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Abstract

Introduction: Medial opening-wedge high tibial osteotomy (HTO) is a surgical procedure
intended to shift load from the medial to the lateral compartment of the knee. The 10-year
success rates of HTO are variable. One factor affecting success may be how effectively the
procedure corrects alignment in the coronal plane (wedge angle) and sagittal plane (slope angle).
The objective of this study was to determine the effect of changing tibial slope for a range of
tibial wedge angles in medial opening wedge HTO on knee joint contact pressure location and

kinematics during continuous loaded flexion/extension.

Methods: The accuracy and repeatability of Novel pliance capacitive pressure sensors
were measured under relevant compressive forces using a materials testing system (Instron
ElectroPuls E10000). Seven male cadaveric knee specimens (mean age 62 (14)) cycled through
simulated squatting. Tibiofemoral and patellofemoral kinematics were measured using an
infrared (Optotrak Certus) motion tracking system. Contact pressure was measured using
capacitive pressure sensors (Novel Pliance). This assessment was repeated for seven clinically

relevant combinations of wedge and slope.

Results: The capacitive pressure sensors had a maximum error of 13 + 2.1% when
applying force across the entire sensor. Significant differences (p<0.05) were found between all
tibiofemoral and patellofemoral kinematic parameters and contact pressure parameters measured
for all wedge and slope combinations. An increase in slope from neutral to 5° resulted in 7mm of
anterior translation of the centre of pressure on the medial compartment for a 15° wedge
(p<0.000). Increasing the wedge angle resulted in anterior translation of the tibia relative the
femur (p<0.000). Increasing the wedge angle to 7.5° resulted in a reduction in the proportion of

load in the medial compartment by 17% (p<0.001).



Conclusion: Knee kinematics and contact pressure are altered as a result of changes to the
wedge and slope of the osteotomy. There is a large focus on the effect of the coronal plane
correction in HTO, but the sagittal plane correction also plays an important role in contact

pressure at the tibiofemoral joint.
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1 Introduction

High tibial osteotomy (HTO) is a surgical procedure for patients suffering from
medial compartment osteoarthritis. HTO realigns the lower limb in an attempt to redistribute
force going through the knee compartments by reducing force in the osteoarthritic medial
compartment and increasing force in the healthier lateral compartment of the tibiofemoral
joint. Approximately 1040 HTOs were performed in the United States in 2010 [1] as opposed
to just over 7000 HTOs reportedly performed in 1990 [2]. Tibiofemoral radiographic
osteoarthritis was reportedly present in 19.2% of adults over 45 years of age, and the medial

compartment is most commonly affected in tibiofemoral osteoarthritis [3].

The success rate of HTOs 10-years post-operatively ranges from 51% to 98% [4]-{9].
It is not clear why there is such a large range of success rates in the literature. HTOs have
fallen out of favour amongst orthopaedic surgeons largely due to the inconsistent results and
technical difficulty of the procedure [10]. In a study of rates of HTO from 1985 to 1990, the
number of HTOs per year decreased at an average rate of 10.6% per year, whereas total knee

arthroplasty increased at a rate of 15.1% per year in Ontario [2].

Correct alignment of the HTO is important to clinical success and a substantial
challenge for the surgeon. Opening wedge osteotomy allows for correction in two planes:
sagittal and coronal. The correction in the sagittal plane is the change in tibial slope (or slope
angle) and the change in the coronal plane can be defined by the wedge angle. Optimal
correction in the coronal plane has been proposed in many studies [11]-[20], which are based

primarily off of guidelines from Fujisawa et al.’s work in 1979 [11]. Sagittal plane correction



is often not controlled, even though large and variable differences in tibial slope have been

seen between pre-operative and post-operative sagittal radiographs [21].

Few biomechanical studies have looked at the effect of slope in HTO. Agneskirchner
et al. examined the effect of increasing slope in HTO on contact pressure and kinematics in a
cadaveric model. However, they only performed an anterior opening-wedge HTO, and as
such they could not quantify the effects of coronal plane alignment. They also only looked at
contact pressure in the medial tibiofemoral compartment [22]. Rodner et al. looked at the
effect of slope on HTO by altering placement of the osteotomy fixation plate to control the
tibial slope in a cadaveric study [23]. The effect of slope in HTO remains inconclusive due to
conflicting results from these studies. For instance, Agneskirchner et al. reported an anterior
translation of contact on the tibial plateau following an increase in slope, and Rodner et al.
reported an insignificant posterior translation of contact on the tibial plateau. These
differences are likely due to the loading models used and differences in the osteotomies
performed and suggest there is more work to be done to understand the effect of altering

tibial slope in HTO.

Pressure sensors are widely used to measure contact force and contact pressure
distribution in the tibiofemoral joint. The most commonly used pressure sensor in
biomechanical studies is the Tekscan pressure sensor, but it unfortunately suffers from poor
accuracy and degradation during extended periods of testing [14], [22]-[35]. Novel pressure
sensors have been found to be more accurate and repeatable than Tekscan pressure sensors
[27], [36] when force is applied using a materials testing system. However, more work is still

needed on the accuracy of Novel pressure sensors in the tibiofemoral joint environment.



The wedge and slope of the osteotomy (representing the change in alignment) are the
main surgeon-controlled variables in an HTO. It is important to understand the effect of
changing the wedge and slope due to their potential for having a large effect on resulting
knee mechanics that could alter the progression of osteoarthritis, since it is known that

mechanics play a part in osteoarthritis [37].

It is obvious that altering the wedge and slope angle of the osteotomy would alter the
mechanical alignment of the lower limb, but it is not known how changing the wedge and
slope angle affects kinematics and contact pressure at the knee joint because of a lack of

biomechanical work in this area.
The research questions this thesis aims to answer include:

1. How accurate and repeatable are Novel Pliance tibiofemoral pressure sensors for

use in the tibiofemoral joint?

2. How does changing tibial slope for a range of wedge angles in HTO affect

patellofemoral and tibiofemoral kinematics?

3. How does changing tibial slope for a range of wedge angles in HTO affect the
centre of contact pressure in the medial and lateral compartments of the tibiofemoral joint

and the distribution of pressure between these compartments?



2 Literature Review

2.1 Anatomical Orientations

When describing the location and orientation of anatomical features, universal terms
are used in reference to relative anatomical positions and anatomical reference planes. The
sagittal plane has a vertical orientation and divides a person into left and right sections. The
sagittal plane that divides a person into equal left and right halves is called the midsagittal
plane. The coronal plane runs vertically, and divides a person into front and back sections.
The transverse plane runs horizontally, and divides a person into top and bottom halves

(Figure 1).

Sagittal plane

Coronal plane

Transverse plane

Figure 1: Anatomical reference planes of the human body.
“Human_anatomy planes” by Nick Zuccarello, edited by Juan Pablo Bouza, and
licensed under CC BY 3.0.

Anatomical terms are used to locate the relative positions of structures. Structures
that are more forward are referred to as anterior, and structures that are more backward are

referred to as posterior (e.g. toes are anterior to heels). Structures that are closer to the



midsagittal plane are referred to as medial, and structures that are further from the
midsagittal plane are lateral (e.g. the nose is medial to the eyes). Structures closer to their
origin are referred to as proximal, and structures further from their origin are referred to as
distal (e.g. the hand is distal to the arm). Structures that are closer to the top are referred to as
superior, and structures closer to the bottom are referred to as inferior (e.g. the hip is superior

to the knee).

2.2 The Knee

The knee is a weight bearing joint that permits locomotion and many other activities
by flexing and extending, but also allows movement in other directions. The knee is
composed of two separate articulating joints: the tibiofemoral joint and the patellofemoral
joint. The tibiofemoral joint serves as the weight bearing joint, and the patellofemoral joint
provides a mechanical advantage for the quadriceps tendon via an increased moment arm to
to facilitate movement. Both the patellofemoral and tibiofemoral joint transmit substantial

forces during weight-bearing activities.

2.2.1 Anatomy

The knee joint is made up of bones, ligaments, articular cartilage and meniscus, and

is surrounded by muscles that actuate movement.

2.2.1.1 Bones

The knee joint is made up of three articulating bones: the femur, the tibia, and the

patella.

The femur connects the hip joint to the knee joint, and at its distal end forms two

curved prominences (condyles) that articulate with the tibia. The medial condyle is larger



than the lateral condyle. The condyles connect on the anterior surface to create the patellar
surface, the articulation for the patella. The medial epicondyle is a bony protrusion proximal
and medial to the medial condyle, and the lateral epicondyle is a bony protrusion proximal

and lateral to the lateral condyle (Figure 2).

Articulor capsule
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s Medial
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Figure 2: Distal end of the femur.
Image is edited from Gray’s Anatomy 1918, copyright expired.

The tibia connects the knee joint to the ankle joint. The proximal end of the tibia (the
tibial plateau) is composed of medial and lateral condyles, which provide flattened and
slightly curved (concave for the medial condyle and convex for the lateral condyle) surfaces
for articulation with the femoral condyles (Figure 3). The medial condyle provides a longer
(from anterior to posterior edge) surface for articulation. The tibial tuberosity, a large
prominence on the anterior side of the proximal tibial shaft, is an important landmark in

many surgical procedures, and provides the insertion for the patellar ligament.
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Figure 3: Superior view of the tibial plateau.

Image is from Gray’s Anatomy 1918, copyright expired.
The patella (commonly known as the kneecap) is a bone that is incorporated inside of

the quadriceps tendon (Figure 4). The posterior side of the patella articulates with the

anterior side of the distal end of the femur where the femoral condyles meet.

Base

Articular surface

Figure 4: Posterior view of the patella and its articular surface.

Image is edited from Gray’s Anatomy 1918, copyright expired.



2.2.1.2 Muscles

Muscles surrounding the knee move the bones of the knee relative to each other.
These muscles are divided into three compartments of the thigh: anterior compartment,
posterior compartment and medial compartment. Muscles of the anterior compartment are
mainly responsible for knee extension. The quadriceps femoris is a large muscle group that is
the main extensor of the knee. This group unites at the quadriceps tendon, which connects to
the tibial tuberosity through the patellar ligament. Muscles of the posterior compartment of
the knee are primarily responsible for flexion of the joint. Together, the muscles of the
posterior compartment are known as the hamstrings. Muscles of the medial compartment of
the thigh are known as the hip adductors and primarily allow for adduction of the leg

(movement towards the midsagittal plane).

2.2.1.3 Ligaments

Ligaments of the knee restrict and guide motion and align the knee joint. The primary
ligaments of the knee include the patellar ligament, the collateral ligaments, and the cruciate

ligaments.

The patellar ligament connects the quadriceps tendon at the patella to the tibial

tuberosity and transmits force from the quadriceps femoris muscle group to the tibia.

The cruciate ligaments run approximately posteriorly-anteriorly in the centre of the
tibiofemoral joint and connect the tibia and femur. The anterior cruciate ligament (ACL)
connects the posterior distal femur to the anterior proximal tibia and resists anterior
translation and internal rotation of the tibia. The posterior cruciate ligament (PCL) connects
the anterior distal femur to the posterior proximal tibia and resists posterior translation of the

tibia.



The collateral ligaments help to maintain alignment of the knee during flexion and
extension. The medial collateral ligament (MCL) connects the medial femoral epicondyle to
the medial tibial condyle. The lateral collateral ligament (LCL) connects the lateral femoral

epicondyle to the fibular head. The fibula is a bone running parallel and lateral to the tibia.

2.2.1.4 Articular Cartilage

The articular cartilage of the knee joint provides a low friction, compliant surface at
the tibiofemoral and patellofemoral joints. Articular cartilage is made up of hyaline cartilage,
which is avascular and viscoelastic. It is approximately 2% chondrocytes by volume.
Chondrocytes are cells that repair, maintain and develop the articular cartilage [38]. The
remaining volume of articular cartilage is made up of the extracellular matrix which includes

tissue fluid, collagen, and proteoglycans.

2.2.1.5 Meniscus

The tibiofemoral joint contains two menisci, one in each compartment (medial and
lateral). The menisci are made up of fibrocartilage in C-shapes on the tibial plateau (Figure
5). These C-shaped menisci are fixed at both ends to the central area of the tibial plateau. The

menisci distribute force in the tibiofemoral joint.
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Figure 5: Lateral and medial meniscus as seen from a superior view of the tibial plateau.

Image is edited from Gray’s Anatomy 1918, copyright expired.

2.3 Osteoarthritis of the Knee

Osteoarthritis is commonly known as ‘wear and tear arthritis’ and involves the
breakdown of articular cartilage, thickening of subchondral bone, and degeneration of other
joint tissues. The prevalence of knee osteoarthritis increases with age, rising from 13.8% of

adults aged 26 and older, 19.2% aged 45 and older, and 27.4% aged 60 and older [39].

Patients suffering from osteoarthritis of the knee mainly exhibit pain at or around the
knee, as well as stiffness of the joint. Osteoarthritis is known as a whole-joint disease and as
such, patients often exhibit pain in the surrounding muscles. The significant pain of the

disease often leads to disability.

A primary feature of osteoarthritis is degeneration of articular cartilage, although

osteoarthritis also results in changes to the subchondral bone, synovium, synovial fluid,

10



ligaments and infrapatellar fat pad [40]. In early stages of osteoarthritis, the articular surface
becomes visibly rough and fibrillated. As the extracellular matrix breaks down, articular
cartilage continues to degenerate and the underlying subchondral bone is exposed.

Osteophytes (bone spurs) form at the joint in later stages of osteoarthritis [41].

2.3.1 Mechanical Considerations

Biomechanics undoubtedly play a part in osteoarthritis [37], [42]. Biomechanical
factors linked to osteoarthritis include obesity, malalignment of the lower limb and
mechanical impact [41]-[43]. These are all thought to contribute to abnormal loading of the

knee joint.

Varus malalignment (bow-legged knees) and valgus malalignment (knock-kneed) are
mechanical factors that predispose the knee to osteoarthritis [42]. In a patient with varus
malalignment, their clinical mechanical axis (or weight bearing line) passing from hip to
ankle joint will intersect their tibial plateau at a more medial location than normal (Figure 6).
This malalignment is thought to result in overloading of the medial compartment [44], [45].
It has been shown that varus alignment increases the risk of medial osteoarthritis and valgus
alignment increases the risk of lateral osteoarthritis, which further supports the theory that

overloading of cartilage leads to osteoarthritis [45].
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Figure 6: Normal and varus malaligned knee.

The clinical mechanical axis is determined in the coronal plane with a line
running from the centre of the femoral head to the centre of the ankle. A)
Normal alignment is shown with the clinical mechanical axis running through
the centre of the knee. B) Varus alignment is shown with the clinical mechanical
axis running medial to the centre of the knee. Images are in the public domain.

2.3.2 Treatment

Treatment for osteoarthritis varies widely from more conservative measures such as
ibuprofen to manage pain and stiffness, to more invasive measures such as resurfacing of the

knee joint. Many treatments aim to change joint mechanics in an attempt to protect the joint.

2.3.2.1 Exercise

Exercise is commonly prescribed for osteoarthritis, partly as a mechanism for weight

loss to reduce loading on the joints and also because certain types of exercise have been
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shown to reduce pain in randomized controlled trials. Exercise did not, however, change X-
ray based osteoarthritis scores in a randomized controlled study of 365 older patients

suffering from osteoarthritis [46]—[48].

2.3.2.2 Bracing

Bracing is a conservative treatment for medial compartment osteoarthritis that
requires the patient to wear a knee brace that produces a valgus moment. The purpose of the
brace is to unload the affected medial compartment [49]. Valgus bracing reduced pain and
increased patient activity levels in a study of 11 patients suffering from isolated medial
compartment osteoarthritis with neutral or varus alignment [50]. However, many patients are

resistant to wearing a cumbersome brace.

2.3.2.3 Surgery

When conservative treatments previously described are unsuccessful, a total knee
arthroplasty (TKA, known as knee joint replacement) or a unicompartmental knee
arthroplasty (UKA, replacing only the medial or lateral compartment) for patients suffering
from unicompartmental osteoarthritis may be indicated (Figure 7). Depending on the age and
activity level of the patient, a high tibial osteotomy (HTO) may be indicated as well.
Annually, it is estimated that 658,000 patients in the United States undergo surgery for
osteoarthritis[51]. The survival rate (no further surgery needed) for TKA has improved over
the years, and is approximately 90% after 15 years, but it is much less successful for patients

under 70 years of age [1], [52].
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Figure 7: Radiograph of a knee following knee joint replacement.

Tibial and femoral components of the total knee arthroplasty show up lighter in
the radiograph. These components replace the articular cartilage surface and
some bone. Reprinted from “PTG_P” by Wikimedia Commons user “Fpjacquot”,
licensed under CC GDFL 1.2.

2.3.3 High Tibial Osteotomy (HTO)

HTO is a surgical procedure for the young, active patient that is intended to unload
the medial compartment of the tibiofemoral joint. HTO is generally indicated for patients
suffering from medial compartment osteoarthritis under 65 years of age, with moderate varus
malalignment and high activity levels [53]-[56]. Contraindications for HTO include ligament
instability, poor range of motion, smoking and obesity [8], [13], [53]-[55]. Successful HTOs
have been shown to allow patients to return to sports and recreational activity, to decrease
pain associated with osteoarthritis, to prevent progression of osteoarthritis, and to delay the

need for a total knee replacement [12], [57].
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In 2010, approximately 1040 HTOs were performed [1] as opposed to over 7000
HTOs reportedly performed in 1990 [2]. It is thought that this decrease in HTOs is due to the
increase in total knee joint replacements performed [2]. Of the 658,000 total knee joint
replacements performed in 2010, approximately 290,000 of these were performed on patients
under 65 years of age [1]. The author of this study suggests that ideally the HTO would fulfil
the need for younger patients suffering from severe (medial compartment) osteoarthritis, but

surgeons are less inclined to do an HTO due to the complications of it.

Closing wedge HTOs were first described by Jackson and Waugh in 1961, and
popularised by Coventry in 1965 [58], [59]. Coventry’s technique involved a horizontal or
slightly oblique osteotomy proximal to the tibial tubercle. A lateral wedge is then removed
from the tibia at this location using an osteotome, without going through the medial cortex.
The resected wedge is then forced closed, and staples or plates and screws are used to secure

the cortical edges of the osteotomy (Figure 8) [59].
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Figure 8: Radiograph of a closing wedge HTO.

Reprinted with permission from SAGE publications, El-Azab, H., Glabgly, P.,
Paul, J., Imhoff, A. B., & Hinterwimmer, S. (2010). Patellar height and
posterior tibial slope after open- and closed-wedge high tibial osteotomy: a
radiological study on 100 patients. The American Journal of Sports Medicine.

Closing wedge HTO was previously the more common form of the procedure, but has
become less widely-used due to numerous complications such as: peroneal nerve palsy, loss
of tibial slope inclination, tibiofibular joint disruption, damage to popliteal vessels,

ligamentous instability and loss of bone stock [8], [58], [60]-[62].

Opening wedge HTO has become the more popular HTO procedure in the last two
decades. One of its major advantages is that it is a less technically demanding procedure than
a closing wedge osteotomy and it allows for easier alignment corrections during surgery [63],

[64].

An opening wedge HTO technique generally involves the insertion of two k-wires

parallel to the knee joint line near the tibial tuberosity and running medial to lateral. Next, the
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osteotomy is started under X-ray guidance by using an oscillating saw starting at the medial
cortex, but stopping the osteotomy before hitting the lateral cortex. The osteotomy is slowly
and carefully opened to the appropriate position, and HTO-specific plates and screws are
used to hold the osteotomy in place (Figure 9) [65], [66]. Disadvantages specific to opening
wedge HTOs are potential instability of the osteotomy and the need for bone graft to fill the

wedge [15], [67].

Figure 9: Radiograph of an opening wedge HTO.

Reprinted with permission from SAGE publications, El-Azab, H., Glabgly, P.,
Paul, J., Imhoff, A. B., & Hinterwimmer, S. (2010). Patellar height and
posterior tibial slope after open- and closed-wedge high tibial osteotomy: a
radiological study on 100 patients. The American Journal of Sports Medicine.

Following an HTO surgery, patients are permitted partial weight bearing (25% body

weight). During the next 4 to 6 weeks, patients are permitted up to full weight-bearing based

17



on the amount of pain they experience, and after 6-weeks patients are allowed full weight-

bearing. Patients are encouraged to use a full range of movement [16].

Most patients report that they return to sports and recreational activities following an
HTO. One study found that there was no significant change in the number of patients
engaged in sports a year following surgery, relative to immediately pre-HTO. However,
while this study had 5% of patients competing in sport pre-operatively, none of the patients
competed in sport after. While there was no significant change in the number of people
active in sports, they did find a significant decrease in the number of people active in a few
specific sports: soccer, jogging and Nordic walking [12]. Walking generally worsens over
time following an HTO. One study followed up with patients one year post-op and found that
there was no significant difference in walking distance compared to pre-op results [67].
Another study of 93 patients found that 5 years following HTO, 90% of patients reported no
pain while walking a distance of 1-km [68]. At a 10-year follow-up, this dropped to 46% of
patients reporting no pain while walking a distance of 1-km. One study reported that all
patients restricted walking to less than 0.5-km due to pain pre-operatively. However, at a 15-
28 year follow-up, 94% of patients reported walking over 1-km without pain. This same
study reported a decrease in knee flexion of 10-degrees at the 15-28 year follow-up as well
[6].

The success rate of HTO varies widely. Survival rate of HTO at 10 years, meaning
that a total knee arthroplasty has not occurred, is reportedly anywhere from as high as 98% to
as low as 51% [4]-[9]. A meta-analysis of HTO found an average survival rate at 10-years of
75% [69]. Cartilage has shown signs of regeneration following HTO. Fibrocartilage repair

has been seen following HTO in the medial compartment in a number of studies, but it is not
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an ideal substitute for the hyaline cartilage that makes up articular cartilage [6], [11], [70]-

[73].

2.3.3.1 Coronal Plane Alignment

Surgeons focus on coronal plane alignment during HTO surgery, because of their
primary objective to unload the medial compartment. Fujisawa et al. first proposed that the
clinical mechanical axis (running from centre of hip to the centre of ankle) should ideally
pass through a point that is at 60% to 70% of the width of the tibial plateau measured from
medial to lateral edges following osteotomy (Figure 10). This recommendation was based on
observations of cartilage and meniscus repair in 54 patients who underwent HTO [11]. Based
on the results from this work, subsequent investigators have proposed that the ideal position
for the clinical mechanical axis is at 62% of the tibial plateau (when measured from medial

to lateral edges) [11]-[20].
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Figure 10: Image of tibial plateau weight bearing line.

In this image, the location of 62.5% the width of the tibial plateau is indicated.
Assembled and reprinted under CC BY-NC 3.0 from Lee, D. C., & Byun, S. J.
(2012). High tibial osteotomy. Knee Surgery & Related Research, 24(2), 61-9.

Biomechanical research has provided some support for the clinical guidelines for
coronal plane alignment. Shifting the clinical mechanical axis (with a released superficial
MCL) to pass through 62% of the tibial plateau significantly decreased the pressure in the
medial compartment of the tibiofemoral joint by 21% in a cadaveric study compared to
neutral alignment. However, releasing the superficial MCL significantly affected the results.
Correcting to the 62% position for the clinical mechanical axis actually increased

tibiofemoral pressure in the medial compartment when the MCL was not released [14].
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2.3.3.2 Sagittal Plane Alignment

Sagittal plane alignment is clearly affected by opening-wedge HTO, but often ignored
clinically. The cross-section of the tibial shaft nearest the tibial plateau is triangular in shape.
Due to this triangular shape, there is a tendency for tibial slope to change during HTO [74].
The tibial slope is calculated as the angle between the line tangential to the plateau, and a line
perpendicular to the line that is parallel to the tibial shaft on a lateral radiograph (Figure 11)
[75], [76]. A higher tibial slope refers to a tibial plateau that is more proximal on the anterior
edge than the posterior edge. Increasing the tibial slope during HTO refers to opening the

osteotomy anteriorly.

Figure 11: Measurement of tibial slope on a lateral radiograph.

The red line is parallel to the tibial shaft and the green line is perpendicular to
this. The blue line is tangential to the tibial plateau. The angle between green
and blue lines represents the tibial slope. Assembled and reprinted under CC BY
2.0 from Hirschmann, M. T., Wind, B., Mauch, C., Ickler, G., & Friederich, N.
F. (2009). Stress avulsion of the tibial tuberosity after tension band wiring of a
patellar fracture: a case report. Cases Journal, 2, 9357.
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Significant changes in tibial slope have been found following HTO [22]. Specifically,
the tibial slope has been shown to increase following an opening wedge HTO and to decrease
following a closing wedge HTO [77]. EI-Azab et al. reported mean tibial slope changes of
+2.5° (SD 3.4°) and -2.7° (SD 4.1°) for opening wedge and closing wedge HTOs,
respectively [21]. Not only is there a large and significant change of tibial slope following
HTO, but the large standard deviation suggests that there is substantial variation in the

change of tibial slope.

Some studies have examined the effect of slope on biomechanics in an anterior
opening wedge HTO. Giffin et al. found that an increased tibial slope shifts the resting
position of the tibia relative to the femur anteriorly [78]. Agneskirchner et al. used resistive
pressure sensors at the tibiofemoral joint to show that an increased tibial slope produced by
an anterior opening wedge HTO shifted cartilage contact anteriorly on the tibial plateau [22].
Rodner et al. found a posterior shift in contact on the tibial plateau following an increase in
tibial slope in HTO. These results suggest the possibility of unloading affected cartilage by
altering the tibial slope in HTO [23]. The inconsistency in results from these biomechanical
studies is likely due to the differences in the knee-loading rigs used. Rodner et al.’s rig did
not allow for dynamic motion, and only assessed 0° and 30° of upright flexion. Agneskircher
et al.’s rig applied a force through the ankle joint rather than along the axis running from the

centre of the hip to the centre of the ankle [22], [23].

2.4 Knee Kinematics
Measuring knee joint Kinematics is important because changes in knee joint
kinematics have been related to symptomatic osteoarthritis. For instance, patellar

malalignment with respect to the femoral articular surface is associated with a decrease in
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cartilage thickness [79]. Significant differences in gait have been found in patients suffering
from both medial compartment and lateral compartment osteoarthritis. Specifically, patients
with medial compartment osteoarthritis exhibited a 9° increase in external tibial rotation and

an 8° increase in knee adduction compared to the control group [80].

2.4.1 Clinical Motions

The tibia translates in the anterior, proximal and medial directions relative to the
femur. The rotations of the tibiofemoral joint include abduction (rotation about an axis
running anterior to posterior with the bone moving away from the midsagittal plane), internal
rotation (rotation about an axis running superior to inferior with the anterior edge of the bone
rotating towards the midsagittal plane) and flexion (rotation about an axis running medial to
lateral with the angle between bones decreasing). All of the translations and rotations refer to

motion of the tibia relative to the femur (Figure 12).
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Figure 12: Clinical motions of the tibiofemoral joint.

The arrows point in the positive direction of the tibia’s movement relative to the
femur. These are used as the positive direction throughout the thesis.
P=posterior, A=anterior, L=lateral, and M= medial.

The patella translates in the anterior, posterior and proximal directions relative to the
femur. The rotations of the patellofemoral joint include flexion (rotation about an axis
running medial to lateral with the angle between bones decreasing), spin (rotation about an
axis running anterior to posterior with the superior edge of the patella moving towards the
midsagittal plane) and tilt (rotation about an axis running superior to inferior with the
anterior edge of the bone rotating towards the midsagittal plane). All of the translations and
rotations refer to the motion of the patella relative to the femur (Figure 13).
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Figure 13: Clinical motions of the patellofemoral joint.

The arrows point in the positive direction of the patella’s movement relative to
the femur. These are used as the positive direction throughout the thesis.
P=posterior, A=anterior, L=lateral, and M= medial.

2.4.2 Coordinate Systems

Grood and Suntay describe three main non-orthogonal and independent axes about
which joint motion is described [81]. Two of the axes, el and e3 are fixed in bony segments.
The first axis, el, is the flexion axis of the first bone (e.g. the femur in tibiofemoral motion).
The flexion axis of the femur is defined as running from lateral to medial in the distal end of
the femur and is the axis about which the tibia flexes and extends. The second body fixed
axis, €3, is the axis running axially through the second bone (e.g. the tibia in tibiofemoral
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motion) inferiorly to superiorly. The floating axis, €2, is calculated by finding the cross-
product of the body fixed axes, such that e2 is always orthogonal to el and e3. The floating
axis allows for independence of prescribed rotations, unlike when using Euler angles [81],

[82].

Relating clinical motions to Grood and Suntay’s joint coordinate system, flexion is
defined as rotation about el, abduction is defined as rotation about €2, internal rotation is
defined as rotation about e3, anterior translation is movement along e2, proximal translation

is movement along e3 and medial translation is movement along el (Figure 14).

e3

e1<

Figure 14: Schematic of the joint coordinate system applied to the tibiofemoral joint.

The joint coordinate system is applied to the tibiofemoral joint by assigning axis
el as the femur’s flexion axis, axis e3 as the tibia’s shaft axis and the axis e2
floating axis, which is the cross-product of e3 and el.
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2.5 Knee Joint Contact Mechanics

Knee joint contact mechanics are associated with the initiation and progression of OA
[37], [83], which makes it essential to determine methods to measure joint forces. The most

widely used measure of contact mechanics is contact pressure.

2.5.1 In Vivo Contact Mechanics

Measuring contact mechanics in vivo is optimal because you gain an understanding
for what is occurring during daily living, but there are limitations to what can be measured

with the currently available technology.

Telemetry has been used to measure tibiofemoral forces in vivo and involves the use
of an implantable wireless force transducer at the site of joint loading that transmits force
data. In the knee joint, telemetry has been used by implanting force transducers in the tibial
prosthesis [84]-[87] and in the femoral prosthesis [88]. However patterns of the centre of
pressure local to each compartment cannot be determined by this method. A higher
resolution of force transducers to collect information about these local patterns would be
needed, which is limited due to the size of the implants, and the force results would still

likely have significant differences from a natural knee that does not have a tibial implant.

Finite element models have also been used to determine in vivo tibiofemoral forces.
Finite element models have the advantage of being able to determine joint forces without the
use of invasive implants, as in telemetry. Komistek suggested that finite element models
should be validated based on known tibiofemoral joint forces from telemetry implanted
patients [89]-[94]. A limited number of studies have modelled HTO, but validation is still

needed for these models [95], [96]
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2.5.2 Ex Vivo Contact Mechanics

Measuring contact mechanics is more straightforward for cadaveric specimens since
sensors can be inserted directly into the tibiofemoral joint. Three main sensors have been

used for ex vivo contact mechanics: Fuji Prescale film, Tekscan and Novel pressure mats.

Use of the Fuji Prescale film was first published in 1980. In this method, small dye-
filled capsules constrained between two thin polyester sheets that burst and release dye when
pressure is applied [97]. For higher pressures, more capsules burst leaving a darker stain.
Image processing is used to determine the applied pressure, with a manufacturer advertised
accuracy of 10%. Although the Fuji Prescale film is fairly thin at 0.25mm to 1.0mm
thickness, finite element models have shown that the use of this film could alter contact
pressure by as much as 26% [32], [98]. The biggest disadvantage of Fuji Prescale film is the

inability to determine dynamic forces, since the film only records a maximum applied force.

Tekscan pressure sensors are resistive pressure sensors that allow for dynamic
movement and continuous recording of data and have been widely used for tibiofemoral
pressure measurements [14], [22]-[34]. A major disadvantage of the Tekscan pressure
sensors is their generally poor accuracy and their tendency to crinkle during testing,
resulting in pressure spikes at the affected areas due largely to their thin profile (0.1mm

thick) [23], [24], [26], [27].

Novel Pliance pressure sensors are capacitive pressure sensors which allow for
dynamic movement and continuous recording of pressure data. They have not been used
widely in tibiofemoral pressure measurements, but Novel Pliance foot sensors which use the
same technology have been widely adopted [99]-[103]. The Novel Pliance pressure sensors

are approximately 1mm thick and are less compliant than the Tekscan pressure sensors,

28



making them less likely to conform to the area where inserted [27]. In a study directly
comparing pressure sensors, the maximum force error was 5% for the Novel Pliance pressure
sensors and 20% for the Tekscan pressure sensors when applying force via a circular, flat
surface. However, the error for loaded area was 6% for the Novel Pliance pressure sensors
and 2% for the Tekscan pressure sensors. The authors concluded that the Novel Pressure
sensors are significantly more accurate and precise, but the Tekscan pressure sensors provide
significantly better results in determining the loaded area [27]. It is still unknown as to how
the Novel Pliance pressure sensors behave for loads in the 300N-800N range, and how the
sensors behave when taking measurements after being loaded for an extended period of time

as is often necessary for biomechanical testing setups.
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3 Accuracy of Novel Pliance S2014 Tibiofemoral Pressure Sensors

3.1 Introduction

Assessing patterns of cartilage contact area, force magnitudes and pressure
distributions in joints has the potential to provide valuable information on the etiology of
osteoarthritis of the knee, and an understanding of how a procedure such as a high tibial
osteotomy (HTO) affects the knee. A shift in contact on the tibiofemoral joint surface due to
injury has been proposed as a triggering mechanism for osteoarthritis and a change in relative
velocity between cartilage surfaces of a joint has been linked to shear stresses that have the
potential to cause cartilage degradation [83], [104]. Accurate methods for measuring contact

area and force are required to study these relationships.

Measuring joint contact area and force is challenging. Ideally, contact mechanics
would be measured in vivo. There are few methods for measuring contact mechanics
quantitatively in vivo. One method uses an instrumented tibial implant in a knee joint
replacement [84]-[87]. Although this measures forces through the distal tibia, it does not
locate the centre of pressure in the medial and lateral compartments of the tibiofemoral joint
or contact area due to the low resolution of force transducers, and it also has the disadvantage
of only measuring forces through an implanted tibia rather than a normal tibia. MRI has also
been used to indirectly determine joint forces, but further validation is needed for this

method [37].

Several types of pressure sensors have been used to measure contact mechanics in the
knee ex vivo. Use of Fuji Prescale film for knee joint contact mechanics was first described
in 1980 [97]. The basic technology of Prescale film consists of microcapsules of dye that

burst upon the application of force and a sheet that absorbs the ink. Larger forces result in
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more burst microcapsults and more concentrated stains on the film. Image processing of the
film allows the distribution of force to be found [97]. Fuji Prescale film is not capable of
capturing multiple time points for dynamic loading. Another widely used transducer is the
Tekscan pressure sensor, which is composed of a semi-conductive ink that changes
resistance dependant on the applied force sandwiched between mylar sheets with electrodes
[27]. These sensors have been widely used for measuring tibiofemoral contact mechanics,
but have a tendency to crinkle and fold when in a loaded, curved joint resulting in force

measurements not representative of what the joint experiences [14], [22]-[34].

Novel Pliance (Munich, Germany) pressure sensors have been used for tibiofemoral
contact mechanics measurements. Although they are thicker than the Fuji Prescale Film and
Tekscan pressure sensors, they have been shown to have more accurate force readings than
the Tekscan pressure sensors and do not degrade over time in the joint like Tekscan pressure
sensors [27], [35]. However, these accuracy tests for Novel pressure sensors were performed
for a limited range of forces (100N to 200N on flat surfaces) [27]. They have also been tested
for accuracy when used as insoles and measuring plantar pressure data for 7-hours (at body
weight only). However, these sensors have not been rigorously evaluated for a range of
forces and applied areas expected during ex vivo biomechanical tests at the tibiofemoral joint
[100], [103]. It is therefore not clear whether Novel Pliance pressure sensors provide
sufficiently accurate or repeatable results for use in the tibiofemoral joint. For use of the
Novel Pliance pressure sensors in the tibiofemoral joint, it is necessary to characterize the
sensors for a larger range of loads than previously tested, and for extended periods of loading

which have the potential to impact the measured load.
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The aim of this study was to characterize the error of the Novel pressure sensors
under various loading conditions that represent the anticipated loading scenarios for the

pressure sensors when inserted into a cadaveric knee joint. The specific objectives were to:

(1) Measure the accuracy and repeatability of the total force measurements of the

pressure sensors over a range of forces from 100N to 800N.

(2) Measure the accuracy and repeatability of the total force measurements of the

pressure sensor when partially loading the area of the pressure sensors.

(3) Measure the effect of an extended period of loading the sensors on their accuracy

and repeatability.

3.2 Materials and Methods

The Novel Pliance pressure system used for tibiofemoral joint measurements consists
of 1 or 2 sensors, a computer interface, and software. The pressure sensors were designed for
use in the tibiofemoral joint. and can be used either as an individual sensor in one
compartment of the tibiofemoral joint or as two sensors connected and inserted into the
medial and lateral compartments for simultaneous measurements. One tibiofemoral sensor
(model S2014) consists of an 8x16 matrix of sensor elements. Each sensor element is
2.66mm x 2.66mm, and the total area of the combined sensor elements is 21.31mm X

42.61mm (Figure 15).
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Figure 15: Novel Pliance tibiofemoral (S2014) pressure sensors with sensing area outlined.

Novel pressure sensors are capacitive pressure sensors. The sensor consists of a
polymer layer to prevent liquid and water vapour from entering the sensor, thin conductive
parallel strips, a layer of dielectric material that compresses with an applied force, another
layer of thin conductive strips that run perpendicular to the other layer of conductive strips,

and a final polymer layer to protect the sensor (Figure 16).

Parallel conductive strips\ & Polymer layer
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Figure 16: Cross section schematic of the layers of a Novel Pliance pressure sensor.
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Capacitive sensor elements result from the intersection of perpendicular conductive
strips and the dielectric material between them. The equation for capacitance in a parallel

plate capacitor is:

Ul

where C is the resultant capacitance, ¢ is the dielectric constant of the dielectric
material between capacitive plates, A is the area of the capacitive plates and d is the distance
between capacitive plates. The separation between perpendicular conductive strips changes
when a force is applied to the pressure sensor, resulting in a change in capacitance. By

calibrating the sensors, the change in capacitance is related to the applied pressure.

The two pressure sensors used in this study were calibrated by following the
manufacturer’s guidelines. As per manufacturer’s specifications, the pressure sensors were
not preconditioned. Calibration for the pressure sensor took place in a specially designed unit
that applies uniform pressure to the sensor. The Novel pressure sensor calibration unit
consists of a digital pressure gauge, inlet valve for high pressure air, an outlet valve to release
air and an air bladder contained within the unit that applies pressure up to 2.4 MPa to the
sensor. Pressures were applied via the air bladder to ensure an even distribution of pressure
over the entire sensor (Figure 17). The pressure sensors were calibrated on a 14 point
calibration curve at pressures of 0.1, 0.2, 0.3,0.4,0.5,0.7,0.9,1.1,1.3,15,1.7, 1.9, 2.1 and
2.4 MPa. Each sensor element was calibrated individually. The sensor elements are
calibrated to an applied pressure and force is calculated based on the applied pressure and the

area of a sensor element.
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Figure 17: Novel pressure sensor calibration unit.

Raised pieces of rubber were adhered to specific spots on the pressure sensor during
calibration and a specially designed thin sheet of rubber was also added to further help to
distribute the applied pressure. These additional pieces of rubber allowed the sensor setup in

the calibration unit to have uniform thickness (Figure 18).
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Figure 18: Extra rubber (blue pieces) was added to the pressure sensor during calibration to help distribute pressure
from the air bladder evenly on the surface of the pressure sensor by ensuring an even thickness of the sensor and
surrounding area. A) Blue rubber added to underside of sensor to increase thickness where wires are located. B)
Blue rubber added to the top side of sensor where wires are located. C) Blue rubber sheet surrounding the entire
sensor to help properly distribute pressure over the sensor.

The calibration curve for each sensing element was examined (Figure 19). Any
calibration curve for individual sensor elements significantly deviating from the calibration
curves for other elements suggested that the sensor was not correctly aligned for the

calibration, and that a repeated calibration was required.

36



250

200

150

A/D Output

100

50

4.80 9.60 14.40 19.20 24.00

Pressure (Bar)

Figure 19: Calibration curve for all of the sensor elements from Obar to 24bar.

A calibration curve is produced following the calibration procedure for the
sensor. In this calibration curve, each blue line represents one of the 128 sensor
elements that make up a sensor element. Ideally, each of the sensor elements
should produce calibration curves that are close to one another, otherwise the
calibration setup must be adjusted and redone.

3.2.1 Force Error for Fully and Partially Loaded Sensors

To determine the effect of loading different areas of the pressure sensor, 3 machined
indentors with flat surfaces were used to apply forces to the pressure sensors. The three
indentors used were: (1) a rectangular indentor with the same surface area as the sensing area
of the pressure sensor (908mm?), (2) an elliptical indentor with an area of 512mm? and (3) an

elliptical indentor with an area of 320mm? (Figure 20).
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Figure 20: Three machined flat indentors were used to apply forces of various areas.

From left to right: rectangular indentor with an area of 908mm?(same as
pressure sensor), the large elliptical indentor with an area of 512mm?, and the
small elliptical indentor with an area of 320 mm?.

An Instron materials testing system (ElectroPuls E10000, Massachussttes, USA) was
used to apply 8 forces (100, 200, 300, 400, 500, 600, 700 and 800N). A test rig allowed for
rotation of the indentors via the interface of a concave surface fixed to the Instron arm
applying the force, and a convex surface fixed to the indentor (Figure 21). Five trials of
applying the 8 forces in a randomized order were conducted for each indentor. The forces
were applied with a ramp of 5-seconds to the desired force, then the force was held for 5-
seconds, then it was ramped back to no force over 5-seconds and remained unloaded for 60-
seconds before applying the next force. This protocol is the same as described by Wilson et

al. for tests on Tekscan sensors [24].

The measured force was compared to the Instron-applied force to determine the

accuracy of the pressure sensors. The error in measured force was calculated as:

FNovel - FInstron

Eforce = X 100%

F Instron

where Fy,,e; 1S the Novel pressure sensor measurement of force and F,str0n 1S the
applied force from the Instron materials testing system. Repeatability was defined as the
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standard deviation of the measured forces as a percentage of the force applied by the Instron

system.

Figure 21: The materials testing system setup to apply forces to the Novel pressure sensor via the indentors.
The indentors were placed in a housing that had a convex surface and mated
with a white plastic cylinder (at the dotted red line) that had a concave surface

to act like a ball-joint. The white plastic cylinder was rigidly attached to the
Instron.

3.2.2 Effect of Sustained Loading on Sensor Accuracy
The rectangular indentor with the same area as the pressure sensor applied a 150N
compressive force to the pressure sensor via the Instron for 4 hours to determine the accuracy
after loading sensors for an extended period of time. Immediately after the force was

removed, 8 forces (100N, 200N, 300N, 400N, 500N, 600N, 700N and 800N) were applied in
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5 randomized trials using the same protocol described previously using the rectangular

indentor. The accuracy and repeatability were defined in the same manner as in section 3.2.1.

3.3 Results

In the tests using a flat rectangular indentor with the same area as the sensing area of
the pressure sensor, the error was a maximum of 13 + 2.1% (mean error as percentage of
applied load representing accuracy * standard deviation as percentage of applied load
representing repeatability) at 100N and decreased with higher forces. For all forces over
400N, the mean error was less than 1% and the standard deviation of the error was less than

1% (Figure 22).

The mean force measurement error increased for the elliptical indentors that had
small surface areas through which the force was applied. The error for the large elliptical
indentor was a maximum of 18 + 2.8% at 700N. The error increased with the smaller
elliptical indentor to a maximum of 27 £ 2.6% at 500N. Much smaller errors were seen for
the elliptical indentors at the highest applied forces (Figure 22). The measured forces versus
applied force data remained relatively linear for all of the loading areas, including: the
rectangular indentor (R?=1.00), the large elliptical indentor (R?=0.997) and the small
elliptical indentor (R°=0.945) (Figure 23). A sample screen capture of the Novel Pliance

software shows the large elliptical loading pattern on the pressure sensor (Figure 24).

Following 4-hours of loading at 150N, the maximum error was 30 + 5.3% at 100N.
The error generally decreased with increasing applied forces. The mean error was less than
10% for all forces over 300N. The lowest error following 4-hours of loading was 6.2 £ 2.7 %
and occurred at an applied force of 700N (Figure 25). The measured forces versus applied
force remained relatively linear following 4 hours of loading data (R?=0.999) (Figure 26).
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Figure 22: Mean accuracy error for the various loading conditions versus applied force. The mean error was
calculated from the 5 randomized trials, and the error bars represent the standard deviation.
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Figure 23: Novel pressure sensor measured force versus applied force for all indentor sizes. The mean measured
force is shown with error bars representing the standard deviation over 5 trials. Where error bars are not visible, the
standard deviation is smaller than the size of the point marker.
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Figure 24: Screen capture of Novel Pliance Software displaying loading pattern on pressure sensor when applying a

load using the large elliptical indentor. Each square is a sensor element and the numbers on the sensor elements
represent the pressure (Pa) measured at each sensor element.
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Figure 25: Mean accuracy error following 4-hours of loading at 150N versus no pre-loading. The mean error was
calculated from the 5 randomized trials, and the error bars represent the standard deviation.
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Figure 26: Novel pressure sensor measured force versus applied force with an without a 4-hour pre-loading of 150N.
The mean measured force is shown with error bars representing the standard deviation over the 5 trials. Where
error bars are not visible, the standard deviation is smaller than the size of the point marker.
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3.4 Discussion

The objective of this study was to characterize the error for Novel pliance pressure
sensors in various loading conditions relevant to knee biomechanics testing, including: (1)
forces corresponding to those applied in standard biomechanical studies, (2) forces applied
over various areas of the sensor and (3) forces applied following a 4-hour constant force. The
sensors were most accurate when a force was applied over the entire surface of the sensing
area (using the rectangular indentor). Applying the force through the large and small
elliptical indentors which loaded 56% and 35% of the total sensing area, respectively,
increased the error. Error also increased for all applied forces following the 4 hours of
loading at 150N. The standard deviation of error was lowest for the applied forces higher

than 300N following 4 hours of loading.

The Novel pressure sensors have the potential for high accuracy, but not when loaded
near the lower end of their pressure range. The high mean error in pressure measurement for
100N is not surprising, since it is at the low end of the sensor’s range and the sensors are
known to have poorer force resolution at lower forces. The manufacturer recommended
threshold of 30kPa for each sensor element was used in these tests due to the known poor
accuracy of the sensors at low pressures. As a reference, 30kPa applied to every sensor
element would be equivalent to applying a force of 27.75N. Applying a force of 800N evenly

over all of the sensors is the equivalent of applying 865kPa to every sensor element.

In comparative studies, Novel pressure sensors have been found to be more accurate
than Tekscan sensors when measuring applied force. One study comparing plantar sensors
from Novel and Tekscan found Novel pressure sensors had a lower force error than Tekscan

pressure sensors for static measurements (a maximum error of 16% for the tested range

44



versus 24% for Tekscan), and Novel pressure sensors also exhibited higher reliability than
the Tekscan sensors for dynamic measurements taken during while the subject was walking
[99]. Similarly, Giacomozzi also found Novel plantar pressure sensors exhibited a lower
force error than Tekscan’s plantar pressure sensors (root mean squared error of 2.0+0.1kPa
versus 12.7+3.4kPa for Tekscan) [36]. Although studies directly comparing Novel and
Tekscan pressure sensors appear to have unanimously found that Novel pressure sensors
produce more accurate results when measuring the applied force, Martinelli et al. found that
Tekscan pressure sensors are more accurate when measuring contact area [27]. Wilson et al.
found lower absolute force errors for the Tekscan pressure sensors than reported in the
previously mentioned studies, which is likely due to the loading configuration and calibration
method [24]. However, repeatability errors (standard deviation as a % of applied load)
reached a maximum of 9.1% for the Tekscan sensors. Altering the calibration method for
Tekscan sensors has been shown to reduce root mean squared force errors from 24% of the
tested range to 0.6% of the tested range [105]. However, even though these studies show the
potential for more accurate measurements from Tekscan pressure sensors, the sensors still
suffer crinkling and susceptibility to damage during dynamic testing, which makes them less

ideal for many biomechanical studies [27], [106].

The finding that error increased for smaller indentors is consistent with earlier
findings and is explained by the sensors design. Errors were largest for the small elliptical
indentor, which is consistent with work by Martinelli et al. examining the effect of applying
forces (100N to 200N) to a range of contact areas on Novel and Tekscan sensors. This study
also found that Novel pressure sensors exhibited the largest error in area measurements when

the force was applied over a smaller area of the sensor. They found a maximum error in area
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of approximately 20% for their smaller applied areas (0.9cm?and 1.8cm?) for a limited range
of forces from only 100N to 200N. The proposed reason for this is related to the thickness of
the sensor and the stiffness of the polymer material covering the sensor. When a force is
applied to a subset of sensor elements, it decreases the thickness of the sensor (by
compressing the dielectric material) which results in the change in capacitance and measured
force. However, because of the stiff polymer coating, adjacent sensor elements are also
getting compressed even though there is not direct force on them (Figure 27). Therefore
adjacent sensor elements would show an applied force, even though they are not directly
being loaded. This idea is further supported by the resultant areas of the indentor being much
larger than the actual area of the indentor. For example, at 500N the small elliptical indentor,
which has an actual area of 320mm?, resulted in a measured area of approximately 530mm?.
Area of contact on the pressure sensor is calculated by the number of loaded elements

multiplied by the area per element.
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Figure 27: Schematic of a cross section of a row of sensor elements during indentor loading.
When a force is applied over a subset of sensor elements in the pressure sensor,
it is likely that the adjacent sensor elements are indirectly being loaded due to
the stiff plastic coating pulling down adjacent sensor elements.

The different patterns of error magnitudes as a function of force for the elliptical and
rectangular indentors are likely due to limits of performance for individual sensing elements.
A decrease in error for the small elliptical indentor’s highest applied forces was found (at
700N and 800N), however this decrease in error was actually due to many sensor elements
reaching their maximum pressure reading limit (2.4MPa), while the applied pressure would

have been greater than the limit.

It was necessary to study the effect of taking pressure measurements following an
extended period of loading because in biomechanical testing, pressure sensors often are left
in a knee joint with some loading during preparation and adjustment of tests. Following the
4-hours of loading, the mean error increased as expected for all applied forces compared to
the rectangular indentor tests with no extended loading time. This is consistent with an

earlier study that measures the error due to extended loading of Novel’s plantar pressure
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system and found similar errors at 4 hours of 6.3% for a mean applied force of 690N
(bodyweight), which is consistent with our error of 6.2% following 4 hours of loading and
then applying a 700N force [100]. Randomizing the order of biomechanical tests will help to

account for this moderate increase in measured force following long-term loading.

Our findings suggest that the Novel Pliance sensors are sufficiently accurate and
repeatable for studies of knee mechanics. The results for accuracy and repeatability of the
Novel pressure sensors must be put in perspective with the purpose they serve when
conducting biomechanical tests. The finding that the standard deviation of error reached a
maximum of 3.6% without pre-loading, and a maximum of 5.3% following 4-hours of pre-
loading is small compared to the changes in force distribution between medial and lateral
compartments of the tibiofemoral joint described in Chapter 4 following HTO. Changes to
the wedge size resulted in decreases of the percentage of force in the medial compartment by
a minimum of 12%, therefore the variability of the sensors would not account for these large
differences. It is important to note that a study looking at small changes to forces in the

tibiofemoral joint may find that the variability of the Novel pressure sensors is too high.

The force measurement accuracy error (a maximum of 27%) for the small elliptical
indentor may have an impact on some types of biomechanical tests. The justification for
testing the different sizes of elliptical indentors was to understand the effect that contact area
has on pressure readings because the contact area will change as the tibiofemoral joint runs
through a flexion cycle due to the changing femoral surface contacting the tibial plateau, and
because contact area will change between specimens since they will have different sizes of
femoral condyles. Therefore this error is likely to make comparisons between knee

specimens, and between flexion angles more challenging than if force was applied over the
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entire sensor. These inter-specimen differences make it necessary to use appropriate statistics
that allow for random effects between specimens as described in section 3.2.6., which allow
for specimen-level differences when comparing the tested conditions. The small elliptical
indentor’s area of 320mm? is less than the anticipated contact area in a healthy tibiofemoral
compartment based on a study using Tekscan sensors that found a contact area of
approximately 520mm? at full extension that decreased to 480mm? at 60° of flexion.
However, a total menisectomy resulted in medial compartment contact areas of less than
300mm? [32]. The Novel pressure sensors would therefore likely not be appropriate for
comparing intact vs resected menisci joint forces because of the error in force measurement

due to contact area.

A strength of this study is that a full range of forces typically produced in the joint
(100N to 800N) was studied. The most comprehensive previous study looking at Novel
pressure sensors used a much more limited force range of 100N to 200N for the flat surfaced
indentors [27]. Forces change in the tibiofemoral joint during dynamic flexion and extension,
which makes it necessary for a pressure measurement system to be accurate through a wide

range of forces.

A limitation of this study is that all indentors used had a flat surface. The Novel
pressure sensors are designed for the tibiofemoral joint, which may not exhibit as curved a
surface as a joint like the hip. However it is essential to understand the errors in measured
force in an environment as similar to the tibiofemoral joint as possible. Nevertheless, the
various indentors were used to replicate the likely differences in applied area that would be

seen during dynamic motion in flexion and extension.
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Another limitation of this study is the uniform interface used to apply forces. In the
described tests, a metal indentor covered with a silicone sheet was used as the interface for
applied forces. In the tibiofemoral joint, force is applied through cartilage and through the
meniscus which helps to more evenly distribute forces. However, the aim of this study was to
establish a controlled environment to determine the effect of specific variables including the
amount of applied force and the effect of 4-hrs of pre-loading, and using a consistent

interface helped to control the environment.
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3.5 Summary of Key Findings

Forces applied to the Novel pressure sensors over the smallest area resulted in
the highest accuracy errors (27%). The high accuracy error will make
comparisons of results between studies difficult.

The maximum repeatability error for the Novel pressure sensor occurred after
loading the sensor for 4 hours. This repeatability error (standard deviation) of
5.3% may be sufficient for comparing results within biomechanical studies,
depending on the anticipated effect size of variables. This repeatability is

much better than the reported repeatability of Tekscan sensors.
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4 The Effect of Tibial Slope Changes on Knee Contact Pressure and
Kinematics in High Tibial Osteotomy

4.1 Introduction

Medial opening wedge high tibial osteotomy (HTO) is performed to treat medial
compartment osteoarthritis in varus knees. The mechanical objective of HTO is to realign
the knee in the coronal plane to decrease force in the diseased medial compartment and
increase force through the healthier lateral compartment in an effort to reduce knee joint pain
and delay progression of osteoarthritis.  HTO is an appealing surgical alternative to

arthroplasty for many young, active patients [4].

There is a broad range of reported survival rates for both closing wedge and opening
wedge HTO procedures. Closing wedge HTO procedures were widely-used for a number of
decades and have 10 year survival rates ranging from 51-98% [4]-[9]. Opening-wedge HTO
has become more widely-used in recent decades, in part because it allows intraoperative
adjustment of the tibial slope and wedge angle and avoids complications involving the
peroneal nerve and disruption of the tibiofibular joint [8], [60]. Five-year survival rates for
opening wedge HTO range from 84% to 94% [7], [107], [108] and Weale et al. reported a 10
year survival rate of 63%. At 10 years post operation, Hernigou et al found that only 46% of

patients reported being able to walk for 1-km without pain [68].

Sagittal plane alignment is generally not controlled as carefully as coronal plane
alignment during opening wedge HTO [22] and the result is inconsistent post-operative tibial
slope. The focus of the surgical technique has been on correcting the coronal plane. There is
consensus in the literature that an ideal coronal plane correction shifts the mechanical axis

(from the centre of the hip to the centre of the ankle) to cross at 60% to 70% of the width of
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the tibial plateau (where 0% is the medial border and 100% is the lateral border) [11], [17],
[19], [109]. Tibial slope is the most widely used measure of sagittal plane alignment.
Studies using post-operative sagittal plane x-rays have shown that opening wedge HTO
changes tibial slope by a mean of 3.5 degrees [110] and that there is substantial variability in

the tibial slope after the procedure (as much as +3.6 degrees [75], [76], [111], [112]).

It is not clear what effect these changes in tibial slope will have on tibiofemoral
contact mechanics because the results of biomechanical studies are inconsistent [22], [23],
[78]. One study of cadaver knees reported that an increase in tibial slope caused an anterior
shift of contact pressure on the medial compartment of the tibial plateau [22]. Another
cadaveric study found that an increase in slope caused no significant shift in peak contact
pressure for knees with intact ligaments and posterior translation of the peak contact pressure
in ligament-deficient knees [23]. These inconsistencies highlight the importance of loading
configurations and other testing parameters on the conclusions of biomechanical studies, as
pointed out by both sets of authors in a subsequent discussion [113]. It is not clear which
specific mechanical changes are associated with cartilage degeneration [37], so it is not clear
which might be associated with failure of HTO. However, there is evidence that
compartment-specific changes in location and in relative velocity at the joint surface are
associated with degeneration [83], [104], and these measures have not been addressed by
HTO studies. It is not clear how tibial slope affects knee contact location in each knee

compartment.

The objective of this study was to determine the effect of changing tibial slope for a
range of tibial wedge angles in opening-wedge HTO on knee joint contact pressure location

and kinematics during continuous loaded flexion/extension.
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4.2 Materials and Methods

4.2.1 Specimens

Eleven previously frozen cadaveric knee specimens (mid-femur to mid-tibia) were
used for testing, but three fractured during testing leaving 8 specimens with complete results
(mean age 62 SD 14). Specimens were thawed 48 hours in advance of testing to ensure they
were completely defrosted. Although some papers refer to a 24 hour or overnight thawing

period, this time was insufficient for a complete thawing of our specimens [78], [114].

Immediately prior to testing, skin, fat and muscle were resected from the knee
specimens. Care was taken not to disrupt the joint capsule, tendons or ligaments surrounding
the knee. The superficial medial collateral ligament was dissected. The quadriceps tendon
was carefully dissected and cleaned for attachment to the quadriceps tendon clamp. The

orthopaedic surgeon involved in testing verified the accuracy of the dissection.

The intramedullary canals of the tibia and femur were reamed using a 3/8” drill bit.
Polymethyl methacrylate was poured into the intramedullary canals and 3/8”-16 threaded
steel rods were inserted into the tibia and femur’s intramedullary canals. Threads of the steel
rods were crushed prior to insertion to prevent the rods from unscrewing out of the
polymethyl methacrylate. The threaded steel rods were immediately lined up visually to
ensure they ran parallel to the shaft of their respective bones. The threaded steel rods were

carefully held in place until the polymethyl methacrylate had set (approximately 15 minutes).

The steel rods were cut such that the distance from the centre of the knee joint to the
simulated hip joint was approximately 16.7” and the distance from the centre of the knee
joint to the simulated ankle joint was approximately 16.8”. These distances were determined

from anthropometry tables for the 50™ percentile male [115].
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One specimen’s data were eliminated from the results. The data from this specimen
strongly suggested that the superficial medial collateral ligament had not been fully dissected

during the beginning of testing.

4.2.2 Surgical Procedure

An orthopaedic surgeon performed a medial opening wedge HTO following
dissection. The osteotomy was performed under fluoroscopic guidance to ensure accurate
alignment. The surgeon drilled a hole in the sagittal plane of the proximal tibia about 1cm
from the lateral cortex. This hole was drilled to mark an end point for the osteotomy and to
provide stress relief in an attempt to prevent the osteotomy from fracturing through to the
lateral cortex, which is sometimes done clinically. Two k-wires were inserted slightly
obliquely to the transverse plane in the medial side of the proximal tibia and into the stress
relief hole. These wires were used to align the cutting edge of the reciprocating saw. Once
the surgeon was satisfied with the alignment of the k-wires, the osteotomy was made with a

reciprocating saw starting from the medial cortex, stopping at the stress relief hole.

An external fixator (SIDEKICK Rearfoot Fixator, Wright Medical Technology,
Tennessee) was used to secure the osteotomy and allow for incremental adjustments to the
osteotomy during surgery. Four bicortical pins were inserted into the proximal tibia: two
above the osteotomy and two below the osteotomy (Figure 28). The rest of the fixation
device was placed onto the bicortical pins. The external fixator allowed incremental changes
to the osteotomy by loosening or tightening the hex nuts on the fixator. A small fixation plate
was secured to the lateral cortex of the osteotomy to hold the cortex intact in case it

fractured.
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Figure 28: Bicortical pins were inserted above and below the osteotomy to attach the external fixator.

A. Bicortical pins were inserted for the external fixator to clamp onto and hold
the osteotomy in place.B. The external fixator was connected to the bicorticol
pins and allowed for changes to the wedge and slope.

Seven combinations of sagittal correction (slope) and coronal correction (wedge) of
the osteotomy were tested for each specimen. The slope angle represents the change in
posterior slope (e.g. an increase in slope means the osteotomy opened anteriorly) and the
wedge angle represents the medial opening angle of the osteotomy. The seven wedge and
slope combinations were: (1) 0° wedge and 0° slope, (2) 7.5° wedge and -5° slope, (3)
7.5°wedge and 0° slope, (4) 7.5° wedge and 5° slope, (5) 15° wedge and -5° slope, (6)
15°wedge and 0° slope, and (7) 15° wedge and 5° slope. These wedge and slope

combinations were positioned with the guidance of motion capture markers.

4.2.3 Loading Rig

An Oxford knee loading rig was used to simulate weight bearing squatting. The
Oxford knee loading rig has been validated to provide 6 degrees-of-freedom between the

tibia and the femur, allowing complete unconstrained motion of the bones [116]. Universal
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joints in the rig allowed for abduction and flexion at the simulated ankle joint, and flexion,

internal rotation, abduction and superior translation of the hip joint.

The Oxford loading rig consisted of universal joints acting as the hip and ankle, a
platform attached to the hip that allowed for vertical translation of the hip assembly and a
motor assembly to actuate quadriceps movement (Figure 29). The motor assembly was
attached to the femoral threaded rod and pulled the quadriceps tendon parallel to the femoral
axis at a constant speed to cause extension of the knee. The motor assembly was connected
to the quadriceps tendon via a specially designed clamp that would not damage or cut the
tendon. Each complete cycle of flexion and extension was approximately 1 minute and 10
seconds in length and the knee specimen cycled from approximately 5° to 85° of flexion.
Zero degrees of flexion avoided due to the possibility of the knee hyper extending quickly
near zero degrees of flexion. Three tests of three flexion cycles each were repeated for each

wedge-slope combination of each specimen.
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Figure 29: The Oxford knee loading rig allowed for 6 degrees of freedom motion. The rig consisted of universal
joints acting at the hip and ankle, and a motor assembly that actuated the quadriceps tendon.

A force of 118 N was applied to the hip joint, which corresponds to approximately
15% body weight[117]. This was the maximum applied force that could be used without
routinely fracturing the cadaveric specimen or bending the steel threaded rods. Nuts were
threaded onto the steel threaded rod to provide additional support and prevent bending of the

rod.

4.2.4 Contact Pressure

Tibiofemoral contact pressure was measured using Novel pressure sensors (Pliance,
Munich, Germany) (Figure 30). Two identical Novel pressure sensors were used in each

testing setup: one in the medial compartment and one in the lateral compartment. Each
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sensor was designed to fit into these tibiofemoral compartments. One sensor is composed of
an 8x16 matrix of sensing elements (21.5mm by 43mm) and each sensing element has an

area of 7.09mm>.

Figure 30: A tibiofemoral Novel pressure sensor (model S2014).

Novel pressure sensors were chosen because they are known to be more robust and
can provide dynamic pressure data. Tekscan pressure sensors have a history of crinkling and
breaking down in dynamic situations[35]. Unfortunately, Novel pressure sensors are
approximately 1mm thick, which is significantly more than the 0.lmm thickness of
Tekscan’s pressure sensors [27]. Novel pressure sensors have also been shown to provide

more accurate pressure readings than Tekscan pressure sensors [27].

The Novel pressure sensors were calibrated prior to testing each specimen using a
calibration system consisting of an air bladder to evenly apply pressure to all of the pressure

sensing elements and a digital pressure gauge. A 14 point calibration curve was used with

59



pressures varying from 100kPa to 2400kPa (maximum pressure sensor readout). Each sensor

element was calibrated individually.

Sensors were inserted into knee specimens on the tibial plateau sub-meniscally. Small
incisions were made in the capsule medially and laterally of the patellar tendon at the joint
line to allow for insertion. Small incisions were also made posterior to the joint space near
both the medial and lateral tibial condyles where the edges of the pressure sensors were fed
through. The orthopaedic surgeon threaded sutures through grommets on the far side of both
sensors and then used a surgical clamp to push the sutures submeniscally from the anterior
aspect of the joint to exit at the posterior aspect. Once fed through, the orthopaedic surgeon
pulled the sutures on the posterior side of the joint space, which in turn pulled the sensors
through the joint. The joint was manually distracted to allow for easier insertion. Once the
Novel pressure sensors were seated in their respective compartments, wood screws were
inserted through the sensor’s peripheral plastic coating (grommets) and screwed into the
tibial plateau to prevent relative motion between the sensors and the tibial plateau (Figure
31). Four wood screws held each sensor in place. Fluoroscopic images were taken to
examine the placement of the sensors and ensure the Novel pressure sensors were properly

located within the joint (Figure 32).
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Figure 32: The Novel pressure sensors shown post-testing on the tibial plateau. Dashed lines represent the
approximate outline of the sensors beneath the meniscus.

Sensor data were collected at a frequency of 50Hz and monitored in real time during

testing. A custom Labview program (National Instruments, Texas) was used to trigger the
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initiation of data collection during testing. A custom Matlab (Mathworks, Natick, MA)
program was created to process the raw data from the pressure sensors. This program
calculated the centre of pressure (CoP) in each compartment, percent of total force in each
compartment and the force in each compartment. Centre of pressure measurements using
Novel pressure sensors have been found to have an average root mean square error of 0.12cm

in the x-direction, and 0.13cm in the y-direction.

4.2.5 Kinematics

Kinematics of the tibia, femur and patella were measured using an Infrared Motion
Capture System (Optotrak, Northern Digital, Waterloo, Ontario). Optotrak is specified to
have an accuracy of 0.1mm, and a resolution of 0.01mm. Kinematic markers were rigidly
fixed to the femur, patella, proximal tibia (above osteotomy) and distal tibia (below
osteotomy). Markers were fixed by using custom-machined mounting blocks with Steinman

pins screwed into each of the bones.

Screws were used to locate bony landmarks creating an anatomical coordinate system
for each bone consisting of a long axis, flexion axis, and third axis. On the femur, screws
were inserted into the medial and lateral epicondyles and into superior and inferior points on
the shaft that created a line parallel to the long axis of the femur. On the patella, the most
medial, lateral, superior and inferior points were used as landmarks where wood screws were
inserted. On the tibia, wood screws were screwed into the most medial and lateral points on
the epicondyles (proximal to the osteotomy), the most medial and lateral points just distal to
the osteotomy, medial and lateral points more distal on the shaft and two posterior points on
the shaft (one proximal and one distal) which created a line parallel to the long axis of the
tibia.
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A digitizing probe was calibrated before testing using Optotrak software. All points
identified by wood screws were digitized. The use of wood screws allowed for repeatable
digitizations in case points needed to be redigitized during testing. All points were digitized

while the knee specimen was set up in the rig and the osteotomy was secured closed.

Figure 33: The wood screws identifying landmarks and the bony coordinate systems were digitized using the
Optotrak motion capture system.

The custom Labview (National Instruments, Texas) program triggered the optotrak
software to begin collecting data at the same time that it triggered the Novel pressure sensors

to collect data. Data were collected at 50Hz.

The anatomical coordinate system was converted to a joint coordinate system for the
tibiofemoral joint and patellofemoral joint. A Matlab program was used for analyzing the
Optrotrak data and creating the joint coordinate system. The joint coordinate system was

based on Grood and Suntay’s description of the joint coordinate system as described in
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section 2.4.2. The femur’s transepicondylar axis represented the femur’s flexion axis, el, and
has been shown to be suitable for use as the flexion axis [118]. For tibiofemoral motion, e3
was represented by a line connecting the middle point between the medial and lateral shaft
points, and the middle point between the medial and lateral tibial condyle points (tibia’s long
axis). For patellofemoral motion, e3 was represented by a line connecting the superior and

inferior points of the patella (patella’s long axis).

After el, e2 and e3 of the joint coordinate system were calculated, tibiofemoral
rotations and translations (flexion, abduction, internal rotation, proximal translation, anterior
translation and medial translation) and patellofemoral rotations and translations (flexion, tilt,
spin, proximal translation, anterior translation and medial translation) were calculated using

the custom Matlab program.

4.2.6 Statistics

We tested the null hypotheses that there is no difference in contact pressure
parameters (position of medial compartment centre of pressure, position of lateral
compartment centre of pressure, and percent of total force in medial compartment),
tibiofemoral kinematic parameters (internal rotation, abduction, medial translation, anterior
translation and proximal translation), and patellofemoral kinematic parameters (flexion, tilt,
spin, medial translation, anterior translation, and proximal translation) between wedge-slope
combinations over the range of tibiofemoral flexion tested using linear mixed models. The

model we used was:

Y = by + by * TFgpgie + by * TF_angle? + b * condition; + b, * TFangie * condition;

+ bs x TF_angle? = condition;
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where y was the parameter being modelled, “TFange’ was the tibiofemoral flexion
angle, and ‘condition;” was (1) 0° wedge and 0° slope change , (2) 7.5° wedge and -5° slope
change, (3) 7.5° wedge and 0° slope change, (4) 7.5° wedge and +5° slope change, (5) 15°
wedge and -5° slope change, (6) 15° wedge and 0° slope change, and (7) 15° wedge and +5°

slope change.

4.3 Results

Eleven subjects were included in this study. Three were excluded due to fracturing of
their tibias during loading, and one was excluded because data suggested there was an

incomplete dissection of the superficial MCL during testing.

Using linear mixed models, statistically significant differences were seen between at
least one coefficient of the models when comparing all wedge and slope combinations for all
parameters tested, which included: percent force in medial compartment, centre of pressure
(anterior-posterior and medial-lateral in medial and lateral compartments), tibiofemoral
translations (anterior, proximal and medial), tibiofemoral rotations (abduction and internal
rotation), patellofemoral rotations (flexion, spin and tilt), and patellofemoral translations

(anterior, proximal and medial) (Table 1, Table 2, Table 3 and Table 4).

Increasing the wedge size significantly decreased the percent of tibiofemoral force in
the medial compartment. During early flexion, increasing the wedge from 0 degrees to 7.5
degrees with a neutral slope resulted in a 17 percent decrease in the proportion of force going
through the medial compartment (p<0.001). Increasing the wedge further to 15 degrees from
0 degrees resulted in a 36 percent decrease in the total percentage of force going through the

medial compartment (p<0.001). These differences decreased as the knee flexed (Figure 34).
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A positive 5 degree change in tibial slope resulted in a 5mm shift of the centre of
pressure in the medial compartment anteriorly in early flexion for a wedge of 7.5 degrees
(p<0.001), and a 7mm shift of the centre of pressure anteriorly in early flexion for a wedge of

15 degrees (p<0.001). The differences decreased as the knee flexed (Figure 35 and Table 4).

A negative 5 degree change in tibial slope resulted in a 3mm shift of the centre of
pressure in the medial compartment posteriorly in early flexion for a wedge angle of 7.5
degrees (p<0.001), and a 4mm shift of the centre of pressure posteriorly in early flexion for a
wedge of 15 degrees (p<0.001). The differences decreased as the knee flexed (Figure 35 and

Table 4).

A positive 5 degree change in tibial slope resulted in a 0.5mm shift posteriorly of the
centre of pressure in the lateral compartment in mid to late flexion for a wedge angle of 7.5
degrees (p<0.001), and a 1mm shift posteriorly for a wedge angle of 15 degrees (p<0.001) in

mid to late flexion (Figure 36 and Table 4).

A negative 5 degree change in tibial slope resulted in a 2mm shift of the centre of
pressure anteriorly in the lateral compartment in mid to late flexion for a wedge angle of 7.5
degrees (p<0.001), and a 2mm shift of the centre of pressure anteriorly for a 15 degree wedge

mid to late flexion (p<0.001) (Figure 36 and Table 4).

A positive 5 degree change in tibial slope resulted in a 5mm anterior tibial translation
for a 7.5 degree wedge angle in early flexion (p<0.001) and a 7mm anterior tibial translation
for a 15 degree wedge angle in early flexion (p<0.001). These differences remained fairly

constant throughout flexion (Figure 37 and Table 1).
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A negative 5 degree change in tibial slope resulted in a 3mm posterior tibial
translation for both a 7.5 degree wedge angle in early flexion (p<0.001) and a 15 degree
wedge angle in early flexion (p<0.001). These differences remained fairly constant

throughout flexion (Figure 37 and Table 1).

A positive 5 degree change in tibial slope resulted in a 5mm distal tibial translation
for a both a 7.5 degree wedge angle in late flexion (p<0.001) and a 15 degree wedge angle in
late flexion (p<0.001). These differences decreased in early stages of flexion (Figure 39 and

Table 1).

A negative 5 degree change in tibial slope resulted in a 4mm proximal tibial
translation for both a 7.5 degree wedge angle in early flexion (p<0.001) and a 15 degree
wedge angle in early flexion (p<0.001). These differences decreased in early stages of

flexion (Figure 39 and Table 1).

An increase in wedge angle from O degrees to 7.5 degrees resulted in 8 degrees of
external tibial rotation in late flexion (p<0.001). A further increase in wedge angle from 7.5
degrees to 15 degrees resulted in an additional 8 degrees of external tibial rotation in late

flexion (p<0.001). These differences decreased in early flexion (Figure 38 and Table 1).

An increase in wedge angle from O degrees to 7.5 degrees resulted in 3 degrees of
medial patellar tilt in early flexion (p<0.001). A further increase in wedge angle from 7.5
degrees to 15 degrees resulted in an additional 5 degrees of medial patellar tilt in early

flexion (p<0.001). These differences decreased in late flexion (Figure 40 and Table 1).
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Figure 34: Proportion of total tibiofemoral force in the medial tibiofemoral compartment. The notation in the legend
XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 35: Anterior-posterior position of the centre of pressure on the tibial plateau in the medial compartment. The
notation in the legend XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 36: Anterior-posterior position of the centre of pressure on the tibial plateau in the lateral compartment. The
notation in the legend XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 37: Anterior-posterior tibial translation. The notation in the legend XwYs refers to a wedge angle of X
degrees and a slope change in angle of Y degrees.
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Figure 38: Internal tibial rotation. The notation in the legend XwYs refers to a wedge angle of X degrees and a slope
change in angle of Y degrees.
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Figure 39: Proximal tibial translation. The notation in the legend XwY's refers to a wedge angle of X degrees and a
slope change in angle of Y degrees.
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Figure 40: Medial patellar tilt. The notation in the legend XwYs refers to a wedge angle of X degrees and a slope
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Table 1: Tibiofemoral linear mixed models summarized results.

Results for all coefficients of the linear mixed models. Blank values indicate the
parameter was not included in the model.P values are included in brackets
beside their respective coefficient. The notation XwYs refers to a wedge angle of
X degrees and a slope change in angle of Y degrees.

Tibiofemoral Parameter (p-value)

Coefficients bl e R Internal Rotation | Proximal Medial Translation Anterior

& (deg) Translation (mm) (mm) Translation (mm)
Bo (intercept) 5.0961 (0.002) -0.6648 (0.807) -45.7830 (0.000) 8.1381 (0.000) | 10.5680 (0.000)
B: (knee_angle) 0.0219 (0.197) 0.4391 (0.000) -0.2424  (0.000) -0.1684 (0.000) | -0.6797 (0.000)
B2 (knee_angle?) -0.0001 (0.082) -0.0034 (0.000) 0.0050 (0.000) 0.0012 (0.000) 0.0006 (0.000)

B3 (intercept difference):

OwOs vs 7.5w0s 7.6667  (0.000) 2.2221 (0.000) -3.2033  (0.000) -2.0904 (0.000) 0.0590 (0.779)
7.5w-5svs 7.5w0s | -0.7429 (0.000) | -1.0215 (0.000) 14645 (0.000) | -0.5027 (0.000) | 3.3672 (0.000)
7.5w0s vs 7.5w5s | -0.1188 (0.460) -3.4557  (0.000) 0.9298 (0.000) 1.5938 (0.000) 5.4059 (0.000)
7.5w0s vs 15w0s | 11.5271 (0.000) | -0.4188 (0.085) | -6.7651 (0.000) 0.8770 (0.000) | -4.2398  (0.000)
15w-5s vs 15w0s 0.3584 (0.003) 0.9932 (0.000) 1.2481 (0.000) -0.7809  (0.000) 2.8125 (0.000)
15w0s vs 15w5s | -1.6800 (0.000) | -1.7058 (0.000) 16162 (0.000) 03767 (0.000) | 6.8264 (0.000)

Ba (knee_angle

difference):

OwOs vs 7.5w0s | -0.0071 (0.366) | -0.1491 (0.000) -0.0112  (0.116) 0.0706 (0.000) | -0.1052 (0.000)

7.5w-5s vs 7.5w0s 0.0301  (0.000) 0.0739  (0.000) -0.1207  (0.000) -0.0090 (0.048) 0.0718  (0.000)
7.5w0s vs 7.5w5s | 0.0173  (0.025) 0.1100  (0.000) -0.0786  (0.000) -0.0542 (0.000) | 0.0187 (0.056)
7.5w0s vs 15w0s | -0.1335  (0.000) -0.3301  (0.000) 0.0803  (0.000) 0.0069  (0.097) 0.0291 (0.001)
15w-5s vs 15w0s | -0.0290  (0.000) 0.0138  (0.186) -0.0894  (0.000) 0.0264 (0.000) | 0.0955 (0.000)
15w0s vs 15w5s 0.0803  (0.000) 0.1343  (0.000) -0.1518  (0.000) -0.0120  (0.001) | -0.0263 (0.001)
Bs (knee_angle’

difference):

OwOs vs 7.5w0s | -0.0001 (0.108) | 0.0002 (0.164) 0.0009 (0.000) | -0.0005 (0.000) | 0.0007 (0.000)
7.5w-5svs 7.5w0s | -0.0003  (0.000) | -0.0006 (0.000) 0.0006  (0.000) 0.0001 (0.024) | -0.0012  (0.000)
7.5w0s vs 7.5w5s | -0.0002  (0.044) | -0.0007  (0.000) 0.0000 (0.553) 0.0005 (0.000) | -0.0006 (0.000)
7.5w0s vs 15w0s | 0.0011 (0.000) | 0.0027 (0.000) 0.0000 (0.548) | -0.0002 (0.000) | -0.0006 (0.000)
15w-5s vs 15w0s | 0.0002 (0.003) | -0.0004 (0.001) 0.0004 (0.000) | -0.0002 (0.000) | -0.0013 (0.000)
15w0s vs 15w5s | -0.0008  (0.000) | -0.0014 (0.000) 0.0008  (0.000) 0.0001 (0.017) | -0.0004 (0.000)
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Table 2: Patellofemoral rotation linear mixed models summarized results.
Results for all coefficients of the linear mixed models. Blank values indicate the
parameter was not included in the model. P values are included in brackets
beside their respective coefficient. The notation XwYs refers to a wedge angle of
X degrees and a slope change in angle of Y degrees.

Patellofemoral Parameter (p-value)

Coefficients Spin (deg) Tilt (deg) Flexion deg)

Bo (intercept) -0.5099 (0.735) -1.1754 (0.578) 6.4375 (0.002)
B1 (knee_angle) -0.0388  (0.006) -0.0077 (0.724) 0.3893  (0.000)
B2 (knee_anglez) 0.0004 (0.000) -0.0005 (0.000) 0.0033 (0.000)

B3 (intercept difference):

OwOs vs 7.5w0s 2.1436  (0.000) 2.6648 (0.000) 1.1124 (0.000)
7.5w-5svs 7.5w0s | -0.6774 (0.000) | -0.3405 (0.060) | 0.6566 (0.014)
7.5w0s vs 7.5w5s 0.2044 (0.122) -0.2644  (0.155) | -0.2382 (0.385)
7.5w0s vs 15w0s | 2.7255  (0.000) 51427 (0.000) | 1.2782 (0.000)
15w-5s vs 15w0s -0.0815 (0.443) -0.5365 (0.000) 0.0128 (0.954)
15w0s vs 15w5s | 0.1293  (0.210) 13411 (0.000) | -1.2605 (0.000)

Ba (knee_angle

difference):

OwOs vs 7.5w0s 0.0333  (0.000) 0.0194 (0.034) | 0.0612 (0.000)
7.5w-5s vs 7.5w0s 0.0245  (0.000) 0.0242 (0.006) | -0.0656 (0.000)
7.5w0s vs 7.5w5s | -0.0111  (0.080) 0.0098 (0.272) | -0.1168 (0.000)
7.5w0s vs 15w0s 0.0235 (0.000) -0.0289  (0.000) | -0.0221  (0.064)
15w-55 vs 15w0s 0.0033  (0.531) 0.0504 (0.000) | -0.1014 (0.000)
15w0s vs 15w5s 0.0124  (0.015) 0.0150 (0.038) | -0.0418 (0.000)
Bs (knee_angle’

difference):

OwOs vs 7.5w0s | -0.0002 (0.002) | -0.0005 (0.000) | -0.0003 (0.036)
7.5w-55vs 7.5w0s | -0.0003 (0.000) | -0.0003 (0.002) | 0.0009 (0.000)
7.5w0svs 7.5w5s | 0.0001 (0.064) | -0.0001 (0.472) | 0.0009 (0.000)
7.5w0s vs 15w0s |  0.0000 (0.508) | -0.0003 (0.004) | 0.0001 (0.639)
15w-5svs 15w0s | -0.0001 (0.257) | -0.0006 (0.000) | 0.0010 (0.000)
15w0s vs 15w5s | -0.0001  (0.019) | -0.0004 (0.000) | 0.0005 (0.000)
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Table 3: Patellofemoral translation linear mixed models summarized results.

Results for all coefficients of the linear mixed models. Blank values indicate the
parameter was not included in the model. P values are included in brackets
beside their respective coefficient. The notation XwYs refers to a wedge angle of
X degrees and a slope change in angle of Y degrees.

Patellofemoral Parameter (p-value)

Coefficients Medial (mm) Proximal (mm) Anterior (mm)

By (intercept) 5.0055 (0.000) 3.8355 (0.222) | 66.9906 (0.000)
B1 (knee_angle) -0.0310 (0.005) -0.5774  (0.000) -0.5173  (0.000)
B; (knee_angle?) 0.0007 (0.000)

B3 (intercept difference):

OwOs vs 7.5w0s -0.0495 (0.595) -7.5753  (0.000) -4.3321  (0.000)
7.5w-5svs 7.5w0s | 0.1130  (0.197) 37645 (0.000) | -2.1543  (0.000)
7.5w0s vs 7.5w5s 0.7457  (0.000) 7.8939  (0.000) 4.3265 (0.000)
7.5w0s vs 15w0s |  2.0025  (0.000) 0.8343  (0.000) 1.8367 (0.000)
15w-5s vs 15w0s 0.5503 (0.000) 3.0967 (0.000) 0.3917 (0.229)
15w0s vs 15w5s | 1.4682  (0.000) 17039  (0.000) 15566  (0.000)

Ba (knee_angle

difference):

OwOs vs 7.5w0s |  0.0255  (0.000) 0.0876 (0.000) | -0.0321 (0.000)
7.5w-5s vs 7.5w0s -0.0204  (0.000) 0.0481  (0.000) -0.0345  (0.000)
7.5w0s vs 7.5w5s | -0.0291  (0.000) -0.0892  (0.000) 0.0276  (0.000)
7.5w0s vs 15w0s -0.0138  (0.000) -0.0170  (0.000) 0.0138  (0.036)
15w-5svs 15w0s | -0.0266  (0.000) -0.0386  (0.000) 0.0153  (0.017)
15w0s vs 15w5s -0.0584  (0.000) -0.0200  (0.000) -0.0136  (0.029)

Bs (knee_angle’

difference):
OwO0s vs 7.5w0s -0.0002  (0.000)

7.5w-5s vs 7.5w0s 0.0002 (0.000)
7.5w0s vs 7.5w5s 0.0002  (0.000)

7.5w0s vs 15w0s 0.0001 (0.209)

15w-5s vs 15w0s 0.0002  (0.000)

15w0s vs 15w5s 0.0006 (0.000)
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Table 4: Contact pressure linear mixed models summarized results.

Results for all coefficients of the linear mixed models. Blank values indicate the
parameter was not included in the model. P values are included in brackets
beside their respective coefficient. The notation XwYs refers to a wedge angle of
X degrees and a slope change in angle of Y degrees.

Contact Pressue Parameter (p-value)

Medial CoP A-P Medial CoP M-L | Lateral CoP A-P Lateral CoP M-L % Force in Medial

Coefficients (il (el

Bo (intercept) 29.2948 (0.000) | 11.1359 (0.000) | 22.0021 (0.000) | 10.8240 (0.000) 51.8499 (0.000)
B, (knee_angle) -0.3442 (0.000) | 0.0669 (0.000) | -0.2766 (0.000) | 0.0022 (0.767) | -0.3371 (0.000)
Bz(knee_anglez) 0.0030 (0.000) | -0.0004 (0.000) 0.0022 (0.000) | -0.0002 (0.000) 0.0027 (0.000)

B (intercept difference):
OwOs vs 7.5w0s | -5.8798 (0.000) | -0.4691 (0.000) | -0.9005 (0.000) | 0.5697 (0.000) | -16.8994  (0.000)

7.5w-5s vs 7.5w0s 2.9767 (0.000) | -0.1435 (0.125) -0.4316 (0.005) | -0.0041 (0.936) 5.2832  (0.000)
7.5wO0s vs 7.5w5s 49842 (0.000) | -1.0306 (0.000) | 2.3202 (0.000) | 0.6263 (0.000) 2.3861  (0.000)

7.5w0s vs 15w0s -4.5047  (0.000) 0.1056  (0.220) 1.4771 (0.000) | -0.3835 (0.000) | -19.0614 (0.000)

15w-55 vs 15w0s 3.8737 (0.000) | -0.9126 (0.000) | -0.6885 (0.000) | 0.1688 (0.000) 3.0863  (0.000)

15w0s vs 15w5s 7.2281 (0.000) -1.2487 (0.000) 1.0582 (0.000) 0.7858 (0.000) 6.7979  (0.000)
Ba (knee_angle
difference):

OwOsvs 7.5w0s |  0.1182 (0.000) | 0.0225 (0.000) | 0.0763 (0.000) | -0.0279 (0.000) | 0.3560 (0.000)
7.5w-55vs 7.5w0s | -0.0633 (0.000) | 0.0105 (0.024) | -0.0247 (0.001) | 0.0086 (0.001) | -0.1648 (0.000)
7.5w0s vs 7.5w5s | -0.1446  (0.000) | 0.0291 (0.000) | -0.0912 (0.000) | -0.0253 (0.000) | -0.0694  (0.000)
7.5w0s vs 15w0s | 00351  (0.000) | -0.0231 (0.000) | 0.0738 (0.000) | -0.0171 (0.000) | 0.2902 (0.000)
15w-5svs 15w0s | -0.1096 (0.000) | 0.0503 (0.000) | -0.0535 (0.000) | 0.0148 (0.000) | -0.1032 (0.000)

15w0s vs 15w5s | -0.2441 (0.000) | 0.0587 (0.000) | -0.0783 (0.000) | -0.0128 (0.000) | -0.2485 (0.000)
Bs (knee_angle’
difference):

OwOs vs 7.5w0s | -0.0010  (0.000) | -0.0004 (0.000) | -0.0004 (0.000) | 0.0003 (0.000) | -0.0027 (0.000)
7.5w-55vs 7.5w0s |  0.0003 (0.004) | 0.0000 (0.987) | 0.0001 (0.077) | -0.0001 (0.013) | 0.0012 (0.000)
7.5w0s vs 7.5w5s | 0.0010 (0.000) | -0.0002 (0.000) | 0.0007 (0.000) | 0.0002 (0.000) | 0.0003 (0.174)
7.5w0s vs 15w0s | -0.0002 (0.157) | 0.0000 (0.000) | -0.0006 (0.000) | 0.0001 (0.000) | -0.0008 (0.000)
15w-5svs 15w0s |  0.0008  (0.000) | -0.0005 (0.000) | 0.0008 (0.000) | -0.0002 (0.000) | 0.0005 (0.003)

15w0s vs 15w5s 0.0019 (0.000) | -0.0005 (0.000) | 0.0008 (0.000) | 0.0001 (0.022) 0.0019  (0.000)

75



4.4 Discussion

Contact distribution, centres of pressure and kinematics in cadaveric knee specimens
were measured before and after opening-wedge HTO to determine the effect of changing
tibial slope for a range of tibial wedge angles on knee joint contact pressure and Kinematics.
A 5 degree positive slope translated the lateral compartment centre of pressure posteriorly for
middle and late stages of flexion and translated the medial compartment centre of pressure
anteriorly in the early and middle stages of flexion. A 5 degree positive slope produced

significant changes to all kinematic parameters.

The anterior/posterior shift of the centre of pressure in each compartment could lead
to cartilage damage. It is widely accepted that cartilage is adapted regionally for the forces
that it must transmit and therefore a substantial shift in where force is transmitted may
overload cartilage that is not adapted to the mechanical environment. The change in
tibiofemoral contact location associated with an anterior cruciate ligament (ACL) tear is one
of the mechanisms proposed to explain why ACL tears predispose knees to osteoarthritis
[83]. The larger range of centre of pressure position over the full range of flexion with a 5
degree positive wedge (Figure 35) also suggests that the relative velocity between the tibia
and femur is increased. This is another effect that has been associated with cartilage
degeneration [104]. A change in relative velocity at cartilage surfaces has been linked to
cartilage degradation[104]. The results of this study show that a larger slope results in more
anterior-posterior translation of the centre of pressure for the range of flexion tested. The
total anterior-posterior translation for the centre of pressure for a 5 degree positive tibial
slope with a 15 degree wedge angle was over 10mm, whereas anterior-posterior translation

was less than 5mm without a change in slope for the range of flexion tested. This would

76



correspond to an approximately 100% increase in average velocity. One study using canine
stifle joints found that an increase in velocity lead to cartilage damage. The canine stifle
joints that experienced major cartilage damage reached peak velocities 60% higher than

canine stifle joints that experienced minor cartilage damage [104].

ACL-deficient patients are known to be at an increased risk of developing
osteoarthritis. A theory for their increased risk is that the ACL rupture leads to a shift in
cartilage contact at the knee joint [119]. This theory is further supported by a study that
examined cartilage wear patterns in the medial compartment on resected tibial plateaus for
patients undergoing a total knee replacement. The study found that ACL deficient patients
exhibited significantly more cartilage wear in the posterior half of the medial compartment,
as opposed to ACL-intact patients who experienced more cartilage wear in the anterior half
of their tibial plateau [120] (Figure 41). A mean anterior-posterior length of the medial
compartment for Caucasian males is 54mm, making each of the 4 zones studied
approximately 13mm [121]. The average wear is in Zone B (the second most anterior zone)
for ACL intact knees, and is in Zone C (the second most posterior zone) for ACL deficient
knees. This single zone difference likely translates to approximately 11mm of anterior-
posterior translation of wear. The centre of pressure changes seen from varying the slope
from positive 5 degrees to negative 5 degrees are as large as 10mm in the anterior-posterior
direction, and changes from varying the wedge from O degrees to 15 degrees were a
maximum of 17mm in the anterior-posterior direction. These large anterior-posterior changes
are comparable to the changes in cartilage wear patterns as seen in the ACL deficient knee. It
is known that ACL deficiency puts patients at an increased risk of osteoarthritis, and it is

hypothesized that this is a result of the change in contact on the tibial plateau following an
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ACL-tear [119]. The large anterior-posterior centre of pressure changes resulting from
varying the slope in HTO therefore could have the potential to further progression of
osteoarthritis in the same way that an ACL-tear is hypothesized to affect progression of

osteoarthritis.
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Figure 41: Cartilage wear patterns on the tibial plateau depend on ACL status for patients undergoing a total knee
replacement.

Reprinted with permission from Mullaji, A. B., Marawar, S. V, & Luthra, M.
(2008). Tibial articular cartilage wear in varus osteoarthritic knees: correlation
with anterior cruciate ligament integrity and severity of deformity. The Journal
of Arthroplasty, 23(1), 128-35. doi:10.1016/j.arth.2007.01.015.

This study describes the effect of tibial slope on A/P translation of contact in the
tibiofemoral joint comprehensively and provides insight into why there is inconsistency in
the literature. The finding that increased tibial slope translated contact anteriorly in the
medial compartment for most of the range of flexion is qualitatively consistent with
Agneskirchner et al.’s finding that increased tibial slope with an anterior opening wedge
HTO increased pressure in the anterior half of the medial compartment. Agneskirchner et al.

also reported anterior translation of the tibia with an increase in slope, which is consistent
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with our findings. However, pressure distribution in the lateral compartment was not
assessed in the Agneskirchner study. Our findings, and Agneskirchner’s, are not consistent
with the Rodner et al. study, which found that increased tibial slope shifted the location of
peak pressure on the entire tibial plateau posteriorly (although the shift was not statistically
significant). While posterior translation of the centre of pressure in the lateral compartment
was observed, this was only in later stages of flexion, which were not tested in the Rodner et
al study. These inconsistencies between the Rodner et al study and Agneskirchner’s study
and the current study are likely due to the very different loading methods used. While
muscle loading was simulated in the current study and in Agneskirchner’s, the flexion angle
of the knee was fixed in the Rodner study and muscle force was not simulated. Since there
is a considerable component of quadriceps force in the A/P direction through most of flexion,
this would result in differences in A/P position of the tibia and of contact. The contribution
of the current study is to describe the effect of slope on contact in both compartments of the

tibiofemoral joint for a physiological dynamic loading condition.

The proportion of force in the medial compartment was around 50% for the
uncorrected position, which is in contrast to studies that have proposed 60% to 75% of the
force in the tibiofemoral joint goes through the medial compartment [122]. The likely reason
for these differences is the placement of the simulated hip directly in line with the femoral
axis on the Oxford knee joint, which would shift the clinical mechanical axis such that force

is more evenly distributed in the knee.

One strength of this study is that our design allowed us to assess the effect of
different slopes for a range of wedge angles. Our findings that changes in wedge angle

significantly affected the impact of changes in slope angle on contact mechanics and
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kinematics support the importance of this comprehensive assessment. This approach is in
contrast with Rodner’s study, which created varying slopes indirectly through the positioning
of the tibial plate holding the osteotomy intact. While Rodner’s approach was clinically
relevant, it cannot yield consistent differences in tibial slope. Our approach is also distinct
from Agneskirchner’s, where the only variable was the tibial slope (no variation in wedge

angle), which was achieved by performing an anterior opening wedge osteotomy.

A further strength is that we used validated, capacitive pressure sensors [27]. These
multi-use pressure sensors are specially designed for tibiofemoral pressure measurements
and fit to within each the medial and lateral compartments of the tibiofemoral knee joint.
Comparison studies between the Tekscan pressure sensors that were used by Agneskirchner
et al. and Rodner et al., and the Novel pressure sensors this study used have shown force
errors 4 times higher and significantly less repeatability in the Tekscan system [27].
Repeatability is particularly important in this type of study for determining small changes
between conditions and specimens. Testing for the Novel pressure sensors described in
Chapter 4 found a maximum standard deviation of 5.4% , which is much less than the effect

of changing the wedge angle on pressure distribution between compartments.

One limitation of this study was the cadaveric specimens were not in valgus
malalignment. It is not feasible to obtain specimens in valgus malalignment. However the
comprehensive method of changing wedge and slope allows for an understanding of the
relative changes caused by correction of the wedge and slope angle, which is particularly

valuable for understanding the effect of the often ignored sagittal plane alignment [14].

A further limitation is the lack of co-contraction of muscles that assist in knee flexion

and extension. Creating physiologically realistic simulations with multiple muscle groups is
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extremely challenging due to the indeterminate problem of determining acting muscle forces

and then simulating those indeterminate forces dynamically under passive constraints.
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4.5 Summary of Key Findings

Increasing the tibial slope resulted in an anterior shift of the medial
compartment centre of pressure of up to 11mm and a posterior shift of the
lateral compartment centre of pressure of up to 3mm when increasing the
slope from -5 degrees to 5 degrees for a 15 degree wedge angle during early
flexion. This change is comparable to changes due to ACL injury, which can
lead to cartilage degeneration.

Increasing the wedge angle resulted in significant changes to all kinematic
parameters. Specifically, increasing the wedge angle to 15 degrees resulted in
external rotation of the tibia by 15 degrees during late flexion and medial tilt
of the patella by 9 degrees. Kinematic results have the potential to link to in

vivo kinematics studies following HTO.
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5 Integrated Discussion

5.1 Motivation and Contributions

The work presented in this thesis on understanding the effect of wedge and slope
angle in an opening-wedge HTO on kinematics and contact pressure is motivated by the need
to help understand the high failure rate of HTOs. This work is also meant to provide valuable
information on the effect that slight changes in surgical correction can have on the knee joint,
particularly on contact pressure. Past biomechanical studies looking at HTOs have not
presented dynamic results over a range of flexion angles and have not systematically

changed wedge and slope to understand the effect of altering each of them [14], [23].
The major contributions of this study include:

e Determined the accuracy and repeatability of Novel pressure sensors in the
biomechanical testing conditions of the tibiofemoral joint.

e Determined the effect of clinically relevant changes to tibial slope for a range of
wedge angles on tibiofemoral and patellofemoral kinematics of the knee joint in an ex
vivo model through a dynamic range of flexion of approximately 0° to 90°.

e Determined the effect of clinically relevant changes to tibial slope for a range of
wedge angles on the centre of pressure and force distribution in the medial and lateral
compartments of the tibiofemoral joint in an ex vivo model through a dynamic range

of flexion of approximately 0° to 90°.
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5.2 Significance of Findings

5.2.1 Why is it important to understand the change in contact pressure
following HTO?

Contact mechanics are challenging yet necessary to measure because it is believed
that they play a key role in the progression of osteoarthritis [37]. Unfortunately, measuring
contact pressure in vivo is extremely challenging because it requires the insertion of invasive

pressure-sensing technology.

Contact pressure on cartilage within the knee is widely considered an important factor
in the initiation and progression of osteoarthritis. ACL-deficient knees are an example that
highlights the role contact mechanics play in osteoarthritis. A study of resected tibial plateaus
of patients undergoing a TKA found that patients who were ACL-deficient have significantly
different cartilage wear patterns on the tibial plateau compared to subjects who are ACL-
intact [120]. Specifically, ACL-deficient patients exhibited postero-medial wear on the
medial plateau, as compared to antero-medial wear for the intact ACL knees. This supports
the hypothesis that ACL-deficient individuals are more likely to suffer from osteoarthritis
due to a change in location of tibiofemoral contact. Chaudhari et al. proposed that
osteoarthritis initiates following ACL injury largely because of the spatial variation in
cartilage [119]. The hypothesis is that, after an ACL tear, the location of contact changes
without giving time for cartilage to adapt. Areas of cartilage that are optimized for tensile
forces experience compressive forces and vice-versa, which leads to osteoarthritis. Cartilage
that undergoes the highest forces (generally in more central regions of each tibiofemoral
compartment) has a structure optimized for compressive forces, with randomly oriented

collagen fibres. Areas of cartilage closer to the periphery of the tibial plateau have a structure
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optimized for tension with their collagen fibres running tangential to the cartilage surface,

because tension is produced in these regions.

The changes in contact pressure location following HTO may be large enough to
cause areas conditioned for tensile loading to experience the compressive forces which are
proposed to lead to osteoarthritis. The finding in Chapter 4 that increasing the slope from -5
degrees to 5 degrees resulted in approximately 11mm of anterior translation of the centre of
pressure in the medial compartment shows that contact regions are affected substantially by
slope changes in HTO, which suggests that HTO failures caused by progressive cartilage

damage may be due to poorly controlled slope.

5.2.2 Why are changes in kinematics important to study for HTO?

The study of knee kinematics in cadaveric studies is important for comparing to in
vivo work. Tibiofemoral and patellofemoral kinematics have been measured in vivo using
magnetic resonance imaging for HTO patients pre-operatively and post-operatively [123].
However, MRI measures of contact at the tibiofemoral joint have not been extensively
validated [37]. The kinematic and contact results from Chapter 4 have the potential to be
used to predict where contact is occurring in the joint for HTO studies that have measured
tibiofemoral kinematics by predicting the centre of pressure changes based on kinematic

changes.

5.3 Strengths

The Oxford rig used for biomechanical testing allowed 6 degrees of freedom between
the tibia and femur, which ensured there was no artificial constraint. The rig permitted force
to be applied through the weight-bearing axis (from hip to ankle) [116]. It is essential that

constraint is eliminated in knee-loading rigs because it would alter the resultant kinematic
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parameters and contact pressure distribution. A variety of knee-loading rigs have been used
in ex vivo studies that have the potential to significantly alter results from the physiological
conditions. For instance, Rodner et al. used a loading rig that fixed the cadaveric knees at a

specific flexion angle and also did not simulate muscle forces [23].

Dynamic motion actuated through the quadriceps tendon was a strength of this study.
Contact pressure and kinematic patterns were measured for continuous flexion-extension
from approximately 0° to 90° of flexion. Osteoarthritis is a disease that affects people during
tasks of daily living, and as such it is essential to understand the effect of an HTO during

dynamic motion, rather than just in a single static position.

The independent control of both wedge and slope angles was a further strength of this
study. This allowed us to use the same angles in each specimen, permitting better
comparisons between subjects. One ex vivo HTO study looking at the effect of slope created
an anterior opening wedge HTO, which does not allow for an understanding of the effect of
slope for multiple wedge angles [22]. Another ex vivo HTO study indirectly controlled slope
based on the location of fixation plates [23]. Although this method of altering the slope based
on fixation plate placement on the osteotomy is most similar to the conditions in an operating

room, it does not allow for the same control of the osteotomy or inter-specimen repeatability.

5.4 Limitations

The use of an ex vivo model is a limitation of this study. An ex vivo model was
necessary because it allowed full control of the wedge and slope angles. It would not be
possible to make multiple changes to the wedge and slope angle and test the kinematics and
contacts of the resultant wedge-slope combinations in vivo. However, using an ex vivo
model means that many muscles were ignored; only the quadriceps was included. Also, the
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ex vivo model limited the range of motion simulated and does not allow for an understanding
of the effect of bone remodelling at the site of the osteotomy on kinematics and contact

pressure.

Another limitation is that the loads applied on the Oxford rig were significantly lower
than body weight. The applied force will affect kinematics and contact pressure. The force
applied of 118N was the maximum that could safely be applied to the specimens because of
the risk of fracture. It was also a challenge to clamp the quadriceps tendon with a greater than
118N force because the tendon would degrade during testing. A pilot specimen’s quadriceps

tendon completely ripped even though the tendon clamp has no sharp edges.

The use of invasive pressure sensors in the knee specimens is also a limitation of the
study because of the potential to disrupt the knee joint and alter contact or kinematics. The
Novel Pliance pressure sensors are more likely to disrupt knee mechanics than Tekscan
sensors because they are thicker. However, the Novel Pliance pressure sensors’ robustness

throughout multiple tests without experiencing damage is a strength.

A further limitation of the study is the alignment of the hip joint. The Oxford rig
setup simulated the hip joint being directly in line with the femoral axis, when the hip joint is
actually offset medially to the femoral axis. This is likely the reason for the lower than
expected force proportion in the medial compartment (around 50% without osteotomy) as
compared to reported forces in the medial compartment greater than 50% [122], [124].
However, these studies have been focused on medial compartment load during gait or a
simulated one-legged stance, whereas the setup in Chapter 4 is more comparable to a 2-
legged stance. A recent study using internal forces measured from a tibiofemoral implant

found a more even distribution of force between the medial and lateral compartments [124].
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5.5 Future Directions

Development of contact measurement protocols for in vivo testing should be a focus.
Many authors have acknowledged that contact at the tibiofemoral joint is key in the
initiation and progression of osteoarthritis [83], [104], [119]. However we are currently
limited in our ability to measure contact in vivo. Some magnetic resonance studies have
looked at contact in vivo [125]-[127], but these methods have not been adequately validated
for accuracy [37]. Following the development and validation of magnetic resonance contact
protocols, it would be interesting to determine the change in contact of HTO patients pre-
operatively and post-operatively and to follow the progression of cartilage degeneration over
a long period of time in HTO patients. Determining cartilage contact relative velocity at the
knee joint using a dynamic magnetic resonance would also be helpful in understanding the
change in relative velocity at cartilage contact as a result in HTO. Relative velocity is
important because it has been suggested that it results in increasing shearing stresses of the
cartilage resulting in osteoarthritis progression [104]. This type of study would provide more
information about the effect of HTOs on contact in the knee and help understand the

relationship between contact at the tibiofemoral joint and the progression of osteoarthritis.

5.6 Conclusion

Adjusting the wedge and slope angle in HTO resulted in significant changes to
kinematics and contact pressure in the knee joint using an ex vivo model. Contact pressure is
challenging to measure at the knee joint, but Novel Pliance pressure sensors show sufficient
accuracy and repeatability for use in the tibiofemoral joint with the caveat that absolute force

error will make inter-study comparisons challenging. The resultant changes to the centre of
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pressure due to changes to the wedge and slope angle have the potential to alter the

progression of osteoarthritis and affect outcomes of HTO.
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Appendix A: Additional Results
The graphs below are the additional results for tibiofemoral kinematics,

patellofemoral kinematics and contact pressure from Chapter 4.
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Figure 42: Lateral translation of the centre of pressure for all wedge-slope combinations plotted against tibiofemoral
flexion in the medial compartment. The notation XwYs refers to a wedge angle of X degrees and a slope change in
angle of Y degrees.
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Figure 43: Lateral translation of the centre of pressure for all wedge-slope combinations plotted against tibiofemoral

flexion in the lateral compartment. The notation XwYs refers
angle of Y degrees.
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Figure 44: Medial translation of the tibia relative to the femur for all wedge-slope combinations plotted against
tibiofemoral flexion. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y

degrees.
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Figure 45: Medial translation of the tibia relative to the femur for all wedge-slope combinations plotted against
tibiofemoral flexion. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y
degrees.
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Figure 46: Anterior translation of the patella relative to the femur for all wedge-slope combinations plotted against
tibiofemoral flexion. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y
degrees.
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Figure 47: Patellofemoral flexion for all wedge-slope combinations plotted against tibiofemoral flexion. The notation
XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 48: Medial translation of the patella relative to the femur for all wedge-slope combinations plotted against
tibiofemoral flexion. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y
degrees.
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Figure 49: Proximal translation of the patella relative to the femur for all wedge-slope combinations plotted against
tibiofemoral flexion. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y
degrees.
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Figure 50: Percent of total force through the knee in the medial compartment for all wedge-slope combinations
plotted against tibiofemoral flexion. The notation XwYs refers to a wedge angle of X degrees and a slope change in
angle of Y degrees.
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Figure 51: Patellofemoral spin for all wedge-slope combinations plotted against tibiofemoral flexion. The notation
XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 52: Total force on the tibial plateau for all wedge-slope combinations plotted against tibiofemoral flexion. The
notation XwY's refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Appendix B: Complete Tables from Chapter 4

Table 5: Tibiofemoral linear mixed models complete results.

Tibiofemoral Parameter (p-value)

Coefficients AT () Internal Rotation | Proximal Medial Translation Anterior

& (deg) Translation (mm) (mm) Translation (mm)
By (intercept) 5.0961 (0.002) | -0.6648 (0.807) | -45.7830 (0.000) 8.1381 (0.000) | 10.5680 (0.000)
B1 (knee_angle) 0.0219 (0.197) 0.4391 (0.000) -0.2424  (0.000) -0.1684  (0.000) | -0.6797 (0.000)
B, (knee_angle?) -0.0001 (0.082) | -0.0034 (0.000) 0.0050  (0.000) 0.0012 (0.000) | 0.0006 (0.000)

B3 (intercept difference):

OwOs vs 7.5w-5s | 8.4096  (0.000) 3.2436  (0.000) -4.6678  (0.000) -1.5877 (0.000) | -3.3082  (0.000)
OwOs vs 7.5w0s | 7.6667  (0.000) 2.2221  (0.000) -3.2033  (0.000) -2.0904 (0.000) | 0.0590 (0.779)
OwOs vs 7.5w5s | 7.5478  (0.000) | -1.2336  (0.000) -2.2735  (0.000) -0.4966 (0.000) | 5.4649 (0.000)

OwOs vs 15w-5s | 18.8354  (0.000) 0.8101 (0.002) | -11.2165 (0.000) -0.4326 (0.000) | 6.9933 (0.000)
OwOs vs 15w0s | 19.1938  (0.000) 1.8033  (0.000) -9.9684  (0.000) -1.2134  (0.000) | -4.1808  (0.000)
OwOs vs 15w5s | 17.5138  (0.000) 0.0974  (0.708) -8.3522  (0.000) -0.8367 (0.000) | 2.6457 (0.000)

7.5w-5svs 7.5w0s | -0.7429  (0.000) | -1.0215  (0.000) 1.4645  (0.000) -0.5027 (0.000) | 3.3672  (0.000)
7.5w-5svs 7.5w5s | -0.8618  (0.000) | -4.4772  (0.000) 2.3943  (0.000) 1.0911 (0.000) | 8.7730 (0.000)
7.5w-5s vs 15w-5s | 10.4258  (0.000) | -2.4335  (0.000) -6.5488  (0.000) 1.1551  (0.000) | -3.6851  (0.000)

7.5w-5s vs 15w0s | 10.7842 (0.000) | -1.4403  (0.000) -5.3006  (0.000) 0.3743  (0.000) | -0.8726 (0.000)

7.5w-5s vs 15w5s 9.1042  (0.000) -3.1462  (0.000) -3.6844  (0.000) 0.7510 (0.000) 5.9538 (0.000)
7.5w0s vs 7.5w5s | -0.1188  (0.460) | -3.4557  (0.000) 0.9298  (0.000) 1.5938  (0.000) | 5.4059 (0.000)
7.5w0s vs 15w-5s | 11.1687 (0.000) -1.4119  (0.000) -8.0133  (0.000) 1.6578  (0.000) 5.4059 (0.000)
7.5w0s vs 15w0s | 11.5271  (0.000) | -0.4188 (0.085) -6.7651  (0.000) 0.8770 (0.000) | -4.2398 (0.000)
7.5w0s vs 15w5s 9.8471  (0.000) -2.1246  (0.000) -5.1489  (0.000) 1.2536  (0.000) 2.5867 (0.000)
7.5w5s vs 15w-5s5 | 11.2876  (0.000) 2.0437  (0.000) -8.9431  (0.000) 0.0640 (0.458) | 12.4581  (0.000)
7.5w5s vs 15w0s | 11.6460 (0.000) 3.0369 (0.000) -7.6949  (0.000) -0.7169  (0.000) | -9.6456 (0.000)
7.5w5s vs 15w5s | 9.9659  (0.000) 1.3310  (0.000) -6.0787  (0.000) -0.3402 (0.000) | -2.8192 (0.000)
15w-5s vs 15w0s 0.3584  (0.003) 0.9932  (0.000) 1.2481 (0.000) -0.7809  (0.000) 2.8125 (0.000)
15w-5s vs 15w5s | -1.3216  (0.000) | -0.7127 (0.001) 2.8644  (0.000) -0.4042 (0.000) | 9.6389 (0.000)
15w0s vs 15w5s | -1.6800  (0.000) -1.7058  (0.000) 1.6162 (0.000) 0.3767  (0.000) 6.8264  (0.000)
Ba (knee_angle

difference):

OwOs vs 7.5w-5s | -0.0373 (0.000) | -0.2229  (0.000) 0.1096  (0.000) 0.0796  (0.000) | -0.1771  (0.000)
OwOs vs 7.5w0s | -0.0071 (0.366) | -0.1491 (0.000) | -0.0112 (0.116) 0.0706  (0.000) | -0.1052  (0.000)
OwOs vs 7.5w5s | 0.0102 (0.192) | -0.0391 (0.003) | -0.0898 (0.000) 0.0164  (0.000) | -0.0865 (0.000)
OwOs vs 15w-5s | -0.1117  (0.000) | -0.4930  (0.000) 0.1585  (0.000) 0.0511 (0.000) | -0.1716 (0.000)

OwOs vs 15w0s | -0.1407 (0.000) | -0.4792  (0.000) 0.0691  (0.000) 0.0775 (0.000) | -0.0761 (0.000)
OwOs vs 15w5s | -0.0604 (0.000) | -0.3448 (0.000) | -0.0827 (0.000) 0.0656  (0.000) | -0.1024  (0.000)
7.5w-55vs 7.5w0s | 0.0301 (0.000) | 0.0739 (0.000) | -0.1207 (0.000) | -0.0090 (0.048) | 0.0718 (0.000)
7.5w-5svs 7.5w5s | 0.0474 (0.000) | 0.1839 (0.000) | -0.1994 (0.000) | -0.0632 (0.000) | 0.0906 (0.000)
7.5w-5s vs 15w-5s | -0.0744  (0.000) | -0.2700  (0.000) 0.0490 (0.000) | -0.0285 (0.000) | 0.0055 (0.529)
7.5w-5svs 15w0s | -0.1034 (0.000) | -0.2562 (0.000) | -0.0405 (0.000) | -0.0021 (0.611) | 0.1010 (0.000)
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Tibiofemoral Parameter (p-value)

Coefficients bl e R Internal Rotation | Proximal Medial Translation Anterior

(deg) Translation (mm) (mm) Translation (mm)

7.5w-5s vs 15w5s | -0.0231 (0.001) | -0.1219  (0.000) -0.1923  (0.000) -0.0140 (0.001) | 0.0746 (0.000)
7.5w0s vs 7.5w5s | 0.0173  (0.025) 0.1100  (0.000) -0.0786  (0.000) -0.0542 (0.000) | 0.0187 (0.056)
7.5w0s vs 15w-5s | -0.1046 (0.000) | -0.3439  (0.000) 0.1697  (0.000) -0.0195 (0.000) | -0.0664 (0.000)

7.5w0s vs 15w0s | -0.1335  (0.000) | -0.3301 (0.000) 0.0803  (0.000) 0.0069 (0.097) | 0.0291 (0.001)
7.5w0s vs 15w5s | -0.0532  (0.000) | -0.1958  (0.000) -0.0715  (0.000) -0.0050 (0.243) | 0.0028 (0.757)
7.5w5s vs 15w-5s | -0.1219  (0.000) | -0.4539  (0.000) 0.2483  (0.000) 0.0348 (0.000) | -0.0851 (0.000)
7.5w5s vs 15w0s | -0.1508  (0.000) | -0.4401  (0.000) 0.1589  (0.000) 0.0612 (0.000) | 0.0104 (0.233)

7.5w5s vs 15w5s | -0.0705  (0.000) | -0.3058  (0.000) 0.0071  (0.265) 0.0492  (0.000) | -0.0159  (0.075)
15w-5s vs 15w0s | -0.0290  (0.000) 0.0138  (0.186) -0.0894  (0.000) 0.0264 (0.000) | 0.0955 (0.000)
15w-5s vs 15w5s | 0.0513  (0.000) 0.1481  (0.000) -0.2412  (0.000) 0.0145  (0.000) | 0.0692 (0.000)

15w0s vs 15w5s | 0.0803  (0.000) 0.1343  (0.000) -0.1518  (0.000) -0.0120 (0.001) | -0.0263 (0.001)
Bs (knee_angle>
difference):

OwOs vs 7.5w-5s | 0.0002 (0.028) | 0.0008 (0.000) 0.0003 (0.000) | -0.0006 (0.000) | 0.0019 (0.000)
OwOs vs 7.5w0s | -0.0001 (0.108) | 0.0002 (0.164) 0.0009 (0.000) | -0.0005 (0.000) | 0.0007 (0.000)
OwOs vs 7.5w5s | -0.0003 (0.000) | -0.0005 (0.000) 0.0009 (0.000) | -0.0001 (0.291) | 0.0001 (0.356)
OwOs vs 15w-5s | 0.0008 (0.000) | 0.0033 (0.000) 0.0005 (0.000) | -0.0004 (0.000) | 0.0015 (0.000)
OwOs vs 15w0s | 0.0010 (0.000) | 0.0029 (0.000) 0.0009 (0.000) | -0.0007 (0.000) | 0.0001 (0.166)
Ow0s vs 15w5s | 0.0001  (0.090) | 0.0015  (0.000) 0.0017 (0.000) | -0.0006 (0.000) | -0.0002 (0.014)

7.5w-5s5vs 7.5w0s | -0.0003  (0.000) | -0.0006 (0.000) 0.0006  (0.000) 0.0001 (0.024) | -0.0012  (0.000)

7.5w-5svs 7.5w5s | -0.0005  (0.000) | -0.0013  (0.000) 0.0006  (0.000) 0.0006 (0.000) | -0.0018 (0.000)
7.5w-5s vs 15w-5s | 0.0006 (0.000) | 0.0025 (0.000) 0.0002  (0.001) 0.0002  (0.000) | -0.0004 (0.000)
7.5w-5svs 15w0s | 0.0008 (0.000) | 0.0021  (0.000) 0.0006 (0.000) | -0.0001 (0.174) | -0.0018 (0.000)
7.5w-5s vs 15w5s | 0.0000 (0.506) | 0.0007  (0.000) 0.0014  (0.000) 0.0000 (0.411) | -0.0021 (0.000)
7.5w0s vs 7.5w5s | -0.0002  (0.044) | -0.0007  (0.000) 0.0000 (0.553) 0.0005 (0.000) | -0.0006 (0.000)
7.5w0s vs 15w-5s | 0.0009 (0.000) | 0.0031 (0.000) | -0.0004 (0.000) 0.0001 (0.087) | 0.0007 (0.000)
7.5w0s vs 15w0s | 0.0011 (0.000) | 0.0027 (0.000) 0.0000 (0.548) | -0.0002 (0.000) | -0.0006 (0.000)
7.5w0s vs 15w5s | 0.0003 (0.001) | 0.0013  (0.000) 0.0008 (0.000) | -0.0001 (0.107) | -0.0010 (0.000)
7.5w5svs 15w-55 | 0.0011 (0.000) | 0.0038 (0.000) | -0.0003 (0.000) | -0.0004 (0.000) | 0.0014 (0.000)
7.5w5s vs 15w0s | 0.0013  (0.000) | 0.0034  (0.000) 0.0000 (0.964) | -0.0006 (0.000) | 0.0000 (0.704)
7.5w5s vs 15w5s | 0.0004 (0.000) | 0.0021  (0.000) 0.0008 (0.000) | -0.0005 (0.000) | -0.0003 (0.000)
15w-5svs 15w0s | 0.0002 (0.003) | -0.0004 (0.001) 0.0004 (0.000) | -0.0002 (0.000) | -0.0013 (0.000)
15w-5s vs 15w5s | -0.0006  (0.000) | -0.0017  (0.000) 0.0012 (0.000) | -0.0002 (0.000) | -0.0017 (0.000)
15w0s vs 15w5s | -0.0008  (0.000) | -0.0014 (0.000) 0.0008  (0.000) 0.0001 (0.017) | -0.0004 (0.000)
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Table 6: Patellofemoral rotation linear mixed models complete results.

Patellofemoral Parameter (p-value)

Coefficients Spin (deg) Tilt (deg) Flexion deg)

Bo (intercept) -0.5099 (0.735) -1.1754 (0.578) 6.4375 (0.002)
B1 (knee_angle) -0.0388  (0.006) -0.0077 (0.724) 0.3893  (0.000)
B, (knee_angle?) 0.0004 (0.000) -0.0005 (0.000) 0.0033  (0.000)

B3 (intercept difference):

OwOs vs 7.5w-5s 2.8210 (0.000) 3.0052 (0.000) | 0.4559 (0.097)
OwO0s vs 7.5w0s 2.1436  (0.000) 2.6648 (0.000) 1.1124  (0.000)
OwOs vs 7.5w5s 2.3480 (0.000) 2.4004 (0.000) | 0.8742 (0.002)
OwO0s vs 15w-5s 4.9506 (0.000) 8.3440 (0.000) 2.3778 (0.000)

OwO0s vs 15w0s 4.8690 (0.000) 7.8075 (0.000) 2.3906 (0.000)
OwOs vs 15w5s 4.9983  (0.000) 9.1486 (0.000) | 1.1302 (0.000)
7.5w-5s vs 7.5w0s -0.6774  (0.000) -0.3405 (0.060) 0.6566  (0.014)
7.5w-5svs 7.5w5s | -0.4730  (0.000) -0.6049 (0.001) | 0.4184 (0.114)
7.5w-55 vs 15w-5s 2.1296 (0.000) 5.3388  (0.000) 1.9220 (0.000)
7.5w-55 vs 15w0s 2.0481  (0.000) 4.8023 (0.000) | 1.9348 (0.000)
7.5w-5s vs 15w5s 2.1774  (0.000) 6.1434  (0.000) 0.6743  (0.005)
7.5w0s vs 7.5w5s 0.2044  (0.122) -0.2644 (0.155) | -0.2382  (0.385)
7.5w0s vs 15w-5s 2.8070  (0.000) 5.6793  (0.000) 1.2654  (0.000)
7.5w0s vs 15w0s 2.7255  (0.000) 5.1427 (0.000) | 1.2782  (0.000)
7.5w0s vs 15w5s 2.8548 (0.000) 6.4838  (0.000) 0.0178 (0.944)
7.5w5s vs 15w-5s 2.6026  (0.000) 5.9437 (0.000) | 1.5036 (0.000)
7.5w5s vs 15w0s 2.5210 (0.000) 5.4071 (0.000) 1.5164 (0.000)
7.5w5s vs 15w5s 2.6504  (0.000) 6.7483 (0.000) | 0.2559 (0.306)
15w-5s vs 15w0s -0.0815  (0.443) -0.5365 (0.000) 0.0128 (0.954)
15w-55 vs 15w5s 0.0478  (0.669) 0.8046  (0.000) | -1.2476 (0.000)
15w0s vs 15w5s 0.1293  (0.210) 1.3411 (0.000) | -1.2605 (0.000)
Ba (knee_angle

difference):

OwOs vs 7.5w-5s |  0.0087 (0.166) | -0.0048 (0.587) | 0.1268 (0.000)
OwOs vs 7.5w0s | 0.0333  (0.000) 0.0194 (0.034) | 0.0612 (0.000)
OwOsvs 7.5w5s | 0.0221  (0.001) 0.0292 (0.001) | -0.0556 (0.000)
OwOs vs 15w-5s |  0.0535 (0.000) | -0.0599 (0.000) | 0.1404 (0.000)

OwOs vs 15w0s |  0.0568 (0.000) | -0.0095 (0.241) | 0.0391 (0.000)
OwOs vs 15w5s | 0.0692  (0.000) 0.0054 (0.517) | -0.0027 (0.000)
7.5w-55vs 7.5w0s | 0.0245  (0.000) 0.0242  (0.006) | -0.0656 (0.000)
7.5w-5svs 7.5w5s | 0.0134  (0.030) 0.0341 (0.000) | -0.1824 (0.000)
7.5w-5svs 15w-5s |  0.0448 (0.000) | -0.0551 (0.000) | 0.0136 (0.260)
7.5w-5svs 15w0s |  0.0481 (0.000) | -0.0047 (0.546) | -0.0877 (0.000)
7.5w-55 vs 15w5s | 0.0605  (0.000) 0.0102 (0.203) | -0.1295  (0.000)
7.5w0s vs 7.5w5s | -0.0111  (0.080) 0.0098 (0.272) | -0.1168 (0.000)
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Patellofemoral Parameter (p-value)

Coefficients Spin (deg) Tilt (deg) Flexion deg)
7.5w0s vs 15w-5s 0.0202  (0.001) -0.0793  (0.000) 0.0792  (0.000)
7.5w0s vs 15w0s 0.0235  (0.000) -0.0289  (0.000) | -0.0221 (0.064)
7.5w0s vs 15w5s 0.0359  (0.000) -0.0140 (0.093) | -0.0639 (0.000)
7.5w5s vs 15w-5s 0.0313  (0.000) -0.0892 (0.000) | 0.1960 (0.000)
7.5w5s vs 15w0s 0.0346  (0.000) -0.0388  (0.000) 0.0947  (0.000)
7.5w5s vs 15w5s 0.0471  (0.000) -0.0238  (0.004) | 0.0529 (0.000)
15w-5s vs 15w0s 0.0033 (0.531) 0.0504 (0.000) | -0.1014 (0.000)
15w-5s vs 15w5s 0.0157  (0.004) 0.0653 (0.000) | -0.1431 (0.000)
15w0s vs 15w5s 0.0124  (0.015) 0.0150 (0.038) | -0.0418 (0.000)
Bs (knee_angle’
difference): 0.0000
OwOs vs 7.5w-5s 0.0001  (0.271) -0.0002 (0.011) | -0.0012  (0.000)
OwOs vs 7.5w0s -0.0002  (0.002) -0.0005 (0.000) | -0.0003 (0.036)
OwOs vs 7.5w5s | -0.0001 (0.179) -0.0006 (0.000) | 0.0006 (0.000)
OwO0s vs 15w-5s -0.0002  (0.003) -0.0002 (0.016) | -0.0013 (0.000)
OwOs vs 15w0s | -0.0003  (0.000) -0.0008 (0.000) | -0.0002 (0.062)
OwO0s vs 15w5s -0.0004  (0.000) -0.0011  (0.000) 0.0003  (0.037)
7.5w-5svs 7.5w0s | -0.0003  (0.000) -0.0003 (0.002) | 0.0009 (0.000)
7.5w-5s vs 7.5w5s -0.0002 (0.013) -0.0004  (0.000) 0.0018  (0.000)
7.5w-5s vs 15w-5s | -0.0003  (0.000) 0.0000 (0.782) | 0.0000 (0.826)
7.5w-5s vs 15w0s -0.0003  (0.000) -0.0005 (0.000) 0.0010 (0.000)
7.5w-5s vs 15w5s | -0.0005  (0.000) -0.0009 (0.000) | 0.0015 (0.000)
7.5w0s vs 7.5w5s 0.0001  (0.064) -0.0001 (0.472) 0.0009 (0.000)
7.5w0s vs 15w-5s 0.0000 (0.717) 0.0003  (0.001) | -0.0010 (0.000)
7.5w0s vs 15w0s 0.0000 (0.508) -0.0003  (0.004) 0.0001 (0.639)
7.5w0s vs 15w5s | -0.0002  (0.007) -0.0006 (0.000) | 0.0006 (0.000)
7.5w5s vs 15w-5s -0.0001  (0.107) 0.0004 (0.000) | -0.0019 (0.000)
7.5w5s vs 15w0s | -0.0002  (0.006) -0.0002 (0.030) | -0.0009 (0.000)
7.5w5s vs 15w5s -0.0003  (0.000) -0.0005 (0.000) | -0.0004 (0.005)
15w-5svs 15w0s | -0.0001  (0.257) -0.0006 (0.000) | 0.0010 (0.000)
15w-5s vs 15w5s -0.0002  (0.001) -0.0009 (0.000) 0.0015 (0.000)
15w0s vs 15w5s | -0.0001  (0.019) -0.0004 (0.000) | 0.0005 (0.000)
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Table 7: Patellofemoral translation linear mixed models complete results.

Patellofemoral Parameter (p-value)

Coefficients Medial (mm) Proximal (mm) Anterior (mm)

Bo (intercept) 5.0055 (0.000) 3.8355 (0.222) | 66.9906 (0.000)
B1 (knee_angle) -0.0310 (0.005) -0.5774  (0.000) | -0.5173 (0.000)
B, (knee_angle?) 0.0007 (0.000)

B3 (intercept difference):
OwOs vs 7.5w-5s | -0.1625 (0.072) | -3.8108 (0.000) | -2.1778 (0.000)
OwO0s vs 7.5w0s -0.0495 (0.595) -7.5753  (0.000) | -4.3321 (0.000)
Ow0s vs 7.5wW5s 0.6963 (0.000) | 0.3186 (0.176) | -0.0055 (0.987)
OwO0s vs 15w-5s 1.4027 (0.000) -9.8377 (0.000) | -2.8870 (0.000)
OwO0s vs 15w0s 1.9530 (0.000) -6.7410 (0.000) | -2.4953 (0.000)
OwOs vs 15w5s 3.4212  (0.000) | -5.0371 (0.000) | -0.9387 (0.000)
7.5w-5s vs 7.5w0s 0.1130 (0.197) -3.7645 (0.000) | -2.1543 (0.000)
7.5w-5svs 7.5w5s | 0.8587  (0.000) | 4.1293 (0.000) | 2.1723 (0.000)
7.5w-55 vs 15w-5s 1.5652  (0.000) -6.0269  (0.000) | -0.7092 (0.036)
7.5w-5s vs 15w0s 2.1155 (0.000) | -2.9302 (0.000) | -0.3175 (0.328)
7.5w-5s vs 15w5s 3.5837 (0.000) -1.2264  (0.000) 1.2390 (0.000)
7.5w0s vs 7.5w5s | 0.7457 (0.000) | 7.8939 (0.000) | 4.3265 (0.000)
7.5w0s vs 15w-5s 1.4522  (0.000) -2.2624  (0.000) 1.4450 (0.000)
7.5w0s vs 15w0s 2.0025 (0.000) | 0.8343 (0.000) | 1.8367 (0.000)
7.5w0s vs 15w5s 3.4707 (0.000) 2.5382 (0.000) 3.3933  (0.000)

7.5w5s vs 15w-55 | 0.7065 (0.000) | 10.1562 (0.000) | -2.8815 (0.000)
7.5w5s vs 15w0s |  1.2567 (0.000) | -7.0596 (0.000) | -2.4898  (0.000)
7.5w5svs 15w5s | 27249 (0.000) | -5.3557 (0.000) | -0.9332 (0.004)
15w-5svs 15w0s | 0.5503 (0.000) | 3.0967 (0.000) | 0.3917 (0.229)
15w-5s vs 15w5s | 2.0185  (0.000) | 4.8005 (0.000) | 1.9483 (0.000)

15w0s vs 15w5s | 1.4682 (0.000) | 1.7039 (0.000) | 1.5566 (0.000)
Ba (knee_angle
difference):

OwOs vs 7.5w-5s |  0.0460 (0.000) | 0.0395 (0.000) | 0.0023 (0.732)
OwOs vs 7.5w0s | 0.0255 (0.000) | 0.0876 (0.000) | -0.0321 (0.000)
OwOs vs 7.5w5s | -0.0036  (0.415) | -0.0015 (0.744) | -0.0045 (0.506)
OwOs vs 15w-5s |  0.0383  (0.000) | 0.1092 (0.000) | -0.0337 (0.000)

OwOs vs 15w0s | 0.0118 (0.003) | 0.0706 (0.000) | -0.0184 (0.005)
OwOs vs 15w5s | -0.0467 (0.000) | 0.0506 (0.000) | -0.0320 (0.000)
7.5w-5svs 7.5w0s | -0.0204 (0.000) | 0.0481 (0.000) | -0.0345 (0.000)
7.5w-5svs 7.5w5s | -0.0495  (0.000) | -0.0410 (0.000) | -0.0068 (0.311)
7.5w-5s vs 15w-5s | -0.0077 (0.054) | 0.0697 (0.000) | -0.0360 (0.000)
7.5w-5svs 15w0s | -0.0342 (0.000) | 0.0311 (0.000) | -0.0207 (0.001)
7.5w-5s vs 15w5s | -0.0926 (0.000) | 0.0111 (0.013) | -0.0343  (0.000)

7.5w0s vs 7.5w5s -0.0291 (0.000) | -0.0892 (0.000) 0.0276  (0.000)
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Patellofemoral Parameter (p-value)

Coefficients Medial (mm) Proximal (mm) Anterior (mm)

7.5w0s vs 15w-5s | 0.0128 (0.002) | 0.0216 (0.000) | -0.0016 (0.818)
7.5w0s vs 15w0s | -0.0138  (0.000) | -0.0170 (0.000) | 0.0138 (0.036)
7.5w0s vs 15w5s | -0.0722  (0.000) | -0.0371 (0.000) | 0.0002 (0.977)
7.5w5svs 15w-55 | 0.0419  (0.000) | 0.1107 (0.000) | -0.0292  (0.000)
7.5w5s vs15w0s | 0.0153  (0.000) | 0.0721 (0.000) | -0.0139 (0.032)
7.5w5svs 15w5s | -0.0431  (0.000) | 0.0521 (0.000) | -0.0275 (0.000)
15w-5svs 15w0s | -0.0266 (0.000) | -0.0386 (0.000) | 0.0153 (0.017)
15w-55 vs 15w5s | -0.0850  (0.000) | -0.0586 (0.000) | 0.0017 (0.787)

15wO0s vs 15w5s | -0.0584  (0.000) | -0.0200 (0.000) | -0.0136 (0.029)
Bs (knee_angle’
difference):

OwOs vs 7.5w-5s -0.0004 (0.000)
OwO0s vs 7.5w0s -0.0002 (0.000)
OwOs vs 7.5w5s 0.0000 (0.834)
OwO0s vs 15w-5s -0.0004 (0.000)
OwOs vs 15w0s -0.0001 (0.000)
OwO0s vs 15w5s 0.0004 (0.000)
7.5w-5s vs 7.5w0s 0.0002 (0.000)
7.5w-5s vs 7.5w5s 0.0004 (0.000)
7.5w-5s vs 15w-5s 0.0000 (0.373)
7.5w-5s vs 15w0s 0.0003 (0.000)
7.5w-5s vs 15w5s 0.0008 (0.000)
7.5w0s vs 7.5w5s 0.0002 (0.000)
7.5w0s vs 15w-5s -0.0002 (0.000)
7.5w0s vs 15w0s 0.0001 (0.209)
7.5w0s vs 15w5s 0.0006 (0.000)
7.5w5s vs 15w-5s -0.0004 (0.000)
7.5w5s vs 15w0s -0.0002 (0.000)
7.5w5s vs 15w5s 0.0004 (0.000)
15w-5s vs 15w0s 0.0002 (0.000)
15w-5s vs 15w5s 0.0008 (0.000)

15w0s vs 15w5s 0.0006 (0.000)

120



Table 8: Contact pressure parameters linear mixed models complete results.

Contact Pressue Parameter (p-value)

Medial CoP A-P Medial CoP M-L | Lateral CoP A-P Lateral CoP M-L % Force in Medial

Coefficients (il (el

Bo (intercept) 29.2948 (0.000) | 11.1359 (0.000) | 22.0021 (0.000) | 10.8240 (0.000) 51.8499 (0.000)
B, (knee_angle) -0.3442 (0.000) | 0.0669 (0.000) | -0.2766 (0.000) | 0.0022 (0.767) | -0.3371 (0.000)
Bz(knee_anglez) 0.0030 (0.000) | -0.0004 (0.000) 0.0022 (0.000) | -0.0002 (0.000) 0.0027 (0.000)

B3 (intercept difference):
OwOs vs 7.5w-5s -8.8566  (0.000) | -0.3256 (0.001) | -0.4689 (0.003) | 0.5738 (0.000) | -22.1826 (0.000)
OwOs vs 7.5w0s -5.8798 (0.000) | -0.4691 (0.000) -0.9005 (0.000) 0.5697 (0.000) | -16.8994  (0.000)
OwOs vs 7.5w5s -0.8957 (0.000) | -1.4997 (0.000) | 1.4197 (0.000) | 1.1959 (0.000) | -14.5133 (0.000)
OwOs vs 15w-5s | -14.2582  (0.000) 0.5491  (0.000) 1.2651 (0.000) 0.0174 (0.718) | -39.0471 (0.000)
OwOs vs 15w0s | -10.3845 (0.000) | -0.3635 (0.000) 0.5766  (0.000) 0.1862 (0.000) | -35.9608 (0.000)
OwOs vs 15w5s | -3.1564  (0.000) | -1.6122 (0.000) | 1.6348 (0.000) | 0.9720 (0.000) | -29.1629 (0.000)
7.5w-5s vs 7.5w0s 2.9767 (0.000) | -0.1435 (0.125) -0.4316 (0.005) | -0.0041 (0.936) 5.2832  (0.000)
7.5W-55 vs 7.5W5s 7.9609 (0.000) | -1.1741 (0.000) | 1.8886 (0.000) | 0.6221 (0.000) 7.6693  (0.000)
7.5w-55 vs 15w-5s -5.4017  (0.000) 0.8747  (0.000) 1.7339 (0.000) | -0.5564 (0.000) | -16.8645 (0.000)
7.5w-5svs 15w0s | -1.5280 (0.000) | -0.0379 (0.643) | 1.0454 (0.000) | -0.3876 (0.000) | -13.7782 (0.000)
7.5w-5s vs 15w5s 5.7002 (0.000) | -1.2867 (0.000) 2.1037 (0.000) 0.3982  (0.000) -6.9803  (0.000)
7.5wO0s Vs 7.5w5s 49842 (0.000) | -1.0306 (0.000) | 2.3202 (0.000) | 0.6263 (0.000) 2.3861  (0.000)
7.5w0s vs 15w-5s -8.3784  (0.000) 1.0182 (0.000) 2.1656 (0.000) | -0.5523 (0.000) | -22.1477 (0.000)
7.5w0s vs 15w0s | -4.5047 (0.000) | 0.1056 (0.220) | 1.4771 (0.000) | -0.3835 (0.000) | -19.0614  (0.000)
7.5w0s vs 15w5s 2.7235 (0.000) | -1.1432 (0.000) 2.5353  (0.000) 0.4023 (0.000) | -12.2635 (0.000)
7.5w5s vs 15w-5s | -13.3625 (0.000) | 2.0488 (0.000) | -0.1546 (0.288) | -1.1785 (0.000) | -24.5338 (0.000)
7.5w5s vs 15w0s -9.4838  (0.000) 1.1362  (0.000) -0.8431 (0.000) | -1.0098 (0.000) | -21.4475 (0.000)
7.5w5s vs 15w5s | -2.2607  (0.000) | -0.1125 (0.212) | 0.2151 (0.146) | -0.2240 (0.000) | -14.6496  (0.000)
15w-5s vs 15w0s 3.8737 (0.000) | -0.9126 (0.000) -0.6885  (0.000) 0.1688  (0.000) 3.0863  (0.000)
15w-5s vs 15w5s | 11.1018 (0.000) | -2.1613 (0.000) | 0.3697 (0.004) | 0.9546 (0.000) 9.8842  (0.000)

15w0s vs 15w5s 7.2281 (0.000) -1.2487 (0.000) 1.0582 (0.000) 0.7858 (0.000) 6.7979 (0.000)
Ba (knee_angle
difference):

OwOs vs 7.5w-5s |  0.1815 (0.000) | 0.0120 (0.008) | 0.1010 (0.000) | -0.0364 (0.000) | 0.5208 (0.000)
OwOsvs 7.5w0s |  0.1182  (0.000) | 0.0225 (0.000) | 0.0763 (0.000) | -0.0279 (0.000) | 0.3560 (0.000)
OwOs vs 7.5w5s | -0.0264 (0.016) | 0.0515 (0.000) | -0.0149 (0.054) | -0.0532 (0.000) | 0.2866 (0.000)
OwOs vs 15w-5s |  0.2629  (0.000) | -0.0509 (0.000) | 0.2036 (0.000) | -0.0532 (0.000) | 0.7493 (0.000)

OwOs vs 15w0s |  0.1533  (0.000) | -0.0006 (0.878) | 0.1501 (0.000) | -0.0450 (0.000) | 0.6461 (0.000)
OwOs vs 15w5s | -0.0908  (0.000) | 0.0580 (0.000) | 0.0718 (0.000) | -0.0578 (0.000) | 0.3976 (0.000)
7.5w-5svs 7.5w0s | -0.0633 (0.000) | 0.0105 (0.024) | -0.0247 (0.001) | 0.0086 (0.001) | -0.1648 (0.000)
7.5w-55vs 7.5w5s | -0.2079  (0.000) | 0.0395 (0.000) | -0.1158 (0.000) | -0.0168 (0.000) | -0.2342 (0.000)
7.5w-5svs 15w-5s [  0.0814 (0.000) | -0.0630 (0.000) | 0.1026 (0.000) | -0.0234 (0.000) | 0.2285 (0.000)
7.5w-5svs 15w0s | -0.0282  (0.003) | -0.0127 (0.002) | 0.0491 (0.000) | -0.0086 (0.000) | 0.1253 (0.000)
7.5w-5s vs 15w5s | -0.2722  (0.145) | 0.0460 (0.000) | -0.0292 (0.000) | -0.0213 (0.000) | -0.1232 (0.000)
7.5w0s vs 7.5w5s | -0.1446  (0.000) | 0.0291 (0.000) | -0.0912 (0.000) | -0.0253 (0.000) | -0.0694 (0.000)
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Contact Pressue Parameter (p-value)

e Medial CoP A-P Medial CoP M-L | Lateral CoP A-P Lateral CoP M-L % Force in Medial
Coefficients

(mm) (mm) (mm) (mm) Compartment

7.5w0s vs 15w-5s 0.1447 (0.000) | -0.0734 (0.000) | 0.1273 (0.000) | -0.0320 (0.000) 0.3933  (0.000)
7.5w0s vs 15w0s 0.0351 (0.000) | -0.0231 (0.000) | 0.0738 (0.000) | -0.0171 (0.000) 0.2902  (0.000)
7.5w0s vs 15w5s | -0.2090 (0.000) | 0.0355 (0.000) | -0.0045 (0.530) | -0.0299  (0.000) 0.0417  (0.016)
7.5w5s vs 15w-5s 0.2893  (0.000) | -0.1025 (0.000) | 0.2185 (0.000) | -0.0066 (0.005) 0.4627  (0.000)
7.5w5s vs 15w0s 0.1797 (0.000) | -0.0522 (0.000) | 0.1649 (0.000) | 0.0082 (0.000) 0.3595  (0.000)
7.5w5svs 15w5s | -0.0644  (0.000) | 0.0065 (0.140) | 0.0866 (0.000) | -0.0046 (0.057) 0.1110  (0.000)
15w-5svs 15w0s | -0.1096 (0.000) | 0.0503 (0.000) | -0.0535 (0.000) | 0.0148 (0.000) | -0.1032 (0.000)
15w-5s vs 15w5s | -0.3537  (0.000) | 0.1090 (0.000) | -0.1318 (0.000) | 0.0021 (0.332) | -0.3517 (0.000)
15w0s vs 15w5s | -0.2441 (0.000) | 0.0587 (0.000) | -0.0783 (0.000) | -0.0128 (0.000) | -0.2485 (0.000)

Bs (knee_angle>
difference):

OwOs vs 7.5w-55 | -0.0013  (0.000) | -0.0004 (0.000) | -0.0005 (0.000) | 0.0004 (0.000) | -0.0039 (0.000)
OwOs vs 7.5w0s | -0.0010  (0.000) | -0.0004 (0.000) | -0.0004 (0.000) | 0.0003 (0.000) | -0.0027 (0.000)
OwOs vs 7.5w5s | 0.0000 (0.855) | -0.0006 (0.000) | 0.0003 (0.000) | 0.0005 (0.000) | -0.0024 (0.000)
OwOs vs 15w-5s | -0.0020 (0.000) | 0.0001 (0.139) | -0.0017 (0.000) | 0.0006 (0.000) | -0.0040 (0.000)

OwOs vs 15w0s | -0.0012  (0.000) | -0.0004 (0.000) | -0.0010 (0.000) | 0.0004 (0.000) | -0.0035 (0.000)
OwOs vs 15w5s | 0.0008  (0.000) | -0.0009 (0.000) | -0.0002 (0.008) | 0.0005 (0.000) | -0.0016 (0.000)
7.5w-5svs 7.5w0s | 0.0003 (0.004) | 0.0000 (0.987) | 0.0001 (0.077) | -0.0001 (0.013) | 0.0012  (0.000)
7.5w-5svs 7.5w5s | 0.0014  (0.000) | -0.0002 (0.000) | 0.0008 (0.000) | 0.0001 (0.000) | 0.0015 (0.000)
7.5w-5s vs 15w-5s | -0.0006  (0.000) | 0.0004 (0.000) | -0.0012 (0.000) | 0.0003 (0.000) | -0.0001 (0.580)
7.5w-5svs 15w0s |  0.0002 (0.079) | 0.0000 (0.000) | -0.0004 (0.000) | 0.0000 (0.049) | 0.0004 (0.026)
7.5w-55 vs 15w5s | 0.0021  (0.000) | -0.0005 (0.000) | 0.0003 (0.000) | 0.0001 (0.000) | 0.0023 (0.000)
7.5w0s vs 7.5w5s | 0.0010 (0.000) | -0.0002 (0.000) | 0.0007 (0.000) | 0.0002 (0.000) | 0.0003 (0.174)
7.5w0s vs 15w-5s | -0.0010  (0.000) | 0.0004 (0.000) | -0.0014 (0.000) | 0.0003 (0.000) | -0.0013 (0.000)
7.5wO0s vs 15w0s | -0.0002  (0.157) | 0.0000 (0.000) | -0.0006 (0.000) | 0.0001 (0.000) | -0.0008 (0.000)
7.5w0s vs 15w5s | 0.0018 (0.000) | -0.0005 (0.000) | 0.0002 (0.027) | 0.0002 (0.000) | 0.0011 (0.000)
7.5w5s vs 15w-55 | -0.0020  (0.000) | 0.0006 (0.000) | -0.0021 (0.000) | 0.0001 (0.000) | -0.0016 (0.000)
7.5w5s vs 15w0s | -0.0012  (0.000) | 0.0002 (0.000) | -0.0013 (0.000) | -0.0001 (0.000) | -0.0011  (0.000)

7.5w5svs 15w5s | 0.0008  (0.000) | -0.0003 (0.000) | -0.0005 (0.000) | 0.0000 (0.078) | 0.0008 (0.000)

15w-5svs 15w0s |  0.0008 (0.000) | -0.0005 (0.000) | 0.0008 (0.000) | -0.0002 (0.000) | 0.0005 (0.003)
15w-5s vs 15w5s | 0.0027  (0.000) | -0.0009 (0.000) | 0.0015 (0.000) | -0.0002 (0.000) | 0.0024 (0.000)

15w0s vs 15w5s 0.0019 (0.000) | -0.0005 (0.000) | 0.0008 (0.000) | 0.0001 (0.022) 0.0019  (0.000)
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Appendix C: Kinematic Changes Following Removal of Pressure
Sensors

For subject 3 in Chapter 4, the pressure sensors were removed after normal testing
gain a better understanding of the effect that the Novel pressure sensors may have on
kinematic patterns. The specimens were tested for kinematics using the same protocol
following removal of the pressure sensors. The comparison plots show the subject’s

kinematic parameters with and without sensors at a 0 wedge angle and 0 slope.
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Figure 53: Comparison of patellofemoral anterior translation with and without pressure sensors inserted in the
tibiofemoral joint. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 54: Comparison of patellofemoral flexion with and without pressure sensors inserted in the tibiofemoral joint.
The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 55: Comparison of patellofemoral medial translation with and without pressure sensors inserted in the
tibiofemoral joint. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.

124



o ~
_ ] ~
£ ~
E AN
é S 7 \\
© o~
2 >~
C
& o~
o | >~
T >~
£ N
S _ N
o i
5 o \\
e N
5o AN
56 - \\
L ™,
g ~

(=]

g

T T T T T
0 20 40 60 80
Tibiofemoral Flexion (deg)
With Sensors ~ — —— Wiithout Sensors

Figure 56: Comparison of patellofemoral proximal translation with and without pressure sensors inserted in the
tibiofemoral joint. The notation XwY's refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 57: Comparison of patellofemoral spin with and without pressure sensors inserted in the tibiofemoral joint.
The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 58: Comparison of patellofemoral tilt with and without pressure sensors inserted in the tibiofemoral joint.
The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 59: Comparison of tibiofemoral abduction with and without pressure sensors inserted in the tibiofemoral
joint. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 60: Comparison of tibiofemoral anterior translation with and without pressure sensors inserted in the
tibiofemoral joint. The notation XwY's refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 61: Comparison of tibiofemoral internal rotation with and without pressure sensors inserted in the
tibiofemoral joint. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 62: Comparison of tibiofemoral medial translation with and without pressure sensors inserted in the
tibiofemoral joint. The notation XwY's refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Figure 63: Comparison of tibiofemoral proximal translation with and without pressure sensors inserted in the
tibiofemoral joint. The notation XwYs refers to a wedge angle of X degrees and a slope change in angle of Y degrees.
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Appendix D: Contact Pressure Results from Chapter 4
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Figure 64: Medial Compartment pressure sensor results. Each plot represents a wedge-slope combination, and is the
total area of a pressure sensor. Points on the plot represent the centre of pressure for specific tibiofemoral flexion
angles.
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Figure 65: Lateral Compartment pressure sensor results. Each plot represents a wedge-slope combination, and is the
total area of a pressure sensor. Points on the plot represent the centre of pressure for specific tibiofemoral flexion
angles.
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