists you have consulted.

Sponsor:

This study is funded by the Canadian Institute of Health Research (CIHR) who is the
major federal funding agency of health research in Canada.

Study Procedures:

The study will take place during a morning or afternoon of your choosing. You will be
asked to commit four or five hours of your time to the study. This amount of time is
outside your normal health care and is strictly voluntary. Your normal health care regime
will continue as usual. :

By participating in this study you will be asked to fill out the following questionnaire:

1. Western Ontario and McMaster University Osteoarthritis Index —-WOMAC
questionnaire. This questionnaire will take approximately 15 minutes to
complete. You will be asked questions regarding your knee pain, stiffness and
function. This questionnaire will help the investigators to classify possible
osteoarthritis.

By participating in this study you will be asked to undergo the following imaging
sessions:

1. One full lower limb standing X-ray (from hip to ankle). This will take
approximately 15 minutes to complete. This X-ray is used to determine the angle
of varus or valgus at your knee joint (bow-leg or knock-knee).

2. Assessment of patellar tracking using an MRI machine. One high-resolution MRI
scan will be taken, this will last a‘t?out 15 minutes. Six low-resolution MRI scans
will be taken, each one lasting about 40 seconds. During the quick, low-
resolution scans you will be asked to press on a pedal with your knee bent at
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different angles 'You will spend about one hour in the MRI suite, this accounts
for scanning t1me and leg positioning time. This process allows the mvestlgators
to study how your patella (knee-cap) moves as you bend your knee.

3. To measure cartilage thickness at the patellofemoral joint you will be randomly
selected to undergo one of the following imaging sessions:

a. One skyline X-ray of the patellofemoral joint (the X-ray is taken from
above, looking down on your joint). This will take approximately half an
hour including positioning and the actual X-ray. The X-rayimage itself is
instantaneous. From this X-ray the investigators can measure the distance
between the knee-cap and the thigh bone.

or :
b. One CT scan of the knee. This will take approximately half an hour
including positioning and the actual CT imaging. The scan itself will last
approximately 30 seconds. Cartilage is visible on CT images therefore
from this scan the investigators will measure the cartilage thickness.
or

c. One MRI scan of the knee. This will take approximately half an hour - )
including positioning and the actual MRI scan. The MRI scan itself takes
approximately 8 minutes. From the MRI scan obtained the investigators
will be able to measure cartilage thickness, volume and surface area.

Special Note: A small group of participants will be asked to undergo all three methods of
measuring cartilage thickness so that the investigators can compare the three methods. If
you are interested in undergoing all three methods of measurement you will be
volunteering five hours of your time as opposed to four. Please sign the extra section at
the very end of this consent form if you wish to participate in the two extra scanning
sessions. Please read the risk section carefully before making your decision.

If ybu have any questions regarding the procedure or do not understand any of the steps
please do not hesitate to contact Emily McWalter at 604 875 1111 x 66314, she will be
more than happy to respond to all of your questions and concerns.

Subject Eligibility:

~ In order to participate in the study all of the following four statements must be true:

1. You must have varus or valgus malalignment

2. You must be over the age of 50

3. You must display osteophytes, which are small bony growths on the surface of the
joint, in one or more knee compartments -

4. You must experience some knee pain when carrying out knee intensive activities

Exclusion Criteria:
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You may not participate in the study if you have any of the following conditions:
injection in either knee to relieve pain within the last 3 months, minor knee surgery
within the last 6 months (incision less than 1 inch), major knee surgery within the last
year (incision greater than 1 inch), a total knee replacement in either knee, history of
chronic inflammation of the knee, rheumatoid arthritis, systemic inflammatory arthritis
(for example lupus), a bone fracture at the knee joint, Paget’s disease, villonodular
synovitis (swelling of the lining of your joint), joint infections, ochronosis (blue/black
discolouration of bone, cartilage or skin) , neuropathic arthropathy (loss of sensation at
the joint), acromegaly (abnormal bony enlargement of hands or feet), hemochromatosis
(over absorption of iron), Wilson’s disease (over absorption of copper),
osteochondromatosis (fragments of lining in the joint), gout (crystals in or around the
joint space), recurrent pseudogout (calcium crystal build up in the joint), osteopetrosis
(overly dense bones from birth). ’

Risks:

There 1s some risk associated with having X-rays and CT scans taken. In both X-rays
and CT scans you will be exposed to a small amount of radiation. The maximum
radiation you will be exposed to is 1.4 mSv, this is equal the radiation you would be
exposed to if you flew in an airplane for 140 hours. However, if you choose to
participate in all three methods of cartilage thickness measurement will be exposed to a
maximum of 1.6 mSv of radiation (equivalent to 160 hours of flying time). To put these
numbers in perspective, all individuals are exposed to 2 mSv of background radiation per
year. Background radiation is the radiation we are all exposed to from sources such as
the sun, the earth and other substances in our environment. The total radiation you will
be exposed to by participating in this study is less than one year’s worth of background
radiation. Radiation can damage body cells, however at this small dose this is unlikely.
Side effects due to this amount of exposure are highly unlikely. There is no known risk
to your physical health associated with MRI scans, however there is a risk of
claustrophobia. During the scan you will be lying down on a bed and the bed will be
moved into a tunnel-like environment. If you feel uncomfortable at any point during the
scan you will be able to tell the operator and he or she will help you leave the MRI
scanning area.

Confidentiality:

Your confidentiality will be respected. No information that discloses your identity will be
released or published without your specific consent to the disclosure. However, research
records and medical records identifying you may be inspected in the presence of the
Investigator or his or her designate by representatives of (name the sponsoring company
if relévant), Health Canada, (the U.S. Food and Drug Administration, if relevant), and the
UBC Research Ethics Board for the purpose of monitoring the research. However, no
records which identify you by name or initials will be allowed to leave the Investigators'
offices. '

All of the data collected in this study is strictly confidential. Access to data is restricted
to the investigators reported at the opening of this document only. Your name and
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contact information will not appear in any data files, a number assigned to you will be the
only means of identification. This identification number will be associated with your
name and contact information in a separate file to which only Dr. David Wilson (lead
investigator) and Emily McWalter (co-investigator) will have access.

Refusal or Withdrawal from Study:

This study is strictly voluntary; it is your choice as to whether or not you wish to
participate. You may decline to enter, or withdraw from the study at any time without
consequence. Refusing to participate in this study at any time will not compromise your
medical care now or at any point in the future. Any information related to your
continuing participating will be disclosed to me in a timely manner.

Further Participation:

We will disclose to you, in a timely manner, any information regarding your further
participation in the present study. For example, you may be asked to participate in a sub-
study or an extension of the current study. If so, your participation is again strictly
voluntary and your participation in the present study by no means requires to you
participate in any further research studies.

Remuneration/Compensation:

All travel expenses will be covered. For example, if you travel from your home to and
from Vancouver General Hospital by taxi the fare will be paid for by the study. If you
live within Vancouver you will be reimbursed up to a maximum of $50 and if you live
outside of Vancouver you will be reimbursed up to a maximum of $250. Receipts for
travel expenses are required. '

Concerns or Comments: -

If you have any concerns regarding your treatment or rights as a participant in the present
research study please do not hesitate to contact the Director of the Office of Research
Services at the University of British Columbia at 604-822-8598.

Consent:

I have read and understood all of the statements above. Iunderstand that participation in
this study is strictly voluntary and all of the measurements are in addition to my normal
health care. Irealize that I am not waiving my legal rights by signing this consent form.
I have received a copy of this document for my personal records.

I consent to participate in this study.
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Name Date
‘ (please print) :
| ' Signature
Subject
Witness Date
- (please print)
Signature
Witness
Investigator Date
(please print)
Signature
Investigator

I also wish to participate in all three methods of measuring cartilage thickness thereby
volunteering five hours of my time as opposed to four. I understand that I by no means
am required to participate in this aspect of the study and I can withdraw from it at any
time. I acknowledge that I will be exposed to a slightly higher radiation dose by
participating in this aspect of the study.

Name Date
(please print)

Signature
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Appendix D: Higher order regression results for cartilage surface area,
normalized volume, mean thickness and percentage coverage and lateral patellar
translation.

D.l: Surface Area

Slope of Lateral Translation vs. Ratio of Surface Area
2" order polynomial fit
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Figure D.1: 2 order polynomial regression fit of the ratio of medial to
lateral surface area to the slope of lateral patellar translation. The
regression equation and the R’ values are shown.

Slope of Lateral Translation vs. Ratio of Surface Area
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Figure D.2: 3" order polynomial regression fit of the ratio of medial to
lateral surface area to the slope of lateral patellar translation. The
regression equation and the R’ values are shown.
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D.2: Mean Thickness

Slope of Lateral Translation vs. Ratio of Mean Thickness
2" order polynomial fit

1 1 b,

125 a1 .‘ ) U U S U LS S Y
1 - |
75 - ' o

ratio thickness

-1 Tt Ty T

-4 -3 -2 -1 0 A 2 3
slope lat trans
=-327+2439* X +11.979* X*2; R*2 = .72

Figure D.3: 2 order polynomial regression fit of the ratio of medial to
lateral mean thickness to the slope of lateral patellar translation. The
regression equation and the R’ values are shown.
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Slope of Lateral Translation vs. Ratio of Mean Thickness
3" order polynomial fit
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Figure D.4: 3" order polynomial regression fit of the ratio of medial to
lateral mean thickness to the slope of lateral patellar translation. The
regression equation and the R’ values are shown.
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D.3: Nofmalized Volume ‘

Slope of Lateral Translation vs. Ratio of Normalized Volume
2" order polynomial fit
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Figure D.5: 2 order polynomial regression fit of the ratio of medial to
lateral normalized volume to the slope of lateral patellar translation. The
regression equation and the R’ values are shown.
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Slope of Lateral Translation vs. Ratio of Normalized Volume
3" order polynomial fit
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Figure D.6: 3™ order polynomial regression fit of the ratio of medial to
lateral normalized volume to the slope of lateral patellar translation. The
regression equation and the R’ values are shown.

Slope of Lateral Translation vs. Ratio of Normalized Volume
4™ order polynomial fit
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Figure D.7: 4" order polynomial regression fit of the ratio of medial to
lateral normalized volume to the slope of lateral patellar translation. The
regression equation and the R” values are shown.
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6.7.5 Percentage Cartilage Coverage

| Slope of Lateral Translation vs. Ratio of Percehtage Cartilage Coverage
2" order polynomial fit
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Figure D.8: 2™ order polynomial regression fit of the ratio of medial to
lateral percentage cartilage coverage to the slope of lateral patellar
translation. The regression equation and the R’ values are shown.

Slope of Lateral Translation vs. Ratio of Percentage Cartilage Coverage
3" order polynomial fit
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Figure D.9: 3 order polynomial regression fit of the ratio of medial to
lateral percentage cartilage coverage to the slope of lateral patellar
translation. The regression equation and the R’ values are shown.




