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Summary

Total Knee Arthroplasty (TKA), despite being a highly successful medical operation when measured in
terms longevity, has a recurrent problem of patient dissatisfaction and complications in the range of
15-20%. Patient satisfaction is known to be a complex multifactorial issue with factors such as implant
component position, pain relief, functionality or stability after surgery, patient expectation, other co-
morbidities, experience of healthcare delivery. These factors can be largely grouped into surgical
factors, patient factors and patient management factors. With the extensive variation between
patients, clinicians need tools to help them triage patients, helping them make decision what
resources needed to treat individual patient to achieve the best possible outcome for the patient while
minimizing the healthcare cost. Surgical planning is one key aspect that can help clinicians better

choose options for surgery.

Joint dynamics has been shown to influence clinical outcomes and is a result of complex interactions
between the implant component design, component alighment, and patient specific anatomic
characteristics. The relationship between these factors is not well understood and computational
modelling is a scalable technique compared to other functional techniques that allow the study of
both surgical and patient factors impact on joint dynamics following TKA. A computational model

needs to have the right balance between complexity and practicality to be used in clinical setting.

This thesis presented a series of studies towards the development of a low-cost knee computational
model that could be used to predict the clinical outcome of TKA on knee dynamics in clinical setting.
The first half of this thesis discussed the development and validation technique used for the model.
New registration techniques were developed to ensure the definition of reference frames between
in-vitro and in-silico environment during validation is consistent. This was often overlooked in previous
computational model validation studies. The computational model developed was able to complete a

simulation cycle within few minutes while achieving great agreement with experimental data.



The second half of this thesis explored new non-invasive techniques to incorporate subject specific
ligament properties into the developed model. Stress radiographs were used as surrogate of the load-
displacement response of the knee and ligament properties were optimized to match the response. A
wide variation in optimized parameters between subjects and ligaments were seen however its effects

to the model dynamics is not yet well understood.

Lastly, this thesis discussed the work involved in realising the use of developed computational model
as medical device. The low-cost knee computational model developed in this thesis was successfully
registered as medical device and has been used in clinical setting. The model has been used to analyse
approximately 1,800 post-operative complications and over 3,000 TKA pre-operative planning. In
conclusion, with the right balance between complexity and practicality, it is possible to use

computational modelling as part of TKA surgical planning.
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Introduction

The knee is one of the most complex joints in the body, it has the important function of providing
support and mobility during standing and gait. It has a role in almost all daily activities and hence,

susceptible to failure particularly degenerative joint diseases like osteoarthritis.

When a knee has lost functionality due to trauma and/or disease, it may require to be managed by
means of Total Knee Arthroplasty (TKA). Due to worldwide aging population, the use of TKA has
increased steadily every year, especially in individuals younger than 65 years of age [1]. The aim of
TKA is to provide substantial relief from pain and functional improvement in patients with arthritis.
Although, TKA is considered one of the most successful operations, there are still complications and
around 20% of patients are dissatisfied with their outcome. [2]. Furthermore, due to a lack of
standardisation and validity of adequate outcome measures, it is difficult to determine which
elements before, during and after surgery; and throughout the rehabilitation process affect the
outcomes of TKA. However, with the evolution of patient centred care, technological advances in
hardware and software, there is an opportunity to combine clinical and biomechanical data collected
prior, during and after surgery with computational modelling and data analytics to find patterns or
combinations of factors that affect outcomes of TKA. Clinical and biomechanical data include
radiography imaging, knee joint assessment, subjective scores, implant geometry used, soft tissue
state, patient co-morbidities and mental state. Understanding the combination of these factors may
provide insights to improve patient management from surgical planning to rehabilitation programs

and, as a consequence, the overall outcome for each individual patient.

This thesis aimed to present a series of studies towards the development of a computational model
that intended to be used as part of surgical planning tool to help clinicians triage patient treatments.

This includes the development and validation of a patient specific TKA computational model and a



clinical approach to quantify patient specific ligament characteristics that can be incorporated in the

model. This thesis will follow the structure outlined below.

Chapter 1: Literature review - presents the literature review of the anatomy, physiology and relevant
pathology of the knee joint, the surgical options for intervention and existing computational modelling

technique for TKA.

Chapter 2: Variability in Static Alignment and Kinematics for Kinematically Aligned TKA — This
chapter presents the development of a simplified computational model of the knee replicating a
mechanical simulator and its ability to differentiate simulated kinematics between mechanically and
kinematically aligned components. This chapter shows the potentials of simplified computational
model can be used as part of surgical planning. Kinematic and mechanical alignments captured in this
chapter are only used as generalisations of the alignment philosophies the surgeon would normally
follow. The aim of this chapter is to show the potential of simplified computational models to
differentiate kinematics characteristics of different component alignments. This does not indicate the

model is limited to only simulate mechanical and kinematic alignment.

Chapter 3: Accurate Determination of Post-operative 3D Component Positioning in Total Knee
Arthroplasty: The AURORA Protocol — Following from chapter 2, it was later realised there was
inconsistency in registration technique used to transform the experimental outputs to computational
model reference frame in model validation. This chapter describes a new technique to measure post-
operative component position from Computed Tomography (CT). The technique developed involves
registering both implant and preoperative bone 3D CT segmented models to a postoperative CT
reference frame. Doing so allowed for a more accurate definition of component placement in all 3
planes, going beyond what 2D radiography can provide. While not the primary author of this paper,
my contribution to the publication includes the conception of the registration technique, development
of the step-by-step instructions, designed and supervised the reproducibility study. In addition, |

assisted in writing and reviewing the manuscript. | contributed 70% to the research design, 50% on



data collection and 50% of manuscript preparation and review. Permission from the primary author

has been provided.

Chapter 4: A Technique for Accurate Kinematic Validation of a Low-cost Subject Specific TKA Model
— While previous chapter described registration technique to measure post-operative component
placement, this chapter extends the technique to register experimental outputs from a mechanical
simulator to the reference frame of a computational model. In the first validation attempt, it was
realised that different landmark definition was used to compare the experimental kinematics and
simulated kinematics. This was also found in previously published computational validation studies.
This chapter presents the application of the registration technique to transform experimental outputs
from a mechanical simulator to computational model reference frame which allows identical landmark

definition to be used for kinematics comparison.

Chapter 5: Use of Stressed Radiographs to Characterise Multiplanar Knee Laxity — Previous chapter
showed validation of a low-cost knee computational model utilising ligament properties reported in
literature. The computational model developed was able to distinguish individual specimen kinematic
characteristics well in early and mid-flexion but not so well in deep flexion, when the soft tissue
envelope is more active. Previous published computational knee models have conducted
experimental studies to calibrate subject specific ligament properties. However, the method was
invasive and cannot be replicated in clinical setting. This chapter investigates the use of stress
radiograph to quantify subject’s knee laxity as a surrogate for displacement and applied load data. The
subject’s knee was stressed at different positions and the laxity was quantified using 3D-2D

registration technique.

Chapter 6: Estimation of Subject Specific Ligament Properties from Non-Invasive Laxity Data - a novel
technique was developed to quantify subject specific ligament parameters from clinical laxity data
processed in chapter 5. Using the known position and load from stressed radiographs, an optimization

model was developed to derive ligament free length given the boundary conditions from stressed



radiographs. The resultant strains and simulated kinematics were compared between generic and

subject specific ligament parameters.

Chapter 7: General discussion — The added value and limitations of previous chapters are discussed,

and future work is suggested for realising the use of computational model as part of surgical planning.



Chapter 1
Anatomy of the knee

The knee joint is one of the most complex and largest synovial joints in the body (i.e. the joint is
enclosed in a fibrous capsule, containing synovial fluid). Although often referred to as a ‘ginglymus’
(simple hinge) joint, it is in fact a complex multi-condylar joint, with 12 degrees of freedom, including
the patellofemoral joint, and two distinct tibiofemoral articulations (both medial and lateral condyles).
It is therefore considered to have three ‘compartments’, and in this sense a ‘total’ knee replacement

may be referred to as a ‘tri-compartmental’ knee replacement.

The knee is also one of the most heavily loaded joints in the body and this can be attributed to various
mechanical factors [3]. Due to its position between the femur and the tibia, the knee is subjected to
high contact forces and moments, making it prone to injury. Also, as the knee is a joint with
nonconforming surfaces, which accounts for its large range of mobility, and the loads are distributed
over relatively small contact areas generating high stresses [3, 4]. Due to the incongruency of the joint,
the knee is inherently unstable and relies on the passive contribution of ligaments and the active

contribution of muscles for stability [4].



Image removed due to copyright restriction.

Figure 1.1. Sagittal cross-section (left) & posterior view (right) of the knee [5].

Bony Anatomy

The knee joint consists of four bones, the femur, tibia, fibula and patella [4]. The relative position of
these bones is shown in Figure 1.1. The femur and tibia articulate together directly (two convex
condyles on the distal epiphysis of the femur articulate with the superior surface of the proximal tibial
condyles), thus forming the tibiofemoral joint. The patella, also known as the kneecap, is the largest
sesamoid bone in the body whose main function is to increase the leverage of moment arm during
knee extension [3]. It articulates with the anterior groove of the distal femur forming the
patellofemoral joint. The area of the bones where contact occurs is covered with a layer of articular
cartilage, a collagen-based soft-tissue which provides impact-damping and reduces joint friction [3,

4].

Menisci

Knee meniscus are crescent shaped pads of load bearing cartilaginous tissue, presents on both
tibiofemoral condyles [3]. The main role of the menisci is to protect the articular cartilage from

excessive pressure. Most of the direct tibiofemoral contact is eliminated while the surface contact of



the joint is increased thus reducing contact stress. Menisci are also considered as shock-absorbing
structures that protect the articular surfaces of the bone [4]. The menisci are located over the lateral
and medial condyles of the tibia, connected posteriorly by a transverse ligament, and to both the

femur and tibia by additional ligamentous attachments [4].

Synovial Membrane

The articulating region is enclosed by a synovial membrane, containing the synovial fluid which assists

in lowering joint friction and providing fluid ingress for nutrient supply to the cartilage [4].

Fibrous Capsule

An extensive fibrous capsule surrounds the entire joint, blending with the surrounding tendons and

ligaments, providing additional protection and soft-tissue restraint [4].

Tendons and Ligaments

The patella is embedded within a tendinous link between the tibial tuberosity (on the anterior aspect
of the proximal tibia), and the different muscles which form the quadriceps group. The (inferior)
tendinous link between the tibia and patella is called the patellar ligament (PL), while the (superior)
link between the patella and the quadriceps muscles is the quadriceps tendon (QT) [6]. Embedded
within this tendinous link, the patella provides increased leverage for the quadriceps muscles; in
deeper flexion angles the quadriceps wraps over the anterior surface of the distal femur (quadriceps
‘wrapping’) [6]. The patella, articulating in the patellar groove on the anterior aspect of the distal
femur, controls the line of action of the quad muscle forces, and by increasing the moment arm,
increases the magnitude of the extension moment which the quadriceps can generate at the knee [3,

6].

The knee is stabilised by four main ligaments (Figure 1.1): two cruciates (anterior and posterior) and

two collaterals (medial and lateral), abbreviated ACL, PCL, MCL and LCL respectively [6].



The MCL lies somewhat posteriorly on the medial side of the joint and is attached to the medial
epicondyle of the femur superiorly and the medial tibial condyle, and medial surface of the tibial shaft.
The MCL is composed of two parts: the superficial and the deep portions [6]. LCL is a rounded cord-
like ligament on the lateral side of the knee joint. It is attached to the lateral epicondyle of the femur
and the fibula [6]. Both collateral ligaments are responsible for the transverse stability of the knee
during extension by preventing side to side movements of the tibia and the femur relative to one

another. They also prevent lift-off of the femur in varus-valgus tilt [3, 6].

The ACL is attached to the medial aspect of the anterior intercondylar area of the tibia, between the
attachment sites of the anterior horns of the lateral and medial menisci. It passes posterosuperiorly
and laterally attaches to the lateral condyle of the femur on its posteromedial surface [3, 4]. The PCL
is shorter and stronger than the ACL. It is attached to the posterior intercondylar fossa of the tibia
posterior to the attachments of the posterior horns of both of the menisci [4]. The PCL passes
anterosuperiorly and medially to attach to the anterior aspect of the lateral surface of the medial
femoral condyle. The cruciate ligaments are essential ligaments that prevent anterior-posterior
displacement of the tibia relative to the femur [4]. They cross one another and form an “X” when

viewed from the anterior-posterior and medial-lateral aspects of the knee joint.

Muscle groups

The most notable muscles are those responsible for sagittal-plane knee flexion (the hamstrings: biceps
femoris, semimembranosus & semitendinosus) and extension (the quadriceps: rectus femoris and the
vastus muscle group: v.mediales v.intermedius and v.laterales) [4]. In reality, there is of course always
an interdependence between the role of different muscle groups during different activities, and the

full musculature of the lower limb must be considered as a single system for dynamic analysis.



Biomechanics of the Knee

Knee Alignment

Lower limb alignment depends on the exact anatomy of the femur, tibia, hip, knee and ankle and can
be illustrated using simple straight lines to represent different joint axes [4]. Since, this analysis is two-

dimensional, it allows representation of radiographic alignment seen in the frontal and sagittal planes.

Mechanical and anatomic axes
The mechanical axis of the tibio-femoral joint is defined as the line connecting the centre of the
proximal joint to the centre of the distal joint whereas the anatomic axis is defined as the mid-

diaphyseal line of that bone [4].

The mechanical axis of the femur is defined by the hip centre and femoral centre. The femoral centre
is defined as the deepest point of the intercondylar notch [6, 7]. The femoral anatomic axis intersects
the knee joint line generally more medial to the knee joint centre, in the vicinity of the medial tibial
spine. When extended proximally, it usually passes through the piriformis fossa just medial to the
greater trochanter medial cortex [7]. The angle between the femoral mechanical and anatomic axes

is 7°+2° (see Figure 1.2) [8].

On the other hand, the mechanical and anatomic axis of the tibia are nearly the same. They are parallel
to each other with the anatomic axis is normally a few millimetres medial to the mechanical axis [7].
The mechanical axis is defined by a line that connects centre of tibia spine to ankle centre (Figure 1.3).
Ankle centre is usually defined as the midpoint of the medial and lateral malleolus, which are the

medial and lateral most prominence points on the ankle [7].



Image removed due to copyright restriction.

Figure 1.2. Mechanical and anatomic axis of femur [7].

Image removed due to copyright restriction.

Figure 1.3. Mechanical and anatomic axis of tibia [7].

Malalignment

Ideal alighment refers to colinearity of the three points, three points, the hip centre, the femoral
centre and the ankle center. Thus, malalignment refers to the loss of colinearity of the hip, knee and
ankle in the frontal plane outside the native range. The native range is typically 4+4° with male tending

to be in varus while female are in valgus [9]. Varus deformity can be caused by tibial varus deformity,

10



femoral varus deformity, lateral joint laxity and/or loss of medial cartilage and depressed medial tibial
plateau. Similarly, valgus deformity can be caused by tibial or femoral valgus deformity, medial joint

laxity and/or loss of lateral cartilage and depressed lateral tibia plateau (Figure 1.4).

Image removed due to copyright restriction.

Figure 1.4. (a) Varus deformity. Depressed medial tibial plateau. (b) Valgus deformity. Depressed

lateral tibial plateau (from [7]).

Mechanical alignment (MA) is one of the most common implant positioning target for total knee
arthroplasty (TKA). Its primary aim of is to restore the mechanical axis of the limb to neutral (within a
+3° range) as it is believed to be the most important factor for the durability of the implant. However,
a number of patients may indeed exist for whom their native anatomy is not neutral. For instance,
patients with so called “constitutional varus“ knees have always had varus alighment since reaching
skeletal maturity. Bellemans et al [10] studied a cohort of 250 asymptomatic adult volunteers between

20 and 27 years old. They found as high as 32% of males and 17% of females had constitutional varus

11



knees with a natural mechanical alignment more than or equal to 3° varus. This shows the variability
in natural alignment exists amongst individuals. Therefore, one should question that zero-degree

mechanical alignment should be the goal in every patient undergoing TKA.

Motion of the Tibio-femoral joint

Due to the configuration and interaction of the three knee joint bones (femur, tibia and patella), the
knee joint can potentially have twelve degrees-of freedom (DOF), 6 DOF from tibio-femoral joint and
6 DOF from patella-femoral joint. In this section, motion of tibio-femoral joint will be discussed.
Flexion-extension (F-E) is by far the most visually apparent rotational motion; however considerable
internal-external (I-E) and varus-valgus (V-V) rotation are also possible. The translational motions are
less apparent, although several millimetres of anterior-posterior (A-P) and medial-lateral (M-L)
displacement are possible, and condylar ‘lift-off’ may result in slight compression-distraction (C-D)

displacements. A number of specific issues related to knee kinematics are briefly outlined below:

(Right Knee)

Figure 1.5. Six degrees of freedom of the knee.

Range of Motion of the Knee
Due to inter-patient variability, it is difficult to define a ‘typical’ range of motion (ROM) for the knee

joint. In addition, magnitude of the loads applied to the knee affect the degree of motion of the knee.

12



Consequently, this has led to a distinction being made between the ‘active’ and ‘passive’ ROM
(abbreviated AROM and PROM respectively) - i.e. whether the motion is made under the subject’s
own muscle action, or whether external manipulation is used to achieve the motion. Clinically, AROM
is reported to be on average ~130°, decreasing with age. PROM is higher, typically ~160°, again
decreasing with age [11, 12]. Flexion angles over 90°, and especially those beyond 120°, are often
referred to as ‘deep flexion’ (not required for general ambulatory activities, but required for some
kneeling & squatting everyday activities, such as gardening, domestic cleaning or kneeling prayer).

Facilitating this ‘deep flexion” ROM is a key goal for TKA designs.

Knee Locking and Screw Home Mechanism

There are several effects combined to improve the stability of the knee whilst stationary. The distal
radius of the femoral condyle is larger than the posterior radius, thus increasing conformity in full
flexion. For normal subjects, the line of action of body-weight is slightly anterior to the tibiofemoral
contact when in full knee extension, tending to maintain the knee in extension. This is accompanied
by an internal rotation of the femur relative to the tibia, causing the surrounding soft tissues to
tighten, resulting in a higher degree of stability. This ‘locked’ stance state is released when the
popliteal muscle contracts, causing the femur to rotate externally relative to the tibia and so reducing
the soft tissue constraint prior to the knee flexing (see Figure 1.6) [13]. This mechanism for increasing

stability in full extension is often referred to as the ‘screw home’ effect [14].

13
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Figure 1.6. (Left) Knee is locked in screw home position and is released in flexion (Right).

Femoral Rollback

Femoral rollback is defined as posterior movement of the femur relative to the tibia as the knee flexes
(Figure 1.7). Both the femoral axis of rotation and the tibiofemoral contact point are predicted to
move posteriorly as flexion increases, according to these simple rigid-linkage predictions. The concept
became the subject of some debate within the orthopaedic research community, with studies both
confirming and refuting the femoral rollback phenomenon. However, recent fluoroscopy studies have
shown that the medial condyle hardly moves posteriorly whereas the lateral condyle moved
backwards by rolling and sliding [15]. Another fluoroscopy study [16] revealed that the rollback during
active loading (i.e. when the knee is subject to large muscle loads during daily activities) is much more
variable [17]. Finally, it is important to distinguish between the movement of the two bones (defined
by hard anatomical landmarks), and the movement of the contact point between the bones; it is

possible to have ‘paradoxical’ motion of the contact point relative to the motion of the two bones [19,

20].

14
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Figure 1.7. simple 2-D representation of femoral rollback concept [21].

Medial Pivot

It is widely reported that the femur tends to rotate externally as the knee flexes (i.e. the tibia rotates
internally relative to the femur) [22]. This, coupled with the hypothesised posterior motion of the
femur during femoral rollback, would result in a combination of rotation and translation about the
long axis of the bones, which could equivalently be represented by a single rotation (with no
corresponding translation) about a ‘virtual’ pivot point shifted towards the medial condyle (see Figure
1.8). Note that the ‘medial pivot’ concept is dependent upon the ‘femoral rollback’ assumption, and
so the caveats associated with that concept apply equally to the medial pivot hypothesis. If paradoxical
motion occurs, the virtual pivot will not be medially-shifted. Once again, inter-subject variability is
considerable, and there is no single ‘correct’ description of the medial pivot effect; however it is widely
reported within the literature [22]. A recent cadaver study by Victor et al [23] reported that medial
pivot behaviour is clearly seen under passive loading conditions but minimised as the knee is loaded
during squatting motion. This suggests that medial pivot behaviour is driven by the morphology of the

tibia and femoral condyle [23, 24].
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Moreover, characteristics of knee motion can change dramatically depending on the axes used to
describe them [25, 26]. For example, Li et al [26] studied knee kinematics characteristics during step-
up activity using fluoroscopic imaging. They described the knee motion using three definitions
(Transepicondylar axis, geometric centre axis, and condylar contact points). They found kinematics
reported using Transepicondylar axis and condylar contact points projections was similar. However,
when geometric centre axis was used, the femoral condyle motion pattern was dramatically different.
The lateral condyle shifted posteriorly throughout the step-up activity instead of shifting anteriorly

when described with other 2 definitions.

Figure 1.8. The medial pivot concept. (Left) Femur rotates and translates relative to tibia as knee flexes.
(Right) Femur pivot at tibia medial plateau center as knee flexes.

Reference to Describe Knee Motion

The multiple degrees of freedom and complex motions at the knee mean that kinematics can be
complex, so kinematics must be defined clearly and reported consistently to avoid ambiguity or
confusion. An important and widely-adopted method was proposed by Grood & Suntay [27]. In this
cylindrical-axis co-ordinate system, the sequence in which the different rotations and translations are
applied does not alter the final position & orientation (i.e. the system is sequence-independent; this
is an important advantage over e.g. the Euler co-ordinate system); see Figure 1.9 . The femur and tibia

are considered as two cylinders with their own axes. These two cylinders is linked by a perpendicular
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axis, referred to as floating axis. This floating axis is used to calculate the coronal alignment of the leg

and is dependent on the position of the femur relative to the tibia.

Image removed due to copyright restriction.

Figure 1.9. Grood and Suntay coordinate system [27].

Kinematics VS Kinetics

For common activities of daily living (ADL) types, knee mechanics can be recorded or estimated by
various methods, including clinical motion analysis using video recording (or, more recently,
fluoroscopy studies — e.g. ([28]) & force plates (for external joint reaction forces), coupled with
optimization algorithms (based on inverse dynamics methods) and/or EMG data (for internal joint
contact forces). Rarely, more ‘invasive’ assessment methods have also been used; e.g. markers with

traction pins were fixed directly into the bone.

Often-cited examples of these studies are the early work by Morrison [29] for ambulatory gait, and
Andriacchi et al [30] for stair climbing. More recently, telemetric measurements using prosthetics with
embedded sensors have provided direct in-vivo data to compare with the theoretical results of earlier

investigators; first for the hip joint (as pioneered in the early 1990’s by Bergmann et al [31], and
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subsequently for the knee, since the late 1990’s (notably studies by Taylor et al [32, 33] for a distal
femoral implant, Kaufman et al [34], Kutzner et al [35] and most recently D’Lima et al [36, 37] for an

instrumented tibial tray).

Before the mechanics of gait are discussed, it is important to distinguish the concept of kinematics
and kinetics. Kinematics is a study of geometry motion. It describes the bodies’ motion without
reference to the forces (the cause of motion or generated due to the motion). Meanwhile, kinetics is
a study of the relationship between the motions of the bodies and its causes (forces and torques). For
example, the flexion at the knee is the most apparent kinematics feature whereas the forces
introduced by the extensor mechanism to flex the knee is part of the kinetics. Kinematics and kinetics

of tibio-femoral joint will be discussed in this section.

In addition, in kinetics it is important to make a clear distinction between the internal forces acting
between the contacting joint condylar surfaces (often termed joint contact force, or JCF), and the
external resultant forces experienced by the whole limb segments (termed joint reaction force, or
JRF). By necessity of Newtonian mechanics, the static magnitude of the external JRF will be of the
same order as the subject’s bodyweight (BW), (although dynamic external forces can exceed 1BW due
to accelerating/decelerating forces in locomotion). The internal JCF can be much higher however even
under static conditions (often several times BW), since antagonistic muscular co-contraction
(necessary to stabilise the joint) are considerable. Internal joint forces include ligament force and
patellar force. The patella bone acts as the level arm of the knee extensor mechanism and the force
exerted on patella is described as the resultant force of quadriceps and patellar tendon force [21].
Flexion of the knee increases patellar force. Therefore, the joint reaction force that opposes the
patellar force increases with knee flexion and can reach up to seven to eight times of body weight in
high load activity such as squatting [21, 38]. On the other hand, ligament force acts as stabilizer for
the knee to balance against the external resultant forces [39]. Direct measurements of ligament forces

in human tissue is currently impracticable [39]. Typically, studies of ligament forces are calculated
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using computer and mathematical model [39, 40]. The ligament forces are calculated as summation
of internal joint forces needed to oppose external joint reaction force [39]. The soft tissue mechanics
that affects ligament force are described in the next few sections. To summarise, the muscles and
ligaments work together to create a summation of knee internal joint forces that opposes the external

joint reaction force.

Mechanics of Normal Gait

Walking/gait is the most prevalent activity of daily living (ADL). Consequently, the analysis of gait has
received considerable attention in the literature and therefore the mechanics of normal gait will be

discussed further in this section.

Knee flexion

Knee flexion/extension during gait is the most apparent kinematic feature of this joint. Briefly, during
initial contact the knee joint is flexed at around 10°; the next step in the gait cycle is termed “loading
response” which occurs roughly during the first 15% of the gait cycle, where the knee further flexions
around 20°; between 15% and 40% of the gait cycle is the mid-stance period where the knee extends
to around 10° flexion; roughly between 40% and 60% of the gait cycle is terminal stance and pre-
swing where the knee starts flexing in preparation for the swing phase of gait; at around 60% occurs
toe-off and the swing phase of gait starts; in mid-swing, the knee reaches maximum peak flexion of
around 60° aiding towards toe clearance, after which the knee starts extending in preparation for

initial contact [41]. Figure 1.10 shows a typical knee flexion/extension signal.

19



Image removed due to copyright restriction.

Figure 1.10. Typical knee flexion in normal gait [42].

Joint Contact Force

Since 1970, researchers have used gait analysis and mathematical models to estimate the contact
forces during gait. Morrison et al [29] calculated the joint contact forces of gait of 2 —4 BW while other
studies reported up to 3BW [43] and up to 7BW [44]. This variation could be due to differences in the
mathematical model used in the calculation. To overcome this uncertainties, telemeterised implants
were developed to measure the joint contact forces in vivo. Recent studies by Kutzner et al [35], they
reported peak forces in gait of 261% BW Figure 1.11 which were smaller than those determined

analytically.

During gait, the lower limb alternately supports the weight of the body. At first approximation, the
knee should bear a high load in stance phase and a low load in the swing phase. Loading in swing phase
is not ‘zero’ due to the passive restrained provided by soft tissues and antagonistic muscle action.
Antagonistic co-contraction of the muscles around the knee means that JCFs are higher than
corresponding JRFs. Table 1.1 shows the peak joint contact force and internal-external torque for
different activities from a telemeterised implants study [35]. It is important to note that one of the

main limitations with telemeterised implants is that they only measure axial force or a joint force
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without discriminating among medial and lateral force. Also, there is no telemeterised implant for the

patella currently present in literature.

Image removed due to copyright restriction.

Figure 1.11. Load patterns for walking, adopted from [35]. HS: heel strike; CTO: contralateral toe off;

CHS: contralateral heel strike.

Table 1.1. Joint contact forces from telemeterised study [35].

Activity Resultant peak Forces %BW Resultant external torque %BWm
Two-legged stance 107 -0.3
Sitting down 225 0.2
Standing up 246 0.3
Knee bend 253 0.1
One legged stance 259 0.3
Level walking 261 0.5
Ascending stairs 316 0.4
Descending stairs 346 0.3

Internal-External (I-E) motion

I-E kinematics and kinetics are an important characteristic of normal gait and cannot be neglected. It
helps establish favourable trunk orientation for the proceeding step. Since the stance foot is fixed on
the ground, the I-E moment to twist the trunk must be generated across the lower limb. As illustrated
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in Figure 1.12, the trunk will experience external moment in the stance phase. To counterbalance, the
reaction moment must be an internal moment. Therefore, the femur will experience external moment
whereas the tibia will experience internal moment. From telemeterised study, the maximum I-E

moment was highest during walking (0.5 BWm), refer to Table 1.1 [35].

Figure 1.12. Torque is acting externally on the trunk and tibia counterbalance with internal moment.

Anterior-Posterior (A-P) motion

A-P motion is important to maintain knee stability. Recent studies using MRI revealed that the medial
condyle hardly moved posteriorly whereas the lateral condyle moved backwards by rolling and sliding
[45]. The medial articulating surface radius are larger compared to the lateral’s and hence the
tendency of the roll back of the lateral condyle [46]. During knee flexion at 60° (maximum during gait),
in vivo studies [47] shown the femoral condyle can move back up to 5mm. From telemeterised study,

the A-P force are shown to be negligible compared to axial force under daily activities [35].

Passive Vs Active load

It is important to acknowledged that the knee behave differently under passive and active load.
Studies reported that in general knee had more rotation and translation under passive loading

compared to active loading [23]. In active loading where the hamstring and quadriceps are loaded,
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the rotation and translation during motion decreased [23, 48]. Li et al [48] observed the tibia rotation

relative to femur reduced by up to 30% when the knee is actively loaded.

Mechanics of Soft Tissue

Ligaments of the knee are innervated and play an important proprioceptive role during kinematic and
kinetic conditions [49-53]. They are complex multi-bundle structures, with different origins and
insertions, different mechanical properties between bundles and a non-linear behaviour [54] (Figure

1.13).

Image removed due to copyright restriction.

Figure 1.13. Stress-strain curve showing the pattern of ligament deformation observed during a
uniaxial tensile test [54].

In the relaxed state of the ligament, collagen fibres are stress-free and are arranged in wavy and
crimped-shaped patterns. In the first region of the curve, a very low force is required to achieve finite

deformation of the individual fibres without stretching them.

The second region, generally called the toe-region, is upwardly concave. In this part of the curve, the
tissue is elongated with a small increase in loads as the collagen fibres are straightened out. As loading

continues, the stiffness of the tissue increases, and progressively greater force is required to produce
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equivalent amounts of elongation. The end of the toe region has been reported to have a strain value

of between 1.5 and 4 % [55, 56].

The third region, which is more or less linear, corresponds to a phase where the collagen fibres are

straightened, and the stiffness of the tissue is roughly constant.

Then if the elongation of the tissue sample is pursued until a critical value, sequential failure of the
most stressed fibre bundles initiates [57]. This phenomenon is accompanied by small force reductions
that can sometimes be observed in the loading curves for both tendons and ligaments. When the
ultimate tensile strength of the specimen is reached, complete failure occurs rapidly, and the tissue
can carry less load until full failure. Various studies have demonstrated that ligament properties vary
considerably between different subjects [58], and that the precise configuration of ligament bundles

is important in determining the overall ligament behaviour [59].

Soft tissue model in computational modelling

Numerical methods have been used for decades in describing ligament behaviour. One dimensional
line elements such as springs, trusses and beams are frequently used to model the mechanical
behaviour of ligaments. In other words, the ligaments can be described using some form of non-linear
spring equation. Trent and colleagues were one of the first groups to estimate the stiffness and initial
strain of a spring model experimentally in 1976 [60] as reported by Wismans in 1980 [61]. In this
model, the mechanical response of the ligament is usually described by three distinct regions, with
zero compression during ligament shortening, and a tensile response with an initial toe region and a
final linear region [62]. Model developed by Blankevoort et al [62] is one of the most often used spring
models. There are other 1D models that includes mechanical properties like Young’s modulus [63, 64],
but they are less used as with this approach. It is more useful to describe the ligament properties using

stiffness constant.
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Alternatively, ligament geometries can be modelled as 2D or 3D structures. This approach can
facilitate the ligament wrapping effect using surface-to-surface and enables analysis of regional
biomechanical response but is more computational expensive. Moreover, the mathematical
description of the material properties in the 2D or 3D continuum models remain challenging [65, 66].
An advantage of using 1D spring to describe ligament model in computational modelling is that they
are computationally inexpensive and the possibility to exactly replicate ligaments non-linear force-

elongation curves from experimental test [67].

Galbusera et al [67] published a review on ligament models and properties used previous
computational modelling studies. Although there are studies perform experimental test to determine
ligament properties, most studies are still referencing old studies for spring model properties. This
could be due to the complexity of experimental protocols and variability between different subjects,
particularly the age of donor and/or pathologies that might have affected ligament mechanical
behaviour. As shown by Galbusera et al [67] ligament properties for 1D non-linear spring model from
Blankevoort study [62] were referenced the most, followed by Rahman et al [68]. The properties

reported in previous studies are shown on Table 1.2 and Table 1.3.

Table 1.2. Ligament properties reported by Blankevoort and Huiskes. k is the linear stiffness and &, is
the reference strain for the joint in extension [62]. Negative strain indicates the ligament is longer

(laxer) in the reference state compared to the state when the ligament length is measured.

. ligament . .
ligament bundle stiffness (k) [N] | reference strain (g)
. . anterior 5000 0.06
anterior cruciate
posterior 5000 0.1
. . anterior 9000 -0.24
posterior cruciate -
posterior 9000 -0.03
anterior 2000 -0.25
lateral collateral posterior 2000 0.08
superior 2000 -0.05
anterior 2750 0.04
medial collateral posterior 2750 0.03
inferior 2750 0.04
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Table 1.3. Ligament properties reported by Abdel Rahman et al [68]. The study used different spring

equation from Blankevoort.

lizament ligament stiffness (K1) stiffness (K2) reference strain (&)
& bundle [N/mm] [N/mm?] '
. . anterior 83.15 22.48 0.000
anterior cruciate
posterior 83.15 26.27 0.051
. . anterior 125.0 31.26 1.004
posterior cruciate -
posterior 60.0 19.29 1.05
lateral collateral 72.22 10.0 1.05
anterior 91.25 10.0 0.94
medial collateral oblique 27.86 5.0 1.031
deep 27.07 5.0 1.049

Knee Joint Pathology

As one of the heavy loaded joints in the body, the knee joint is prone to failure. The main cause of
knee failure is arthritis, of which the most common form is osteoarthritis (OA). This is a localised
degenerative condition generally associated with old age and overuse of the joint — essentially, natural
‘wear and tear’ of the cartilage. When this happens, the bones of the joints rub more closely against
one another. The rubbing results in pain, swelling, stiffness and decreased ability to move; effectively
causing loss of joint functionality and impairing quality of life. Risk factors for knee OA include systemic
factors such as obesity, increasing age, female gender and family history; joint-specific factors such as
malalignment (leading to abnormal loading) and previous knee injury (particularly anterior cruciate
ligament (ACL) and meniscal injury) also pay an important role [69-71] . Its incidence has increased
markedly over recent years as a result of the ageing population and the prevalence of risk factors,

principally obesity [72].

The second common form of arthritis is rheumatoid arthritis (RA). This is a progressive disease in which
the immune system triggers inflammation of the synovial fluid, causing destruction of the joint soft
tissues. Rheumatoid arthritis generally begins to cause problems at an earlier age than OA, and is

systemic, often affecting multiple joints. Other cause of knee failure is trauma.
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Treatments Options

There is no cure for arthritis but there are a number of treatments that my help relieve the pain and

disability it can cause.

Non-surgical treatments for knee OA

Almost everyone will eventually develop some degree of osteoarthritis. In its initial stage of diagnosis,
few non-surgical treatments are available such as lifestyle modifications, physical therapy, assistive

remedies and medications.

Surgical treatments

Partial or total joint replacement/arthroplasty is generally the last resort when non-surgical
treatments are unsuccessful. There are range of possible surgical options, depending on the degree
of joint deterioration [73]. The bullet-list below outline the options, with the earlier options being

most conservative, and therefore being preferable, where possible.

e Tissue resection: For younger patients, it may not be appropriate to use an implant at first, instead
resecting the natural knee tissues, e.g. meniscectomy, where the damaged meniscal cartilage is
partially or totally removed, and osteotomy, where a portion of bone is removed to better distribute

loads across the knee [73].

e Interpositional spacers: where only the meniscus is damaged, a conservative option is an

interpositional spacer, to replace the worn cartilage (so preventing bone-on-bone articulation)

without any resection of bone stock [73].

e Bone osteotomy: tibia osteotomy can be performed in early stage of osteoarthritis. The tibia bone
is effectively cut in order to realign the joint (lateral closed wedge for varus deformity and medial
closed wedge for valgus deformity) and off load the affected cartilage. Femoral osteotomy can be

performed too although it is less common [73].
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e Hemiarthroplasty: hemiarthroplasty replaces only the articulating surface of one bone, e.g. a tibial

hemiarthroplasty may replace only one of the tibial condyles, with an anatomically representative

resurfacing implant [73].

e Unicompartmental & bi-lateral arthroplasty: When damage is limited to one condyle a popular

option is to use a unicompartmental knee replacement (UKR) — this does require limited resection of
both the femur and tibia but leaves sufficient bone stock for subsequent revision to a full TKA if
needed. In some cases, separate UKR implants can be used for the medial and lateral condyles (called
bi-lateral arthroplasty), allowing the intercondylar region and associated cruciate ligaments to be
entirely retained. Early clinical data shows UKR has a higher revision rate than TKR [74], and some
concerns remain over whether UKR can accelerate contra-lateral condyle degradation [75]; however
this is based on early experiences, and results will potentially improve as the technique is more widely
practised. Nonetheless UKR is an attractive option, since despite any shortcomings in longevity it is
generally easier to revise from a UKR to a TKA, than to revise a TKA [73]. However, UKR surgery may

be more complicated compared to TKA surgery.

e Total Knee Arthroplasty (TKA): TKA is the last solution for the end stage osteoarthritis. TKA involves
resection of considerable bone stock, including at least part of intercondylar region of both the femur
and tibia. TKA consists of at least three components, femoral component, tibial component, tibia
insert to replicate the natural meniscus. TKA may or may not include patellar resurfacing, depending

on the patellofemoral joint deterioration and surgeon’s clinical judgement [73].

Total Knee Arthroplasty

Total knee arthroplasty is the last recourse for the treatment of joint disease. According to Papas and
colleagues, in their paper “The History of Total Knee Arthroplasty” they traced back the first attempts
for TKA in 1890 in Germany where surgeons implanted ivory components within the bone along with
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other materials and describe the evolution of implants and TKA procedures from the 1950s to current
times [76]. According to 2017 Australian Joint Registry [1], there is 52,836 TKA procedures performed
in 2016, 2.8% increased from 2015 and 139.8% from 2003. The most common diagnosis for TKA was
osteoarthritis (97.4%) and in the last decade the number of TKA is increasing due to aging population.
Figure 1.14 shows the proportion of TKA patients by age group. In comparison, the United Kingdom
national joint registry reported 90,938 TKA procedures performed in 2017 [77] while the Swedish joint

registry reported 13,689 TKA procedures in 2017 [78].

Image removed due to copyright restriction.

Figure 1.14. Primary Total Knee Replacement by age [1].

Variations of TKA

In a typical TKA, the entire distal surface of the femoral condyles and proximal tibia condyles are
resected and replaced with artificial components such that the two artificial surfaces articulate
together to form the new tibiofemoral joint. In the early years, the designs were primarily to mimic
the geometric anatomy of the natural knee, referred as anatomical approach. Anatomic models are

designed to preserve and avoid the PCL and the ACL if it is retained [79]. Then, the designs were
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developed with philosophy to simplify the knee biomechanics by removing both cruciate ligaments,
referred as functional approach. Functional designs permitted “nonanatomical joint surface
geometries intended to maximize surface area and reduce polyethylene stress” [79]. Both approaches
resulted in some common features. However, as TKA advances, there are several different designs

aspects; the most major variations are outlined below.

Materials

Low friction is the one of the most important factors in selecting TKA bearing. Polyethylene has been
the primary bearing material due to its low friction property. Although modern hip arthroplasty are
now migrating to more advanced materials, such as ceramic-on-ceramic (CoC), this is less appropriate
for the knee. Unlike hip anatomy, which is spherical joint, knee has less conforming geometry as
discussed in knee anatomy section. In addition, the brittle nature of ceramics and the inability of
ceramic materials to withstand high-impact tensile forces is of concern for TKA applications. The
femoral component is generally manufactured from cobalt-chromium (Co-Cr), providing high
strength, good biocompatibility and excellent corrosion resistance. The tibial articulating insert is a
medical grade ultra-high molecular weight polyethylene (UHMWPE), e.g. GUR-1020, GUR-1050 or
GUR-4150; however experiences with early designs demonstrated that the lower stiffness of
UHMWPE against cancellous bone could lead to failure [80], and it soon became standard for the tibial
polyethylene insert to be mounted in a metal tray (often Co-Cr or titanium) for stiffer backing.
However, it was previously found that polyethylene free radicals produced in the radiation process
cause oxidative degradation which may threaten the long-term stability of these devices [81, 82].
Polyethylene properties can be modified by sterilization by radiation and by exposition to the oxidative
environment; the effects are increase in density and elasticity of the materials itself. To counter these
problems, a range of refinements have been made to the production processes for UHMWPE (e.g.
gamma-ray vacuum sterilisation is used to encourage polymer cross-linking, which can further

enhance the wear performance while providing oxidative stability [83].
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Cruciate Retaining Vs Posterior Stabilizer

While the anterior cruciate ligament is usually resected in TKA for surgery access, the posterior
cruciate ligament (PCL) may not be necessary resected as it helps stabilising the femur by preventing
anterior translation during knee flexion. This is only true as long as its function is preserved by careful
bone resection and adequately balancing the knee in flexion and extension. Prostheses designed for
retaining the PCL are called cruciate retaining (CR). However, sometimes, the PCL may be incompetent
due to injury or degeneration or surgeons may choose to sacrifice the PCL while performing TKA in
cases where flexion is tight, to prevent excessive stresses and wear of the polyethylene insert. The
prosthesis used for this scenario is called a posterior stabilizer (PS). This design substitutes the PCL
functions by means of a central cam on the femoral implant, which is pushed back by the central post
on the polyethylene insert (Figure 1.15). PS implants may provide better anteroposterior stability due
to cam-to-post mechanism. However, one of the potential draw backs with this design is tightness
(resulted in less ROM) in extension due to early contact between the cam and the post. Several studies
have investigated the differences in outcomes between these two designs finding no clinically
relevant differences between these two implants for clinical scores and gait [84-86]. Additionally,
recent systematic review by Longo et al [87] compared clinical outcome scores, rate of complications
and ROM of PS and CR knees. They found literature reported PS knees tend to achieve a higher post-

operative ROM while CR and PS knees have similar clinica outcomes.
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Figure 1.15. (a) Cruciate retaining implant. (b) Posterior stabilizer implant. The cam-to-post substitute

the functions of PCL [79].

Variations of tibia bearing design

The use of metal backed insert is now widespread, and many designs now also introduce additional
degree of freedom between the tray and the polyethylene insert. One design concept is to use a
central peg, permitting only I-E rotation between the tray and insert; i.e. a rotating platform (Figure
1.16, centre). Another concept is a slotted peg permitting both rotation and translation; i.e. mobile
bearings. These designs were introduced to prevent excessive stresses at articulating surfaces by
providing more conforming contact during motion (increase surface contact area and hence
decreasing contact stress) [88]. Nonetheless, fixed designs with no tibial bearing are still common.
Although theoretically rotating and mobile bearings offer advantages, currently these benefits do not

clearly translate to improved clinical results [89, 90].
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Figure 1.16. Comparison of tibial bearing designs [73].

The Medial pivot design was introduced to address the issue of asymmetric tibiofemoral motion.
Conformity on the medial side was intended to provide reduced AP motion; less constraint on the
lateral side was intended to allow AP femoral translation. The asymmetry in the motion is provided by
the tibial and femoral components shape, which is a conforming socket on the medial side and an
arcuate surface around the centre point of the medial socket on the lateral side [91]. The design of
this prosthesis was finalized in the mid-1990s, a time when wear of polyethylene was a major concern
and low contact stresses on the tibial insert were critically important. The ball-and-socket conformity
on the medial side resulted in large surface area and hence lower contact stresses. This attempt was

accepted in the interest of limiting detrimental effects of wear debris [92].

Single radius Vs Multi radius femoral component

It is known that in vivo kinematics after TKA is influenced by the design of the implant. Single-radius
femoral component design was introduced in an attempt to more accurately reproduce the kinematics
of the natural knee. The design is based on the premise that there is only one knee functional-
extension axis location [93, 94]. Unlike multi-radius design, the femoral component rotates against
the tibial insert only in one radius in single-radius prosthesis. Until now, there have been few clinical
reports about post-operative function of the single-radius design and they have been highly
controversial [95, 96]. Ostermeir [97] reported single-radius design showed lower maximum extension
forces and Wang et al [98] reported that the single-radius had better stability than the multi-radius

one with respect to standing up from sitting position. On the contrary, two studies presented by
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Stoddard et al [99] and Jenny et al [100] reported that improvement in using single-radius design could

not be clinically demonstrated.

Image removed due to copyright restriction.

Figure 1.17. Single radius and dual radius femoral component [101].
Surgical Techniques

Patellar Resurfacing

The native patella may or may not be resurfaced in TKA. This is a continuous debate amongst
orthopaedic surgeons. Advocates for either side of the debate raise a number of valid points to
support their view on the matter. Orthopaedic surgeons who practice and support the notion to not
resurface the patella support their decision based on the number of risks that are associated with
resurfacing the patella. This includes patella component fracture, implant loosening and patella clunk
syndrome. However, non-resurfacing of the patella is associated with a higher rate of anterior knee

pain and re-operation [102-105].

Extensive literature have compared the outcomes between resurfaced and un-resurfaced patella in
TKA [106]. A meta-analysis by Agrawal et al [107] reported that the existing literature shows that

patellar resurfacing can reduce the risk of reoperation with no improvement in knee function or
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patient satisfaction compared to patients without patellar resurfacing [107]. Despite of the

controversy, the use of patellar resurfacing is continuously increasing, as shown in Figure 1.18.

Image removed due to copyright restriction.

Figure 1.18. Primary TKR by patella usage [1].

When the patella is resurfaced, the bone is resected with the aim to restore the patella’s original
thickness. In general, the patella component is all-polyethylene. The articular surface geometries of
the patella component can be classified into five basic shapes: [108] convex or dome shaped; modified

dome shaped; anatomically shaped; cylindrical or saddle shaped; mobile bearing.
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Figure 1.19. Variations of patella button design available in the market [108].

Navigated TKA

It is well known that correct alighment of the components is one of the most important factors to a
successful TKA; it is believed a well aligned TKA is likely to function well. Traditionally, intraoperative
knee alignment has been achieved by instrumentation with intramedullary and extramedullary
alignment rods and more recently using patient specific positioning guides which uses preoperative
MRI or CT to design custom shape-fitting jigs [109]. Mechanical instrumentation can be fiddly which
may lead to inconsistent or inaccuracy results. Recently, computer navigation systems have gained
substantial popularity in TKA industry (as shown in AOANJR data in Figure 1.20). Their aim is to provide
more accurate implantation by digital mapping based on standard anatomical landmarks and intra-
operative assessments [110]. There are two different types of imaging systems, all of which need
intraoperative registration of anatomical landmarks [111]. Image-based systems need the collection
of morphological information by pre-operative computed tomography (CT) or intra-operative
fluoroscopy. Imageless systems, which use a virtual model supplemented by registration data, have

overcome concerns about exposure to radiation [112].
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A number of studies [110, 113, 114] have suggested that there is improved alignment when navigation
is used. In a meta-analysis, Mason et al [115] compared mechanical axis alignment between computer
assisted and conventional knee replacements, and reported malalignment of greater than three
degrees in 9% of computer assisted knee versus 31.8% of conventional TKAs. Despite this,
contradictory evidence does exist with other recent meta-analyses arriving at markedly different
conclusions. Bauwens et al [112] and Calliess et al [116] concluded that despite of few advantages
that computer assisted TKA provides over conventional surgery on the basis of radiographic end
points, its clinical benefits are unclear and remain to be defined on a larger scale. Barrett et al [117],
in a multi-centre prospective randomized trial, reported a significant improvement in coronal tibial
alignment following computer navigation, but this was associated with a significant increase in

operative time.

Image removed due to copyright restriction.

Figure 1.20. Primary TKR by computer navigation[1].

Soft Tissue Balancing
In addition to correct limb alignment to achieve successful TKA, the knee need to be balanced the

knee in both extension and flexion [118]. A balanced extension gap can be achieved by either aiming
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for appropriate bone cuts or soft tissue release. Bone cuts will be attempted first. Only after these, if
necessary, should a surgeon look at making soft tissue releases. Example of soft tissue release, lateral
structures are released to balance a valgus preoperative deformity and medial structures are released
to balance a varus knee. Femoral component rotation is essential in achieving symmetry flexion gap
[119]. Improper femoral component rotation may result in asymmetric flexion gap which may lead to
patellofemoral instability [120], anterior knee pain, arthrofibrosis, and patient discomfort due to

instability on the knee [121-123].

There are two surgical approaches in achieving good components alignment and a balanced knee;
measured resection and gap balancing. These approaches employ different techniques to determine

femoral component rotation and ligament balancing.

1. Measured resection (MR): aims to resect an amount of bone equal in thickness to the
prosthesis to be implanted. Distal femoral resection is angled in respect to the femoral shaft [124].
Femoral component rotation should be parallel to one these three bony landmarks; the epicondylar
axis, posterior condylar axis, or the AP trochlear axis (Whiteside’s line) [125-127]. The anteroposterior
position, or size, of the femoral component can be determined with either anterior or posterior
referencing [128, 129]. The tibial resection is done independently, perpendicular to the long axis of

the tibia in the coronal plane. Ligament balancing is done once the trial components are in-situ.

2. Gap balancing (GB): distal femoral and proximal tibial resections are performed first. The
femoral component rotation is positioned parallel to the resected proximal tibia with each collateral

ligament equally tensioned to obtain a rectangular flexion and extension gap [119, 130, 131]

Few studies have reported that the determination of bony landmarks in MR technique varies and thus
suggest GB may offer superior reliability compared to MR method [119, 123]. The variability of

determining the bony landmarks may result in higher risk of femoral component malorientation [125].
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Dennis et al [126] compared the stability of 40 MR TKAs and 20 GB TKAs and found that the incidence
and magnitude of femoral condylar lift-off was much lower in GB than MR TKAs. Nevertheless, despite
of the bony landmarks variability, MR showed better joint line preservation by avoiding excessive

medial structures release [132].

On the other hand, a precise proximal tibial resection is critical when using a gap resection technique
[119]. The tibial cut is utilized to create the flexion space at 90°. Consequently, any varus or valgus
malalignment will result in increased internal rotation of the femoral component when the femoral
component is placed parallel to the resected proximal tibia [131]. Additionally, it is critical in GB to

accurately control the distraction forces while balancing in both extension and flexion.

Nagai et al [133] in their findings indicated that due to the lateral compartment stiffness being much
lower than the medial compartment, the lateral compartment gap tends to be larger than the medial
compartment gap as the joint gap distraction force increases. This suggests that if the surgeon only
applies a low joint distraction force, the varus ligament balance is low and therefore the rotation of
femoral posterior condyle resection is small. Another challenge in GB method is to achieve stability in
mid-flexion. A recent study demonstrated that a significant proportion (36%) of TKAs showed
midflexion laxity even when rectangular extension and 90° flexion gaps were achieved [134]. The
flexion and extension gaps can be measured with ruler, lamina spreaders or tensioner. In addition, it
is also critical to pay attention to patellofemoral joint while balancing the knee. Excessive femoral

component rotation may alter patellar tilt angles [135] and kinematics [123, 136].

Failure of TKA — what are the causes?

Assuming the initial arthroplasty surgery is successful, there are still many risks of failure post-
operatively. Interestingly in contemporary TKA, failure is no longer only categorized as the need for
revision, but also a measure of patient satisfaction. For example, a patient may have limited
functionality even though they do not require a revision surgery. This will be discussed further in the
next section. Table 1.4 represents the causes of failure of large TKA revision reported in literature

39



[137, 138] and joint registry report [1, 139] . Sharkey et al., differentiated between early and late
complications. Whereas infections are typical early complications, aseptic loosening and wear occur
generally late after TKA implantation. Note that these factors are not independent or exclusive (e.g.
wear-induced osteolysis may lead to loosening or increase the risk of direct mechanical failure of the
component). Some of these factors are unrelated to mechanical environment and others depend
strongly on joint mechanics (indicated in bold). In a recent follow up study by Sharkey et al., [140]
infection was still the most common reason for early revision but polyethylene wear was no longer

the primary reason for late revision. Aseptic loosening was the most common reason for late revision.

Table 1.4. Causes of TKA failure

causes of failure %P %°
% %° %

early late early | late
aseptic loosening 25 17 33 25.9 38.7 23 514
wear/osteolysis 15 11 44 3.7 9.6 5 10
instability 14 - - 7.3 17.6 10 10
infection 11 25 10 22.5 5.8 37.6 21.9
mechanical failure 7 - - 1.5 1.3 - -
periprosthetic fracture 4.5 2 3 2.8 4.0 8 8
pain 2 - - 8.6 16.9 - -
dislocation 2 - - - 4.2 - -
arthrofibrosis - 18 20 35 5.9 10
malalignment - 11 12 2.2 7.9 3 5
extensor mechanism
deficiency/patellar - 10 2 16 - 2 1
complications
avascular necrosis patella - 4 4 - - - -
Incorrect sizing - - - 1.2 - - -
other - - - 4.9 21.1 - -

2 Gioe et al [137]

b Sharkey et al - 2002 [138]

©2017 Australian Joint Registry [1]

42018 National Joint Registry for England, Wales, Northern Island and the Isle of
Man Joint Registry [139]

¢ Sharkey et al —2012 [140]
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Outcomes of TKA

TKA is considered as one of the most successful operations when measured against longevity, the
cumulative revision rate at 16 years is 8.0% or survivorship rate of 92.0% [1] (Figure 1.21). However,
implant survival as an outcome (i.e. implant not removed from the patient’s body) does not indicate
patient is satisfied with the results from the surgery, as a patient may still be in pain or suffer from
lack of function. This was highlighted in recent studies, where 15 to 20% of patient’s were dissatisfied
after surgery, including reports of persistent residual pain [141-147]. This discrepancy between
successful survival outcomes and patient dissatisfaction supports the principle that a single discrete
success/failure metric is not sufficient to define the outcome of TKA. At the core of the issue is a
definitional difference between what constitutes a successful surgery, and the failure to fully align

patient expectations with the reality of their likely surgical outcome.

In 2009, Bourne and colleagues carried out a study to determine the reasons of dissatisfaction after
TKA. They found that when patients were most dissatisfied when their expectations were not met one
year after surgery [143]. This notion is supported by the work of Mahomed et al., [148] who found
that patients expectations could be low (i.e., expected to have no pain after recovery from surgery)

and high (expected to have no functional limitations) [148].
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Image removed due to copyright restriction.

Figure 1.21. Cumulative percent revision of primary TKR [1].

PROMS as outcome measurement

Revision rate is a common outcome measure in TKA [149-152] and even considered to be the gold
standard for survival analyses of orthopaedic implants [153]. However, the reliability of using revision

rate as an outcome measure has been questioned [150, 153].

In addition to revision rate, patient-reported outcome measures (PROMs), are subjective scores used
as additional assessment to gauge the surgery’s success from patient’s perspective (clinical outcome)
[154-157]. Oxford Knee Score (OKS) [156, 158-163], Knee injury and Osteoarthritis Outcome Score
(KOOS) [158, 164-172], Western Ontario and McMaster Osteoarthritis index (WOMAC) [173, 174],
Knee Society Score (KSS) [158, 175-178] are few most common PROMs questionaries. As PROMS are

subjective scores, they tend to have high variability and may have low repeatability.

42



While there is a trend for PROMS to increase from pre-op to post-op, studies generally show that TKA
patients still experience some pain and/or loss of function post-operatively. For example, Bourne et
al [2] and others [141, 154, 179] have shown about 20% of patients are dissatisfied following TKA.
This suggests that pain and function, rather than revision rate results in a much a higher failure rate,
and probably provide a better outcome measure for success. There are also situations when revision
rates mask poor outcomes, such as in poor functional outcomes which do not warrant revision, but

may impede participation (i.e. restricted knee flexion range) [180].

Furthermore, pre-operative patient selection might mask the true effectiveness of the treatment. For
example, patients who have higher expectations (e.g. younger patients) tend to show greater
dissatisfaction [181-183]. One important conundrum of TKA outcomes is that patients with high pre-
operative functional status are associated with worse subjective scores following TKA [182] and at the
same time, patients with worse pre-operative functional status also exhibit the most dramatic
improvement following TKA [181, 182]. This apparent contradiction highlights the fact that not only
post-operative subjective scores values are important, but also the amount of improvement following
TKA, as suggested by Losina et al [184]. In other words, an objective outcome for TKA requires to
measure the improvement of pain and function considering the difference between a preoperative
baseline and post-operative outcome measurements. Regardless of the increasing number of studies
assessing outcomes of TKA [154, 185-191], a consensus has yet to be reached on whether to define
success based on the degree of improvement from pre-operative status (the journey), or based on the

level of pain or functional status achieved at a specific point in time (the destination) [184].

Nevertheless, the literature has consistently shown about 20% of TKA patients are dissatisfied. In 2017
itself, there were an additional 52,836 TKAs performed in Australia from the previous year. Therefore,
with the increasing number of TKA performed each year, it is critical to gain better understanding of
the different approaches towards the procedure, how they are or are not addressing individual patient

needs and engineer appropriate solutions to help towards improvement of patient’s quality of life.
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Component alignment as outcome measurement

Itis of general acceptance that TKA procedures aim to have an overall lower limb alighment in coronal
plane is 0° + 3° [10, 112, 160, 192], so that the limb is aligned with the mechanical axis, which is
believed to promote implant durability [193]. This target is described as mechanical alignment (MA).
Misaligned implants may lead to wear and/or loosening of one or both components, or patella
instability resulting in early failure and revision surgery [194-196]. Numerous studies have correlated
the survivorship and post-operative function improvement with coronal plane limb alignment [157,

170, 177, 197-201] but the relationship is not well understood.

Recently, the philosophy of kinematic alignment (KA) or natural alignment has emerged as an
alternative to restore normal knee motion and function [146, 175, 192, 196, 202]. Kinematic alignment
is considered as restoration approach which aimed to align the angle and level of the distal joint line
of the femoral component, posterior joint line of the femoral component, and joint line of the tibial
component to those of the normal knee [144, 192, 202, 203]. This approach will achieve different
component alignment for different patients, somewhat a step towards personalisation of component

alignment [203] .

The clinical outcomes of kinematic alignment are still unclear although few studies have reported
patients are doing well when short term functional outcomes (e.g. Oxford Knee Scores, WOMAC,
ROM, Knee Society Score, KOOS) were measured at one year [170] and 2 years and with some
studies showing improved outcomes using this approach compared with the traditional MA [204, 205].
Nevertheless, Despite the good intention of restoring the knee to the pre-disease state, there is on-
going debate whether restoration (KA) or reconstruction (MA) will yield a better patient functional
outcome [144, 196]. Concerns had been expressed in few studies that full restoration of the knee joint
may result in extreme component alignment and may lead to early implant failure due to imbalance
loading on the tibia insert compartments [202, 206-208]. However, studies have determined no

difference in the risk of early failure between MA and KA [175] stating that the concern that kinematic
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alignment compromises function and places the components at a high risk for catastrophic failure is
unfounded [202]. Figure 1.22 below illustrates component alignment difference between MA and KA

with respect to femur and tibia mechanical axis.

Other studies have recently looked at the restricted Kinematic Alignment (rkKA) [146, 192], a more
conservative approach. rKA is proposed when the native anatomy is considered to have an extreme
deformity to the point when kinematic alignment is applied, it would impact function recovery with
potential residual pain. This approach is a compromise between Mechanical and Kinematical
alignment where the suggested alignment of the components will be placed within a value between

the native anatomy and the mechanical alignment threshold.

Component alignment has been shown to impact postoperative PROMS. However, reported studies
have not yet shown a consensus on which alignment philosophies yield better clinical outcomes. This
would suggest that a single alignment philosophy may not be applicable as an optimal target for all

patients.

Relationships between component alignment and joint dynamics behaviour have been previously
shown to exist. Planckaert et al studied correlation of knee kinematics to dynamic behaviour of the
knee and pain after TKA. [200]. Their findings showed dynamic knee flexion contractures, increased Q
angle, patellar lateralization and internal rotation of the combined components, all of which are
characteristics that tend to increase patellofemoral forces and could be the cause of anterior knee
pain. Similarly, study by Barrack et al [209] indicated that patients with anterior knee pain had
significant internal rotation at the tibial component and in the combined component of approximately

6 degrees and 4.7 degrees respectively.
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Mechanical alignment Kinematic alignment

Figure 1.22. lllustration of mechanical and kinematic aligned components. Left is mechanical
alignment where the components are aligned to bone mechanical axis. Right is kinematic alignment

where components are aligned to bone’s joint line.

Other examples include studies from University of Denver [210-213]. They have been studying the
patellofemoral joint and the factors that affect its biomechanics. They investigated the resection
thickness of patella on kinematics and quadriceps efficiency [210] and found that at lower flexion
angles, there was a small increase in quadriceps force with thinner composite patellar thickness. In a
different study, Keshmiri and colleagues [214] found that femur and tibia sagittal alignments had a
significant influence on patellar kinematics but the rotational alignment did not have a significant

effect.

Above examples show that joint dynamics may be more relevant to clinical outcomes than component

placement alone. However, studies have not shown identifiable reproducible relationships with joint
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dynamics clinical outcomes, indicating that clinical outcome of TKA is a product of complex
interactions between surgical and patient factors. Surgical factors can be attributed to interactions

between the component design, component alignment, and patient specific anatomic characteristics.

Joint dynamics can be measured with different techniques. Gait labs and video fluoroscopy techniques
are a means of capturing patient’s movement functionally. However, facilities for these techniques
are not widely available, which may limit the scalability of its use in clinical setting. Mechanical
simulator is an alternate technique but is limited in its capture of patient specific factors. Furthermore,
mechanical simulator can only be done in cadaver specimen, which limits the applicability to study
individual patients. Validated computational modelling is a more scalable alternative technique and
allow to joint dynamics to be evaluated under various conditions and surgical factors. Computer
simulations have been used to optimize implant designs [215, 216] and are increasingly used to study

dynamic relationships [217, 218].

Computational Modelling

Computational models are used to describe, explain and predict real world events, such as weather,
economy, social interactions, demographics, drug effects, and anatomical and physiological
mechanisms in animals and humans. The complexity of the model will depend on the question
researchers and scientists are attempting to answer, the assumptions made and the population under
study. Simple models can be scalable and extrapolated to a wide population from few real data
measurements and general parameters; more complex models the introduction of more parameters
and more measurements as different sections of the population will present a considerable variation

in parameters.

Computational modelling in biomechanics context can be categorised into two main groups based on
the level of complexity, Rigid Body Modelling (RBM) and Finite Element Modelling (FEM). RBM

simplifies the analysis with the assumption that the body segments under analysis are rigid, they do
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not deform under the action of applied forces. These models are used to study the dynamics of human
motion by calculating the displacements of each body segment with respect of each other and the
overall motion on a global reference system. Unlike RBM, FEM allows for structures to be modelled as
deformable bodies, by applying fundamental physical equations discretised across small spatial and/or
temporal intervals. As these intervals become smaller, the approximation becomes better up to a
certain limit, but computational effort also increases as the number of separate discretised equations
increases. FEM models are often static or quasi-static due to the high computational effort. In other
words, RBM is mainly used to study for overall kinematics ad kinetic analyses, whereas FEM is used
for studies aimed to determine analysis of contact forces, stresses and deformation between

segments.

Computational models of human motion can be separated further into two categories: inverse
dynamics and forward dynamics. Both of these methods are currently used by those who simulate
human motion [219], and both are able to provide estimations of muscle forces that are otherwise
impossible to measure. The critical differences between these two models outlined in the following

sections.

Inverse and forward dynamics

Inverse dynamic modelling is a computationally inexpensive technique, and can provide researchers
with accurate and meaningful data, such as muscle forces and joint moments. When using inverse
dynamics, the position, velocity, and acceleration of a segment are used to estimate muscle forces
(Figure 1.23). These calculations rely on the measurement of segmental kinematics and kinetics
calculated using 3D motion capture systems and force plates within an instrumented gait analysis
laboratory. The inverse dynamics method requires calculation of moments about each joint from
measured kinematics and ground reaction forces and muscle forces are estimated by solving a static

optimization problem at each instant during the movement.
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Figure 1.23. A block diagram of the inverse dynamics technique [220]. External forces, position, velocity
and acceleration of a segment are used as inputs to solve for internal joint forces. Then the individual
muscle and ligament forces are optimized based on the calculated internal joint forces.

On the other hand, forward dynamic modelling is more computationally expensive, as simulations are
created by the numerical integration of differential equations describing the motion of body segments
(Figure 1.24). Unlike inverse dynamics, which determines muscle forces from measured motions and
external forces, forward simulations rely upon muscle forces as input to produce motions. Model
parameters, such as muscular, ligamentous force, initial joint angels and velocity can be optimized at

each time step in an effort to replicate the experimental kinematics as closely as possible.

!
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Figure 1.24. A block diagram of the forward dynamics technique [220]. Internal forces and external
forces are used as inputs to produce motions of the model. Forward dynamics modelling is more
computational expensive than inverse dynamics as the model needs to integrate numerous of
differential equations to produce motions.

The application of computational models to knee joint

Computational models for the analysis of human movement have focused on analysing the knee
complex, which is comprised of two joints, namely tibiofemoral and patellofemoral. The aim of these

models has been to understand native movement, common injuries, the development and treatment
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of osteoarthritis (OA) [216, 221-225]. These methods have been used to analyse contact behaviours,
biomechanical properties of articular cartilage [226-228], ligament reconstruction [222, 229],

meniscectomy [230, 231], and knee replacement [217, 218, 224, 232-236].

One of the earliest works in computational modelling of the knee was carried out by Blankevoort and
colleagues in the early 1990s [237]. In this work, they analysed the kinematics of the knee joint during
passive motion using a 3D mathematical model with ligament insertions and geometrical data
obtained from experimental study. Their study is the first to compare the effect of rigid contact and
deformable contact. They showed there was small difference between rigid and deformable contact
kinematics for passive motion. In their model, ligaments were described with two or more spring
elements representing ligament fiber bundles, which were assumed to be non-linear and the
mechanical characteristics of the ligaments were derived from previous mechanical testing [238]. Also
in 1990s, Abdel-Rahman et al [68] developed a 3D model to study the dynamic response of the knee
joint. Their work focused on mathematical equations contact formulation. Similar to Blankevoort
studies, they used 1D nonlinear spring elements to represent knee ligaments. There were other groups
developed computational model to study the passive kinematics in 2D [239, 240]. During this period,
most studies focused on algebraic equations describing the 3D dynamic behaviour of the joint [241]
and as such no computational model that includes both tibio-femoral and patello-femoral joints has

yet been developed [241].

In early 2000, Guess et al [242] developed a 3D computational model incorporating both tibio-femoral
and patello-femoral joint to replicate the behaviour of a dynamic knee simulator. Their model was
developed with a multibody dynamics solution software created by ADAMS (MSC Software
Corporation; Santa Ana, CA). In this study, joint contact is modelled as a non-linear spring damper
system. The goal was to develop and verify a 3D model of a knee simulator so that knee loads, and
kinematics could be used as input to generate muscular force profiles for an identical experimental

knee simulator.
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A simplified rigid body model called KneeSim was created by LifeModeler, Inc, San Clemente,
California in 2000s. This model also uses ADAMS as the underlying mathematical solver. The model
consists of tibio-femoral and patella-femoral joints. The model replicates a deep knee bend simulator,
Oxford Knee Rig [243]. The soft tissue were modelled as non-linear springs, subject specific [244] or
scaled attachment sites [245, 246] can be used. This model has been used in literature by different
research groups to analyse post-operative TKA kinematics or as pre-clinical tool to assess different
implant system performance. Mihalko [247] studied how the kinematics vary with different
combinations implant positioning in the transverse plane of both the femoral and tibial components.
Mizu-uchi et al [244] compared the post-operative flexion range of TKA with clinical measurement and
the simulation predict the flexion angles to be within 2°. Okamoto et al [248] studied the effect of tibia
posterior slope on PS insert using the same model and Nakamura et al [249] investigated the effect of

superior-inferior position of the patella component to anterior knee pain reported by patient.

Further historical use of computational model was discussed by Rullkoetter et al [216] and Walker et
al [215]. They described how computational models had been used in pre-clinical environment as tool
to study implant design features. They explained how this approach can be used to minimize the
development cycle by reducing the time and expenditure in testing physical prototypes and allowing
for the evaluation of multiple design concepts, thereby improving the clinical performance of implants
[216]. In their publication, Rullkoetter exemplifies the use of computational models to improve the
stability and mobility of knee implants by considering laxity assessment, compressive loads and muscle

force requirements.

Soft tissue representation, particularly ligament in knee computational model is important. They have
a large effect on knee joint kinematics and biomechanics. Galbusera et al [67] showed the wide range
of element types and material models used in computer models. Similarly, in Beidokhti et al [66]
investigated the effect of ligament modelling strategy on the predictive capability of computer models

of the human knee joint. They reported that although 3D representation of ligament structures
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resulted in a more accurate outcome variable comparison, however ligament represented with spring

models provides a faster option with acceptable outcome when joint kinematics is the main interest.

Baldwin et al [217] developed and verified a knee model based on experiment data from Kansas Knee
Simulator (KKS). In the study, each of the cadaver specimen was subjected to laxity-test and dynamic
activities. Experimental laxity-test data were used to optimize the mechanical properties of
tibiofemoral ligament structures on a specimen-specific basis. Each specimen is then subsequently
analysed in a computational model that represent KKS dynamic activities. They reported they were
able to achieve good agreement in trends and magnitudes between model predictions and
experimental kinematics. Other researchers followed a similar approach to develop complex models
to estimate patient specific soft tissue properties using data from testing laxity experimentally [250-
253]. Although these models were able to derive subject specific ligament parameters, they required
many hours of computational time to produce results, and hence limit the practicality to be used in

clinical setting.

In contrast to using experimental data, some models rely on scaled parameters based on generic
anatomy [254, 255], generic assumptions of soft and bony tissue morphological and physiological
characteristics [245, 256, 257], or focused on isolated tibiofemoral joint [258-260]. Simplifications
made in these models reduces computing power and can still show relevance in simulation outputs,
particularly joint kinematics, as reported by [66]. An example of the use of a simplified model reported
in literature. Ishikawa et al assessed patellofemoral and tibiofemoral kinematics behaviour of a
mechanically and a kinematically aligned implants using rigid body modelling. Further, they studied
the patellofemoral and tibiofemoral contact stresses using finite element analysis. Their model
included assumptions on the characteristics of tibiofemoral and patellofemoral contact; tissue
characteristics of LCL, MCL, PCL; elements of the knee capsule; and anatomical and physiological
characteristics of the quadriceps muscle and tendon, patellar tendon, and hamstring muscles. In this

approach, the LCL was modelled as a single fiber bundle; and the MCL as anterior and posterior
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bundles; ligaments were modelled as nonlinear springs; and the PCL was defined as being composed
of two bundles. Regardless of the assumed parameters, they were able to demonstrated that although
kinematically aligned implants produced near normal knee motion, it increases contact stress after

TKA when compared to mechanically alignhed components [261].

Since the initial development phase in 1990s, there has been considerable improvement in the
complexity, accuracy and functionality of the models. Geometries and mesh used in model have
moved from idealised 2D to scaled anatomical based model and subject specific 3D model. The use of
computational models has expanded from passive motions to dynamic motions. Efforts have been
made to optimize subject specific ligament properties using experimental method. However, many of
the developed computational model have not been validated. Furthermore, computational model
used regularly as part of pre-operative surgical planning has yet been developed. The closest rigid
body model that have been used by few researchers group is KneeSim developed by Lifemodeller.
Even though subject specific geometry can be used, its application in pre-operative setting is not
optimised. Outcome of TKA depends on both surgical and patient factors which can be studied using
computational model. Therefore, there is a need to develop a validated low-cost computational model

that is practical to be used regularly for TKA surgical planning.

Summary

Total knee replacement is a solution to end-stage osteoarthritis. Although TKA shows good
survivorship, patient dissatisfaction is one of the major current concerns post-surgery. Improving
patient quality of life is of paramount importance. Joint dynamics have shown to have relationship to
clinical outcomes which affects patient satisfaction. Joint dynamics is a product of complex
interactions between surgical and patient factors. Computational modelling is a scalable technique
compared to other functional techniques and allow the study of both surgical and patient factors

impact on joint dynamics following TKA. The computational model developed however need able to
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be used practically in clinical setting, in other words low cost computational model in order to realise

the use of such tool to optimise joint dynamics as part of TKA surgical planning.

Computational models can be highly complex depending on the research or clinical application for
which they are developed. For instance, patient specific models tend to be highly complex and require
measurements that would include, 3D motion analysis (kinematics and kinetics), electromyography.
Nevertheless, acquiring such amount of information is time consuming, impractical and expensive as
it would require several patient appointments, the use of extremely specialized equipment and the

contribution of a multidisciplinary team for capturing, processing and interpreting all data.

On the other hand, a simple, generic model, scalable using crude anthropometric measurements and
generalized anatomic relationships resulting in poor representation of an individual patient limiting
the clinical significance of the model. Thus, a trade-off between complexity and clinical applicability
must be sought. A model that is too complex require more specific inputs and longer time to simulate
which in return require more data that potentially need to be collected clinically. On the other hand,
model that is too simple, accuracy on clinical relevance will be reduced. The relationship between
complexity and practicability of a computational model is represented graphically on Figure 1.25.
Ideally, for clinical applications, a computational model is on the top right quadrant. However, with

increasing complexity, computational and economical cost will increase.

Thus, a balance needs to be found in between the right quadrants. Another important aspect is the
applicability of the developed computational model. All models have inherent inaccuracy within them,
even with the most complex model. But a model would still be useful if it provides information that

otherwise clinician won’t have and can be related to clinical observations.
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"Variability in static alignment and kinematics for kinematically aligned TKA," (in eng), Knee, vol. 24,
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This chapter presents the development of a simplified computational model of the knee replicating a
mechanical simulator and its ability to differentiate simulated kinematics between mechanically and

kinematically aligned components.
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Introduction

Total knee arthroplasty (TKA) is an established procedure for improving pain and restoring a significant
degree of function, especially for low-demand activities of daily living. However, an understanding of
optimal alignment and patient specific kinematics are needed to restore knee motion closer to normal,
allowing performance of physically demanding activities that more active patients consider important

[262-264].

The philosophy of mechanical alignment of the implant after TKA has traditionally been done to
preserve longevity of the implant and enhance post-operative knee function [177, 265, 266]. However,
studies have shown that although a mechanically aligned TKA improves the patient’s function, 20% to
25% of patients remain dissatisfied [2, 142]. In addition, recent data has challenged the importance of
post-operative mechanical alignment in TKA. Paratte et al [267] in a study reviewing 398 TKAs,
demonstrated no improvement in the fifteen year implant survival rate in patients within and outside

of a post-operative mechanical alignment 0° + 3°.

Recently, kinematic alignment has been proposed by Howell et al [263, 268, 269] as an alternative to
restore normal knee motion and function. Kinematic alighnment references the femoral transcylindrical
axis, believed to be the flexion extension axis of the knee. The aim is to align the angle and level of the
distal joint line of the femoral component, posterior joint line of the femoral component, and joint

line of the tibial component to those of the normal knee [269].

Kinematically aligned TKA has been performed since 2006 however unanswered issues continue
regarding patient outcomes, survivorship, surgical technique and use of specialised surgical guides
[202, 205, 270, 271]. One factor could be that there is no literature reported on long term clinical
outcome of kinematically aligned TKA yet. So far, studies up to 4 years are available and they reported
similar findings. A randomized controlled study demonstrated kinematically alighed TKA resulted in

better pain relief, post-operative function and range of motion than mechanically aligned TKA in 88
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patients (88 knees) after 2 years [205]. Other studies emphasized higher function as assessed using
the Oxford Knee Score and WOMAC™ score on 198 patients (214 knees) after 4 years [202]; on 101
patients (101 knees) with kinematic alignment after 6 months [271]. However, one small series
emphasized the potential for malalignment using the OtisKnee system, which places implants at

higher risk of early failure [270].

The optimal targets for alignment in TKA remain unclear, and indeed a single philosophy may not be
applicable to an optimal outcome in all patients. Computer simulations are powerful tools that can
provide insight into how different alignments influence post-operative outcomes for TKA patients. It
allows control of component alignment for the same subject in ways not possible with in-vivo studies.
With imaging data, computer simulations are also able to include patient variations into the analysis
[245, 247, 257, 272]. Previous studies with computational models have shown comparable kinematic

and forces to those measured experimentally or with in-vivo fluoroscopy [217, 273-275].

Ishikawa et al [261] were able to analyse kinematic alignment for TKA using a computational knee
simulation. Their study suggests kinematically aligned TKA produces near-normal knee kinematics and
may provide better clinical results than mechanically alighed TKA. However, only a single model was
used in the study and the kinematic alignment for that single model was defined with the clinical

average and therefore its conclusions were limited.

The aim of our study was to compare the alignment and motion of kinematically and mechanically
aligned TKAs with a computational knee simulation using pre-operative CT scans from a series of 20
patients undergoing TKA. Validated computer simulation of both kinematic and mechanical alignment
was performed for each subject. Measures of tibio-femoral translation, tibio-femoral rotation, patellar

tilt and patellar shift were taken and compared between kinematic and mechanically aligned knees.

Materials and Methods
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Simulation Set-up

A validated musculoskeletal computational simulation was used to evaluate the kinematic behaviour
of kinematically and mechanically aligned TKA in a series of 20 subjects selected from ‘The Joint
Dynamics Registry’ which includes pre-operative CT scans of TKA patients (Bellberry Human Research
Ethics Committee, approval number 2012-03-710). The simulation was developed using ADAMS MSC,
California, a dynamic, quadriceps-driven, closed-kinetic-chain knee simulator based on the Oxford
Knee Rig (OKR) [276]. Experimental validation results of the simulation model are provided in

Appendix A - First Computational Model Experimental Validation.

Each model was assembled from CT scan segmentations of patient geometry using ScanlP
segmentation software (Simpleware, Exeter, UK). CT scans were taken from degenerative joint
diseased knees at a maximum of 6 weeks before scheduled TKA surgery. The population group had a
mean age of 69.8 + 7.3 years. Five of the patients were male and 15 were female. Of the simulated
knees, 8 were left knees and 12 were right. CT scans were taken at 1.25mm slice thickness, with the

other axial thicknesses varying but all less than 1.25mm.

Landmarks were defined in order to assemble a patient specific model of relevant axes, ligament and
tendon attachment sites associated with the reconstructed 3D patient geometry as shown in Figure

2.1

PCLinsertion

Medial epicondyle * Medial insertior

» LCL insertion
Lateral epicondyle Medial sulcus
PCL origin

Figure 2.1. Schematic of landmarks and attachment points. Line connecting lateral epicondyle and

medial sulcus define the surgical transepicondylar (TEA) axis of the femur. Line connecting PCL
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insertion and tubercle define the tibia anterior-posterior (AP) axis which then projected onto a plane

perpendicular to the mechanical axis to be used as AP rotational axis as defined by Insall [277].

The model includes the lateral collateral ligament (LCL), medial collateral ligament (MCL), posterior
cruciate ligament (PCL), patella tendon, quadriceps tendon and posterior knee capsule. The LCL was
considered to be a single fibre bundle and the MCL was considered to consist of anterior and posterior
bundles. Likewise the PCL was modelled as an anterior and posterior bundle and was differentiated

into anterior and posterior bundles by translation determined from experimental validation.

The femoral attachment points for the LCL and MCL were defined as the epicondylar prominences.
The fibular LCL attachment was defined as attaching to the lateral-proximal centre of the fibular head.
The tibial attachment points of the MCL bundles were modelled as attaching at the superior-inferior
level of the peak medial prominence of the medial edge of the tibia distal to the plateau, with anterior-
posterior position at the peak medial projection. The PCL’s attachment on the femur was modelled as
residing midway distally down the posterior intercondylar fossa when viewed from a posterior
perspective, with the centre of attachment of the band placed one third of the width of the
intercondylar fossa from the lateral edge of the medial condyle. Its tibial attachment was defined as

the centre of the posterior intercondylar fossa.

The mechanical axis of the femur was defined as the line between the centre of the intercondylar
notch to the centre of the femoral head, while the tibial mechanical axis was defined as the midpoint
of the medial and lateral malleoli at the ankle to the midpoint of a line joining PCL insertion point and
medial third of the tibial tubercle. The PCL insertion point and medial third of the tibial tubercle were
then projected onto a plane perpendicular to the mechanical axis in order to define the tibial anterior-
posterior (AP) rotational axis, as defined by Insall [277]. The surgical transepicondylar axis (the neutral
femoral rotational axis) was defined by the lateral epicondylar point and the sulcus of the medial

epicondyle.
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Ligaments were modelled as point to point non-linear springs, shown in Equation 2.1 [257].

1, g2 -
4 £p

f=kie—g), &>2¢
f=0, g<(

Equation 2.1 Axial force sustain by ligament

Where f is the axial force sustained by the ligament, k is a stiffness parameter, € is the strain and 2¢gis
the threshold strain which indicates the change from the toe to the linear regions. The threshold strain
used is adapted from literature [68]. The stiffness coefficients of the PCL, LCL and MCL were initially
adapted from previous studies [68, 237, 257, 278]. Ligament stiffness’s were then adjusted based on
experimental validation performed with a cadaver study. Initial pre-strain in each ligament in
extension was assumed to match values reported previously in literature [68]. The patellatendon and
quadriceps tendon were modelled as wrap-able segmented links with femoral component contact to

allow for wrapping about the anterior femoral component in flexion.

The Simulation

The simulation model simulated a closed-kinetic-chain knee extension based on the OKR. All
components were modelled as rigid bodies with kinematic and compliant constraints, using a penalty-
based contact between components. The model initialised in extension and then the ankle joint was
held rigid, which had three degrees of rotational freedom but was constrained in translation. The hip
joint was positioned above the ankle joint and was allowed freedom in flexion-extension and varus-

valgus, with the vertical motion guided by the axis drawn from the ankle-joint to the hip joint.

In the flexion cycle of the simulation, a negligible force was applied through the extensor mechanism
to model soft tissue tension. Following the flexion cycle, the extensor mechanism was activated, using

a force applied through the quadriceps tendon to drive the knee back into extension. A PID
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(proportional-integral-derivative) controller was used to generate the reactive quadriceps force
required to achieve extension [217, 279, 280], as seen in Figure 2.2. The simulation runs through the
flexion and extension cycle over a 10 second period, simulated using a dynamic multibody solver. The
hamstring force in the computational model is driven by the flexion angle and the constant vertical
force applied onto the knee during the deep knee bend activity. This is the same as the OKR boundary

condition where the hamstring is not actively loaded but driven based on the position of the leg.
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Figure 2.2. Quadriceps force throughout flexion for mechanical and kinematic alignment

Mechanical and Kinematic Component Placement

A fixed bearing, cruciate-retaining, symmetrical femoral and tibial condyle multi-radius implant design
(Apex CR; OMNIlife science, East Taunton, MA, USA) was used to model both kinematic and

mechanical TKAs for each of the 20 patients.
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Figure 2.3. Simulation showing boundary conditions and ligaments present in the computational model
(LCL, anterior MICL, posterior MICL, anterior PCL, posterior PCL). Ligaments were modelled as non-linear

springs. Ligament forces were illustrated with the red lines.

The mechanically aligned femoral components were aligned in the coronal plane perpendicular to the
mechanical axis of the femur and rotated to be parallel with the projection of the surgical
transepicondylar axis. Translationally, the femoral components were placed such that the most distal
condyle of the native femur was level with the most distal point on the condyle of the implant, and

likewise for posterior placement [281].

Femoral component flexion and size were then set by incrementally flexing the component until the
anterior flange was flush to the anterior surface of the femur. A maximum of 5° flexion was used as
an upper limit before an upsized component was selected. Medial-lateral positioning was performed

to result in equal amount of exposed bone on the medial and lateral sides.

The tibial component was placed perpendicular to the mechanical axis for all 20 mechanically aligned

simulations and rotated to match tibial AP rotational axis defined above. The component was placed
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proximally to match the resection level of the thinnest tibia insert and had its medial-lateral and
antero-posterior position chosen to maximize coverage subject to those orientations. Posterior slope

for all tibial components was set at 3° from a line perpendicular to tibia mechanical axis.

Coronal view Sagittal view Axial view

(a) (b) (c)

Mechanical

Kinematic

Figure 2.4. Mechanically aligned femoral component (a), (b) and (c); kinematically aligned femoral

component (d), (e) and (f) in coronal, sagittal and axial views.

For the kinematically aligned knees, the femoral component was positioned such that the distal and
posterior condyles of the femoral component match the joint line of the native femur. The component
was then flexed and upsized as needed to avoid femoral component notching. For the tibial
component, rotation was defined by a best fit ellipse drawn on the lateral plateau of the tibia in order
to replicate the intra-operative technique described by Howell et al [269]. Posterior slope of the tibial
component was set at 3° less than the posterior slope of the native medial condyle. Coronal plane

alignment was set level to tibia joint line and proximalised to match the resection level of the thinnest
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tibia insert. Medial lateral and antero-posterior placement of the component was performed to

optimize coverage. No medial tibial bone wear was encountered for patient’s included in this study.

For both the kinematic and mechanically aligned knees, patella implantation was modelled as an onlay
patella matching the resected surface at its posterior apex with an 8mm thickness patella button. The
largest patella button that could fit on the resected surface without overhang was implanted and
centred on the resected plane. The resection plane was drawn parallel to the patella tendon-
quadriceps tendon attachment point axis and the femoral transepicondylar axis projected from the

CT scan. Components position of each subject was checked by experienced surgeons (JR, SH).

Coronal view Sagittal view Axial view

(a) (b) ()

Mechanical

Kinematic

Figure 2.5. Mechanically aligned tibia component (a), (b) and (c); kinematically aligned tibia
component (d), (e) and (f) in coronal, sagittal and axial views. Tibia height was positioned to the tibia
center for visualisation purpose only. In computational model, the tibia height was positioned to fit

10mm poly thickness.
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AP neutral

Figure 2.6. Ellipse used to define kinematic rotation angle and its angle relative to tibial AP rotational

axis

Data Analysis

Kinematics was assessed using an implant to implant reference frame for both mechanical and
kinematic alignment simulations and were based on the Grood-Suntay measurement system [27].
Reporting kinematics to bone based reference frames was trialled however the native mechanical axes
results were dominated primarily by the static effects of component placement relative to the bone.

Static placement of the implants in kinematic alignment was done independently.

Component placement for the kinematically aligned knees relative to the mechanical axes was then
assessed. The simulated closed-kinetic-chain knee extension was performed, and measurements of
position were extracted. The medial and lateral flexion facet centre (FFC) condyles were identified as
the point equidistant from the most distal and posterior planes of the implant, as the multi radius
implant design did not have a single flexion centre. These points were used as the reference points for
measuring the movement of the femoral component relative to the tibia throughout the motion. The
medial and lateral FFC measurements were taken from these reference points to the lowest dwell
point on the tibial insert. Measurements were rescaled about the femoral AP measurement to

account for implant size geometry.
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Rollback was measured from the centre of these two FFC points to the tibial dwell point posterior
translation of the transepicondylar line, hence is the average of the medial and lateral FFC translation
measurements. The internal-external rotation measurement was the angle between the femoral and
tibial components projected onto the tibial component plane. Patella lateral shift was defined as the
translation from the centre of the patella button relative to the centre of the tibial insert, with positive
in the lateral direction and negative in the medial direction. Patella external tilt was defined as
external rotation of the patella relative to the transepicondylar axis of the femur projected onto the

tibial plane.

Results

Simulation Component Alignment for Kinematically Aligned Knees

Native coronal alignment (hip-knee-ankle angle) for all knees as measured from CT scan had a mean

of 3.1° £ 5.7° varus (range 8.7° valgus to 11.8° varus).

For mechanically aligned knees the femoral and tibial components were 0° to the mechanical axis. For
kinematically aligned knees the mean tibial component coronal and axial alignment was 3.0° £ 2.4°
(range -1.8° to 7.2°) varus to the mechanical axis and 7.2° + 6.6° (range -9.4° to 15.4°) internal to tibial
AP rotational axis respectively for kinematically aligned knees. Both component alignment parameter
means were significantly different from mechanically aligned knees (0° varus and 0° rotation) (p <
0.05). Tibial slope in the kinematically aligned knees had a mean value of 4.6° + 2.8° (range 0° to 11.2°).
Kinematically aligned tibial slope mean was also statistically different to the mechanically aligned tibia

slope (3° slope) (p < 0.05).

The mean femoral component coronal and axial alignment for kinematically aligned knees was 3.0° £
2.3° (range -0.8° to 7.2°) valgus to the mechanical axis and 2.5° + 1.6° (range -0.2° to 5.4°) internal to
the surgical transepicondylar axis respectively. As with the tibial component placement, both

component alignment parameter means were significantly different from mechanically aligned knees
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(p < 0.05). Femoral flexion in the kinematically aligned knees had a mean value of 2.4° + 1.7° (range 0°
to 5°, as per the planning process). Femoral flexion mean in the mechanically alighed dataset had a
mean value of 3.3 + 1.7° (range 0° to 5°) and was not statistically different to that of the kinematically

aligned cases.

Figure 2.7 shows tibial and femoral component alignments for kinematically aligned knees. The
horizontal and vertical lines represent 0° coronal and 0° axial alignment respectively. The cross section

between the two lines is the mechanical alighment.
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Figure 2.7. Coronal and axial component alignment for kinematically aligned knees. Left figure shows
the tibia component alignment. Right figure shows the femur component alignment. The cross section

of the 0° horizontal and vertical axis represents mechanical alignment.

Figure 2.8 shows kinematic femoral and tibial component coronal alignment shaded by the native
coronal alignment angle. The reference lines represent a 3° varus (blue), neutral (black) and 3° valgus
(red) as the final coronal alignment. There was variation in the level of joint line obliquity with a given

tibio-femoral coronal alignment. However, a trend between the native and kinematic tibio-femoral
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final alignment is present. Linear regression of final alignment as a function of native alignment yields

an R% of 0.75.

Kinematic Component Placement
& Native Coronal Alignment

Native
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Varus Angle

Tibial Component Varus
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Figure 2.8. Kinematic alignment for femoral and tibial component valgus and varus angle shaded by
the native coronal varus angle. The reference lines represent a 3° varus (blue), neutral (black) and 3°
valgus (red) as the final coronal alignment. Mechanical alignment for femoral and tibial component is

at zero (black square).

Simulated Tibio-Femoral Kinematics

Tibio-femoral kinematic results are shown in Figure 2.9. Statistically significant differences for paired

t-tests at every time parameter were found (p < 0.05), with the exception of femoral AP translation
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from 30° of flexion and lower. The difference between the mean results for medial FFC AP translation
for the kinematic and mechanical simulations starts at 0.4 + 0.9mm at 5° flexion, increasing steadily
to 1.7 £ 1.4mm in deep flexion, kinematically aligned being anterior to mechanical. The lateral femoral
FFC mean AP translation difference is 0.4 + 0.6mm at 5°, increasing to 2.9 + 1.9mm in deep flexion
with mechanically aligned anterior. The change in medial and lateral femoral FFC throughout flexion
also implicitly describes the tibio-femoral internal-external rotation; Kinematically aligned knees’
lateral femoral FFC translates more posteriorly and medial femoral FFC translates more anteriorly than
that of mechanically aligned knees’, as flexion increases. Thus there is more external rotation of
kinematically aligned knees. Also, there is relatively little difference in rollback behaviour, starting

with no difference peaking at 0.8 + 0.9mm at 96°, kinematically aligned posterior to mechanical.
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Tibio-Femoral Kinematic Results
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Figure 2.9. Tibio-femoral kinematic results for knee flexion. Red lines are kinematic alignment and blue
lines are mechanical alignment. Solid lines are averages of each alignment. (a) and (b) medial and
lateral flexion facet centre (FFC) antero-posterior drift from the lowest point of the tibial insert. Positive
values indicate anterior translation. (c) Femoral-Tibial internal external rotation. Positive values

indicate external rotation. (d) Femoral AP translation relative to the lowest point of the tibia insert.

Simulated Patello-Femoral Kinematics

The patello-femoral kinematic results are shown in Figure 2.10. Patella lateral shift exhibited

statistically different parameter values for measurements of flexion between 10 and 40° and at angles
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greater than 80°. Patella lateral shift for both alignment paradigms displayed a tendency towards

medialising throughout the flexion cycle, though trend lines are different.

After starting in a common position, the kinematically aligned patellae tended towards shifting
medially, peaking at 15° flexion where they were placed 1.8 £ 1.2mm more medial. The kinematically
aligned patellae then tracked without further medial lateral shift while the mechanically aligned
continue to drift medially, finishing in deep flexion 2.2 £+ 1.6mm medial. Mean differences in patella
lateral tilt under kinematic and mechanical alignment are significant up to 30° of flexion (p=0.05).
Kinematic alignment begins the simulation at 2.7° £ 2.1° more internal tilt relative to the mechanically
aligned at 5° flexion, with the kinematically aligned knees tilting internally by a mean 3.5° while the
mechanically aligned knees are 0.8°. The means converge until about 60°, where they effectively show

identical movement into 5° external tilt at 140° flexion.

Intra-patient differences for patella tracking are high, however, with the difference in tilt for a given
patient with either alignment approach ranging from 6° more externally titled to 6.5° more internally

tilted.

Patella-Femoral Kinematic Results
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Figure 2.10. Patello-femoral kinematic results for patella external tilt (left) and patella lateral shift
(right) for knee flexion. Red fine lines are kinematic alignment and blue fine lines are mechanical
alignment. Solid lines are averages of each alignment.
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Discussion

Recent data has challenged the importance of traditional mechanical alighment philosophy [267].
Recently, Bellemans et al [10] have introduced the concept of “constitutional varus”, which

|”

hypothesizes that correction to a neutral mechanical alighnment may not be “normal” for a significant
proportion of the population. Their study showed 32% of asymptomatic men and 17% of

asymptomatic women possess a natural mechanical alignment of 3° varus or more.

In conjunction with this principle, several surgeons have supported the restoration of kinematic,
rather than mechanical, alignment in TKA [202, 205, 269] and Ji et al [282] reported that native and
‘healthy’ joint line were one and the same for Kinematically aligned knees. However, kinematically
aligned knees shows lack of consistency regarding patient outcomes, survivorship, and surgical
technique [170, 196, 202, 205, 269, 270]. Therefore, it remains unclear what are the optimal

alignment targets for TKA despite of the emphasis on alignment philosophies for TKA.

Recently, Ishikawa et al [261] used computational model to analyse the kinematics of kinematically
aligned knees. Their study suggests kinematically aligned knees produces near-normal knee
kinematics. However, only a single model was used in the analysis and therefore the kinematics

outcomes reported were limited.

In this study, pre-operative non-weight bearing CT scans of diseased joints in 20 patients were used
to compare kinematic and mechanical alignment in a validated computational simulation. From
patient CT scans, native coronal alignment was determined, and kinematic and mechanical alignment
were planned (Figure 2.8). Ishikawa et al [261] used a clinically derived average kinematic alignment
at 3° tibial component varus and 3° femoral component valgus which is equivalent to coordinates (3,3)
on Figure 2.8. Our average alignment values were similar to reported alignment in clinical kinematic
alignment studies [261, 282]. However instead of using an average kinematic alignment, our study

accounts for significant variation of patient pre-operative anatomy.
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Results for kinematic alignment (Figure 2.8) showed there was variation in the level of joint line
obliquity with a set tibio-femoral coronal alignment. However, a trend between the native and
kinematic tibio-femoral final alignment was observed. Any variation observed most likely occurred
due to a condition of the pre-operative diseased joint and the wide range of adjustments necessary
to attain kinematic alignment. When kinematically aligned, femoral components on average resulted
in more valgus alignment to the mechanical axis and internally rotated to surgical transepicondylar
axis whereas tibia component on average resulted in more varus alignment to the mechanical axis and

internally rotated to the tibial AP rotational axis. This is consistent with other reports [205, 269].

In regards to tibio-femoral kinematics, both kinematic and mechanical alighment resulted in a broad
trend towards anterior translation of the femoral component up to 30° flexion, followed by posterior
translation as flexion increases (Figure 2.9). The kinematically aligned knees experience external
rotation of the femoral component on the tibial component during flexion, with the angle increasing
steadily from 1.2° £ 1.5° at 5° flexion to 5.9°t 3.3° at 140° flexion. This internal rotation of the femur
relative to the tibia as the knee reaches full extension is comparable to screw home mechanism

observed in native knee motion [15]. This effect is less so for mechanically aligned knees.

In regard to patello-femoral kinematics, for both kinematic and mechanical alignment there was high
intra-patient differences for patella tracking (Figure 2.10). However, the difference in tilt for a given
patient with either mechanical or kinematic alignment ranged from 6 degrees more externally titled
to 6.5 degrees more internally tilted. There was less medial movement of the patella in deep flexion
in kinematic aligned than mechanically aligned knees, though it arrived as its medial-lateral position
earlier in the flexion. Differences in component alignment and potential impact on Q angle could

explain some of the variation seen in patella-femoral kinematics for kinematically aligned knees.

Results for tibio-femoral kinematics for flexion and rotation as well as patello-femoral kinematics for
tilt and shift were similar to that of previous computational biomechanical studies [217, 245, 261, 274,

275]. Variations existed primarily due to patient CT input, on which knee joint testing rig was
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simulated, e.g. Oxford Knee Rig or Kansas Knee Simulator, or if the implant was cruciate retaining (CR)

or substituting (PS), or the alighment strategy simulated.

Our results for tibio-femoral kinematics for flexion and rotation using both mechanical and kinematic
alignment closely match results reported by Ishikawa et al [261]. All models exhibited anterior
translation of the femoral component relative to the tibia during the early flexion phase and then
posterior translation as flexion increased. The anterior translation from 0° to 30° of flexion was similar

bilaterally in all models.

Patella lateral shift kinematics also replicated a similar pattern of mechanical alignment to that
reported by Ishikawa et al [261]. However, patella lateral shift kinematics for kinematic alignment as
well as patellar external tilt for both alignments varied markedly between our results and those
reported by Ishikawa [261]. In the study reported by Ishikawa et al [261], in the kinematic alighment
models the patella tilted more externally relative to the femoral component at 0° and 30° and after
60° increased in all models. It was similar in our study until 60-70° and then tilting plateaued.
Plateauing after 60° flexion was also reported by Kobayashi et al [283] using healthy subjects in an in
vivo study. Other explanations for this difference could be patient anatomy; Ishikawa study analysed
1 subject versus this study analysed 20 subjects, model assumptions, patellar button size or design of

the intercondylar notch and anterior patella groove of the femoral component.

There were several limitations in this study. The study involved 20 subjects only and this may be
insufficient given how variable knee alignment is across the population. Firstly, this study only
assessed one implant design. The implants used in this study were multi-radius femoral component
with a single design fixed bearing cruciate retaining TKA. Therefore, the results may not be applicable
to other knee designs nor to mobile bearing or posterior stabilised knees. Also, the kinematics
analysed were for closed-kinetic-chain knee extension and therefore functions such as walking or stair

climbing may not be comparative. Furthermore, only kinematics was compared in this study. Ligament
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forces and internal joint forces were not compared in this study as the computational model only

validated for kinematic outputs.

The simulation model was subject to assumptions and variables common to many computational
models: boundary conditions and muscle forces were assumed, only the lower extremity was
modelled, there was limited soft tissue representation and cartilage was not accounted for. Such
assumptions and variability are consistent with other computational modelling as well as in vitro
modelling studies. However, computational modelling does offer the ability to simulate kinematics of
different alignments on the same subject and thereby be potentially used as a predictive tool for pre-
operative scenarios. Moreover, there are a number of studies that have shown that computational
models could predict forces and kinematics that compared favourably to those found experimentally

or in vivo fluoroscopy [217, 245, 274, 275].

Conclusions

In conclusion, kinematic alignment had more variation than mechanical alignment for all tibio-femoral
and patella-femoral kinematics. This was particularly true for tilt and shift of the patella-femoral joint
for kinematically aligned knees. Kinematic alignment corrects long leg alignment to a patient specific
alignment which depends on the preoperative state of the knee. Also, when kinematically aligned,
femoral components on average resulted in more valgus alignment to the mechanical axis and
internally rotated to surgical transepicondylar axis whereas tibia component on average resulted in
more varus alignment to the mechanical axis and internally rotated to the tibial AP rotational axis.
The use of computational models has the potential to predict which alignment, kinematic or

mechanical, could improve knee function patient specifically.
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Accurate Determination of Post-operative 3D Component
Positioning in Total Knee Arthroplasty: The AURORA Protocol

This chapter was published in Journal of Orthopaedic Surgery and Research

Wakelin EA, Tran L, Twiggs JG, Theodore W, Roe JP, Solomon M, Fritsch BA, Miles BP., "Accurate determination
of post-operative 3D component positioning in total knee arthroplasty: the AURORA protocol," (in eng), ] Orthop

Surg Res, vol. 13, no. 1, p. 275, Oct 30 2018.

In Chapter 2, we developed a knee computational model that replicates Oxford Knee Rig (OKR) deep
knee bend and was able to demonstrate the model capability in demonstrating kinematic differences
with different implant positions on the same subject. It was later realized that there was inconsistency
in registration technique used to transform computational model and experimental reference frame

in the first computational model validation. The computational models used for the first validation
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were derived from post-op CT with implant CAD model registered against the scan. The anatomical
landmarks were also derived from post-op CT which its determination affected by the metal flare in
the post-op CT. Additionally, the experimental data was not registered accurately to the
computational model reference frame resulting in inconsistent landmark definition used to compare

the experimental kinematics and simulated kinematics.

This chapter describes a new technique to measure post-operative component position from
Computed Tomography (CT). The technique developed involves registering both implant and
preoperative bone 3D CT segmented models to a postoperative CT reference frame. Doing so allowed
for a more accurate definition of component placement in all 3 planes, going beyond what 2D
radiography can provide. The technique developed also eliminates the necessity to determine
anatomical landmark from post-op CT, preventing inaccuracy of landmark determination due to metal

flare.

This chapter was written as an independent published article, as such the content was targeted for
more general readers. While not the primary author of this paper, my contribution to the publication
includes the conception of the registration technique, development of the step-by-step instructions,
designed and supervised the reproducibility study. In addition, | assisted in writing and reviewing the
manuscript. | contributed 70% to the research design, 50% on data collection and 50% of manuscript

preparation and review. Permission from the primary author has been provided.
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Introduction

Dissatisfaction amongst total knee arthroplasty (TKA) is the result of a complex relationship between
the patient anatomy, prosthesis design and position, and other patient specific factors. Prosthesis
malalignment has been linked to poor patient outcomes in which coronal and axial malalignment have
been most closely studied [204, 284]. To have confidence in the correlation between component
alignment and outcome, the method used to determine component placement must be accurate and

reliable.

Component alignment refers to the angular difference between the prosthetic components and
patient derived antero-posterior (AP), medio-lateral (ML) and superior-inferior (Sl) anatomic axes. This
measurement has traditionally been the focus of post-operative analysis in TKA due to the ease of
measurement [285-287]. Component placement refers to the translational movement of the
prosthetic components along these patient specific axes. Due to difficulty in identifying the origin of
these axes and accurately determining translation in space, component placement has been less well
investigated. To understand the holistic effect of the TKA components on knee kinematics, both the
alignment and placement must be taken in to account. Here we term the combination of component

alignment and placement as ‘component position’.

The pre-operative state of the patient is a critical source of missing data from most analyses which
prevents accurate reporting of component position. Bony resections cannot be accurately determined
from a post-op analysis alone and as a result there is very little data available on the outcome of TKA
as a result of the modification of the anatomy [288, 289], highlighting the need for improved post-
operative analysis techniques. Nevertheless, studies have investigated range of movement and
maximum flexion as a function of the posterior condylar offset (PCO) [290-292]. In these publications

a greater PCO resulted in higher maximum flexion due to reduced steric hinderance. Pre- and post-
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operative measurements however were limited by the use of ML x-rays, indicating that the

relationship must be strong to overcome such errors.

Alteration of the joint line and flexion/extension gaps are associated with a change in joint kinematics
[293] and patient outcome [294]. In these studies, patients with less change to the coronal joint line
reported improved WOMAC and Knee Society Clinical Rating Scores. Identification of such changes
however can be difficult, as the joint line and joint gaps can be modified without affecting the
appearance of the component alignment [287]. To better understand the effect of bone resections,
joint line and gap modification, accurate pre-operative geometry data is required. Similarly, Bengs et
al.[295] found that increasing patella button thickness without increasing the patella resection,
decreased maximum passive flexion. Identification of appropriate patella resection for a given button

thickness would not be possible with traditional post-operative analysis techniques.

Traditional methods of assessing TKA component alighment, including short leg x-rays [296-298], long
leg x-rays [299], and post-operative 3D imaging only [300-304], have been shown to suffer
inaccuracies from anatomic variability, projection errors, and difficulty in identifying patient specific
landmarks from the post-operative imaging. To improve landmarking and component placement
accuracy, a pre-operative CT is required. Fortunately, CT imaging is rapidly becoming a standard of
care in pre-operative planning for TKA [305], and is available for a wide range of patients. Pre-
operative CT imaging allows a volumetric registration of the pre-operative and post-operative bones
and component geometries in 3D space eliminating any anatomic assumptions and projection errors.
The models can then be used to determine bony resections and component placement. A method to
compare the pre-operative state of the knee to the post-operative component position and bone

resections, in which accuracy has not been affected by component flare has not yet been achieved.

Here we introduce a method of 3D reconstruction which utilises both a pre-operative and post-
operative CT scan to determine the post-operative component position in TKA. The method may be

extended to any joint replacement and is termed here the Australian Universal Resection, Orientation
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and Rotation Analysis (AURORA) protocol. Landmarks and bone models unaffected by component
flare obtained from the pre-operative scan are transformed into the post-operative frame of
reference. Component position as defined by the landmarked patient specific axes and bony
resections are reported. The reproducibility and reliability of this method are presented and compared
to other post-operative analysis techniques. This registration method is considered accurate and
suitable to be used when absolute difference in registration results is less than 1° and 1mm and

repeatability intraclass correlation coefficient of at least 0.9.

Methods

CT Protocol

A series of patients received long leg pre-operative CT scans for routine pre-operative planning of TKA
surgery [306] and to design patient specific instrumentation. Ethics approval for all data collection and
accessing information from a joint registry for this study was approved by Bellberry Ethics (Sydney,
Australia) (approval 2012-03-710). The same protocol is followed for post-operative CT imaging. This
protocol requires the patient to be in supine at the isocentre of the gantry, with both legs fully
extended and parallel to the horizontal plane. The legs are straightened and maintained in a relaxed
position. Image acquisition involves a full leg pass CT scan taken through both limbs with all images
taken in the same field of view, see Figure 3.1. This allows detection of any patient movement during
the scanning process. Transverse slice thicknesses of 1.25 mm are taken, with less than 1 mm slices

taken within the sagittal and coronal axis.

All patients investigated here had a TKA using OMNI APEX implants (Raynham, MA), from 4 different
surgeons using 4 different techniques. Patients were randomly selected from a database of over 2000

TKA surgeries.

The CT dose is calculated by multiplying the dose-length-product (mGy.cm) provided as supporting

information with the CT scan, by the length of the CT scan in which the patient is imaged. The dose
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value is then converted to an effective dose based on anatomic conversion coefficients presented by
Saltybaeva et al. [307] to allow comparison between different CT protocols. Movement in the scan
can affect both individual bone and long leg measurements. Movement is detected by an engineer
assessing the scan before processing. All patients were randomly selected from a database of patients

scanned over a 3-month period previously confirmed to have not moved.
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Proximal Femur

scm proximal of femoral head

2 X SCAN LOCATION: PELVIS TO DISTAL TIBIA
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# Slice thickness: 1.25mm
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Distal Tibia

Figure 3.1. Single-pass CT scan through both limbs

Image processing and Volumetric Registration

3D reconstructed patient femur and tibia bones are generated within the pre-operative planning
process through semi-automated segmentation, used to landmark and identify points of interest by
biomedical engineers using the 3D imaging software, ScanlP (Simpleware, Exeter UK). The accuracy of
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the landmarking process depends on the CT slice thickness. In this study, 1.25mm axial slice increment
was used in CT protocol and therefore the landmarking accuracy is 1.25mm. The patient bones are
converted to stereolithography (STL) files and manually landmarked twice by different engineers. The
landmarking was done on the generated STLs with combination of reviewing them in the 2D CT slices.
If any landmarks taken by first and second engineer differ by a threshold value (in this case 4 mm), the
landmark was reviewed by a third trained engineer. Landmark references were used to define patient
specific bone axes and soft tissue attachment sites, see Figure 3.2A. The femoral and hip centres are
landmarked to define the mechanical axis of the femur. The tibial mechanical axis is defined from the
midpoint of the lateral and medial malleoli to the midpoint of the medial 1/3 of the tubercle and PCL
insertion. The tibial AP axis is defined along the medial 1/3 of the tubercle and PCL insertion, while the
Transepicondylar Axis (TEA) is defined along the medial sulcus to the lateral epicondyle on the femur.

These axes are used to define a frame of reference from which implant position may be calculated.

Using the post-operative full leg CT scan, 3D post-operative femur and tibia bone sections unaffected
by the component flare are segmented, see Figure 3.2B. 3D registration is then performed, by
registering the pre-operative femur and tibia models into the post-operative CT with reference to both
the imaging and newly generated post-operative bone models, see Figure 3.2C. Point-to-point
registration is performed on CAD models of the implanted prosthesis and segmented prosthesis
models from the CT, see Figure 3.2C. All registration is refined using model outlines viewed in the full
leg CT scan. A second engineer reviews both the registered femur and tibia bones, and the femoral

and tibial implant components to further refine both bone and implant positions within the CT scan.

Euler transform matrices are obtained from the resulting registered pre-operative bones and used to
transform the pre-operative bone landmarks into the post-operative CT reference frame. Using the
transformed landmark references, component alignment and placement are determined within the

local reference frames from the defined axes of landmarks identified pre-operatively.

84



(A) Preoperative landmarking  (B) Postoperative bone and (C) Postoperative bone and
and alignment axis component segmentation component registration

Figure 3.2. Post-operative process workflow showing a) pre-operative bone segmentation and
landmarking, b) segmentation of post-operative bones and components, and c) registration of pre-

operative to post-operative bones and components.

Accuracy testing

ScanlP software an FDA approved medical software specifically designed to process medical imaging
and registration of 3D models. Therefore, the software measurements would have been validated
before FDA approval. Further validation study was conducted internally to validate ScanIP
measurement outputs (refer to Appendix C). Since ScanlP software outputs had been validated, the
accuracy of the described registration method is dependent only on the operator who perform the

tasks. Therefore, the accuracy is described using reproducibility and reliability analysis.

Reproducibility

Two primary TKR patients were processed post-operatively twice by 3 engineers in a 2-week period.
Patient CT scans were segmented and registered by an engineer and then reviewed by a second. The

same case was processed again by the initial engineer on another day at a different time of day and
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then reviewed by a third engineer. This process was repeated across the 3 engineers for the 2 cases

with alternating reviewers, and a total of 12 registrations was then analysed (see Figure 3.3).

Comparison of component alignment angles in flexion/extension (FE), varus/valgus (VV) and
internal/external (IE) rotation, and component placement values by measuring the femoral medial
and lateral, distal and posterior condyles, and the medial and lateral tibial plateau was recorded.
Reproducibility was assessed from these angular and resection measurements by determining the
maximum difference and standard deviation from the mean calculated for each patient, with the 95%

confidence interval defined across both cases.

Casel,, ,

Case,,,
Case2, ,

Casel,,,

Figure 3.3. Flow diagram of reproducibility quality control.
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Reliability

To describe the interobserver reliability, 11 TKR patients were processed post-operatively between 2
engineers. Each case was reviewed by a third and fourth engineer, with refinement of the bone and
component registration made by the reviewing engineer if necessary. A set of 22 results were
produced for comparison of the 3 rotation axes across two components and 6 resection
measurements. The intraclass correlation coefficient (ICC) was calculated for each of the
measurements. An ICC value of 1 shows perfect reliability, values greater than 0.9 indicates an
excellent result, 0.81 to 0.9 is very good, 0.76 to 0.80 is good, 0.5 to 0.75 is moderate and <0.50 is

considered to show poor reliability [308, 309].

Results

Radiation Dose

The average effective radiation dose received per CT scan using this protocol is 1.24 + 0.96 mSv. This
dose is compared to other CT and radiography protocols in Figure 3.4. The average received dose is
lower than all protocols shown in the figure with the exception of the most recent Imperial Protocol
[288] and a standard AP radiograph. The spread of values shown for the AURORA CT protocol used
here reflect the large range of patient sizes scanned. Smaller patients receive a correspondingly lower

dose of radiation and vice versa for larger patients.
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Figure 3.4. Comparison of the AURORA CT protocol with a barium enema and other relevant protocols
for determining prosthesis positioning. AURORA protocol dose is calculated from CT reports, all other

data taken from Henckel, et al [288].

Using the AURORA protocol, patient movement in the CT scan may be detected at any point along the
length of the bone. In previous methods, such as the Perth CT and Imperial protocols, movement in
the mid femur and mid tibia will not be detected, leaving any measurements to propagate through
the protocol as an error. In a database of CT scans obtained for routine pre-operative planning of TKA,
the rate of scans identified with movement over a 3-month period is 6.78% (total number of scans:

118). Of this fraction, all movement in the scans were detected in the mid femur and mid tibia regions.

Reproducibility

The alighment reproducibility results generated from three engineers processing two cases at two
different time points which were then QC checked are shown in Table 3.1. The maximum difference
from the mean angle is shown for each case. In both cases the maximum difference is reported for

tibial component axial rotation, of 0.9° for case 1 and 0.7° for case 2. In all other angles, the maximum
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difference in rotation is < 0.5°. The confidence intervals in all cases are less than 0.3° with the

exception of tibial tray IE rotation, which is 0.6° for case 1, and 0.4° for case 2.

The bony resection thicknesses are a proxy measure for the accuracy of measuring component
placement and are shown in Table 3.2 for the distal medial and lateral condyles, posterior medial and
lateral condyles, and tibial medial and lateral plateaus. The maximum difference from the mean
resection is shown for each case. In both cases the maximum difference is reported for the medial
tibial plateau, of 0.5 mm for case 1 and 0.3 mm for case 2. In all other resections, the maximum

difference in resection is £ 0.3 mm. The confidence intervals in all cases are less than 0.3 mm.
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Table 3.1 Reproducibility results showing the difference in calculated component angular alignment

across two cases performed by three engineers at two different time points. The maximum average

difference for each case and a 95% confidence interval is shown for all three axes of rotation for the

femoral and tibial components.

Femoral Component Alignment Tibial Component Alignment
Case Operator Run

F/E V/V IE F/E V/V IE
Casel SimEngA | Runl 1.1 -0.6 -0.8 7.1 0.6 5.9
Casel SimEng A | Run2 1.0 -0.5 -1.2 7.0 0.4 6.2
Case 1 SimEngB | Runl 1.0 -0.8 -1.5 7.0 0.5 4.5
Case 1 SimEngB | Run2 0.8 -0.7 -0.8 7.4 0.4 4.7
Case 1 SimEngC | Run1l 1.1 -0.6 -1.8 6.9 0.8 55
Case 1 SimEngC | Run2 1.1 -0.4 -1.0 7.2 0.6 5.9
Maximum Difference from
Average (°) £ 95% CI 0.2+0.1 0.2+0.1 0.5+0.3 03+0.1 0.2%*01 09+0.6
Case 2 SimEngA | Runl 1.9 -0.9 0.1 8.2 1.5 3.0
Case 2 SimEngA | Run2 2.3 -0.8 -0.1 7.7 1.8 2.7
Case 2 SimEngB | Runl 2.3 -0.7 -0.2 7.9 1.7 1.7
Case 2 SimEngB | Run2 2.1 -0.8 0.4 8.4 1.4 2.8
Case 2 SimEngC | Run1l 2.0 -0.7 -0.2 7.9 1.0 2.3
Case 2 SimEngC | Run2 1.8 -0.8 0.0 8.4 1.5 2.8
Maximum Difference from
Average (°) £ 95% CI 0.3+0.2 0.1+0.1 0.3+0.2 03+0.2 04%02 0.7+04
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Table 3.2 Reproducibility results showing the difference in calculated bony resection thicknesses (giving

a measure of the accuracy of component placement) for the distal medial and lateral condyles,

posterior medial and lateral condyles, and tibial medial and lateral plateaus across two cases

performed by three engineers at two different time points. The maximum average difference for each

case and a 95% confidence interval is shown for all resections.

Case Operator Run

Femoral Resections

Tibial Resections

Lat. Med. Post. Lat. | Post. Med. Lat. Med.
Condyle Condyle | Condyle Condyle Plateau Plateau

Case 1 SimEng A | Run1 6.5 6.0 10.0 10.3 11.2 10.0
Case 1 Sim Eng A | Run 2 6.2 5.7 10.0 10.7 10.3 9.0
Case 1 SimEngB | Run1 6.1 5.4 10.2 111 10.5 9.3
Case 1 SimEng B | Run 2 6.8 6.1 10.2 10.6 11.1 9.8
Casel SimEngC | Run1l 6.2 5.7 9.5 10.7 10.7 9.6
Case 1 SimEng C | Run2 6.4 6.0 9.9 10.3 111 9.9
Maximum Difference from

Average (mm) + 95% Cl 0.3+£0.2 04+£0.2 04+£0.2 0.4+0.2 0.4+0.2 0.5+0.3
Case 2 SimEngA | Run1l 6.0 7.4 10.9 10.3 11.0 6.7
Case 2 Sim Eng A | Run 2 6.2 7.8 10.8 10.3 111 7.0
Case 2 SimEngB | Run1l 6.1 7.7 10.6 10.2 10.9 6.7
Case 2 SimEng B | Run 2 6.1 7.6 10.8 9.9 11.2 6.9
Case 2 SimEngC | Run1l 5.9 7.5 11.0 10.6 11.0 6.3
Case 2 SimEng C | Run 2 6.0 7.4 10.9 10.4 10.9 6.6
Maximum Difference from

Average (mm) + 95% CI 0.2+0.1 0.2+0.1 0.2%0.1 0.2+0.1 0.2+0.1 0.3+0.2
Reliability

The rotational alignments and bony resections for the femur and tibial components reported for 11

cases performed twice (each time by a team of two different engineers) are shown in Figure 3.5 and

Figure 3.6. The ICC value is given for each alignment and resection variable. The lowest reported ICC
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variable is for femoral axial rotation, with an ICC of 0.93. These values are all above 0.9, indicating that

across all rotations and resections in both the femur and tibia, the protocol reports excellent reliability.
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Figure 3.5. Reliability testing for femur and tibia placement showing the coronal, axial and sagittal
rotation reported by the method across 11 cases performed by two engineers, followed by two
additional engineers reviewing the placement. The ICC for each rotation in each component is reported.

All values are greater than 0.9 indicating excellent reliability.
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Discussion

The maximum component alignment differences from the mean within this study are low compared
to previous literature and provide a confidence interval up to 10 fold narrower when compared to
protocols in which individual CT slices were investigated [300, 301, 304, 310], or only post-operative
CT scans were available [311, 312]. The maximum error of < 1° is similar to protocols using more
advanced techniques, such a computational edge detection, however these studies did not include
ICC coefficients, so an assessment of the repeatability was not possible [313]. The highest deviation
from the mean was the tibial IE rotation at 0.9° and 0.7° for the two cases, with a confidence interval
of 0.6° and 0.4° respectively. These values represent an 8 fold improvement in accuracy compared to
previous attempts to measure tibial rotation [314]. Previous attempts have reported difficulty in
measuring tibial IE rotation due to the variability in the landmarks required to define a useful axis
[315]. By combining the pre-op and post-op CT, the landmarks that define the AP axis can be identified
more easily than using post-op CTs alone. Although there may still be some debate over which
landmarks are the most appropriate, this method allows points to be defined that accurately
reproduce an anatomic axis across multiple subjects. The origin of all axes may be redefined based on

future literature if needed.

The resulting resection level measures of the femur and tibia also show high reproducibility, with the
highest deviation seen for the medial tibial plateau resection at 0.5 mm and 0.3 mm between the two
cases and confidence intervals of 0.6° and 0.4°, respectively. The magnitude of the error here,
however, is only slightly above the other resections, indicating that there may not be a systematic
reason for reduced accuracy when placing this component. Previous attempts have been made to
investigate the effect on TKA outcome arising from resection levels. These studies have mainly
focussed on the femur, particularly the posterior condylar offset [290, 316, 317]. These techniques
however have primarily relied upon fluoroscopic images, and planar x-rays which were discussed

previously to be inaccurate, limiting the reliability of such studies.
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Figure 3.6. Reliability testing for femur and tibia bony resections reported by the method across 11
cases performed by two engineers, followed by two additional engineers reviewing the placement. The

ICC for each rotation in each component is reported. are greater than 0.9 indicating excellent reliability.

Across both femoral and tibial component alignments and bony resections, this 3D pre-operative
registration process shows excelled reliability, in which all ICC values report greater than 0.93. The
lowest reported ICC value of 0.93, resulting from the femoral axial IE rotation measure, is primarily
due to the difficulty of post-operative registration of the femur component. The posterior condyles,
which dominate the axial rotation positioning, of the APEX implant used in this study are thicker than
the distal condyles (11 mm vs 9 mm) and tibial tray (~3 mm). As such, the CT flare is greater in these
regions, reducing the accuracy of the registration. The ICC values reported here are consistently similar
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to or higher than other post-operative analysis techniques [289, 304, 318] indicating this method is

not only accurate, but suitable for routine post-processing by multiple users.

The high reproducibility and reliability of calculating both component alignment and bony resections
performed by surgeons, can lead to a better understanding of the influences of component alignment
and component placement. Current literature has thoroughly reviewed the influence of component
malalignment and poor patient outcomes [185, 319, 320]. Missing from all of these analyses however,
is an understanding of the patient’s preoperative anatomy, leading Hadi et al. [185] to conclude that
there is a dubious link between component malalignment and patient outcomes. From this post-
operative analysis, we can begin to determine how the bony resections and the combination of
component placement and alignment influence outcome on a patient specific level in greater detail.
For example, the use of reliable bone resection measures from pre-operative bones may provide
insight into the change of a patient’s soft tissue profile post-surgery. From the pre-operative CT scans,
comparative ligament lengths and change in length resulting from component alignment and
placement can be investigated from landmarked attachment sites. CT scans in this analysis however,
are performed in a non-functional supine position, such that the distance between ligament
attachment sites may not be representative of the functional length of the ligament. Functional
imaging may be introduced to this workflow in future to this issue without a change in post-processing

techniques.

The proposed 3D registration process for post-operative analysis involves additional pre-operative CT
imaging compared to other processes [288, 300]. Though this increases x-ray exposure to the patient,
pre-operative planning, generally requiring a CT scan, is becoming the standard of care for TKA [305],
such that the pre-operative scans are not for post-operative analysis alone. The protocol used here is
a low dose CT, with radiation exposure less than the typical yearly background radiation and similar
to protocols currently in use [288]. All patient movement identified in pre-operative scans occurred in

the mid femur and mid tibia regions, indicating that protocols which did not include the mid femur
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and tibia sections would report inaccurate component placement. The resulting error in component

position if these scans were used is the subject of further study.

Manual translation and rotation of the pre-operative bones and component geometries into the post-
operative CT scan is reasonably labour intensive, requiring on average 60 minutes to complete, before
the registration is quality control checked by a second engineer with additional experience. Further
refinement of the proposed post-operative analysis process could include the use of an automated
registration method. A preliminary automated registration process using the Iterative Closest Point
method (ICP) [312] was performed on these cases. The registration time was observed to reduce to
approximately 2 minutes, from which the results were then fine-tuned by one engineer and quality
control checked by a second engineer, representing a 30-fold decrease in time. Further development
of the ICP method to optimise parameters around fitting regions of interest, reliability, and time for
analysis may allow accurate post-operative analysis to be part of routine care and is the subject of

future studies.

Joint infection and component loosening are a cause of dissatisfaction and revision surgery. Joint
infection can be identified by swelling of the joint and pathology reports, however these are not
always conclusive. Combining component position as determined using the AURORA protocol with
SPECT imaging could identify bone metabolism associated with infection or component movement
[321]. Although current methods integrating SPECT imaging with CT do not improve the accuracy of
determining component placement, such methods may be used to augment a pre-operative and post-

operative CT 3D reconstruction to add metabolic activity.

The proposed post-operative 3D registration method described here has some limitations. The current
time taken for this analysis as mentioned is approximately 60 minutes, this represents a high
engineering burden, and must be reduced to improve use in routine analysis. Commercially, TKA
component geometry varies between medical device manufacturers, forming a significant part of their

IP portfolio, as such, the component geometries must be obtained from the implant companies, which
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may be difficult — limiting the generalisability of this technique to engineering firms with a close
relationship with implant companies. The reproducibility analysis performed here utilises 2 cases
processed at multiple time points by multiple engineers of equal training. To better understand the
reproducibility, particularly when processing outlier or severely pathological anatomy, a greater
number of cases should be analysed. Furthermore, this method requires pre-op and post-op CT. Even

though low dose CT is used for this method, there is still additional radiation and cost associated.

Other methods to assess component position such as bi-planar x-rays followed by 2D to 3D
registration offer a number of advantages over a CT, such as providing long leg assessments in a
functional state [322]. Such techniques however, may require fluoroscopic agents [323], may only
capture the region around the knee, and are performed on apparatus less widely available than

traditional x-ray or CT machines, limiting its use [313].

Conclusion

Component alignment has been of great interest in total knee arthroplasty, however the focus has
previously been on achieved component alignment and identification of malalignment without regard
for the component placement or pre-operative anatomy. The method presented here uses a low dose
CT scan to analyse the position and rotation of all components in 3D space, with comparison to the
pre-operative anatomy, allowing surgical changes to the joint to be determined. The method shows
excellent reliability and reproducibility by removing sources of error that are typically associated with
post-operative total knee arthroplasty analysis. Routine use of this analysis in TKA as well as other
joint replacement procedures will allow surgeons and engineers to better understand the effect of

component alignment as well as placement on outcome.
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Introduction

Total Knee Arthroplasty (TKA) is a highly successful surgical intervention that relieves pain and
improves the quality of life for osteoarthritis sufferers. Despite low revision rates, as many as 20% of
recipients remain dissatisfied with long term pain after surgery [141, 324, 325]. Component alighment
[326-328] as well as patient specific anatomical variation [306, 329, 330] has been shown to alter the
kinematics and performance of the knee. Knee kinematics post-TKA therefore, are a product of
complex interactions between the component design, component alignment, and patient specific
anatomic characteristics [140, 331, 332]. Understanding these complex interactions pre- and intra-

operatively can help surgeons better plan surgery to achieve optimal outcomes.

Techniques such as ex-vivo force-controlled mechanical simulators [333-336], video fluoroscopy [337]
and gait labs [338] have been used to study knee kinematics under simulated and real dynamic
activities. This process however is expensive and inefficient to iterate experiments over a wide variety
of variables (i.e. alignment and position of each component, variable anatomy etc.). Furthermore, ex-
vivo testing is limited to cadaver specimens and therefore has limited applicability to be used as a tool
to study complex interactions pre-operatively. Computational modelling however, is a scalable
alternative [339] that allows the study of both patient and surgical factors and their interactions on

knee kinematics.

In Chapter 2, we developed a knee computational model that replicates Oxford Knee Rig (OKR) deep
knee bend and was able to demonstrate the model capability in demonstrating kinematic differences
with different implant positions on the same subject. It was later realized that there was inconsistency
in registration technique used to transform computational model and experimental reference frame
in the first computational model validation. In previous chapter, we demonstrated a registration
technique to obtain accurate 3D implant position using pre-operative and post-operative CT. The

technique developed will be utilized in this chapter. It was also realized in the first model validation
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that inconsistent landmark definition was used to compare the experimental kinematics and

simulated kinematics.

Previous model development that replicates OKR deep knee bend validation studies have compared
simulated kinematics against kinematics recorded in an experiment knee simulator with definition
described in the Grood and Suntay coordinate system [244, 246, 261, 340]. However, the landmarks
used to create the experimental kinematics were not identical to the landmarks used to create the
simulated kinematics. For example, Colwell et al [246] digitized bony attachments during the
experiment to calculate the experimental coordinate system but the simulated kinematics coordinate
system was created using scaled bony attachment sites. This resulted in fundamental difference in
kinematics definition. Furthermore, a previous study by Victor et al [305] reported that there is high
variability in anatomical feature localisation or landmarking, particularly from post-operative CT
where metal flares present. Therefore, if only post-op CT is used to define the cadaver computational

model, there is a high chance the anatomical axes digitized may not represent the true axes.

More recent studies have reported improved kinematics comparison technique however it is still
unclear whether the landmarks used in creating both coordinate system were identical [250-252].
Kansas research group in their computational model studies [217, 341] dissected the knee specimen
after experiment and register the experimental digitized landmark points to the CT model using rigid
body fixtures. This method has a risk of unwanted movement of the fixtures during experiment
particularly after cutting and dissecting the bones which may introduce different relative landmark
position at different stages of experiment. Kia et al [342] and Vanheule et al [343] used different
workflow in their technique. They attached rigid markers onto the specimen bone before radiographic
imaging, allowing the rigid markers identifiable during image segmentation. The rigid markers were
also digitized in experiment to allow registration between the two reference frames. Registration

between experiment and computational model was done on identified features of the rigid markers.
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In this study, we present a series of registration technique that transform experimental outputs from
a mechanical simulator to computational model reference frame in which the only digitization points
are from the implanted components. This ensures identical landmark definitions are used when
comparing model-predicted and experiment kinematics, eliminating a source of error identified in
previous validation procedures. Further objective of this work was to use the described method to
validate a CT-based subject-specific computational model that incorporates literature-based soft
tissue properties. The model was developed to have sufficient complexity to achieve accuracy in
kinematics when compared against experimental data while limiting invasive data capture to improve

clinical utility.

Method

Cadaveric Testing

Ten fresh-frozen human cadaver knees underwent pre-operative CT scans. TKA was then performed
on each of the cadaver knees with fixed-bearing, ultracongruent (with PCL sacrificed), TKA

components (GMK, Medacta, Switzerland), after which a post-operative CT was obtained.

A surgical navigation system (Stryker Navigation 4.0 Research Version, Kalamazoo, Michigan, USA) was
used to record kinematics throughout a deep knee bend. The accuracy of the Stryker navigation
system is 1° and 2mm [344]. Navigation arrays were attached to the femur, tibia and patella. The
implant geometry surface (IGS) of each component were then digitized, allowing the position of the
implants and bone to be mapped relative to the navigation arrays respectively. Figure 4.1 shows the

overview of experiment steps in a flow chart.
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Figure 4.1. Overview of experiment procedure.

Each cadaver was mounted in a dynamic, quadriceps-driven, closed-kinetic-chain knee simulator

based on the OKR design, as previously described [276]. Steel rods were cemented into the femoral

and tibial medullary canals, fixing the bones to the testing apparatus. The femoral rod was attached

with a lateral offset of 5° from the hip joint to reproduce the average anatomic valgus in the femoral

shaft [276]. The ankle joint was fixed rigidly to prevent translation, but the rotational degrees of

freedom were left unconstrained. The hip joint was positioned directly vertical to the ankle joint and

allowed to translate vertically, as well as rotate in flexion-extension and varus-valgus. A vertical load

was applied through the hip joint to generate a peak knee-flexion moment of approximately 40 Nm,

similar to that reported for stair climbing after TKA [246]. The attached navigation arrays were tracked

using the navigation unit during the second half of the deep knee bend cycle, i.e during extension.
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Computational model

A knee computational model (KCM), with subject specific inputs derived from a CT scan only and
designed to replicate the experimental mechanical simulator, was developed in rigid body modelling
software, ADAMS (MSC, California, US), as described in [345]. Image processing and segmentation was
performed on both pre-op and post-op CT’s taken for each cadaver using ScanlP (Simpleware, Exeter,
UK). The native geometry of the femur, tibia and patella were generated and anatomic landmarks
were recorded from the pre-op CT on all bones to define local and global axes, as well as soft tissue
attachments, similar to those defined by Theodore et al [345], in which anatomic morphology and CT
pixel intensity were used to inform landmark positions. The pre-operative bones and implanted TKA
CAD geometries were then registered to the post-operative CT to obtain the relative position of the
prostheses to the bones using +CAD (Simpleware, Exeter, UK). This method was described in Chapter
3. The transformation matrix for each registered pre-operative bone was then used to re-position the
pre-operative landmarks in the post-operative reference frame, allowing accurate post-operative
landmarking unaffected by metal component flare in the CT. Transformed pre-operative bone
geometries, transformed landmarks and registered components were exported from +CAD into the

KCM to generate a patient specific computational model, an example of which is shown in Figure 4.2.

The computational model assumes contact for the femoral component, tibia component, patella
button and resected patella bone. Although the femur and tibia segmented bone are technically not
used in the model, they are needed to define the anatomical landmarks and registration between
post-op and pre-op CT. Furthermore, having the patient specific bones in the model can help visualise

the bony axes relative to other axes.
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Figure 4.2. (Left) The patient specific anatomy and implant position were determined from CT imaging.
(Right) A schematic of KCM undergoing a deep knee bend. A vertical load was applied to the hip joint
and the hip joint was positioned directly vertical to the ankle joint. The ankle joint was fixed rigidly in

translation but has 3 degrees of rotational freedom.

The model includes the lateral collateral ligament (LCL), medial collateral ligament (MCL), patella
tendon, quadriceps tendon and posterior knee capsule. The LCL was modeled with a single fibre
bundle and the MCL was modeled with anterior and posterior bundles. The posterior capsule and
quadriceps tendon were generated with origin and insertion points dictated by relevant landmark
positions. The posterior cruciate ligament (PCL) was not included in the model because the tibia insert

implanted required resection of the PCL.

All ligaments were modelled as non-linear springs according to the equations shown in Equation 4.,
where f is the axial force sustained by the ligament, k is the stiffness parameter, € is the instantaneous
ligament strain and 2gis the threshold strain which dictates the change from the non-linear to linear

regions [67]. The unstrained ligament lengths (free length) were calculated using a reference strain
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method by defining the ligament strain when the knee is at full extension according to Equation 4.2,
where g, is the ligament strain at full extension, |, is the length of the ligament at full extension and Io
is the ligament free length. The free length is then used to calculate € in Equation 4.2. The reference
strain and ligament stiffness values were obtained from previous studies [68, 257, 278] and are shown

in Table 4.1.

The quadriceps tendon inserts in the midline of the superior patella and originates from the greater
trochanter. The patellar tendon originates at the inferior apex of the patella and inserts at the medial
third of the tibial tubercle. The patellar and quadriceps tendons force-length relationships were based
on literature [346]. Contact was modelled between the: tibial insert and femoral component; femoral
and patellar component; quadriceps tendon and femoral component; and between patellar tendon
and tibial insert. All components were modelled as rigid bodies with kinematic and compliant

constraints, using a penalty-based contact between components.

Equation 4.1. Mathematical description of ligament behaviour. Where f is the ligament force, € is
ligament strain, €l the threshold strain at which the stress/strain behaviour of the ligament changes,

and k is the spring constant.
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Equation 4.2. Method of calculating reference ligament strain
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Table 4.1. Details of ligament properties used in simulation. [68, 257, 278]

Ligament/tendon Stiffness (N) Reference strain at
full extension

Anterior MCL 2750 -0.06
Posterior MCL 2750 0.03
LCL 2000 0.05

The model was initialized in extension with a vertical load applied at the hip centre equal to that
applied experimentally. During initialization of the model, all components were allowed to settle into
contact, and ligaments were pre-strained. A deep knee bend was then simulated in which the
rotational and translational boundary conditions matched those of the OKR. A proportional-integral—-
derivative (PID) controller was used to generate the reactive quadriceps force required to achieve
extension. The kinematics were recorded during a deep knee bend between full extension and 90°
flexion. All component and bone positions are described using a three-dimensional cylindrical

description of motion, as described by Grood and Suntay [347].

Kinematics comparison and validation protocol

Figure 4.3 describes the steps taken to compare experimental and model-predicted kinematics. TKA
CAD geometries were registered to best match the experimentally digitized IGS, allowing the digitized
implant surface to be modelled as a whole component. The CAD geometries were registered to the
implanted component position as observed in the post-operative CT during KCM generation.
Experimental data were then transformed to the post-op CT frame of reference maintaining the
relative position of the experimental femur and patella CAD geometry to the tibia CAD geometry by

normalizing the position of the tibia tray to that observed in the post-op CT.

Previously transformed pre-op CT anatomical landmarks were then duplicated and re-transformed

accordingly to the respective positions of the experimental components. This gives 2 sets of registered
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components and landmarks for each specimen. The first set forms the subject specific model with
anatomical landmarks from the pre-op CT and component positions as measured from the post-op
CT. The second set is the virtualized experimental data extracted from the navigation system
transformed to the post-op CT reference frame. Therefore, a single set of anatomical landmarks, first
generated from the pre-op CT only, define identical axes in the same relative position against all

components in both the model and experimental data.

The positional data recorded by the navigation system during testing describes the relative kinematics
of the tibia and patella against the femur. This data was applied to the digitized landmarks and
components to recreate the motion recorded experimentally. The kinematics were then computed
using the transformed anatomical landmarks using the Grood and Suntay definition, thus generating

a set of Virtualised Experimental Kinematics (VEK) with identical definitions to the KCM.

To compare the overall difference between the VEK and KCM predicted kinematics, the root-mean-

square (RMS) difference of each specimen was calculated between flexion angles of full extension and
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90°. The average absolute difference at 10° intervals was also calculated, giving a measure of variability

throughout regions of the flexion cycle.

Component registration l Knee computational model

Experimental data
transformed to
computational model
reference frame

A

CAD geometry

Experimental data |" Component registration ]

Figure 4.3. Generation of VEK and computational model kinematics comparison. Implanted TKA CAD
geometries registered to both post-op CT and implant geometry surface (IGS) reference frame.
Experimental data were transformed to the computational model reference frame using the
transformation matrix sequence of the registered CAD geometries. Experimental data were firstly
transformed to the CAD geometry reference frame using the inverse of the component registration
transformation, then transformed to knee computational model using the transformation matrix from
CAD geometry to post-op CT reference frame. Transformed experimental tibia CAD geometry was
then normalized against the post-op CT tibia tray. Relative positional experimental data were then

applied to femur and patella against the normalized tibia.
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Results

Experimental data from specimen 1 and 5 were not captured correctly and excluded from analysis. All
deep knee bend simulations required less than 3 minutes computational time to complete on a
standard performance workstation (i7- 4.00 GHz, 32GB RAM). Comparison of the model predicted
subject specific tibiofemoral and patellofemoral kinematics with the VEK for a representative
specimen (specimen 6) is shown in Figure 4.4. In general, the KCM was able to capture the trend and

magnitude of translation and rotation across all measures.

The tibiofemoral and patellofemoral RMS differences between the KCM and VEK for each specimen
between full extension and 90° flexion are presented in Table 4.2 and Table 4.3 respectively. RMS
differences for all tibiofemoral kinematic measures show the KCM has good agreement with VEK, with
a maximum RMS difference reported for tibiofemoral internal-external (IE) rotation of 2.11°.
Tibiofemoral varus-valgus (VV) rotational kinematics show the lowest difference with an average RMS
of 0.50°, followed by IE rotation with an average RMS of 1.44°. Component translational RMS
differences show superior-inferior (SlI) shift is reported most accurately with an RMS of 0.53 mm,
followed by medial-lateral (ML) and anterior-posterior (AP) shift with an RMS of 1.22 mm and 1.74
mm respectively. The average tibiofemoral RMS difference in flexion-extension (FE) is 7.50°, which can
be attributed to the large magnitude of the flexion values and gives similar results to the other axes
when considered as a relative difference. Patellofemoral ML translation RMS was the lowest with a
value of 0.87°, followed by AP shift with an RMS of 1.73 mm. IE rotation reports an RMS difference of
3.41°. Patellofemoral FE and SI RMS were similar to tibiofemoral flexion RMS with a difference of 6.62°

and 5.59 mm respectively.
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specimen (specimen 6).
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Table 4.2. Tibiofemoral (TF) KCM kinematics RMS difference compared to the VEK.

. Tibiofemoral kinematics RMS
Specimen
TF_WV (°) | TFIE(") | TE.ML(mm) [ TF_AP (mm) | TF_SI(mm)

2 0.47 1.13 1.10 1.95 0.58
3 0.72 0.61 1.52 1.84 0.19
4 0.46 1.97 1.38 1.98 0.70
6 0.62 1.18 0.60 1.07 0.46
7 0.24 1.32 1.44 2.43 1.00
8 0.38 1.88 1.10 1.35 0.31
9 0.43 1.36 1.02 2.17 0.50
10 0.69 2.11 1.61 1.14 0.52
Average 0.50 1.44 1.22 1.74 0.53
Standard deviation | 0.17 0.51 0.33 0.50 0.25
Max RMS 0.72 2.11 1.61 243 1.00

Table 4.3. Patellofemoral (PF) KCM kinematics RMS difference compared to the VEK.

. Patellofemoral Kinematics RMS
Specimen
PFFE() | PFIE() |PF_ML(mm) |PF_AP(mm) |PF_SI(mm)

2 12.82 6.24 0.23 4.48 491
3 4.48 4.53 1.60 1.74 7.26
4 7.66 5.04 1.06 2.34 8.50
6 4.30 1.11 1.00 0.61 211
7 2.04 1.85 0.80 0.81 5.22
8 8.12 2.24 0.30 1.46 3.08
9 4.93 2.09 1.29 0.59 4.31
10 8.58 4.17 0.70 1.82 9.33
Average 6.62 3.41 0.87 1.73 5.59
Standard deviation | 3.37 1.83 0.47 1.28 2.56
Max RMS 12.82 6.24 1.60 4.48 9.33

The average absolute difference between the KCM results and VEK between 0° - 90° flexion for
tibiofemoral kinematics are less than 2 mm or 2° for all clinically relevant kinematic measures, shown
as the bold lines in Figure 4.5A. Tibial VV are the most accurately predicted kinematics with an average
absolute difference of less than 1°. IE rotation and AP shift have greater differences, reaching 1.33°
and 1.97 mm respectively. The patellofemoral average absolute difference in kinematics from 0° - 90°

flexion is shown in
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of less than 1 mm and 4° respectively at all flexion angles. FE rotation and Sl shift exhibit low absolute
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increase from 50° flexion to a maximum of 8.34° and 7.87 mm respectively.
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Figure 4.6 Example images of IGS data (dots) with registered component geometries to the Femur (A),
tibia tray (B), patella button (C) and whole knee (D). (D) and (E) showed an example of where the femur
penetrates the tibia insert in the motion generated by VEK. This could indicate registration inaccuracy
or data capture error that caused the components are not articulating on the respective surfaces in

VEK.

Accuracy in registering CAD geometries against the experimental data was investigated by calculating
the error between the nearest point of the component geometries and the IGS points. A typical
example of the registered implants can be seen in Figure 4.6. The average error between the femur,
tibia and patella prostheses are 0.39 standard deviation (SD) 0.41 mm, 0.15 SD 0.16 mm and 0.17 SD
0.17 mm respectively. Figure 4.6E shows penetration of the femur and tibia tray during flexion of 1.7

mm.
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Discussion

This study describes a model validation technique that allow experimental and model-predicted
kinematics to be compared using a single reference frame originating from a pre-operative CT scan.
The consistent RMS differences between specimen indicate that the technique used to generate this
model captures sufficient patient specificity to replicate individualized kinematics. Previous reported
studies have compared experimental kinematics that were computed with anatomical landmarks
probed during testing against model-predicted kinematics that were defined with anatomical
landmarks identified from 3D imaging [217, 244, 246, 250-252, 261, 340-343]. These studies however,
as discussed in the introduction, may suffer from inconsistencies of landmark placement leading to

inconsistency of kinematic definition as source of error.

The method developed involved a series of registration points, from pre-op CT to post-op CT, CAD to
post-op CT and CAD to digitized Implant Geometry Surface (IGS). Using sequence of transformation
matrix, experimental recorded positional data was aligned to computational model reference frame.
This created a secondary model to view the digitized IGS with overlaid CAD file in its relative position
from one to another as recorded experimentally. When recorded positional data applied to the model,
visualization of the components movement during experiment can be reviewed and its kinematics can
be computed, termed Virtualised Experimental Kinematics (VEK). Other than the ability to compare
experimental and model-predicted kinematics in a consistent kinematics definition, VEK can also be
used to visually inspect whether the experimental kinematics behaved as expected. This can help with
troubleshooting if there were mistake in post-processing the data. For example, penetration between
components seen during the playback of VEK could indicate registration inaccuracy or data capture
error. This allows earlier source of error detection before experimental kinematics even compared
with computational model results for validation. This example was experienced in this study and
shown in Figure 4.6. Individual component registration results showed less than 0.5mm difference.

However, during VEK playback, 1.7mm amount of penetration was observed between posterior
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condyles and tibia insert in flexion, suggesting there is other source of error other than registration.
In summary, VEK can be used to perform initial validation of a computational model against
experimental setup before cadaver specimen is used. This would eliminate the source of error to the
model development or transform math itself. This will be useful before real validation is performed

using cadaver specimen where other source of error may arise

Apart from modelling and kinematic definition errors, validation results may also be affected by
experimental data capture error. The infrared cameras used in the navigation system have intrinsic
measurement error. The navigation arrays were assumed to be rigidly fixed to the bone but could
have unintentionally moved during the experiment. Human error in digitizing, such as probes
capturing points when not contacting the articular surface, combined with movement of the
navigation arrays can affect the registration of the implant CAD geometries. Each of these sources of
error will propagate throughout each calculation when generating the VEK. All mechanical simulators
have limitations [216], and when coupled with experimental procedure setup, the cumulative

probability of unintentional errors increase.

Knee kinematics post-TKA are a product of complex interactions between the component design,
component alighnment, and patient specific anatomic characteristics [140, 331, 332]. Computational
modelling is a scalable technology to study the complex interactions of these factors and can help
surgeons better plan surgery to achieve optimal outcomes. However, such models need to balance
clinical practicality with the complexity required to distinguish individual subjects. Further objective
of this study was to use described technique to validate a CT-based subject-specific computational
model that incorporates literature-based soft tissue properties. Based on previous literature, 3° is an
acceptable threshold of component alignment accuracy for longevity and function [198, 348].
Assuming linear effect, that would translate as tolerance of 3° and 3mm in kinematics. Therefore, 3°

or 3mm would be considered a good threshold value when comparing the simulated kinematics
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against the experimental data based on clinical impact for tibio-femoral kinematics. Patella-femoral

kinematics are more difficult to quantify as the patellofemoral kinematics is less quantifiable clinically.

The Knee Computational Model (KCM) in this study was derived from subject-specific CT scans only,
and literature-based values were used for the soft tissue representation. Good agreement was found
in trend and magnitude between model-predicted and experimental kinematics in all 8 specimens
using the method described. The kinematic differences observed in this study were comparable to
previous studies [217, 222, 274, 343], particularly for tibiofemoral (TF) kinematics (within 3° and
3mm). Patellofemoral (PF) kinematics RMS difference was slightly higher in our model than previously
reported by Baldwin et al, [217] which could be attributed to the simplification of the extensor
mechanism in the model. The extensor mechanism was modelled with single point insertions of the
quadriceps tendon and patella tendon, without retinaculum tissue or other medial and lateral
structures. These simplifications appear to not affect predictions in ML shift and IE rotation (given the
relatively lower RMS differences) but may explain some of the differences in PF flexion. The
simplification, however, was justified for computational efficiency, given that TF and PF ML shift and
IE rotation are clinically more relevant. The KCM in this study completed a single deep knee bend
within a few minutes, an efficiency that was not seen in more complex models [217, 250, 251, 341,

342, 349].

There are a number of limitations to this study. Firstly, there could have been unintentional errors
during cadaveric testing. Data used for the method described was based on previously collected
experimental data. The model-predicted kinematics could have been compared to experimental data
with sequential data collection and registration errors due to availability of data. Error propagation
such as this prevents differences between the KCM and VEK from being solely attributed to modelling
errors. A more controlled experimental set-up that focuses on accurate digitization and controlled
data collection specific for registration method described will help differentiate modelling error from

experimental error and will be the subject of future work.
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The KCM utilised a simplified model to represent soft tissue properties. Previously published validated
computational knee models have conducted experimental studies to calibrate subject specific
ligament properties. Baldwin et al.[217, 341], Ewing et al.[251], and Mootanah et al. [250] performed
passive laxity testing on cadaver specimens to determine characteristic VV and IE resistance. Inclusion
of subject specific ligament characteristics may improve model accuracy, however, capturing patient
specific ligament data is invasive and cannot be obtained in a clinical setting — preventing any such

model from clinical use.

Model accuracy obtained from these studies, therefore, will not necessarily translate to subjects in
which invasive soft tissue data is not available. A recent study by Beidokhti et al suggested that
although subject specific modelled ligaments improved contact accuracy, when joint kinematics are
of most interest, multi spring elements like those modelled here are the most efficient in terms of
combining modelling accuracy with computational efficiency [66]. Similar findings were also reported
by Pianigiani et al [350]. They studied effect of material properties on native knee where menisci still
present. They reported effects of material properties on kinematics are much less significant
compared to contact stresses, which is expected when soft tissue cartilage and menisci are present.

Our study simulates post-op model where the articular surface is replaced with implant components.

KCM in the present study was able to distinguish individual specimen kinematic characteristics well in
early and mid-flexion but not so well in deep flexion, when the soft tissue envelope is more active.
Future development of the model is needed to include non-invasive techniques to obtain patient
specific ligament properties. Recent studies have proposed of utilising stress X-rays to quantify
ligament characteristics [351, 352]. Investigation is needed to assess the feasibility and clinical
applicability to use functional X-rays as a surrogate to derive soft tissue properties in a computational

model.

Other limitations to this study relate to the implant components investigated. Ultra-congruent PCL

sacrificing prostheses were used. The increased congruency of these implants compared to, for
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example, cruciate retaining (CR) implants, reduces the relative role of the ligaments in generating
patient specific kinematics. A greater range of patient specific kinematics would be expected from a
deep knee bend using CR implants. An experiment comparing CR implants with this simulation may

lead to greater simulation errors due to the use of literature values for the soft tissue profile.

Other limitation was that the initial position of the leg in the model was not normalised to the same
loaded initial position as the cadaveric testing. Baldwin et al. highlighted a similar source of error in
their study [217]. Difficulty in tuning the initial loaded position was attributed to the experiment data
capture technique. Differences in starting position can introduce an absolute offset of the kinematics
between the two data sets which may have been reflected in patellofemoral flexion and superior-
inferior translation. Despite these challenges, the model demonstrated good agreement with both

tibiofemoral and patellofemoral VEK in all eight cadaver specimens under the conditions tested here.

Conclusions

In this study, a validation technique that allow experimental and model-predicted kinematics to be
compared with identical landmark and kinematic definitions was presented. Due to experimental
error propagation, model validation studies need to place careful consideration on experimental
procedure to prevent compound errors from masking the accuracy of computational models. Using
the method described, a relatively simplified knee computational model was able to achieve good
kinematic agreement while maintaining computational efficiency. Further developments of this model
and evaluation against supporting clinical data may lead to utilisation of computational modelling as

part of computer assisted surgical planning for TKA.

119



Chapter 5

Motivation/Literature ‘

l

Use of simplified TKA Computational Model to Assess
Simulated Kinematics Effect of Component Alignment

Accurate Determination of Post-operative 3D Component
Positioning in Total Knee Arthroplasty: The AURORA Protocol

A Technique for Accurate Kinematic Validation of a Low-cost
Subject Specific TKA Model
I

}

Use of Stressed Radiographs to Characterise Multiplanar Knee
Laxity
|

!

Estimation of Subject Specific Ligament Properties from Non-
Invasive Laxity Data

Summary of thesis findings and future study

Use of Stressed Radiographs to Characterise Multiplanar Knee

Laxity

A version of this chapter has been submitted to multiple conferences

Australian Orthopaedic Association, Cairns, October 2016 - Non-functional Radiology is Unable to
Predict Deformity Correctability in Total Knee Arthroplasty (Podium Presentation)

International Society of Arthroscopy, Shanghai, June 2017 - Patient Specific Planning Incorporating
Ligament Laxity (Poster)

European Knee Society, London, April 2017 - Functional Radiography As A Means Of Integrating

Joint Correctability Into Pre-Planning Workflows (Special E Poster)

120



Introduction

Computational modelling can be used to evaluate various surgical and anatomical parameters and its
effect to TKA biomechanical behaviour prior to the surgery [215, 216]. The accuracy of subject-specific
computational models is dependent on anatomical geometry, material properties, and boundary
conditions [353]. In previous chapter, we presented a validation method that allow same anatomical
geometry and boundary conditions to be compared between a computational model and
experimental data. However, ligament parameters in the developed computational model have not
been corroborated against subject-specific ligament characteristics. Literature reported ligament
properties were used instead. Ligament properties can have strong effect on simulated kinematics

[278, 354, 355].

Determination of subject-specific ligament properties remains a challenge. Various researchers have
attempted to evaluate subject-specific ligament properties. These studies include inverse dynamics
modelling of gait lab with instrumented implants [356] or experimental methods using a load sensor
to collect soft tissue laxity envelope and tracker to collect displacement/kinematic data [217, 250, 251,
357]. The kinematic data needs to be synchronised with the load data and specimen-specific ligament
properties were estimated by optimizing to the force-displacement response of the knee [217, 250,
251]. This technique is usually performed on cadaver specimen with load sensor and trackers to record
movement of the knee. These methods require a lot of resources to collect and invasive when trackers
are used. This technique can be suitable for developing a computational model when a single validated
subject model is used for its context of use, however its scalability potential limits the practicality
needed for computational model used as part of surgical planning on subject specific level. This
chapter is going to investigate the use of stress radiographs to quantify subject’s knee laxity as a
surrogate for displacement and applied load data for subject’s ligament properties determination

study in the next chapter.
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Numerous studies have attempted to quantify knee laxity using instrumented in vivo assessments,
such as arthrometry. These assessments typically divided into 2 types, clinical arthrometry and stress
radiography. Clinical arthrometry is usually performed by applying load to the joint in combination
with mechanical displacement measurements whereas stress radiograph uses combination of a
mechanically imposed load with simultaneous radiograph imaging. Laxity is measured as the angle or
displacement change within the constraints of the soft tissues when an external force is applied to the
joint [358-360]. Laxity depends on the shape of the involved bony surfaces, the mechanical behaviour

of the joint’s soft tissue structures and contributions from other supporting structures [361].

Stress radiography is a widely used clinical tool to evaluate the knee ligament laxity [362]. Previous
studies have used stress radiography to evaluate anterior-posterior knee laxity [363, 364]. Okazaki et
al [365] studied the medial and lateral knee laxity profile in extension and flexion on healthy knees.
Ishii [366] examined the correlation of non-weight bearing tibiofemoral angle to varus valgus laxity on
120 knees undergoing Total Knee Arthroplasty (TKA). And Tsukeoka et al [360] used stress radiograph

to evaluate knee laxity after TKA surgery.

In these studies, stress radiographs were taken with the knee at specific flexion with load applied in
the direction of laxity assessment. There are several techniques to evaluate the stress radiographs but
typically the radiographs were evaluated by identifying bony landmarks on the planar radiographs.
Skeletal displacement were determined by the distance between identified bony landmarks or line
drawn across bony landmarks. James et al [362] conducted a systematic review on stress radiograph
and reported excellent reliability was reported by most studies. Jackman et al [364] reported
intraobserver interclass correlation coefficient (ICC) of 0.973 and interobserver ICC of 0.955 when
using 2D stress radiograph measurements to evaluate posterior knee laxity. Schulz et al [367] also
reported similar ICC, 0.95 for intraobserver and 0.91 for interobserver. Although stress radiography
provides great reliability, its accuracy can be influenced by several important components [364],

particularly precise x-ray beam direction, rotation of the limb or coupled rotation. 2D measurements
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done on the planar radiograph is prone to error when the x-ray beam is not perpendicular to the
radiograph plate and the error can be compounded with rotation of the limb. Moreover, 2D stress
radiograph measurement technique only allows assessing single plane laxity. Knee laxity must be
assessed in multiple Degree of Freedom (DOF) in order to fully capture the complexity of the joint

structures and the interplay between ligaments [368].

In recent years, 3D-2D image registration has become one of the enabling technologies for image-
guided interventions [369]. The goal of the registration technique is to quantify the geometric
transformation which spatially aligns the 2D projection of a 3D volume and a 2D image [370]. 3D
volume is typically obtained using computed tomography (CT) or magnetic resonance imaging, while
the 2D image obtained from single X-ray or a frame of in-vivo fluoroscopy. This technique has been
applied to quantify joint kinematics in native [371-373] and replaced knees [374, 375] and pathological
knees with anterior cruciate ligament deficiency [376]. To our knowledge, there have been no studies

of using this technique to quantify multiplanar 3D knee laxity measured with stress radiograph.

The ability to quantify pre-operative knee laxity using clinically ready tool can help further research in
determining subject’s ligament properties. Therefore, the main objective of this study was to quantify
multiplanar knee laxity from stress radiograph using 3D-2D technique. Secondary objective was to
compare knee laxity assessed from stress radiograph to intra-operative laxity data assessed by

orthopaedic surgeon using computer navigation system.

Method

Patient selection

Fifty-five TKA candidates were selected consecutively for this study, providing data on 58 knees (3
bilaterals). In all patients, the preoperative diagnosis was osteoarthritis. Twenty-four males (43%) and

31 females (56%) with a mean age of 68 (range 49-84) were included. Each patient received supine
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long leg CT scans, standing radiographs and a series of stress radiographs preoperatively. All TKA's

were performed by a single surgeon at single centre.

Stress radiograph acquisition

Stress radiographs were acquired using a mechanical Telos stress device (Metax, Hungen-
Obbornhofen, Germany) to assess anterior-posterior laxity and abduction-adduction (varus-valgus)
laxity. The Telos device is equipped with a screw threaded shaft that permits a force to be applied
gradually while the load is displayed on a digital readout. Telos stress device has accuracy
measurement of £1daN. In the anterior-posterior (AP) laxity test, the force was applied to the anterior
proximal tibia at the level of tibial tubercle when the patient was in lateral decubitus position with the
knee in 20° and 90° flexion. These flexion angles were selected to quantify the laxity data in extension
and flexion. Four stress X-rays will be collected at each flexion angle. In varus-valgus (VV) laxity test,
the force was applied at the level of the tibial tubercle with the patient lying supine with the knee in
20° and 90° flexion, see Figure 5.1. In both laxity tests, the force applied was increased in incrementally
to a maximum of 150 N or until the patient indicated that they were uncomfortable with the stress
and lateral X-ray was captured while the knee was held in the stressed position. The flexion was
measured by radiographer using goniometer. Assessment at 20° flexion is considered as extension and
90° flexion as flexion. Due to miscommunication with imaging centre in the early study, a group of
patients received varus-valgus stress radiograph at 45° flexion instead of 90°. These two are grouped

into flexion assessment group.
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Figure 5.1. example of stress radiograph position for varus stress and anterior draw test (taken from
TELOS instructions for use).

Registration technique

Acquired CT scan was segmented to generate 3D models of the patient’s lower limb and bony
landmarks were identified to create anatomical reference frames using ScanlP (Simpleware). Figure
5.2 shows the bony landmarks used to define femur and tibia reference frame. 3D-2D registration was
performed using Mimics (Materialize, Leuven, Belgium) to transform the generated 3D bone models
from CT reference frame to the bone position evident in the stress radiograph. The distance of the
tube-to-cassette assumed to be 1.5m for all X-rays for consistency. As the 3D model being
manipulated, the projected 2D silhouette was overlaid to the X-ray. This process was iterated manually
until the projected 3D silhouette matches with the silhouette of the X-ray. The femur and tibia were
registered independently but their respective position in space was checked by other qualified
engineer for quality assurance and interference before finalising the registration. The in and out-plane
position of femur and tibia relative to each other was also reviewed to ensure the femur condyles are
sitting on top of tibia plateau in a sensible medial-lateral position. At the time of processing, no
quantifiable accuracy measure was available in Mimics when comparing the silhouette. Therefore, a

reviewer is needed to check the first registration

After passing quality check, the bone models were exported for each registered stress radiograph. The

femur and tibia 3D model were combined into a single 3D model for each registered position. The
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femur bones from each position were then normalised to the femur position in CT reference frame
while maintaining the tibia-to-femur relative registered position. Figure 5.3 shows schematic of the
registration steps taken. The normalisation of the femur allowed for quality check for registered

position and 3D visual comparison of stress radiographs knee alignment.

PCL insertion

Lateral
epicondyle MCL insertion
Medial sulcus

Medial
epicondyle

Femur centre

Figure 5.2.bony landmarks used to define femur and tibia reference frame. Femoral head centre and
ankle centre are not shown here.

CT scan tibia bone model was then aligned to each tibia registered position using Iterative Closest
Point (ICP) alignment method in Powershape (Autodesk, California, United States). Since the tibia 3D
models are identical but in different position, the alignment should result with no deviation between
the models. The output of the alignment was transformation matrix of tibia bone model in CT
reference frame to the registered stress radiograph position. This transformation matrix was applied
to the tibia landmarks coordinates defined from CT scan so that knee alignment at each registered
radiograph can be quantified. Grood and Suntay [377] convention was used to describe the knee

alignment, giving 3D position of tibia relative to femur.

Mechanical axis of femur was defined by a line drawn from femur centre to hip centre whereas ankle

centre and mid-point between PCL-insertion and tubercle landmark (tibia centre) defined the
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mechanical axis of tibia. The line connecting the epicondyles (transepicondylar axis) defined the ML
axis of femur and femur anterior-posterior (AP) axis is perpendicular to mechanical axis and ML axis.
The AP axis of tibia was defined by PCL insertion to tubercle line and ML axis is perpendicular to
mechanical axis and AP axis. Varus/valgus knee alighment was defined as the angle between femur
mechanical and tibia mechanical axis projected to femur coronal plane and internal/external (IE)
rotation was defined as the angle between femur transepicondylar axis and tibia AP axis projected to
tibia axial plane. AP position was defined as the distance between mid-point of transepicondylar axis
and tibia centre projected to tibia sagittal plane. These measurements were measured for each stress

radiograph. A verification study of described method can be found in Appendix B.

(A) (€)

Stressed Radiographs 3D-2D Registration Normalised Registered

g X-rays

(D)

Registered tibia bone
model

(B)

CT scan tibia bone
model

Pre-op CT Segmented bone
and landmarks

CT landmarks transformed to
registered stress radiograph position

Figure 5.3. Flowchart of registration steps. (A) Stressed radiographs were taken. (B) CT scan was
segmented and landmarked. (C) Segmented bone models exported and 3D-2D registered against stress
radiographs in Mimics (Materialize, Leuven, Belgium). Registered femur bone models were normalised
to CT reference frame while maintaining tibia-femur relationship from registered position. (D) CT scan

tibia bone model was then aligned to each tibia registered position using Iterative Closest Point (ICP)
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alignment method in Powershape (Autodesk, California, United States), giving transformation matrix
that applied to tibia landmarks in CT scan reference frame. This gives a set of femur and tibia

landmarks that describe knee alignment in each stress radiograph.

To describe the interobserver reliability, the registration technique was conducted on 6 stress
radiographs by 2 qualified engineers. Each case was reviewed by a third engineer, with refinement of
bones registration made by the reviewing engineer if necessary. The intraclass correlation coefficient
(ICC) was calculated for registered bone position (flexion, varus/valgus, internal/external,
anterior/posterior). An ICC value of 1 shows perfect reliability, values greater than 0.9 indicates an
excellent result, 0.81 to 0.9 is very good, 0.76 to 0.80 is good, 0.5 to 0.75 is moderate and <0.50 is

considered to show poor reliability [308, 309].

Intra-operative laxity data

Each patient received TKA by one surgeon performed with Navigation System (OMNIlife Science,
Raynham, USA) with nominal accuracy up to Imm and 1° [378]. The knee was exposed, and infrared
trackers were attached on femur and tibia. The centres of the femur, knee, and ankle were registered
to create mechanical axes by joining these centres. Subsequently, other anatomical landmarks are
registered to create anatomical reference frames of the femur and tibia. The navigation system
provides real time information about the 3D bone position and orientation of the femur and tibia by
corresponding pinned infrared trackers, allowing joint kinematics to be tracked and stored. At the
beginning of the surgery, laxity assessment was performed throughout flexion arc prior to osteophyte
removal. The surgeon then removed osteophytes and laxity was assessed again as another data
capture. This procedure was part of surgeon’s routine surgical workflow. Sufficient force was applied
by surgeon onto the knee to recruit the appropriate ligaments during assessment. The flexion and
varus-valgus angles were recorded as the laxity assessment was performed. Navigation system used
in this study did not record internal-external alignment during laxity assessment. At the end of the

surgery, the navigation report was saved and transcribed for use.
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Results

Of 55 patients enrolled, 48 knees have complete stress radiographs (extension and flexion), 10 knees
have partial complete stress radiographs (extension only) due to radiographer’s confusion with the
imaging protocol. 25 of flexion VV laxity test was completed at 45° flexion. 52 intra-operative
Navigation data was recorded. None of the patients had evidence of trauma, infection, tumour or any

congenital disorder.

The mean coronal (varus-valgus) leg alignment in CT and standing radiographs were 5.0° varus (SD
3.9°, ranging from 7.7° valgus to 11.6° varus) and 6.0° varus (SD 4.9°, ranging from 12.8° valgus to 13.1°
varus) respectively. The CT coronal alignment is strongly correlated with standing radiographs (r =0.96
and p<0.05). There were 46 (79.3%) varus, 3 (5.2%) valgus and 9 (15.5%) neutral knees when £3° is

used as the varus-valgus alignment threshold.

Accuracy and Reliability

The accuracy of this method was 0.6mm for in-plane translation, 1.8mm for out-of-plane translation
and 0.7° for rotations. Similar accuracy was reported by Matsuki et al [371] (0.5mm for in-plane
rotation, 1.6mm for out-plane, and 0.5° for rotations). Table 5.1 shows the ICC value for each
measurement. The lowest reported ICC variable is for IE rotation, with an ICC of 0.92. All ICC values

are above 0.9, indicating excellent reliability.

Table 5.1. Reliability testing for 3D-2D registration. All ICC values are greater than 0.9 indicating
excellent reliability.

Flexion \AY) IE AP

ICC 0.99 0.95 0.92 0.98
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Registered Stress Radiograph

The load applied during VV laxity test was converted to a measurement of torque in coronal plane
using the moment arm distance of the TELOS stress device. Table 5.2 shows the average load applied
on each laxity test. The overall average load applied for VV laxity test was 10.2Nm +3.5Nm with the
load applied at flexion is slightly lower than at extension. AP laxity applied load overall averaged at
126.7N £ 39.2N with similar average in both extension and flexion. Posterior laxity test showed lower

average than anterior laxity test.

Figure 5.4 shows examples of registered CT bone model to stress radiograph. Table 5.3 shows the
average knee alignment and translation position from each laxity test. The mean knee alignment of
varus test in extension and flexion were 6.7° and 6.6° respectively, which was approximately 1.6° more
than the knee alignment in CT scan. The mean knee alighment of valgus test in both extension and
flexion showed a positive varus alignment, suggesting medial tightness was present that prevents the
knee to be corrected to or over mechanical alignment (0°) under valgus load. The valgus test knee
alignment is approximately 1.9° less than the knee alignment in CT scan. Both anterior and posterior
test average AP position is larger in extension than flexion, indicating the femur sits more anteriorly
relative to the tibia during AP loading in extension. AP laxity test in flexion showed the most

interpatient variation with standard deviation of 5mm.
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Figure 5.4. A representative of registered CT bone model to varus test and posterior test stress
radiograph. Varus alignment is positive and AP position is positive when mid-point of transepicondylar

axis sits anterior to the tibia centre projected to tibia sagittal plane.

Table 5.2. Magnitude of loads applied to each laxity test.

. Extension (Nm) Flexion (Nm) Extension (N) Flexion (N)
Load applied
Varus Valgus Varus Valgus Anterior  Posterior Anterior Posterior
AVERAGE 10.2 11.0 9.7 10.1 130.2 119.3 132.4 124.9
STD.DEV 3.4 2.9 4.0 3.5 38.6 43.1 33.2 41.8
MIN 2.0 2.0 1.0 3.0 20.0 20.0 20.0 10
MAX 13.0 13.0 13.0 13.0 150.0 150.0 150.0 150

Table 5.3. Knee alignment and translation position measured from 3D-2D registered stress

radiographs.
Coronal Extension (°) Flexion (°) Extension (mm) Flexion (mm)
alignment
on CT (°) Varus Valgus Varus Valgus Anterior Posterior Anterior Posterior
AVERAGE 5.0 6.7 2.7 6.6 3.6 6.4 12.1 3.5 1.5
STD.DEV 3.9 3.7 4.3 3.7 4.4 4.5 4.7 5.1 5.4
MIN -7.7 -5.1 -10.7 -3.7 -11.0 -5.7 1.0 -8.7 -8.9
MAX 11.6 13.5 10.6 12.1 11.9 14.6 21.1 14.7 15.3

Primary Laxity

Primary laxity is defined as laxity in the same plane as the load applied in. VV laxity is the range
measurement from varus to valgus stress radiograph and AP laxity is the range measurement from
anterior to posterior stress radiograph. Extension and flexion VV laxity resulted in average of 4.0° (SD
2.4°, ranging from 0.2° to 10.1°) and 3.0° (SD, 2.4°, ranging from 0.1° to 8.8°) respectively. Extension
and flexion AP laxity resulted in average of 6.1mm (SD 3.9mm, ranging from 0.2 to 16.2mm) and
6.0mm (SD 4.4mm, ranging from 0.3 to 21.1mm). Histograms and density plot of the laxity are shown
in Figure 5.5Error! Reference source not found.. The density plot shows the laxity distribution and the
VV laxity in extension concentrated at around 5° while VV laxity in flexion concentrated at 2°. The VV

laxity in flexion has shorter tail, indicating not many high laxity values. AP laxity showed similar average
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value in both extension and flexion; The density plot shows the AP laxity concentrated at 5mm in

extension and 6mm in flexion.

Intra-operative Laxity VS Stress Radiograph Laxity

The Navigation VV laxity data at 20° and 90° flexion were compared to laxity data from stress
radiograph using Bland Altman plots, shown in Figure 5.6Error! Reference source not found.. The plots
show the mean difference and limit of agreements (LoA), which defined as the mean difference + 1.96
SD of differences. The plots show there is a bias between the two methods to measure VV laxity, with
stress radiograph laxity tends to be tighter than intra-operative assessment. This trend was observed
on both before and after osteophyte removal laxity. The mean difference for laxity in extension was
4.6° (LoA were between -0.3° and 9.5°) prior to osteophyte removal and 5.2° (LoA were between 0.42°
and 10.7°) for after. Similarly, the mean difference of stress radiograph with prior osteophyte removal
laxity in flexion was 2.6° (LoA were between -4.1° and 9.3°) and for after was 2.8° (LoA were between

-3.0° and 8.6°).

This difference could be due to patient’s tolerance to pain during loading of stress radiograph. Figure
5.7 shows a boxplot of laxity range and categorisation of average applied load magnitude. A
statistically significant correlation between magnitude of load applied and VV laxity range was found
for extension (0.33, p = 0.01) but not for flexion (0.13, P = 0.38). This indicates that low load may not

be the only factor that contribute to the tighter laxity measured from stress radiograph.
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Figure 5.5. VV and AP laxity measured from 3D-2D registered stress radiographs.

Secondary Laxity

Secondary laxity is defined as laxity in any other plane than the load is applied in. Secondary laxity
could be the other factor contributing to the Navigation-stress radiograph laxity difference.
Unfortunately, the Navigation system used in this study only report the VV alignment during laxity

assessment so secondary laxity from the two methods cannot be compared. A graphical
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representation of the relationship between VV primary laxity and internal-external (IE) secondary
laxity from stress radiograph is presented in Figure 5.8. There are 24 and 29 datapoints where the IE
laxity is larger than the VV laxity in extension and flexion respectively. As shown in the plots, the

Navigation-stress radiograph laxity difference tends to get larger when the secondary laxity is larger

than the primary laxity.
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Figure 5.6. Bland Altman plots of VV laxity measured by Navigation system and stress radiographs.

Discussion

This study demonstrated a technique to measure multiplanar knee laxity using 3D-2D registration
against stress radiograph. This technique showed distinct interpatient laxity profiles under varus-

valgus and anterior-posterior laxity test. The accuracy of 3D-2D registration method was similar to
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previous study [371]. Excellent reliability was observed and is comparable to other stress radiography

studies [364, 367].

Freisinger et al [379] attempted to systematically review the available literature to assess VV laxity
and osteoarthritis patients but concluded that meta-analysis was not possible due to heterogeneity
of the subject populations and differences in laxity measurement devices, applied loading, and laxity
definitions. Even though direct comparison of laxity measured in this study couldn’t be made, there
were few relevant studies found. Ishii et al [366] performed stress radiograph to assess VV laxity in
extension on 120 TKA candidate knees. They reported a mean varus test knee alignment of 8° and
mean valgus test knee alighment of 0°. The alighment was measured as the angle between line drawn
on femur distal condyle and line drawn on tibia plateau on captured coronal Xray. In the present study,
knee alignment of varus and valgus test in extension were 6.7° and 2.7° respectively. Even though,
stress radiograph was used to assess the laxity, different measurement techniques and definitions
were used between the two studies. Similar technique to Ishii was used by Okazaki et al [365]. They
reported knee alignment of 4.9° for varus and 2.4° for valgus test in extension, and 4.8° for varus and
1.7° for valgus test in flexion. Creaby et al [380] in separate study reported VV laxity of 17.7° (knee
alignment is 8.5° varus for varus test and 9.2° valgus for valgus test). They assessed the laxity using
custom dynamometer (modified Kin-Com) with VV angulation measured directly from the device.
Sharma et al [381] compared AP and VV laxity between healthy and osteoarthritis patients. They found
osteoarthritis patients had AP laxity of 6mm and VV laxity of 4.5°. In the present study, the AP laxity
and VV laxity were 6.1mm and 4.0° respectively in extension. Therefore, the laxity values measured

in this study are within the bounds of previously reported in the literature.
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Figure 5.7. Box plots with scatter points of laxity range across categorisation of average applied load
magnitude in extension and flexion (high >10Nm, medium is between 7Nm and 10Nm, and low is

<7Nm).

The secondary objective of this study was to compare the stress radiograph laxity to intra-operative
laxity assessment measured by Navigation system. Figure 5.6 shows that there is a bias between the
two methods to measure VV laxity, with stress radiograph laxity tends to be tighter than intra-
operative assessment. This can be attributed to different reference frame definition used in
Navigation system to calculate knee alignment, and the patient’s pain tolerance during stress
radiograph assessment leading to low load applied that resulted in incomplete true laxity assessment.
This was shown in Figure 5.7 where high load seems to lead to higher laxity, particularly in extension.
The imaging protocol instructed radiographer to gradually increase the load to maximum of 150N or
until the patient indicated that they were uncomfortable with the stress. However, it was observed in
few occasions that older patients were afraid of the pain feeling which led the radiographer limit the

load applied early. This might have some effects on the laxity observed. The high load in flexion not
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translated to higher VV laxity could be due to bigger coupled motion in response to applied load in

flexion.

Other factors include muscle activity in resisting the motion, secondary laxity and un-controlled
applied stress by surgeon during intra-operative assessment. Tsukeoka et al [360] evaluated knee
laxity without and under anaesthesia and reported laxity significantly increased under anaesthesia
with 23% of patients’ laxity changed by more than 3°. Other studies by Zhang et al [382, 383] showed
that passive resistance moments increased linearly with increasing knee valgus and varus angles.
Mean difference for laxity was 4.6° in extension and 2.6° in flexion. Some of the patients in this study
could have unconsciously resisted the motion as the load being applied during stress radiograph
assessment. On the other hand, surgeons applied load for laxity assessment could also contributed to

the mean difference. No load reading was used intra-operatively and the maximum load applied was

subjective.
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Figure 5.8. Relationship of VV primary laxity and IE secondary laxity in extension and flexion shaded by

the Navigation-stress radiograph laxity difference. The black line represents y=x line as a reference line

to indicate which patient has larger IE laxity than VV laxity.

Secondary laxity or coupled motions could be the other factor contributing to the Navigation-stress
radiograph laxity difference. Figure 5.8Error! Reference source not found. shows that knees which

had larger secondary IE laxity than VV laxity had an increased Navigation-stress radiograph laxity
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difference to those that had lower IE laxity. The plots also show the secondary laxity increased from
extension to flexion. The average IE laxity for the knees above the reference line is 3.6° £ 3.6° in
extension and 6.6° £ 5.3° in flexion. This observation was similar to Gladnick et al [384] findings, the
coupled motion of IE increases towards flexion in response to applied varus and valgus load. The
increased secondary IE laxity in flexion could be related to screw home mechanism of the knee, where
the popliteal muscle contracts as the knee flexes, causing the femur to rotate externally [13, 14].The
ability to identify and measure coupled motions in the knee is one of the advantages of the presented
method. Only IE coupled motion was discussed in this study as it was the most relevance when

comparing VV laxity.

There were several limitations in this study. Firstly, the flexion angle of the knee was not accurately
controlled during stress radiograph. Radiographer visually flexed the knee to the desired angle and
briefly checked with goniometer. However, the measurement depends on where the arms of the
goniometer were placed, and it could be difficult to determine for patients with high BMI. Secondly,
the knee was not constrained during VV loading in flexion which could lead to femur rotation. This
could have contributed to the larger IE coupled motion in flexion. Kobayashi et al [385] used a rubber

band to fix the femur to prevent the rotation of a femur.

Other limitation in this study relate to the 3D bone model was manually registered to the Xray.
Although verification and reliability study were performed, this technique relies on the operator to be
trained and careful in registering the 3D model. Other studies used a version of automated matching
algorithm to optimize the 3D-2D registration [371, 386]. In this study, the registered Xray was checked
by other qualified engineer for quality assurance before finalising the registration. Navigation system
used only record VV angulation. This limits the comparison of coupled motion of laxity assessment.
Finally, intra-operative digitized bony landmarks could be different to the landmarks identified from

CT scan, resulting in inconsistency knee alignment measurement definition.
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Stress radiograph in combination with 3D-2D registration technique showed to be a suitable method
to evaluate multiplanar knee laxity non-invasively. The method described preserves the bony
landmarks definition to be used to calculate knee alignment in different position. Measured laxity
from stress radiograph shown to be different from laxity measured intra-operatively. Patient
consciousness during assessment, pain tolerance and coupled motions in response to the applied load
seem to affect the laxity measured. Stress radiograph and pain level perhaps could be a good indicator

of what the post-operative laxity target should be for individual patient.

The ability to quantify patient’s knee laxity in 6 DOF non-invasively enables next development phase
of knee computational modelling. Quantified 3D knee position with applied load can be used as a
surrogate to corroborate displacement and load relationship of the knee in computational modelling

to determine subject specific ligament characteristics.
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Introduction

Computational modelling is a scalable technique that allows the study of both patient and surgical
factors and their interactions on knee dynamics. Development of knee computational model is a
continual challenge. Often, the details in published models varied considerably, including the number
and complexity of included structures, material behaviour, or the use of generic versus subject-specific
representations of bone and ligament parameters [387]. Regardless of the complexity, subject specific
information has been identified as important inputs to knee models [66, 387, 388]. At the same time,
a low-cost computational model is needed in order to realise the use of such tool to optimise joint
dynamics as part of TKA surgical planning. In previous chapter, we presented a non-invasive 3D-2D
registration technique used to characterise knee laxity in 3D captured from stress radiograph. This
method preserves the bony landmarks definition used to calculate knee alignment in different
position. This chapter presents a technique to corroborate the quantified 3D knee laxity position and

load relationship to determine subject specific ligament characteristics.

Previous computational studies have attempted subject specific ligament characteristics evaluation
by optimizing load-displacement response of the knee. Baldwin et al [217] subjected cadaver knees to
passive laxity assessment using an instrumented prosthetic foot. Tibiofemoral ligament properties
were optimized to fit the experimental data. Similarly, Ewing et al [251] measured knee load-
displacement relationship using a custom navigation system and stability device. Mootanah et al [250]
in their study used robot actuator to move the cadaver specimen from extension to flexion. The
ligament properties were adjusted iteratively until the model kinematics closely matched those in-

vitro.

Three cadaver specimens were assessed, and ligament stiffness and reference strain were optimized
in Baldwin et al [217] study. Optimized ligament reference strain varied from -4% to 4% and RMS error

less than 1.8mm and 2.2° were achieved when the optimized computational model kinematics
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compared to in-vitro kinematics. Meanwhile, Ewing et al [251] evaluated seven cadaveric specimens
and reported a wide variability of reference strain, up to 40% reference strain between specimens.
Their study showed RMS error of 3.5° when optimized ligament properties were used. Mootanah et
al [250] validated their model by measuring intra-articular force and pressure measurements. They
used different ligament properties for different knee flexion and achieved up to 6% error compared

to in-vitro recorded compartmental loads.

Even though these studies showed good model validation with optimized ligament properties, the
assessments process were invasive. These methods can be suitable for developing a computational
model that only use single or few subjects as its representative. However, these methods are not
scalable for computational model used on subject specific level in clinical setting. Additionally, these
studies have only measured in-vitro ligament properties. In-vivo properties may be different with the

ligaments becoming stiffer after death [389].

Kang et al [351] introduced a method to evaluate in-vivo ligament properties using a probabilistic
approach accompanied with laxity test under Computed Tomography (CT) scan. CT and stress device,
TELOS, were used to record the Anterior-Posterior (AP) drawer laxity test in extension and flexion. The
ligament stiffness and reference strain were optimized to minimize the difference between the
movement of the knee in the model and stress radiographs. In their follow up study, Kang et al [352]
compared the model kinematics to those observed from laxity test under CT and reported differences
up to 2mm. However, only use 1 healthy knee subject was used in the study and multiple CT were

used to capture the laxity test which increased amount of radiation exposure to the subject.

The main objective of this study was to present a novel method that use clinically attained knee laxity
data as surrogate for load-displacement relationship to determine subject specific ligament free
length. Knee laxity data was obtained from stressed radiograph and virtualised using 3D-2D
registration. Reference strain from optimized ligaments free length were compared to previous

reported studies. Secondary objective was to compare the computational model outputs of ligaments
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generic reference strain and optimized reference strain using knee computational model developed

in chapter 4.

Method

Knee Laxity Data

In this study, the knee laxity data of nine randomly selected TKA candidates from chapter 5 were
obtained. Each subject received supine long leg CT scans, standing radiographs and a series of pre-
operative stress radiographs (varus, valgus, anterior, posterior test). Nine subjects were chosen as a
proof of concept of the technique described. In this study, only varus and valgus stress radiographs
were used to optimize Lateral Collateral Ligament (LCL) and Medial Collateral Ligament (MCL)

properties.

The pre-operative CT scans and stressed radiographs were processed using the method detailed in
Chapter 5. In brief, the CT scans were segmented using ScanlIP software (Simpleware) and bony
anatomical points, including ligament attachment sites were landmarked. 3D-2D registrations were
performed in Mimics (Materialize, Leuven, Belgium) using the segmented femur and tibia against the
radiographs to determine knee alighment for each stress radiograph. Registered femur bone models
were normalised to CT reference frame while maintaining tibia-femur relationship from registered
position. The tibia in CT reference frame is registered to each of the registered tibia is calculated. The
transformation matrix is used to transform the anatomical landmarks taken in the CT reference frame
to the registered positions to determine the knee alignment for each stress radiograph. Femur and
tibia mechanical axis were determined from anatomical landmarks and were used to calculate the

knee alignment. Refer to Error! Reference source not found.3 in Chapter 5 for detailed description.
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Tibio-femoral Knee Laxity Model

Subject specific rigid body models were created in multibody dynamics simulation software, ADAMS

(MSc) for pre-operative native tibio-femoral joint. The model includes patient reconstructed bony

geometries, anatomical landmarks and ligaments (LCL and MCL). The LCL was considered to be a single

fibre bundle and the MCL was considered to consist of anterior and posterior bundles. The bony axes

and ligament attachment points were determined as described in Chapter 4. Each ligament was

modelled as 1D non-linear spring elements, shown in Equation (1) Where k is the stiffness parameter

obtained from the literature [257] (2000N and 2750N for LCL and MCL respectively), [free is the free

length of the ligament, and ¢; is the spring parameter assumed to be 0.03 [61].

F= 1 &2 0< &<2
B 4 &1 ’ = ¢ &
f=k(e— g), £ > 2¢g Equation (1)
f=0, e<O0
[— Ifree ;
£ =— Equation (2)
lf:ree
[ — lf:ree .
¢ =——— + (flexion *ff) Equation (3)
free

The free length is defined as the length of the ligament when it first becomes taut. Reference strain

was defined as the strain in the ligament when the leg is in a neutral position, which in this study is

defined with the leg in full extension in CT scan. Thus, reference length is the ligament length when

the leg is in full extension in CT scan.
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Most previous studies used the reference strain to determine ligament free length. This will be
referred as reference strain method in this study. In this method, the free length is calculated using
Equation (2) in which the reference strain is adopted from literature or derived from other sources.
Galbusera et al [67] published a review on ligament models and properties used previous
computational modelling studies. The study showed most previous computational studies referenced
at least some form of literature values for ligament parameters, often from Blankevoort et al [62],
Rahman et al [68], or Wisman et al [61]. The reference strain from these studies are shown in Table

6.1.

This study does not use reference strain method, rather the ligament free length is derived from
known ligament forces at known positions. Although the subject specific ligament attachment sites
were identified from CT, the ligament length was modelled as 3D distance between the insertion and
origin attachments. We introduced another factor, flexion factor (ff) in the strain calculation formula,
Equation (3), to account for the effect of bone wrapping of the ligament. The parameter is used to
lengthen or shorten the strain based on the knee flexion angle. Equation (3) is also used to calculate
the reference strain once the ligament free length is derived. The ligament length is calculated as 3D

distance between attachment points.

All components were modelled as rigid bodies using a penalty-based contact between components.
The pre-operative native model was virtually positioned to the stress radiograph positions to simulate
the boundary conditions when the knee is stressed. The model was allowed to translate superior-
inferiorly while maintaining the knee alignment during simulation to induce contact between distal

femur and proximal tibia. See Figure 6.1 (A) and (B).

145



Optimized
ligament
properties

Stress radiographs 3D position Optimization

Generic ligament
properties

Landmarking and implant positioning Biomechanical model

Figure 6.1. Flowchart of steps. (A) 3D position of native femur and tibia obtained from 3D-2D
registration against stress radiographs. (B) Subject specific pre-operative native tibio-femoral knee
model created. The model replicates the knee positions measured in stress radiographs. Measured
laxity load applied, and ligament free lengths were optimized. (C) Implant components were positioned
in mechanical alignment on segmented bones. (D) Subject specific post-operative knee computational
model created to simulate deep knee bend. Simulation was run with generic and optimized ligament

properties.

Ligament Parameters Optimization

Initially, a nominal load of 100N is applied on each ligament and then perturbed by 5N sequentially,
giving a set of ligament force-joint load sensitivities. A surrogate model at each stressed position is
created by combining these sensitivities with the 3D insertion-origin ligament length at that particular
stressed position and the known force-strain-displacement relationships from Equation (1). This

surrogate model is to calculate joint loads for a given ligament parameters during optimization.
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The objective function, Equation (4), of the optimization was to minimise the resultant internal joint
load discrepancy on the knee measured in stress radiographs and the simulated internal joint load.
Equation (5) calculated the difference between the resultant internal joint load on the knee measured
in stress radiographs and the simulated internal joint load for each stress radiograph position.
Parameter optimisation was performed using gradient descent method in Python. [free and ff were
the optimization parameters. The initial values for [free were determined using the reference strains
method taken from literature [68] (expressed as percent strain). The values are shown in Table 6.1.
Initial value of 0 was used for ff. By design, ff is a function of flexion and therefore it is more

dominant for resolving load discrepancy in flexion.

Jeotar = jvm‘_ext "'jvat_ext +fva?‘_ﬂx "']vai_ﬂx Equation (4)

] = \/(Mtelos - Mmode!)z Equation (5)

Valgus stress radiograph in extension and flexion was used for Anterior MCL (antMCL) and Posterior
MCL (postMCL) and varus stress radiograph in extension and flexion were used for LCL. A post-
operative TKA knee model was constructed for each subject as described in next sub-section. Subject
specific reference strains were then calculated using Equation (3) at 0° flexion with the optimised

ligament parameters and compared to reported reference strains from previous studies.

Knee Computational Model

This study used the low-cost knee computational model developed in Chapter 4. Refer to that chapter
for detailed description of the model development. After the subject’s CT was segmented and
landmarked, Total Knee Arthroplasty (TKA) implant components were positioned relative to subject’s
bone to create a subject specific post-operative TKA knee model. A fixed bearing, cruciate-retaining,
symmetrical femoral and tibial condyle multi-radius implant design (Apex CR; OMNIlife science, East

Taunton, MA, USA) was used. The implants were aligned to the respective bone mechanical axis.
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The knee computational model was setup to simulate deep knee bend to replicate experimental
mechanical simulator, Oxford Knee Rig. Two simulations were run for each subject. The first simulation
group was run with LCL and MCL [free derived using reference strain method and generic literature
values [68]. Equation (2) was used to calculate the strain for first simulation. Second simulation group
was run with optimized LCL and MCL [free and ff. Equation (3) was used to the calculate the strain.
Two posterior Cruciate Ligament (PCL) bundles were included in both simulations. Their stiffness and
reference strain were adopted from literature [68, 257], anterior bundle stiffness 9000N and reference
strain 0.4%, posterior bundle stiffness 9000N and reference strain 8%. The kinematics outputs of
ligaments generic reference strain and optimized reference strain model was compared. Paired T-test

and F-test was used to compare the mean and variance between the 2 groups.

Results

Optimized Reference Strains

The mean coronal alignment in CT was 3.9° varus, ranging from 7.7° valgus to 8.8° varus. Each subject
had a varus valgus laxity calculated from the stress radiographs taken. The mean varus valgus laxity

range in extension and flexion were 4.7° (SD, 2.9°) and 3.9° (SD, 3.0°) respectively.

Subject specific reference strains determined from optimized ligament parameters are summarised in
Table 6.1. There was a wide variation in the optimized reference strain values between subjects and
ligaments. The LCL ligament showed the greatest variation in reference strain, with a range of 39%
strain between subjects. Then followed by antMCL with a range of 37% strain and the least variation,
postMCL, with a range of 19% strain between subjects. Standard deviations of optimized reference
strains were similar to Ewing et al [251] findings. Table 6.2 shows the Pearson’s correlation of
optimized reference strain against coronal alignment and laxity measured. LCL and postMCL showed
strong and statistically significant correlation against coronal alighment but only postMCL showed

strong and statistically significant correlation against laxity measured.
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Table 6.3 shows the Ifree calculated using the 2 methods, reference strain method with adopted
literature value [68] and optimized lengths. LCL showed the highest [free variation in both generic
and optimized groups while both antMCL and postMCL showed similar variation. [free average
difference between generic and optimized group for antMCL and postMCL were 4.0 = 4.7mm (t-test
significance, u <0.05) and -3.1 £ 2.9 mm (u <0.05) respectively; meanwhile LCL difference was -4.2 +

6.2mm (U1 = 0.08) and not significant between the two groups.

Table 6.1. Optimized reference strains (as % strain); reference strains reported in previous studies;

Coronal alignment in CT scan and varus valgus laxity in extension and flexion (Varus angle is positive).

Coronal H
LCL (%) antMCL postMCL lignment in Varus Yalgus Iaxnty'range
6 ) cT () extension exion
(%) (%) t (°) | flexion (°)
Wismans et al., 1980 [61] 5 -3 5
Blankevoort et al., 1991
- 4
162] 5 3
Rahman et al., 1998 [68] 5 -6 3
Averag.e from Ewing et al 2+15 | 11+14 8+8
(7 specimens)
Average f‘rom Baldwin et 144 0+3 1+4
al (3 specimens)
Subject 1 -3 26 -4 4.7 5.2 8.8
Subject 2 -1 8 -4 8.8 1.1 1.1
Subject 3 -5 10 2 8.5 1.9 1.1
Subject 4 -8 -4 -3 3.8 5.7 2.8
Subject 5 -5 3 3 5.3 0.8 1.0
Subject 6 -5 -6 -7 5.2 6.9 4.0
Subject 7 -13 0 1 7.0 9.3 3.8
Subject 8 9 0 -1 -0.2 6.0 4.0
Subject 9 26 -11 -16 -7.7 5.6 8.6
Average * std -1+12 3+11 -3%+6 3.9+5.1 4.7+29 39+3.0
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Table 6.2 Pearson’s correlation for optimized reference strain against knee coronal alignment and

laxity. @ Denotes significant correlation from O to P <.05

Optimized Alignment Laxity Laxity
reference strain inCT (°) extension (°) | flexion (°)
LCL -0.88° -0.03 0.54
antMCL 0.51 -0.33 0.08
postMCL 0.74° -0.25 -0.69°

Table 6.3. lfree measured with reference strain method with adopted literature values [68] and

optimized lfree. Units is in mm.

. Generic Optimized
Subject
LCL antMCL postMCL LCL antMCL postMCL
1 59.7 55.8 57.2 64.5 41.8 61.1
2 58.6 43.2 44.9 62.4 37.3 48.0
3 64.2 49.9 51.6 713 42.5 51.9
4 62.4 52.1 53.7 71.7 511 56.8
5 51.9 44.2 46.1 57.8 40.2 46.0
6 69.7 52.1 53.6 76.9 52.2 59.3
7 52.9 40.8 43.1 63.8 38.4 44.0
8 69.7 49.5 51.1 66.9 46.4 52.9
9 50.8 40.3 42.9 42.1 42.1 52.1
Average 60.0 47.6 49.4 64.2 43.6 52.5
Std 7.2 5.6 5.2 10.1 5.3 5.9

Kinematics Outputs

Strain of each ligament was measured throughout flexion of the knee computational model. Figure
6.2 shows box plots of strain of the 2 simulation groups at 0°, 30°, 60°, 90° flexion. PostMCL showed
statistically significant mean difference and variation throughout flexion whereas MCL showed
significant mean difference in extension only but significant variation difference throughout flexion.
On the other hand, LCL showed no significance in mean difference but significant variation difference

in almost all flexion increment between the 2 groups. PostMCL of optimized ligament properties had
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Figure 6.2. Box plots of strain at 4 flexion increments. Dashed line represents mean of the strain at that

flexion. Scatter points represent outliers. u = significance of T-test, o = significance of F-test.

Figure 6.3 shows the kinematics outputs for each subject and Error! Reference source not found.
shows the box plots of the kinematics with mean difference and variation difference significance.
There was no significant difference in mean for internal-external (IE) rotation and patella tilt
kinematics. However, IE rotation of group 2 showed significantly higher variation in early flexion.
Femoral rollback showed significant mean difference at 30° flexion but then the 2 groups converged
towards flexion. No significant difference for both mean and variation for varus valgus between the 2
groups. But there were few outliers on group 2 where the knee is in high varus in early flexion. These
were subjects 1, 2 and 7 where the optimized antMCL free length is significantly shorter than LCL or

in other words when the antMCL has significantly higher reference strain than LCL. The high varus in
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early flexion characteristics of these subjects were due to the LCL ligament force was not high enough

to balance the antMCL ligament force.
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Figure 6.3. Line plots of simulated kinematics. Transparent lines represent each subject kinematics and

dark solid line represents mean of the simulated group kinematics. Internal-rotation is measured in

femur reference frame. Positive internal rotation represent tibia is internally rotated relative to femur.
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Figure 6.4. Box plots of kinematics at 4 flexion increments. Dashed line represents mean of the strain

at that flexion. Scatter points represent outliers. u = significance of T-test, o = significance of F-test.

Only femoral rollback in early flexion showed significant mean difference between the 2 simulation

groups while only Internal-External (IE) rotation showed significant variation difference in early flexion.

Discussion

Computational modelling can be used to evaluate various surgical and anatomical parameters and its

effect to TKA biomechanical behaviour prior to the surgery [215, 216]. Knee extension is usually

considered as the reference state from which different motions can be simulated. In this state, the

ligaments are strained and therefore already sustaining a load [66, 67]. Previous computational

studies often use this as reference state to measure the ligament free length, known as reference

strain method [278]. Although there are studies which have performed experimental test to

determine ligament properties, most studies are still referencing old studies for ligament spring model
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properties. This could be due to the complexity of experimental protocols and variability between
different subjects, particularly the age of donor and/or pathologies that might have affected ligament
mechanical behaviour [67]. However, several computational model studies have attempted subject
specific ligament characteristics evaluation by optimizing load-displacement response of the knee

[217, 250, 251, 351].

The objectives of this study were to: 1) present a method to determine subject specific ligament free
length using non-invasive attainable clinical data, 2) determine reference strain from optimized free
lengths and compare to previous studies, 3) compare the computational model outputs of optimized

free lengths to the free lengths obtained using reference strain method.

In summary, this study demonstrated a technique to characterise in-vivo subject specific ligament
properties using non-invasive attainable clinical data, knee laxity from stress radiographs, as surrogate
of the load-displacement response of the knee. Statistically significant difference was found between
optimized and generic free lengths for antMCL and postMCL but not LCL. Our findings show that
generic reference strain values reported in literature [61, 62, 68] differ significantly from numerically
obtained reference strain. Furthermore, there was a wide variation in reference strains between
subjects and ligaments, with variations ranging from 19% to 39% strain. However, from computational
model outputs comparison, subject specific ligament properties did not show statistically significant

difference in the observed measures.

Standard deviations or variations of optimized referenced strains in this study show similar
characteristics to Ewing et al study [251]. However, compared to Baldwin et al [217] findings, our
optimized reference strain has larger variations. Differences were seen in the average reference strain
values found, particularly for MCL ligaments. This could perhaps due to subjects used in the study.
Baldwin et al [217] and Ewing et al [251] used cadaver specimens which introduced possibility of the
ligaments becoming stiffer after death [389]. Additionally, it was not described if the specimens used

in their study had osteoarthritis. Subjects in this study were TKA candidates who had end-stage
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osteoarthritis. Therefore, knees assessed in this study have severe bony deformity and osteophytes
present. The severe bony deformity can cause instability of the knee which may result in slack ligament
[366, 381]. However, the presence of abundant osteophytes in addition to severe bony deformity may
cause joint contracture on the deformed side which may result in tighter ligament on one side [390-
392]. This was observed in this study, with the antMCL ligament on average has higher reference strain
than the LCL, particularly for high varus knee. Moreover, the 3D model used in Ewing et al study was
developed by scaling of reference values from previous studies without using 3D reconstruction
method based on the medical image. The individual subject’s ligament attachment points may not

agree with scaled points. The attachment points in this study were taken from subject’s CT scan.

Calculated reference strain for each specimen in this study fall within a physiologically possible range
but do exhibit a larger standard deviation than some previous experimental studies that directly
measured ligament properties [60, 393]. This large deviation could be due to the variability of subjects’
anatomy and measured joint laxity. Large variation in knee joint laxity was seen between subjects and
from Table 6.2, it appears that there is no strong relationship between subject’s laxity, coronal
alignment and ligaments reference strain. This suggest the ligaments characteristics vary widely

between subjects and non-functional imaging is insufficient to determine their characteristics.

Figure 6.2 shows strain comparison of the ligaments throughout deep knee flexion. Both antMCL and
LCL strain calculated using optimized ligament parameters showed similar characteristics to the strains
calculated using reference strain method. However, strain of optimized postMCL parameters showed
opposite trend to the generic ligament model; it decreases as flexion increases. This means the 3D
ligament insertion-origin distance of the postMCL ligament gets shorten relative to the free length in
flexion. This could be due to the coupled motion in response to applied varus and valgus load as
observed from Chapter 5. It was shown in Chapter 5 that coupled motion of Internal-external (IE) laxity
increases towards flexion. In this study, the femur is on average 10° externally rotated relative to the

tibia in flexion stress radiograph. The postMCL insertion-origin length increases when the femur is in
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high external position, which led the postMCL free length to increase during optimization to satisfy
the load boundary condition. However, as seen in Figure 6.3, the IE rotation during deep knee bend
simulation was not as high as the stressed position and therefore the postMCL insertion-origin length
calculated is shorter than the optimized free length and resulted in negative strain value. Moreover,

the femur rolls back towards flexion which helps shorten the postMCL insertion-origin distance.

Even though the mean and variance of ligaments strains were shown to be different in most flexion
increments, there was no statistically significant difference in mean and variance of kinematics
between the 2 simulation groups. One possible explanation is that the implant geometry used in this
study has relatively higher congruency between the femur component and tibia insert compared to
other contemporary knee implant designs [394]. Other explanation is that deep knee bend simulated
in this study does not differentiate enough to pick up the sensitivity of the change in ligament
parameters. The computational model replicated Oxford Knee Rig (OKR) mechanical simulator which
prescribed the deep knee bend motion that constraint the hip joint to translate vertically with respect

to the ankle [246, 276, 395].

However, kinematics range reported in this study are comparable to previous computational studies
simulating OKR deep knee bend [261, 336, 396]. Ishikawa et al [261] IE rotation and rollback range
from extension to flexion was approximately 6° and 10mm respectively. D’lima et al [396] showed IE
rotation and varus-valgus angulation range of approximately 8° and 3° respectively. It was the
intention of TKA procedure to improve stability of the knee after surgery and therefore the implant
geometry has high contribution to the resultant kinematics [98-100]. As demonstrated in Patil et al
[276, 336] and D’lima et al [396] studies, implanted knees kinematics progression, particularly IE

rotation, were more linear from extension to flexion compared to native knees.

On the other hand, there were few varus kinematics outliers when optimised ligament properties
were used. This was observed in subjects 1, 2 and 7 where the optimized antMCL free length is

significantly shorter than LCL. The ligament parameters were optimized using native tibio-femoral
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knee model but the deep knee bend kinematics was simulated with post-operative knee model where
the implant components positioned at mechanical alignment. Mechanical alignment is achieved by
aligning the femur and tibia components against the respective mechanical axis in coronal plane and
resecting bone to match implant thickness. Often, the components in this position may not align with
the native joint line. This resulted in the bone resection of one side will be less than the component
thickness, more significantly so when the native joint line is in high varus or valgus. In other words,
the components thickness replaces more than what was resected, adding more material on the knee,
which will stretch the ligament when the femur is in contact with the tibia. The high varus kinematics
of subjects 1, 2 and 7 could be explained by this phenomenon. A combination of short antMCL free
length, high pre-operative varus knee deformity, and mechanically aligned planned components
stretched the antMCL ligaments such that the high ligament force was not balanced by the LCL

ligament force.

The results of the current study need to be seen within the light of the following limitations. Firstly,
no meniscus was modelled in the native tibio-femoral knee model used for ligament optimization. This
may affect the contact force calculated in the simulation during optimization as one of meniscus’s
functions is to distribute the loads experienced by the knee. Kang et al [397] developed a method to
probabilistically determine meniscal horn attachment properties using combination of MRI scan at
different flexion angles. The current model is developed with CT scan as inputs and meniscus is not
visible in CT. Part of future work is to adapt the model for magnetic resonance imaging (MRI) and

include meniscus in the model.

Secondly, the optimisation was performed only on 2 parameters. Ligaments of the knee are among
the most complicated structures to simulate. Most computational models simplified the ligament
attachment areas as a single point to minimise computing cost and therefore limits the effective line
of action movement of the ligament force in the model. Practicality is a critical factor for a

computational model to be used as surgical planning tool and thus the justification of the
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simplification. In this study, a variable was introduced to consider the wrapping behaviour of the
ligament and it is varied based on flexion angle. Several studies have reported the sensitivity of
ligament attachment sites and its effects to simulated kinematics [350, 354, 398]. Further work is to
improve the mechanical role of the 1D non-linear spring by implementing the ability to simulate the
movement of the force line of action, particularly in the anterior-posterior direction. With further
development, this movement could be characterized with 1-2 additional parameters and solved for in

a similar manner as for free length and flexion factor.

Thirdly, only collateral ligaments were investigated in this study. Further work will incorporate the
Anterior-Posterior stress radiograph laxity data to determine the cruciate ligament parameters.
Multiple bundle ligaments should also be investigated. Other limitation in this study relate to the laxity
assessment performed when subject is conscious. This could have affected the true laxity
measurement. However, data used in this study reflects actual clinical measurements from TKA
candidate. To our knowledge, previous studies used either cadaveric specimen or healthy volunteer
data to determine subject specific ligament characteristics. Despite that, if multiple laxity
measurements are conducted, the total radiation exposure may become problematic. Therefore, an
effort to establish which laxity measurements provide the most useful information should be made to
reduce the number of measurements. Another limitation is that only one implant design was
evaluated in this study. Other less conforming implant system may have larger impact on simulated

kinematics.

Computational model holds great potential to help understand the complex interactions between
implant component design, component alignment, and subject specific anatomic characteristics. We
demonstrated a proof-of-concept technique to incorporate subject specific ligament properties
obtained from non-invasive clinical data to a low-cost computational model. Our findings showed that
the estimated ligament characteristics for each subject were distinctly different from one another and

from the generic reported values. There were no strong relationships between the subject’s long leg
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alignment, laxity and soft tissue characteristics. Further study should evaluate other implant designs
and the combination effect of subject specific ligament properties, implant component design and

component alignments.
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The knee is one of the most complex joints in the body, it has the important function of providing
support and mobility during standing and gait. It has a role in almost all daily activities and hence,

susceptible to failure particularly degenerative joint diseases like osteoarthritis.

Total Knee Arthroplasty (TKA) is considered to be the last solution for end stage osteoarthritis. TKA is
a successful surgery when longevity is used as surgery outcome metrics. However, in contemporary
TKA, implant survivorship is no longer the only outcome metrics as it does not indicate whether patient
is satisfied with the results from the surgery. Multiple studies have shown about 15-20% of TKA
recipients are dissatisfied [141, 143, 154, 179]. Patient satisfaction is known to be a complex
multifactorial issue [142, 143, 183, 399]. Patient expectation [143, 400, 401], functional [402, 403],
pain relief [142, 404], experience of healthcare delivery [405] is only few of the factors. Many studies
have attempted to correlate or predicts patient’s satisfaction, but no consensus has been reached yet
[186, 406-409]. It could be due to the lack of standardisation and validity of adequate outcome
measures that makes it difficult to determine which elements before, during and after surgery; and

throughout the rehabilitation process that affect the outcomes of TKA.

On the other hand, healthcare cost nowadays is expensive and is increasing as reported by many
institutions and government bodies [410-413]. An episode of TKA involves multiple healthcare
providers and each one of them have associated cost. For example, TKA episode of care starts with
patient visits general practitioner (GP) about their discomfort or pain. Then GP will refer patient to
specialist if they deem patient is an appropriate TKA candidate. An Orthopaedic specialist will then
consult the patient and booked for surgery or refer to other specialists if they are not a suitable
candidate. Patient may be referred to pre-habilitation physiotherapy before surgery. In surgery, there
are options of implant system and delivery system technology (e.g. Navigation system) for
Orthopaedic surgeon to choose from and their cost varies according to the setup between hospitals
and implant providers. After surgery, the patient often will be referred to rehabilitation program

either within the hospital or in a physiotherapy clinic. Above is a high-level summary of a typical
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patient journey in TKA. There are other intricacies in the journey that were not mentioned. However,
the above example illustrates there are many options in how to treat patients while there is no
concrete evidence that each patient will be satisfied if they are prescribed with the same pathway.
This suggests the cost of a TKA episode can be reduced with appropriate selection for each patient.
Therefore, different solutions need to be explored to help clinicians triage patients, helping them to

make decision on what resources need to be spent on a patient.

Surgical planning is one key aspect that can help clinicians better choose options for surgery. With the
evolution of patient centred care, technological advances in hardware and software, there is an
opportunity to combine clinical and biomechanical data collected prior, during and after surgery with
computational modelling to improve patient management from surgical planning to rehabilitation
programs and, as a consequence, the overall clinical outcome for each individual patient. Currently,
most of knee surgical planning has done by assessing the pre-operative long leg alignment or joint line
angle and component placement. Surgical delivery using patient specific instrument (PSI) involves
planning of intended implant system to fit with patient’s bone in terms of placement and size. This
planning helps surgeon to be aware of extreme or unusual anatomical deformity pre-operatively and
helps them prepare the surgery accordingly. Even though this kind of planning is valuable, static
alignment may not differentiate enough as previous studies showed no consensus on the clinical
outcomes of different alignment philosophies. As discussed in Chapter 1, joint dynamics may be more
relevant to clinical outcomes than component placement alone. However, studies have not shown
identifiable, reproducible relationships between joint dynamics clinical outcomes, indicating that
clinical outcome of TKA is a product of complex interactions between surgical and patient factors.
Surgical factors can be attributed to interactions between the component design, component

alignment, and patient specific anatomic characteristics.

Computational modelling is a scalable technique compared to other functional techniques and allows

the study of both surgical and patient factors impact on joint dynamics following TKA. Previously,
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computational models have extensively been used as pre-clinical evaluation for implant design
performance [215, 216]. For use in clinical setting, the application of computational modelling needs

to consider following considerations:

e Practicality in clinical setting. i.e. computational model needs to be low-cost (minimal
patient specific data input and computing power needed to obtain simulation results within
few minutes).

The model needs to be able to provide information in matter of minutes not hours.

e Inputs to the model are clinically attainable.

The application of computational modelling cannot be scaled if the process of attaining the
model inputs is complicated or requires information not routinely collected as the standard
of care.

e Have the relevant complexity to represent the intended reality.

Generate a model to truly represent entire system would be too complex and for which
there would be insufficient data to be formulated in a useful way. A model should be able to
predict the behaviour of its intention, at least in a comparative or relative way, even if not

absolutely.

This is summarised in Figure 7.1. A balance needs to be found between the right quadrants for a
computational model to be used in clinical setting. This thesis aimed to provide a series of studies
towards the development of a low-cost knee computational model that intended to be used as part

of surgical planning tool to help clinicians triage patient treatments.
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Figure 7.1. Complexity vs practicality matrix for computational model. (Replicated from Chapter 1)

Summary of Key Results

Chapter 2 presented the development of a low-cost computational model of the knee replicating a
mechanical simulator and its ability to differentiate simulated kinematics between mechanically and
kinematically aligned components on the same subject. The model only used CT scan as inputs. Patient
specific bone geometry and soft tissue attachments were obtained from CT scan. Ligament
parameters were initially obtained from literature review and adjusted based on experimental
validation performed with a cadaver study. Twenty TKA candidate’s pre-op CT were processed and
Cruciate Retaining (CR) components were positioned to mechanical alignment and kinematic
alignment for each patient. Kinematic alignment group showed more kinematic variation than
mechanical alignment group. Our findings were comparable to previous reported simulation studies
and the simulated kinematics for kinematic alignment group shared some similar characteristics with

in-vivo study.
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The knee computational model developed was validated by comparing kinematics obtained from in-
vitro cadaver study. After re-reviewing the validation steps taken, it was realised there was
inconsistency in registration technique used to transform the experimental outputs to the
computational model reference frame. It was also realized in the first model validation that
inconsistent landmark definition was used to compare the experimental kinematics and simulated
kinematics. Upon reviewing previous validation studies, it is unclear whether the earlier
computational model works had fully considered this aspect. This might affect the validated ligament
parameters derived and simulated kinematics results. Therefore, Chapter 3 and 4 focused on
technique to perform accurate registration between reference frames at different steps of the
validation process. Chapter 2 was intended to show that a simplified low-cost model could show
clinically relevant differences on kinematics for different component alignment. This chapter sets the

basis of the theory for technically complex and clinically practical computational model.

Chapter 3 described a new technique to measure post-operative component position from CT by
registering segmented pre-operative CT bones and implant geometries to post-operative CT reference
frame. The technique showed excellent reliability and reproducibility with the maximum component
alignment differences from the mean within this study are low compared to previous literature. Our
results also showed a confidence interval up to 10-fold narrower when compared to previous
protocols used to quantify component position. This technique allows us to analyse the position and
rotation of all components in 3D space with comparison to pre-operative anatomy, allowing us to
maintain accurate attachment ligament landmarks obtained from pre-operative CT. If only post-
operative CT is used, the landmarking could be inaccurate due to the metal flare visible on the CT,
particularly surrounding the implants. The method developed in this chapter can also be used to
quantify post-operative 3D component position for clinical use, with comparison to the pre-operative

anatomy, allowing surgical changes to the joint to be determined.
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Subsequently, using similar technique, Chapter 4 described a series of registration technique that
transform cadaver experimental outputs from a mechanical simulator to computational model
reference frame which allows identical landmark definition to be used for kinematics comparison.
Implant geometries were registered to best match the experimentally digitized implant articular
surface. Recorded experimental data was sequentially transformed to the computational model
reference frame using the implant geometries default reference frame as the common reference
frame. This process allows us to recreate the motion recorded experimentally using the same bony
landmarks definition, generating a set of Virtualised Experimental Kinematics (VEK). At the same time,
this enable us to overlay the VEK onto the computational model to visually inspect whether the
experimental kinematics behaved as expected. This is useful to help identify whether the differences

seen between model and experimental come from following sources:

e registration process,
e experimental data capture error or

¢ modelling of the computational model

Chapter 4 also demonstrated that a low-cost knee computational model with sufficient complexity
was able to achieve accuracy in kinematics when compared against experimental data. This has high
potential for clinical use. The model used CT imaging data only as its input and ligaments were
modelled using literature-based values. This fulfils the factor “Inputs to the model is clinically
attainable” in realising the application of computational modelling in clinical setting. The model
completed a deep knee bend cycle within few minutes, which fulfils the “practicality in clinical setting”
factor. Good agreement was found in trend and magnitude between model-predicted and
experimental kinematics in all 8 specimens. The kinematic differences observed in this study were
comparable to previous studies, particularly for tibiofemoral (TF) kinematics. This demonstrates the
model fulfils the factor “have the relevant complexity to represent the intended reality” which in this

context the intended reality is deep knee bend from mechanical simulator. However, even though the
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computational model in this study was able to distinguish individual specimen kinematic
characteristics well in early and mid-flexion, the kinematics comparison in flexion was not that good.

This could be due the simplification of the model and generic ligament parameters used.

Therefore, it was realised there is a need to include subject specific ligament properties into the
developed model. However, the method to collect data needed to consider the practicality and
attainability factor to maintain the efficiency needed for clinical use. Chapter 5 investigated the use of
stress radiograph to attain load-displacement relationship of the knee non-invasively. The chapter
focused on 3D-2D registration technique to quantify subject’s knee laxity and compared the laxity to
what was measured intra-operatively. The results showed there was distinct interpatient laxity
profiles under varus-valgus and anterior-posterior laxity test. The described technique showed
excellent reliability and was comparable to other stress radiography studies. Other advantages of the
technique were the ability to quantify coupled motion and minimise the projection error as compared
to laxity quantified from 2D measurement on the planar radiograph. Additionally, this method
preserves the bony landmarks definition that were used to calculate knee alignment in different stress

radiograph position.

However, the measured laxity from stress radiograph was shown to be different from laxity measured
intra-operatively. Patient consciousness during assessment, pain tolerance and coupled motions in
response to the applied load seem to affect the laxity measured. This difference does not mean the
stress radiograph is not clinically relevant. In fact, this could be a useful combination data of in-vivo
laxity and patient’s pain tolerance level as part of surgical planning. Despite of this difference, Chapter
5 demonstrated the ability to quantify patient’s knee laxity in 6 DOF non-invasively to enable the next

development phase of knee computational modelling.

Subsequently, Chapter 6 presents a technique to corroborate the quantified 3D knee laxity position
and load relationship to determine subject specific ligament characteristics while maintaining the

efficiency of the computational model. Ligament free lengths and flexion factor, a factor introduced
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to include the wrapping behaviour of the ligament, were optimized for the displacement-load
relationship observed from stress radiographs. Statistically significant difference was found between
optimized and generic free lengths for antMCL and postMCL but not LCL. Furthermore, with optimized
ligament parameters, there was a wide variation in reference strains between subjects and ligaments,
with variations ranging from 19% to 39% strain. This highlights that the estimated ligament
characteristics for each subject were distinctly different from one another and from the generic
reported values. There were no strong direct relationships between the subject’s long leg alignment,

laxity and soft tissue characteristics.

However, from TKA computational model outputs comparison, subject specific ligament properties
did not show statistically significant difference in the observed kinematics measures. There were
distinct differences in early flexion Internal-External (IE) motion but these were not statistically
significant. This could be due to the implant system used in this study; It has relatively higher
congruency between the femur component and tibia insert compared to other contemporary knee
implant designs. The higher congruency suggests that this implant geometry has higher contribution
in the resultant knee kinematics than the soft tissue, especially when the soft tissues are under normal
tension. Another possible explanation is that the simulated deep knee bend is not sensitive to
perturbations in the ligament parameters. However, the simulated kinematics characteristics were

similar to previous computational studies simulating deep knee bend motion.

This thesis so far has presented a series of studies towards the development of a knee computational
model that aimed to be used as part of surgical planning tool to help clinicians triage patient
treatments. After Chapter 6, it was concluded that further study is needed to evaluate other implant
designs and the overall combination effect of subject specific ligament properties, implant component

design and component alignments to the developed model.

On a separate note, kinetics also affects kinematics [414]. The computational model developed in this

thesis simulates closed-kinetic-chain boundary conditions with the hip and ankle joint constrained in
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the vertical motion. The external forces applied on each subject’s computational model is the same as
per the boundary condition described for Oxford Knee Rig. This normalisation is one of the benefits in
the simplified model such that less patient specific inputs are needed for the simulation. Kinetics
output quadriceps force is included but others are not emphasized. It also needs to be acknowledged
that no instruments were available at the time of cadaver lab testing to measure internal joint forces
and therefore validation against internal forces could not be performed. Despite that, the
computational model developed in this thesis has demonstrated the balance between complexity and

practicality for clinical use when assessing kinematics.

The validated computational model is intended to be used as comparative tool between subjects and
therefore it was justified to focus on comparing relative kinematics outputs between subjects so that
relative kinematic differences attributed to implant component design, position and anatomic
characteristics can be compared. The computational model outputs are also intended to be used in
conjunction with other clinical data, like Patient Reported Outcomes and surgeon clinical assessment.

In this final chapter, examples of applications of the current model will be discussed.

Development of TKR computational model with balanced technical

complexity and clinical practicality

This section of the thesis aims to discuss the experience and knowledge learnt from developing a low-
cost computational model. As shown in Figure 7.2Figure 7., a computational model needs to have the
balance in the right quadrants to be able to be used in clinical setting. Firstly, to achieve this, there
were compromises that needed to be made. One of the compromises was the standardisation of the
model loading and boundary conditions, i.e. deep knee bend motion as per Oxford Knee Rig (OKR)
mechanical simulator. Each patient specific knee model is simulated with same external forces to
recreate the deep knee bend motion. There are about 50,000 TKA procedures performed in Australia

in 2017 alone. If gait lab or a special lab is needed to obtain model inputs, the adoption of such
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application will be hindered by the scalability of the process. Secondly, currently only CT scan is used
as the model input. Even though CT scan imaging is readily available in most areas, some countries,
like US, charge extra fee to patients. MRI scans can be used but, from my experience, it took much

longer to process MRI compared to CT.

Regardless of the complexity of the model developed, all models still need to be validated to ensure
its outputs agree with the its intended use. The main lesson learnt in this thesis study is that reference
frame definition is very important for computational model validation. This was realised at the end of
Chapter 2 and consequently Chapter 3 and 4 attempted to address the reference frame inconsistency.

With further thought, the reference frame is a 3-way problem, shown in Figure 7.2.

Tracker system

Physical rig

Biomechanical model

In-vitro In-silico In-vivo

Figure 7.2. lllustration of reference frame used for each environment. In in-vitro environment, the
physical rig position is recorded by a tracker (motion capture) system. Movement of the components
were measured relatively to each other using rigid body markers attached. In in-silico environment, CT
or imaging inputs are transformed to the biomechanical model reference frame. The kinematics
measurement definition in-silico need to be relevant and interpretable by clinicians in-vivo. The blue
arrow depicts the transformation that happen in the same environment and green allow depicts the
transformation between environment. Development of computational modelling need to pay attention
to the definition of the reference frames used in each environment and ensure the data transformed

in each environment is still relevant to one another.

Reference frame transformation from in-vitro to in-silico is often overlooked. In Chapter 4, we
highlighted this challenge and attempted to address it by generating VEK to ensure identical reference

frame definition is used when comparing in-silico to in-vitro data. In Chapter 3, a technique was
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developed to perform transformation of bony landmarks from pre-operative CT to post-operative CT
to ensure identical and accurate landmarks definition are used to generate the knee computational

model within the in-silico environment.

During this thesis, a collaboration with Cleveland Clinic and Scripps Biomechanics lab were established
for the validation studies. During the collaboration, it became apparent that the Biomechanics lab
experts also encounter same challenges and consistency of reference frame definition was often
overlooked in their previous in-silico to in-vitro comparison. | consider this is one of the most difficult
challenge in validating computational model, especially if experts from different domains are not
involved with the work from other domain experts. For example, biomechanics lab operator won’t
necessarily know reference axes and kinematics definition developed in the computational model and
vice versa. Recently, an abstract was accepted to Orthopaedic Research Society conference 2019
[415] with collaboration with Cleveland Clinic Biomechanics lab in utilising our registration method
developed in Chapter 4 to identify the differences between recorded kinematics reported by testing

rig positional sensor and motion capture system.

Even though we attempted to create identical reference frame for in-silico and in-vitro comparison in
Chapter 4, there were still limitations. One in particular was the initial starting position of the knee
components experimentally were not recreated in the computational model. This was due to the
cadaver study was done prior to the development of the registration method. For future studies,
following are suggestions from things we learnt in conducting cadaver experiment for computational

model comparison.

e Plan and document lab protocol thoroughly. This will help in making sure data collected during
the lab aligns with what needed.

e Digitize implant articular surface with respect to rigid body marker.
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Have the processed pre-operative CT data ready. Register the digitized articular surface to the
pre-operative CT reference frame using same technique described in Chapter 4 to ensure good
registration can be made from the data collected. If not, recollect the data.

After mechanical simulator is run, register the recorded data again to generate VEK. Review
the VEK and ensure that the virtualised experimental data behaves as expected, e.g. no
penetration is seen between components. If there is penetration, identify the potential
sources of error. Doing this early will help filter the sources of differences when comparing
the computational model outputs to experimental outputs as any differences between the
two after experimental study is due to the modelling technique.

Lastly, ensure starting position of the mechanical simulator is captured. To achieve the best
representation of the position, a 3D reverse engineering scanner can be used. The scanner
can capture the physical rig in 3D format and then respective computational model
components can be registered (using surface-to-surface) to best match the captured 3D data.

This allows recreation of the physical rig starting position in in-silico reference frame.

On the other hand, transformation of in-silico to in-vivo reference frame is also important. Many

clinicians may not follow the technical description of kinematics used in-silico. Grood and Suntay

kinematics description is the most widely adopted definition in knee computational modelling. Even

though the description sounds logical from technical and mathematical perspective, it may still not

fully translate to in-vivo description, particularly for patello-femoral kinematics. Future studies should

consider this factor when the outputs of computational model is used in clinical setting.

The use patient specific ligament properties when developing a model should also be considered.

However, the method used to capture patient ligament characteristics during development have to

be reproducible clinically. The potential of using stress radiograph as surrogate of the load-

displacement response of the knee has been demonstrated. Future study should include validation of

Chapter 5 and 6 technique in cadaver study.
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Implant geometry also plays an important role in the simulated kinematics results. Contemporary knee
implant designs have different level of constraints, such as cruciate retaining (CR), posterior-stabilising
(PS) or medial pivot knees. Morra et al [394] in their study compared the constraint level of knee

implant models from various implant manufacturers and they showed great variations among designs.

This thesis showed it is possible to develop a knee computational model that have balance complexity
and practicality for clinical use. There were compromises need to be made in the model, but the model
can still be useful as long as the outputs are reproducible and represent the context of use. A model
should be able to predict the behaviour of its intention, at least in a comparative or relative way, even

if not absolutely.

Clinical application of current model

The validated model developed in this thesis has been used in post-operative and pre-operative
context to evaluate the relative difference of joint dynamics between patients. The application of this
thesis has been used in 360KneeSystems*, whose vision is to improve the clinical outcomes of TKA
patients using holistic approach towards patient centered care pathway. One aspect is surgical
planning. Instead of static surgical planning, they provide dynamic surgical plans that utilize the model

developed in this thesis. *Author is an employee of 360KneeSystemes.

Femoral Component: Omni Apex Right CR Femur Size 2
Tibial Component: Omni Apex Tibial Tray Size 1

Tibial Insert: Omni Apex Ultra Insert Size 2 14mm
Patellar Button: Omni Apex Patella Button Size 29 8mm

Component Placement Information

Femoral Comp. Flexion: 4.5°
Femoral Comp. Valgus: 2.6°
Femoral Comp. Internal: 2.2¢
Tibial Comp. Flexion: 3.6°
Tibial Comp. Varus: 1.9
Tibial Comp. Internal: 11.6°
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Figure 7.3. Example of post-operative joint dynamics analysis of patient showing tightness in flexion
symptoms. Blue lines represent the simulated target patient and red lines represent previously

simulated patients.

Initially, the model was used as post-operative analysis tool. When clinicians are faced with dissatisfied
patients, often they don’t know the root cause of the dissatisfaction or the bad functional outcomes.
The computational model can produce joint dynamics in an efficient way that otherwise would be very
difficult to obtain to help identify the root cause. The model outputs can be used in a comparative

way (against other simulated dynamics) or correlation to recorded PROMs or clinical assessment.
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Figure 7.3 shows an example of a post-operative dynamics analysis. From clinical assessment, patient
presented with tightness in flexion. The surgeon was uncertain what caused the tightness and
requested a dynamics analysis. From post-operative CT, the implanted components were measured
as shown in the top picture. Both femur and tibia components were measured to be internally rotated,
but the coronal angle is within 3° relative to mechanical alignment. The computational model
predicted the tibia to be continuously internally rotated relative to the femur as flexion increases
resulting in higher tibio-femoral IE mismatch. Consequently, higher varus-valgus joint torque
difference is seen in flexion. The predicted dynamics also showed relatively higher tibio-femoral
contact force compared to previously simulated patients, which is a surrogate measure of tightness in
the joint (resultant high reaction force between tibia and femur indicating joint is tight). This was in
accordance with the observed clinical assessment. Another observation was that the model showed a
sudden jump of patella tilt in deep flexion, indicating patella fell in the femoral groove which could be
due to the small size implants implanted. However, this observation was not seen clinically. Surgeon
used the simulated dynamics information as adjunct to what they observed clinically and finally
decided not to revise the patient as the potential gain vs effort of revising was not worthwhile. Instead,
they referred the patient to physiotherapy to improve the balance in flexion. If the surgeon was to
revise the knee, the model could also be used to model different tibia component alignment and
compare the resultant dynamics. In this analysis, only patient CT scan was used as inputs. Image
segmentation and landmarking was performed so that the computational model can be generated.
The surgeon’s clinical assessment was then compared to predicted dynamics outputs. This process

took approximately 3 hours (from CT segmentation to produce simulation results).

With sufficient number of post-operative simulated dynamics and corresponding PROMs, correlation
between the dynamics characteristics that led to good outcomes as measured by PROMs could be
made. The correlation work is outside of this thesis main body. However, Twiggs et al [169], colleagues

at 360KneeSystems recently published a study where they found a few predicted dynamics
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characteristics were significantly correlated to post-operative PROMs. This work extends the

application of the current developed model further to pre-operative context.

Figure 7.4 illustrates how computational modelling can be used pre-operatively as part of surgical
planning. If we know which dynamics characteristics led to good clinical outcomes, the factors
affecting to the dynamics outcomes can be predicted. We know the patient specific anatomy from
imaging data, implant geometry from implant manufacturer and component alignment can be

virtually planned at different positions.

SR = We want this
Geometry
= We know this
Dynamic Outcomes Happy Patient
Patient Specific = We can find this
Musculoskeletal out with simulations

Environment

Figure 7.4. Illlustration of application of computational model in surgical planning. If correlation of
dynamics outcome to clinical outcomes is known, i.e. what dynamics characteristics correlate to happy
patients, we can find the best component alignment to achieve the desired dynamics with

computational modelling given the known component geometry and patient specific anatomy factors.

One example of the application of the correlation found is to present the predicted dynamics
characteristics associated with post-operative PROMs with a score using penalty function. This
summarises the predicted dynamics results in an easy interpretable format for clinicians. The score
represents whether the predicted dynamics is associated with good or bad post-operative PROMS

based on the correlation analysis. Figure 7.5 shows an example of the application in pre-operative
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surgical planning. In this example, the tibia Internal-External (IE) rotation and slope are iterated in the
computational model. Each corner of the plot represents a predicted dynamics result with specified
component position and geometry. The higher percentage score means the predicted dynamics is
associated with good post-operative PROMs score and low score associated with bad post-operative
PROMs. The score is highlighted with colour status (green associates with high percentage score while
red associates with low percentage score) so it is easily interpretable which component position and
geometry predicted dynamics result is associated with good and bad post-operative PROMs.
Additionally, this analysis provides comparison of relative sensitivity of patient specific predicted
dynamics to component position and geometry. The right plots of Figure 7.5 shows the predicted
dynamics in each corner is associated with good post-operative PROMs regardless of tibia component
position range and geometry selected. This implied the predicted dynamics of the specific patient is
not sensitive to tibia component position and geometry. Whereas, left plots of Figure 7.5 shows good
and bad post-operative PROMs association. The plots show the predicted dynamics is associated with
good outcomes when the congruent tibial insert geometry is used and placed at high tibia slope. These
analyses are not intended to directly predict the patient’s post-operative clinical outcome but as
adjunct information to surgeons so that they are better informed before the surgery and can make

appropriate assessment during surgery.
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Figure 7.5. Predicted dynamics is presented as a score associated with post-operative PROMs based on
the correlation analysis. The score is highlighted with colour status (green associates with high
percentage score while red associates with low percentage score). Left side plots show the predicted
dynamics is associated with good post-operative PROMs when congruent tibia insert is used and placed
at high slope. Whereas the right-side plots show the predicted dynamics in all selected tibia geometry
and position are associated with good post-operative PROMs. These analyses are used as adjunct
information for surgeons to help them better plan the surgery and plan appropriate assessments for

implant selection.

Above example shows the variation of tibia component placement only. Occasionally, there are cases
where the predicted dynamics of all selected tibia component geometries and positions are associated
with bad post-operative PROMs, i.e. red colour plots in all corners. In that instance, variations of the
femur component can be made to study which combination of femur, tibia and patella component
placement will result in good PROMs association. Surgeons are then better informed and can plan
appropriate assessments to make decision thoroughly intra-operatively. There were examples where
the computational model results suggested to anteriorise the femur components by few millimetres
to reduce the tibio-femoral tightness in flexion, which matched with surgeon findings intra-

operatively.

Another application of studies conducted in this thesis was the attempt to predict the optimal femur
cuts to achieve joint gaps balance for gap balancing surgical technique. Quantification of 3D knee laxity

using technique described in Chapter 5 can provide more information to clinician pre-operatively of
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whether the knee is correctable to mechanical alignment. If the knee does not cross the neutral

mechanical alignment during varus-valgus stress assessment, it is considered the knee is not

correctable and may need component alignment other than mechanical alignment to achieve balance.

Additionally, using the ligament parameters optimization technique described in Chapter 6, we can

measure the joint gaps of the knee under specific tension for gap balancing surgical technique. Gap

balancing require resecting the tibia bone first. Then, a tensioner is inserted to the joint to assess the

gaps in extension and flexion. The aim of the technique is to achieve equal gap in extension and flexion.

With the known ligament parameters to simulate the soft tissue tightness, the model can simulate

what femur cuts needed to achieve the joint gaps balance in extension and flexion. An example of the

concept report is shown in Figure 7.6.

PRE-OPERATIVE LAXITY REPORT
Patient Name: Analysis Side:
Date of Birth: Date of Surgery:
Surgeon: Sim ID Number:
cT Standing 2 legs Standing 1 leg Maximum Flexion

i

FE: 14° VV: 12°VR IE: 16°E

FE: 14" VW: 13°VR IE: 13°E

FE: 11° VV: 14°VR IE: 13°E

FE: 124° W:7*VR IE: 7°E

Force: NJA Force: NJA Force: N/A Force: NfA
Torque: N/A Torque: N/A Torque: N/A Torque: N/A
Valgus stress @20 Varus stress @20° Valgus stress @90° Varus stress @90°

Calculated joint gap in extension
when 200N force is used to
distract each compartment

MD :9.4mm
LD 143 mm

Alignment at distraction: 6° varus
Suggested coronal alignment

Varus 4°
Medial distal cut = 9 mm
Lateral distal cut =5 mm

Calculated joint gap in flexion
when 200N force is used to
distract each compartment

MD :120mm
Lo 1203 mm

Alignment at distraction: 7° Internal

Suggested axial alignment

External 5.5° relative to PCA
External 4° relative to TEA
Medlal posterior cut = 11 mm
Lateral posterior cut = 6 mm

‘ Pictures are for illustration only

FE-14° VV: 11°VR IE: 16°E
Force: N/A
Torque: 12Nm

FE: 15°VV: 14°VR IE: 17°E
Force: NJA
Torque: 12Nm

FE: 63° WW: 7°VR IE: 16°E
Force: NJA
Torque: 12Nm

FE: 72° V- 12°VR IE: 11°E
Force: N/A
Torque: 12Nm

Please note that this is not a finalised product. The values are calculated from preliminary
algorithm and should only be used for research and development purposes

Figure 7.6. A concept of ligament laxity report that utilises stress radiograph data to predict the joint

gaps for gap balancing surgical technique. The ligament parameters were optimized as per Chapter 6,
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then used in a separate computational model to predict the optimal femur cuts to achieve a joint gap

balance in extension and flexion.

The knee computational model developed in this thesis has been used to analyse approximately 1,800
post-operative CT’s. Meanwhile, the dynamic surgical planning has been provided for over 3,000 TKA.
This highlights the high utility of the model developed, with the capacity to simulate a large volume
cases in clinical setting. Undoubtably, not every single analysis had shown direct correlations to the
intra-operative observation, but this is on-going work. Part of the development work is data collection.
Patients are being followed up at 12 months for PROMs and post-operative CT. This provides a
complete loop of data that bridges the pre-operative, intra-operative and post-operative
environments. The data collected is a combination of physics, clinical and knowledge data; simulated
dynamics and PROMS or other clinical assessments. Overtime, this data may be the key to show a

reproducible relationship between joint dynamics and clinical outcomes.

Further application to help managing patient clinical outcomes

The continual collection of physics, clinical and knowledge data have large potential to develop a
successful patient centred care pathway. One extension from this study is to use Machine Learning to
further explore the correlations of joint dynamics and PROMs. Machine Learning techniques such as
supervised learning or un-supervised learning can be used to study and learn the complex
relationships between soft tissue laxity, anatomical morphology, disease stage, joint dynamics and

PROMs. This will further enhance the current dynamics surgical planning.

Patient expectation is one of the key factors to the un-met satisfaction [401]. Using similar concept,
Machine Learning can be used to predict patient satisfaction score based on their current pre-
operative state and expectations. Further extension of physics and knowledge data is perhaps to
derive patient’s optimal dynamics characteristics based on their expectations (e.g. what activity they

would like to be able to do after TKA), and then plan the component position accordingly to achieve
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the targeted dynamics. Then the desired dynamics is communicated to physiotherapist so that they

can tailor the rehabilitation program to support the patient’s needs.

Intra-operative delivery technology also plays an important role in patient centred care pathway. The
surgeons need to be able to achieve the planned surgical plan. Use of Navigation system is increasing
in TKA procedures and is becoming more accessible to most hospitals. Ideally, surgical planning is
integrated with intra-operative delivery technology so that if surgeon deviates from the initial plan,
the surgical planning tool can update the information and re-calculate what component position
adjustments need to be made to still achieve the targeted joint dynamics, i.e. re-run simulation in
intra-operative setting. Current simulation takes few minutes to complete and one of the next
development pathways is to enable the model to complete a simulation under a minute. Further
application is to use Navigation system to collect the knee laxity data intra-operatively and if the model
is efficient enough, ligament parameters optimization can be done at that time. Hence, it is important
to keep a balance of the model complexity so that it can be efficiently integrated to clinical setting.
This thesis started the focus in surgical planning in the patient centred care pathway and hopefully

can expand its application to other areas.

Use of Computational model as medical device

There are many developed knee computational models published in literature but not many of them
are used as medical device. This could be due to lack of guidance from regulatory bodies in how they
would assess software as a medical device, particularly software that provides in-silico analysis.
Additionally, there are variations on regulatory requirements from different regulatory bodies, for
example Australia Therapeutic Goods Administration (TGA) accepts a medical device that has CE
marking while United States Food and Drug Administration (FDA) and Japan Pharmaceuticals and
Medical Devices Agency (PMDA) do not. Even though each regulatory body purpose is to control,

supervise and regulate medical devices, they have different specifics on their requirements. However,
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regulatory bodies in the past few years have been aligning their requirements and moving towards
Medical Device Single Audit Program (MDSAP) which will allow medical device manufactures to be
audited once for compliance with the standard and regulatory requirements of up to five different

medical device markets: Australia, Brazil, Canada, Japan and the United States [416].

The other reason for lack of guidance is that medical devices traditionally have been mainly hardware
medical devices and regulatory safety and efficacy assessment is different from software devices.
There is software approved as medical devices but not many that are specific to computational
modelling technology. They are mainly used either in manufacturing or maintenance of a medical
device or software that resides in a medical device, e.g. Navigation system or Electromyograph
equipment. Hence, the assessment process for in-silico software is vague. However recently, FDA in
collaboration with medical device developers, regulatory agencies and research institutions have
published new guidance to provide a framework to communicate computational modelling
verification and validation efforts. This guidance is published as “V&V 40 Verification and Validation
in Computational Modelling of Medical Devices” [417]. This guidance outlines recommendations on
key aspects of verification and validations steps so that the consistency and predictability of the
medical device review of computational modelling studies by FDA reviewers can be improved. The
guidance highlighted the first important factor is the “Context of Use” of the computational model.
The Context of Use sets the expectation on how the computational model is going to be used as well
as provide an overview for risks associated with the use. The level of credibility of the computational
model during verification and validation phase is then determined by the Context of Use and risks
identified. Overall, this is a good step from regulatory bodies to standardise the review process for in-
silico software as medical device and this will enable the adoption of computational modelling as

medical device.

Realising TKA computational model for clinical use
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The knee model developed and validated in Chapter 4 has obtained CE marking and TGA approval as
medical device. A brief summary on the process taken to achieve the regulatory approval will be
described. First, a medical device company need to have a Quality Management System (QMS) to
manufacture and distribute a medical device. Depending on the classification of the medical device,
there are different level of compliance on QMS needed. Typically, the QMS needs to comply with ISO
13485 standard, for CE marking and TGA, or 21 CFR Part 820 for FDA. In this case, 360 Knee systems
comply with I1SO 13485. Then, the safety classification of the intended medical device was determined.
Based on the classification, level of documentation and testing is determined. For CE marking, a
checklist is used to scope the requirements needed to fulfil the regulatory bodies. The checklist is
called “Essential principal checklist”. The checklist outlines the areas the reviewer will assess, such as
verification, validation, requirements of the medical device, traceability between requirements and
testing, risk assessment and labelling. CE marking also require clinical evaluation to be performed to
ensure there is sufficient clinical evidence to confirm compliance with relevant essential requirements

for safety and performance of the device [418].

Within 360 Knee Systems, my role includes the computational model development and medical device
registration. | played a significant role in producing the documentation and evidence for the medical
device certification of the knee computational model. The software requirements and software design
specifications of the knee computational model was documented. Verification of the computational
model was conducted through cadaver lab experiment, as described in chapter 2, 3 and 4. Clinical
evaluation included surgeons’ expert feedback on the relevance of the predicted joint dynamics to
intra-operative observation. Post-operative data collection was also part of the clinical evaluation to
monitor the performance and relevance of the medical device. In summary, the main body of this
thesis was aimed at development of knee computational model as medical device as oppose to pure
research tool. Even though there are simplifications and limitations in the current model, the model
developed have been successfully gained approval and used as medical device and has the required
balance to be used as part of surgical planning.
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As a thought exercise, what would be required to make changes to the current approved knee
computational model? For example, include a new implant system or simulate other activity or update
methodology used in creating the knee model. These changes can be categorised as minor and major

change.

For minor change, where no new risk introduced or context of use remains the same, technical
documents of the medical device, such as software requirements or software specifications need to
be updated for traceability purposes and testing need to be performed. Since it is minor change,
testing can be against benchmark cases to ensure the updated model produce same predicted
dynamics to the validated version. Benchmark cases can be the cadaver data used for validation. New
version release needs to be documented as part of QMS requirements. Re-submission for regulatory

approval is not needed as no change in intended use and no new risk introduced.

For major change, where new significant risks are introduced or context of use is updated, the version
change involves more steps. Firstly, the new risks or updated context of use need to be identified and
assessed. These need to be assessed against the essential requirement checklist and any gaps need to
be determined introduced by the change request. Determine and document the new requirements
needed for the change. Testing coverage need to be assessed for the new requirements. If cadaver
testing is required because the current testing coverage is insufficient to cover the new functions or
features, define the scope of the new verification testing and reporting structure against V&V40

guidelines.

Re-establish the verification and validation goals based on the updated context of use and risks. For
effective outcomes, ensure the testing is planned sufficiently. There are different levels of testing that
need to be performed. On the low level, software testing needs to be performed to ensure that new
features or functions introduced works as intended. Then, experimental testing such as cadaver
testing can be used to verify the computational model outputs. The cadaver testing needs to be

planned with suggestions described earlier. Finally, the updated model needs to be validated to ensure
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outputs of the updated model are clinically relevant for its context of use. Clinical evaluation protocol

needs to be updated and ensure the reporting structure meets the regulatory requirements.

Once required testing for the proposed changes have been completed, documentation needs to be
updated for regulatory submission. Major change on registered medical device needs to be reported
to regulatory bodies in jurisdiction where the changes are going to be released on. For example,
regulatory body for CE mark will have to review the updated documentation and clinical evaluation.
For FDA, the reviewers will go through the change rationale to determine whether the medical device
is suitable for special 510k or require a new 510k application. Special 510k is a type of 510k application

that do not go through all review process as standard 510k process.

Concluding remarks

This thesis presented a series of studies towards the development of a low-cost computational model
that aimed to be used as part of surgical planning tool to help clinicians triage patient treatments.
Consistent definitions of reference frames when validating a computational model need to be
emphasized to ensure no accuracy loss in data translation. Limitations were highlighted on the
validation steps but had outlined suggestions for future studies to avoid the mistakes that occurred.
Patient specific ligament characteristics were also shown to be important. Further work needs to
scope the validation of the optimization technique described and explore the combination effects of
patient specific ligament characteristics, implant geometry and component placements in the model.
The current model has been used as part of a medical device to compare the relative difference of
joint dynamics between patients. Regulatory bodies are catching up in this field and has recently
worked on standardizing verification and validation framework. Future work in realising
computational model as medical device need to align the development strategy against the guidance

to ensure successful regulatory application.
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There are still a proportion of TKA patients who are dissatisfied. With increasing healthcare cost,
advances in patient centred care is important to help clinicians choose the best and most efficient
treatment plans for individual patient. This thesis started that journey with surgical planning that

utilises computational modelling technology to enhance patient outcomes.
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Appendices

Appendix A - First Computational Model Experimental Validation

10 Cadaveric knees (4 left/right pairs).

TKR performed GMK components (Medacta,
Switzerland).

N

Navigation arrays attached to femur, tibia and
patella (Stryker Navigation 4.0 Research
Version, Kalamazoo, Michigan, US).

Navigation
arrays

v

The knees were mounted in a dynamic,
quadriceps-driven, closed-kinetic-chain knee
simulator based on the Oxford Knee Rig (OKR),
as previously described in [276]. (See figure to
right)

v

Femoral, tibial and patella arrays were tracked

Femur by Stryker Navigation during closed-kinetic-
component chain knee extension.
registration ¢
Fiducial markers (bone screws) attached to
Fiducial femur, tibia and patella and probed with
markers Stryker Navigation.
Post-op CT used to build subject specific
Tibia computational models (described in the
component ciL s s
registration methods of the paper) with implants positions

determined from CT by registering the implant
CAD models. (See figure on the left)

v

Segmented fiducials paired with probed
fiducial points and used to virtually describe
the experimental tibiofemoral and
patellofemoral movement during closed-
kinetic-chain knee extension.

A
Experiment tibiofemoral and patellofemoral
kinematics were compared to predicted model
kinematics.

Figure 2.7. Validation process of the developed computational model
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Determination of Ligament stiffness

The stiffness coefficients of the PCL, LCL and MCL were initially adapted from previous studies [276].
They were then fined tuned so that the parameters can be used to achieve good correlations between
the experimental and predicted model kinematics for each cadaver subject. Tuned stiffness for
anterior MCL was 1.7 x 10* N, posterior MCL was 3.7 x 10*N, LCL was 6.4 x 10*N, anterior PCLwas 1.2

x 10*N and posterior PCL was 1.1 x 10*N.

Comparison of experimental and predicted model kinematics

For tibiofemoral kinematics, observations were made for tibiofemoral varus/valgus (Varus),
tibiofemoral axial rotation (IE Rotation), posterior translation of the mid-point of the transepicondylar
line (Rollback), and medial and lateral flexion facet centre (FFC) where anterior position was relative
to the centre of the tibia plateau (Medial FFC AP & Lateral FFC AP). Correlations between the
experimental validation (test) and the simulation (model) for tibiofemoral kinematics are shown in
Figure 2.8 and the mean for each specimen, standard deviation and Pearson correlation coefficient (r)

are shown in Table 2.
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Figure 2.8 Correlations for tibiofemoral kinematics (a) varus-valgus; (b) IE rotation; (c) femoral

rollback; (d) medial FFC AP position; and (e) lateral FFC AP position
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Table 2.1 Experimental validation and test mean (+ standard deviation) and Pearson linear correlation

coefficient (r) for tibiofemoral kinematics

10° 45° 90°

Test Model r Test Model r Test Model r

-2.01 | -230+ -1.47 | -1.55+ 0.05+ | -0.15+¢
Varus +2.51 256 |0.94 | £2.93 2.95 0.99 2.62 2.46 0.97
-3.35 | -3.81% -249 | -3.11+ -3.42+ | -3.27+

IE Rotation +2.73 3.74 |0.76 | £2.15 2.84 0.82 4.34 4.24 0.88

-6.82 | -7.51+ -7.00 | -6.89 -8.29+ | -6.82
Rollback +2.64 1.52 | 0.98 | £2.79 2.05 0.88 2.55 2.86 0.95
Medial FFC | -7.17 | -8.10% -4.85 | -5.05+ -431+ | -2.80+
AP +3.56 290 |0.85 | +£3.78 | 3.43 0.96 4.34 4.10 0.97
Lateral FFC| -9.59 | -10.07 -8.98 | -8.62+ -8.23+ | -6.77 %
AP +2.80 | £1.98 | 0.85 | £2.80 1.95 0.73 2.44 2.40 0.88

For patellofemoral kinematics, observations were made for lateral translation of the patella (lateral
shift) and IE rotation about the patella centreline (patella tilt). Both measures were relative to a
coordinate system embedded in the femur. There were some linear trends for 10° and 45° however
less so for 90° particularly for patella tilt. Correlations between the experimental validation (test) and
the simulation (model) for patellofemoral kinematics are shown in Figure 2.9 and the mean for each

specimen, standard deviation and Pearson correlation coefficient (r) are shown in Table 2.2.
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Figure 2.9 Correlations for patellofemoral kinematics (a) patella lateral shift and (b) patella tilt

Table 2.2. Experimental validation and test mean (+ standard deviation) and Pearson linear correlation

coefficient (r) for patellofemoral kinematics

10° 45° 90°
Test | Model r Test Model r Test Model r
Patella lateral | 3.16+ | 299+ | 095 | 1.82+ | 1.68+ | 093 | 2.71+ | 1.80+ | 0.67
shift 2.59 2.01 2.68 1.82 3.65 1.93
Patella tilt 549+ | 587+ | 079 | 963+ | 697+ | 0.87 | 589+ | 3.73+ | 0.38
6.33 3.29 6.13 3.64 5.87 2.74
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Appendix B - Verification of 3D-2D Registration technique using

Sawbone Model

In order to determine the accuracy of described 3D-2D registration and the methods used to calculate
knee alignment, a sawbone model was constructed to allow manipulation to specific flexion angle.
The model contains full length of the femur, tibia and fibula, interconnected by 4 stretchable ligaments
representing the anterior & posterior cruciate ligaments and the medial & lateral collateral ligaments.
The sawbone was taken for CT scan and segmentation and landmarking was performed on the scan.
The sawbone chosen for the purpose of this study is made up on two types of material —a dense foam
shell to represent the cortical bone and a highly porous interconnected structure to represent the
cancellous bone. While the density of these materials is significantly lower than that of human bone,

the density of the sawbone model is sufficient to visible under x-ray.

A mechanical frame was constructed to hold the sawbone model at specific flexion angle. 6mm holes
were drilled into the dense, cortical and porous, cancellous bones, a steel nut is inserted through to
lock the 6 degrees of freedom, see Figure 5.9. Mechanical frame constructed to hold the sawbone at
different flexion anglesError! Reference source not found.. Holes are drilled into both the fixation rig

and the sawbone model in order to achieve the following positions:

e Extension
e Midflexion

e Flexion (90°)
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Figure 5.9. Mechanical frame constructed to hold the sawbone at different flexion angles

The sawbone was then taken for lateral and anterior-posterior (AP) X-ray for each of the flexion
position. Figure 5.10. Example of AP and lateral X-ray taken for sawbone model at 90° flexion. shows

example of when the sawbone’s X-ray was taken.

Figure 5.10. Example of AP and lateral X-ray taken for sawbone model at 90° flexion.

3D-2D registration technique described in Method section was performed to determine the knee

alignment of the sawbone position. Figure 5.11 shows the 3D-2D registration screenshots.

A handheld 3D scanner, HandyScan (Creaform Inc, Quebec, Canada) was used to capture the surface
geometry of the sawbone at each specified flexion angle. Output of this scan was 3D model of the

193



femur and tibia in space. A resolution of 0.6mm is used in the scanning process. With the sawbone in
place, the anterior and posterior surfaces of the bones cannot be captured in a single scan. Thus,
multiple scans are taken so that the anterior and posterior surfaces can be stitched to form a 3D model
using processing software part of the handheld device, VX elements (Creaform Inc, Quebec, Canada).

Figure 5.12 shows an example of the scanning and stitching process of the handheld device.

Segmented CT scan 3D model was aligned to the generated 3D surface model of the sawbone at each
specified flexion position using Iterative Closest Point (ICP) alignment method in Powershape
(Autodesk, California, United States). The knee alignment of this registration is considered to be the
benchmark because surface-to-surface registration is more deterministic than 3D-2D registration
method, especially when the surface compared are identical. Following similar steps described in
Method section, once the CT bone models were registered to scanned position, the landmarks
determined from CT were transformed using the bone models’ transformation matrix. The knee

alignment is then described using Grood and Suntay convention.

Knee alignment derived using 3D-2D registration technique was compared to the knee alignment

derived using surface-to-surface registration.
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ExtensionAP Mid-FlexionAP FlexionAP

Extension Lateral Mid-Flexion Lateral Flexion Lateral

Figure 5.11. screenshots of 3D-2D registration of the sawbone at each flexion angle for AP and lateral

X-ray.
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Figure 5.12. HandyScan captured surface geometry of femur. Left and centre: Align tool in VX Elements

to stich two meshes together. Right: merged mesh showing missing features and surfaces filled.

Results

Verification of 3D-2D registration techniques was conducted by comparing data obtained from 3D
scans with alignment calculations from geometry registered using 3D-2D x-ray registration.

Table 5.4: Alignment information calculated from 3D scan in fixed positions.

Position FE 'A% IE ML AP Sl

Extension 2.4 6.7 0.8 5.5 12.3 -43.1
Flexion 101.6 4.3 -3.1 7.4 14.5 -43.0
Mid-Flexion 67.9 7.9 -7.3 1.6 13.9 -43.8

Table 5.5: Alignment information calculated from X-ray registration of both anterior posterior (AP) and

lateral x-rays.

Position Direction of X-ray  FE A% IE ML AP Sl
Extension AP 4.2 7.1 2.0 6.9 18.4 -42.7
Lateral 2.8 6.6 1.9 5.8 12.6 -43.3
Flexion AP 104.9 4.2 -2.0 7.6 12.0 -44.8
Lateral 101.6 4.6 -2.5 5.0 13.5 -43.8
Mid- AP 64.4 7.2 -6.7 1.4 12.8 -43.8
Flexion Lateral 67.7 7.3 -7.0 4.3 14.4 -43.6

196



Table 5.6: Comparison of the 6 degrees of freedom in terms of alignment between the 3D scan method

and the x-ray registration method.

Extension_AP 1.8 0.4 1.2 14 6.1 0.5
Extension_L 0.4 0.1 1.1 0.3 0.2 0.2
Flexion_AP 3.4 0.2 1.1 0.2 2.5 1.8
Flexion_L 0.1 0.3 0.6 2.4 1.0 0.8
MidFlexion_AP 35 0.7 0.6 0.2 1.1 0.0
MidFlexion_L 0.2 0.6 0.4 2.7 0.5 0.2

Mean Accuracy of X-ray Registration

2.5

2.0

1.5
mAP
1.0
M Lateral
0. I I
[

Extension Flexion Mid Flexion

calculation

Difference in alignment
(9]

Figure 5.13. Verification of the 3D-2D Registration and post-processing

From Table 5.6Table 5. and Figure 5.1, it can be seen that the greatest variation in all x-rays is the
anterior and posterior position in the Extension AP X-ray. AP X-rays showed the greatest deviation in
the anterior-posterior direction and lateral x-rays showed the greatest deviation in the medial lateral

direction.
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It was anticipated that the greatest degree of variation will be the translational degree of freedom
that is perpendicular to the x-ray plate (in and out-plane). i.e. for AP x-rays, translation in the AP
direction will be the most difficult to define. The difference in translation about this axis is subjective
given that the effects of magnification do not clearly show even when the geometry is translated by
several millimetres towards or away from the x-ray. Largest difference in registered AP X-ray was

6.4mm for AP position and for lateral X-ray was 2.7mm for ML position.

This study showed that the overall accuracy for method described (both types of x-rays). AP Xrays
were found to be less accurate for flexion angle and AP measurements due to the out-of-plane motion.
Only lateral AP Xrays were used in this study and when AP Xrays were excluded, the accuracy of this
method was 0.6mm for in-plane translation, 1.8mm for out-of-plane translation and 0.7° for rotations.
The relative registered position between femur and tibia need to be reviewed closely for absurdity to

minimise in-plane translational distance error.
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Appendix C — Validation of ScanlP Software Measurements

As described in Chapter 3, ScanlP is an FDA approved medical software specifically designed to process
medical imaging and registration of 3D models. It is important to ensure the software outputs are
correct in order to interpret the analysis accurately. The test protocol and report described below is
part of 360KneeSystems technical file for their surgical planning medical device. Permissions have

been granted by 360KneeSystems to only describe the protocol and report as summary.

Test Protocol

A CT calibration phantom with known geometry was used in the test. The calibration phantom
contains radiopaque screws at specified location with known measurements. Figure 13.7 below shows
the calibration phantom engineering drawings with known measurements. The physical calibration
phantom was sent to 3 different radiology centres to be CT scanned. The CT scan of the calibration
phantom from each centre was segmented and landmarked using ScanlP. Figure 3.8 shows an example
of the segmented and landmarked calibration phantom screws. The landmarked measurements were
then compared to the engineering drawings for comparison. The acceptance criteria of the ScanlIP

outputs is to be within Imm and 0.7° from the reference measurements.
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Figure 13.7. Engineering drawing of CT calibration phantom used to validate ScanlP software
measurements.
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Figure 3.814. Example of the segmented and landmarked calibration phantom
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Results

Measurement deviations of processed CT calibration phantom scanned at each radiology centre were
shown in Figure 3.9 and Figure 3.10. As can be seen from the graphs, all measurements from ScanlP
were under the set maximum acceptance level and therefore we can be confident that ScanlP

measurement outputs are reliable.
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Figure 3.9. Distance measurements deviation between processed CT calibration phantom against
engineering drawing. All measurements are within acceptance criteria (Imm).
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Figure 3.1015. Angular measurements deviation between processed CT calibration phantom against
engineering drawing. All measurements are within acceptance criteria (0.7°).
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