/ A4 Gﬁmlégm ml d.t

Central Denmark Region

Kinematic investigation of knee

osteoarthritis and arthroplasty designs
- employing dynamic radiostereometry

PhD DISSERTATION

Emil Toft Petersen

Faculty of Health
Aarhus University
2021






Kinematic investigation of knee
osteoarthritis and arthroplasty designs

- employing dynamic radiostereometry
PhD DISSERTATION

Emil Toft Petersen

Q@ o

=

K TAs AR\'\\)‘,

n-So
%“\“ Ly e,
/VSIs . 5\(\\~\°

4

Faculty of Health

Aarhus University
and

Department of Orthopaedics

Aarhus University Hospital




Correspondence
Emil Toft Petersen, MSc Sports Technology

AutoRSA Research Group
Department of Orthopaedics

Aarhus University Hospital

Palle Juul-Jensens Boulevard 165, J501
DK - 8200 Aarhus N

E-mail: emiltp@clin.au.dk

Phone: + 45 22 88 88 60

PhD DISSERTATION by Emil Toft Petersen
The Graduate School of Health, Aarhus University

Public defence: March 11, 2022



Supervisors

Maiken Stilling, Professor, MD, PhD (Main Supervisor)

Department of Orthopaedics, Aarhus University Hospital, Denmark
Department of Clinical Medicine, Aarhus University, Denmark
Email: maiken.stilling@clin.au.dk

Seren Rytter, Associate Professor, MD, PhD

Department of Orthopaedics, Aarhus University Hospital, Denmark
Department of Clinical Medicine, Aarhus University, Denmark
Email: soeren.rytter@rm.dk

Michael Skipper Andersen, MSc, PhD
Department of Materials and Production, Aalborg University, Denmark
Email: msa@mp.aau.dk

Evaluation Committee

Anne Grethe Jurik, Professor, MD, PhD (Chairman)

Department of Radiology, Aarhus University Hospital, Denmark
Department of Clinical Medicine, Aarhus University, Denmark
Email: anne.jurik@aarhus.rm.dk

Scott Arthur Banks, Professor, Head of Department, MSc, PhD
Department of Mechanical & Aerospace Engineering
University of Florida, USA

Email: banks@ufl.edu

Elena Gutierrez-Farewik, Professor, MSc, PhD

Department of Mechanics, Director of KTH MoveAbility Lab & KTH BioMEx Center
KTH Royal Institute of Technology Stockholm, Sweden

Email: lanie@kth.se






Acknowledgements

The studies presented in this thesis are based on the scientific work conducted during
my enrollment as a PhD student at the Faculty of Health, Aarhus University, in the
period from February 2017 to December 2020. All data acquisition work was
performed and supported by the University Clinic for Hand, Hip and Knee Surgery at
Holstebro Regional Hospital, Denmark. My warmest thanks to Torben Baek Hansen,

Head of Department, for making this possible.

Several people need mentioning for the help they have provided and the role they
have played in allowing me to conclude the dissertation. First of all, I would like to
express my gratitude to my main supervisor Maiken Stilling and to co-supervisors
Seren Rytter, and Michael Skipper for making this project possible and for always
providing support and feedback. The journey began quite a few years back during my
Masters, which allowed projects in which an external part participated. Here, I met
Maiken Stilling, one of the leading researchers in the field of radiostereometric
analysis. Maiken, in collaboration with Michael Skipper Andersen, my internal
supervisor at the time, enrolled me in both their research societies and fields of
research. Just as I concluded my master, Maiken invited me to continue on as a PhD
student — which I gladly accepted. I sincerely appreciate that you both believed in me
and gave me the opportunity to walk on the path of research. It is inspiring to see how
much impact you both have within your respective fields.

Thank you Maiken for the guidance you have provided and the trust that you have

shown me; and thank you for the opportunity to work with this exiting topic. Your



enthusiasm for research is infectious and your encouragement has had considerable
impact on me, personally as well as professionally.

Thank you, Michael, for the technical insight you have brought to the study. Your
technical experience and understanding of knee pathomechanics have been crucial in
the development of the work presented in this thesis. I have always been inspired by
and thoroughly enjoyed our technical discussions, and I hope we may continue this
activity in other research projects in the years to come.

Thank you, Seren, for the clinical insight you have brought to the study. It is a pleasure
to work with you and I am grateful for your valuable explanations of various clinical
questions and for your essential role in connecting the research findings to the daily

clinic.

I also need to mention Anne Dorthe Riedel as you have been essential to this study.
Thank you so much for your neurotic need to keep everything organized and your
impressive work ethic. Without your help keeping an overview of the patients,
analysis, etc. (I could probably go on), this project would not have been possible.

In addition, a special thanks to the knee surgeons for the extra work you contributed
by agreeing to include the patients; to Pia Toft Pedersen, for booking all appointments,
which I know has been challenging; to all the radiographers at RSA, CT and MRI for
the extra hours you have devoted to this project, especially to Michal Nibe Mathiasen
and Lars Lindgren for the countless number of hours spent in the RSA rooms; to
Torben Svenningsen and Utfe Mgller-Pedesen for helping me build equipment for the
various exercises; and to the patients and volunteers, for your participation — I can

truly say that the project would not have been possible without you.

ii



My daily life as a PhD fellow would not have been the same without the company of
our research group and colleagues. I deeply value our group and appreciate your role

in making it a pleasure to be at the office.

Finally, I owe heartfelt thanks to my family and friends who have supported and
encouraged me. Above all, I need to express my gratitude to my loving wife, Anna-
Lena, and our two wonderful daughters Nora and Sofia. You mean the world to me. I

could not have done this without your love, support and understanding. I feel truly

A

Emil Toft Petersen

blessed to be surrounded by such a wonderful family.

December 1%, 2021

The work presented in this dissertation was generously supported by Zimmer Biomet,
Aarhus University, the Toyota Foundation, the Danish Rheumatism Association,
Kebmand Sven Hansen og Hustru Ina Hansens Fond, Sester og Verner Lipperts Fond,

and Ortopeedkirurgisk Forskningsfond i Arhus.

11l






List of papers

This dissertation was based on the following four papers:
The papers of this dissertation will be referred to in the text by their Roman numerals (I-IV).

1. R Christensen, ET Petersen®, JH Jiirgens-Lahnstein, S Rytter, L Lindgren, S de
Raedt, A Briiel, M Stilling (2021). Assessment of knee kinematics with dynamic
radiostereometry: Validation of an automated model-based method of analysis
using bone models. Journal of Orthopaedic Research. doi: 10.1002/jor.24875.

2. ET Petersen, TD Vind, JH Jiirgens-Lahnstein, R Christensen, S de Raedt, A
Briiel, S Rytter, MS Andersen, M Stilling (2021). Evaluation of automated
radiostereometric image registration in total knee arthroplasty utilizing a
synthetic-based volumetric implant model and a CT-based volumetric bone
model. Submitted to Journal of Orthopaedic Research.

3. ET Petersen, S Rytter, D Koppens, ] Dalsgaard, TB Hansen, NE Larsen, MS
Andersen, M Stilling (2021). Patients with knee osteoarthritis can be divided
into subgroups based on tibiofemoral joint kinematics — an exploratory and

dynamic radiostereometric study. Osteoarthritis and Cartilage. doi:
10.1016/j,joca.2021.10.011.

4. ET Petersen, S Rytter, D Koppens, ] Dalsgaard, TB Hansen, MS Andersen, M
Stilling (2021). In vivo kinematic comparison of Medial Congruent and Cruciate
Retaining polyethylene designs in total knee arthroplasty - A randomized
controlled study of gait using dynamic radiostereometry. Submitted to Knee
Surgery, Sports Traumatology, and Arthroscopy.

*I had an essential role in this study and developed the customized program used to
process the analysis and method comparisons. In addition, I had an essential role in
preparing the study design, data acquisition and management, data interpretation and
data presentation. Finally, I provided critical input to the revision of the manuscript.






English summary

Osteoarthritis is a highly prevalent chronic disorder causing degenerative joint
changes often associated with joint pain and disability limiting daily activities.! The
knee is the most commonly affected weightbearing joint in osteoarthritis. The
prevalence of painful and disabling knee osteoarthritis (KOA) in adults over 55 years
of age is 10%, and a quarter of those affected are severely disabled.? Thus, KOA has a
considerable impact on the patients’” physical and psychosocial health and well-being,
but also generates a significant financial burden on the healthcare systems.>* In
Denmark, with 60,000-65,000 patients consulting their general practitioner for KOA
annually, and with half of these being allocated surgery, the present Danish arthritis-
related expenses accrue to 11 billion DKK annually.>® In step with the increasing life
expectancy and demographic changes, an increase is expected in the number of

patients with disabling KOA and in the ensuing financial healthcare burden.””

End-stage KOA can be treated surgically with total knee arthroplasty (TKA), which is
a well-documented and successful treatment.!®!! However, up to 20% of patients are
dissatisfied with the outcome. Considerable efforts have been devoted to reducing the
number of dissatisfied patients; however, these efforts have not yet been successful.
The search for ways to enhance patients” health-related quality-of-life, performance
and satisfaction have resulted in the widespread application of various TKA implant
designs. However, for development of naturally functioning implants, it is
fundamental to first understand the normal knee kinematics, the underlying
pathomechanics of the osteoarthritis affected knees and the implant designs’ influence

on knee mechanics.
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The overall aim was two-fold: A methodological aim was to evaluate the accuracy of
automated dynamic radiostereometric (dARSA) image registration methods; and a
clinical aim was to investigate knee pathomechanics in osteoarthritic knees and the
mechanical influence of knee arthroplasty designs during gait as a daily activity
utilizing dRSA.

Study I presented an automated 2D/3D image registration for dRSA of the knee
utilizing computed tomography (CT)-based volumetric bone models which was
compared with model-configuration models as gold standard. Two different dRSA
setups were evaluated. The image registration accurately measures the tibiofemoral
joint kinematics and was not sensitive to the RSA setup. The automated method
presented is clinically applicable for functional evaluation of native tibiofemoral joint
kinematics and pathomechanics related to specific conditions such as ligament
instability and bone dysplasia; and it is applicable for assessment of surgical results.
Study II presented an automated marker-free bone image registration method using
radiostereometric analysis (RSA) for an arthroplasty knee joint in which the
radiopaque implant components occluded or replaced a large part of the bone. The
results revealed similar accuracy as the gold standard marker-based method. In
addition, a synthetic volumetric implant model utilizing digitally reconstructed
radiographs (DRR), which may provide more information to the automated
registration, was designed and studied. However, in its present form, the volumetric
implant model and DRR method did not markedly improve the traditional automated
method. Study III presented kinematic heterogeneity in patients with KOA during
gait. The results revealed four subgroups, each displaying distinguished kinematic
gait patterns that relate well to their clinical characteristics. In addition, these
subgroups exhibited joint kinematics clearly different from those of healthy volunteers
without KOA, including differences that were not present when comparing the entire

KOA cohort with the healthy group. Study IV demonstrated that the more anatomical
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Persona® Medical Congruent® (MC) bearing design changes tibiofemoral joint
kinematics compared with the Persona® Cruciate Retaining (CR) bearing. The MC
bearing provided an enhanced area of congruency while exhibiting more tibial
anterior drawer throughout the gait cycle and greater external tibial rotation during
the second half of the swing phase. Thus, the MC bearing design may help prevent so-
called paradoxical motion, produce a more effective screw-home movement and
contribute more stability during knee motion. This may improve the patient’s
confidence in knee function during daily activities and thereby potentially lead to

improved patient satisfaction.

The four studies together contribute to an enhanced understanding of the native and
the artificial knee joint, which may inspire the development of improved and more
patient-specific treatment strategies in the future. Furthermore, a method to aid

clinicians to evaluate the implant fixation in any TKA patient was developed.
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Danish summary

Artrose (slidgigt) er en hyppig degenerativ lidelse, som ofte rammer kneeleddet og
medferer smerte, stivhed og muskelsvaghed, fejlstilling af kneeet og deraf folgende
funktionstab. Omkring 10% af voksne over 55 éar oplever smertefuld
funktionsheemmende kneeartrose, og 50% heraf er sveert heemmede. Ud over at
patienterne oplever en fysisk begraensning, pavirkes deres psykosociale helbred ogsa,
og sundhedsvaesenet belastes gkonomisk. Arligt konsulterer 60.000-65.000 patienter
deres praktiserende leege med smerter pa grund af knaeartrose. Halvdelen af disse
patienter har brug for behandling, hvilket medferer en udgift pa omkring 11 milliarder

kroner om aret.

Slutstadiet af kneeartrose behandles med et kunstigt knee, hvilket for langt de fleste
medforer smertefrihed. Dog er op mod 20% af patienterne ikke fuldt tilfredse og ca.
6% far foretaget en udskiftning af det kunstige knae inden for de forste 5 ar. Arsagen
hertil er oftest relateret til loshed, losning eller slitage af det kunstige knae og/eller
smerter uden umiddelbart forklarlige &arsager, hvilket kan give en unormal
kneefunktion. I Danmark udferes arligt neesten 11.000 forstegangsoperationer med
indseettelse af kneeledsprotese og ca. 1.000 udskiftninger af kneeledsprotese. Den
aldrende befolkning, stigende vaegt og onsket om at vedligeholde en aktiv livsstil langt
ind i pensionistalderen vil forventeligt fore til flere patienter med kneaeartrose og
dermed flere operationer med kneeledsprotese. Fra ar 2017-2019 er antallet af
forstegangsoperationer steget med 30% i Danmark, og i USA forventes det at stige med

143% fra 2012 til 2050.
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Patienter med artrose er forskellige, men alligevel er det kunstige kneeled i
udgangspunktet ens for alle patienter, og der tages ikke hgjde for forskelle i anatomi
og funktion. En mere individuel behandling kan potentielt bidrage til storre
patienttilfredshed. Et nyt knaeprotesedesign, som i hojere grad tager hejde for
anatomiske forskelle, er udviklet med henblik pa at genskabe en mere naturlig

funktion og balance i knaeleddet.

Med de hidtil anvendte billeddiagnostiske metoder har det kun veret muligt at
fremstille kneeet stillestdende, hvilket ikke har kunnet give informationer om
kneeleddets funktion under bevaegelse, selvom det er her, at patienten oplever sine
udfordringer. Der har veret eftersporgsel og eonske om nye og mere dynamiske
kliniske undersogelsesmetoder af kneeleddet wunder beveegelse. Dynamisk
stereorgntgen (rentgenfilm) kan anvendes til at beregne kneeets mekaniske funktion
meget ngjagtigt under traditionelle daglige aktiviteter og i netop de situationer, hvor

patienten foler smerte.

Formadlet med denne afhandling var at undersgge I) en automatisk metode, som kan
anvendes til funktionelle undersogelser af det naturlige kneeled, II) en automatisk
metode som kan undersoge det kunstige kneeled, III) hvorledes patienter med
kneeartrose kan kategoriseres ud fra deres gangmenster, og IV) hvordan et mere
anatomisk kneeprotesedesign pavirker kneeets mekaniske funktion.

Studie I undersogte en automatiseret billedregistreringsmetode, som anvendte
tredimensionelle knoglemodeller og dynamisk stereorentgen til at male
kneefunktionen i to forskellige opstillinger. Metoden viste meget ngjagtige malinger af
kneeets bevaegelse for begge opstillinger. Dynamisk stereorentgen kan saledes
anvendes som et klinisk veerktej til at undersoge forskellige kneelidelser, heriblandt

artrose. Studie II wudviklede en automatiseret billedregistreringsmetode til
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stereorontgen, som kan anvende tredimensionelle knogle- og protesemodeller til at
undersoge kunstige knae. Modsat tidligere metoder kan knogleregistreringsmetoden
anvendes med samme hgje ngjagtighed til alle patienter, mens protesemetoden har en
lidt lavere ngjagtighed i forhold til mere manuelle metoder. Studie III undersogte
gangmonstre i patienter med kneeartrose. Resultaterne viste, at patienterne kunne
inddeles i fire grupper ud fra deres gangmeonstre. Disse grupper er kendetegnet ved,
hvor i knaeet der var artrose, graden af artrose og graden af ledbandsskade. Studie IV
undersggte kneemekanikken under gang for et anatomisk protesedesign
sammenlignet med et symmetrisk standard-protesedesign. Det anatomiske design
viste mere naturlige kneebevagelser, som potentielt kan bidrage til et mere stabilt
kneeled, hvilket kan medvirke til at genetablere patientens tillid til kneeets funktion og

dermed fore til storre patienttilfredshed.

De fire studier bidrager tilsammen med kliniske veerktgjer, som kan anvendes til
undersogelse af kneefunktionen i naturlige og kunstige knee. Dette vil give
kneekirurgen bedre mulighed for at tilbyde patienten en mere malrettet behandling.
Desuden bidrager studierne med en dybere forstaelse af de mekaniske aendringer som
folge af artrose samt af, hvordan et anatomisk knaeprotesedesign potentielt kan

bidrage til styrket patienttilfredshed.
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Introduction

1.1 Knee osteoarthritis

Knee osteoarthritis (KOA) is the most common form of arthritis in weight-bearing
joints and affects millions of individuals worldwide.?® The prevalence of painful and
disabling KOA in adults above age 55 years of age is 10%, and a quarter of those
affected are severely disabled.? KOA affects patients” physical and psychosocial health
and generates a significant financial healthcare burden.>* In Denmark, 60,000-65,000
patients see their general practitioner for KOA annually .’ Fifty percent of these patients
are operated, thereby generating Danish arthritis-related expenses in the order of 11

billion DKK annually.>¢ In step with the increasing life expectancy and demographic



changes, an increase in the number of patients with disabling KOA and a

corresponding increase in healthcare expenses are expected.”

1.1.1 Risk factors

Multiple risk factors are associated with KOA. Overall, KOA may be divided into
primary osteoarthritis without any apparent underlying cause besides increasing age,
female gender, and genetic factors; and secondary osteoarthritis with more apparent
reasons (previous joint injury, repetitive joint stress, joint malalignment and

obesity).%113

Primary knee osteoarthritis: A meta-analysis has presented different risk factors for
development and progression of KOA. The authors found a linear association between
age below 80 years and the incidence rate of KOA."® Females have a two-fold higher
risk of KOA than males and a more severe KOA progression.'3!* This may possibly be
related to joint biomechanics, as female knee biomechanics exhibit more knee
abduction and hip adduction than male knee biomechanics.!> Hormonal factors such
as estrogen have been hypothesized to play a role in a higher susceptibility for
development and progression of KOA in females.* The extensor apparatus muscle
strength has also been described as a risk factor with an odds ratio of 1.65 for
developing KOA in both males and females.!® Evidence for an association between
genetics and a risk of KOA has been inconsistent.”'”’® However, genome-wide
association studies have proven to be a powerful tool to establish several genes or loci
associated with a risk of KOA."*! The gene GDF5 encodes proteins that regulate the
development of numerous tissues and cells and promote maintenance and repair of
synovial joint tissue, particularly cartilage and bone.” It has been shown to have a

strong association with self-reported knee pain.'$



Secondary knee osteoarthritis: Persons with previous knee trauma have a four times
higher risk of developing KOA than persons without any knee trauma history.!>?223
Patients who previously sustained a knee trauma have been suggested to account for
approximately 10% of KOA cases.?*?* The influence of physical activity as a risk factor
for KOA is two-sided. On one hand, vigorous physical activity induces cartilage loss;
on the other hand, physical activity is a significant factor in maintaining cartilage and
a healthy knee joint.” Magnetic resonance imaging (MRI) has shown that physical
activity resulted in cartilage degeneration for persons with a low baseline cartilage
volume or bone marrow lesions, whereas persons with a high baseline cartilage
volume and absence of bone marrow lesions either gained, maintained or had only
slow degeneration of cartilage in relation to physical activity.”>? Former athletes have
an up to 30% increased KOA prevalence with soccer being the sport with the largest
influence, which is probably explained by increased knee loading and knee trauma
such as anterior cruciate ligament (ACL) injuries.’*?-30 Certain occupational activities
increase the risk of developing and aggravating KOA.3! These occupations are
characterized by highly demanding physical activities that include, in particular,
kneeling, squatting, lifting and climbing. Among workers exposed to these activities,
obese workers have an even higher KOA prevalence.’'* Previous obesity has been
shown to increase the risk of developing KOA.*3 Obesity (Body Mass Index > 25) is
associated with a 2.63 times higher risk of KOA progression."® Furthermore, body fat
has been shown to be a strong predictor of cartilage loss independently of fat-free

mass.?®

1.1.2  Pathogenesis

KOA is a heterogeneous disease with distinct characteristics during various stages of
disease progression. Over time, the disease affects the entire knee joint including bone,
cartilage, the synovial membrane and fluid, periosteum, and the ligaments and

muscles surrounding the knee joint.”?! KOA occurs when the dynamic steady state



between destructive forces and repair mechanisms inhibits joint homeostasis.***” First,
the cartilaginous structure begins to break down from a combination of wear and tear.
From this stage, the degenerative process of the cartilage continues, and changes are
very evident when compared to the healthy joint.’>*! Next, the cartilaginous surface
of the joint begins to erode, thus narrowing the gap between the bones (joint-space-
width), and the viscosity and elasticity of the synovial fluid decreases, which
subsequently increases joint friction.!*?! Finally, osteoarthritis starts to affect the
subchondral bone that flattens and, as it starts to repair itself, proteins such as
cytokines and chemokines are released into the synovial fluid. The proteins form part
of a chain reaction that destroys cartilage and soft tissues. Osteophytes continue to
develop — bone moves against bone (attrition) — causing severe pain, stiffness,
reduction in range of motion and muscle weakness that limits daily living and quality

Of life.12,21,38,39
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Figure 1-1 The healthy knee (left) and a knee with advanced osteoarthritis (right).4 The knee consists of
the femur, tibia, fibula and patella bones. The articulating areas of the bones are covered with articular
cartilage, a smooth and non-fissuring collagen. Furthermore, the knee joint is encapsulated in a synovial
membrane containing a viscous synovial fluid aiding in lubricating painless joint movement throughout
the range of motion.



1.1.3 Diagnostics and classification

The diagnosis of KOA is based on an overall assessment of risk factors, symptoms and
objective and radiological findings. Knee pain and impaired function together with
radiographically assessed joint-space-narrowing are commonly used to identify

KOA . Several radiographic KOA classifications exist (Table 1-1, Figure 1-2).4243

Grade 3

Figure 1-2 Knee osteoarthritis radiographs showing five examples of the Ahlbach grading scale.

The Kellgren-Lawrence* classification and the Ahlbach* score are two widely used
classification schemes. The Kellgren-Lawrence classification is based on radiological
grading of osteoarthritis and is oriented on joint-space narrowing, osteophytes and
bone sclerosis and deformation. Interobserver precision and arthroscopic correlation
are lower for the Kellgren-Lawrence score than for the Ahlbach score.* Originally, the
Ahlbéach score was divided into four grades: grade 1, joint-space-narrowing (less than
3 mm) with or without subchondral sclerosis; grade 2, obliteration of joint space; grade
3, minor bone attrition and less than 5 mm joint-space-narrowing; grade 4, moderate
bone attrition and 5-10 mm joint-space-narrowing. Subsequently, the Ahlbach score
was appended a fifth grade defined as severe bone attrition and a joint-space
narrowing exceeding 10 mm.* In this dissertation, the modified version of the Ahlbach

score was used to grade KOA.



Table 1-1 The Ahlbéack classification of radiographic knee osteoarthritis of the tibiofemoral joint and the
Kellgren-Lawrence grading system (adapted).+

Ahlbick Kellgren-Lawrence

Grade  Definition Grade Definition

‘Doubtfull’ Minute osteophyte, doubtful significance

‘Minimal’  Definite osteophyte, unimpaired joint space
1 Joint space narrowing (< 3mm) ‘Moderate’ Moderate diminution of joint space
2 Joint space obliteration ‘Severe’ Joint space greatly impaired with sclerosis of subchondral bone
3 Minor bone attrition (0-5 mm) ‘Severe’ Joint space greatly impaired with sclerosis of subchondral bone
+ Moderate bone attrition (5-10 mm) ‘Severe’ Joint space greatly impaired with sclerosis of subchondral bone
5 Severe bone attrition (> 10 mm) ‘Severe’ Joint space greatly impaired with sclerosis of subchondral bone

114 Phenotypes and kinematic subgrouping
Building a deeper understanding of the pathology of patients with KOA is an

important part of improving their outcomes following physical therapy and/or
surgical intervention. Several studies have demonstrated that patients with KOA
cannot be described as a homogeneous group. A systematic review* on KOA
described high heterogeneity across studies and found that the course of pain and
physical functioning were diverse. Other studies have suggested subgrouping of KOA
populations — also referred to as phenotypes. Holla et al.*’ identified three subgroups
with distinct trajectories of physical functioning over time (good, moderate and poor).
Knoop et al.® (later confirmed by Esch et al.®') identified five homogeneous clinical
phenotypes (minimal joint disease phenotype, strong muscle strength phenotype,
severe radiographic KOA phenotype, obese phenotype and depressive mood
phenotype). Another systematic review proposed six other phenotypes (chronic pain,
inflammatory, metabolic syndrome, metabolic bone/cartilage, mechanical overload

and minimal joint disease).*

Kinematic subgrouping: Kinematic subgrouping has not been investigated directly.
Instead, kinematics has been studied in an effort to investigate kinematic alterations
within different KOA characteristics. The cohorts have often been stratified into
multiple subgroups such as KOA severity®®, affected knee compartment®, ACL
deficiency™” and walking difficulties.®® Diverse results have been presented. Thus, it

was reported that patients with KOA exhibit knee flexion angles greater®**, lower®



and similar® to those of healthy controls at initial contact of the foot with the ground
during gait. Among these studies, three have investigated adduction and internal
rotation. They found greater adduction,’*>” whereas the internal rotation showed
both lower® and similar® rotations. Bytyqi et al.¥’ and Zeng et al>* further
investigated tibial anterior translation and found similar and lower translations,
respectively. Only Zeng et al.>* investigated the two remaining parameters, finding a
greater tibial lateral shift and joint narrowing. These diverging results may be a
consequence of the stratification, which is often based on observer-selected thresholds
of different characteristics and often investigated one at the time. Therefore, bias may
arise in regard to both the selected threshold and the remaining characteristics within
the stratified groups, thereby blurring and inhibiting findings. Thus, an alternative
reverse approach to allocating patients into groups based on homogeneous kinematic
trajectories may provide more direct information about the multiple characteristics

affecting the kinematic motion patterns for these subgroups.

Data clustering: Clustering is such a method that may be used to divide the patient
group into multiple subgroups based on homogeneous kinematic trajectories.
Clustering is an unsupervised machine learning technique in which the system is
given set of data without any prior knowledge after which each data point is
automatically allocated into homogeneous subgroups. Several clustering methods
exist. They all have different advantages and disadvantages. Some classical ones are
K-means, mean-shift, density-based, Gaussian mixture model and Hierarchical
methods.®*¢! K-means is easy to understand and fast, though it requires a predefined
number of subgroups and may yield various results between runs as a consequence of
a random choice of initial cluster centres and due to its iterative approach. In contrast,
mean-shift does not require a preselected number of subgroups; however, it does

require a preselected window size, which may be non-trivial. Similarly, density-based



methods do not require a preselected number of subgroups and are robust to noisy
outliers; instead, these methods require a distance threshold and a predefined
minimum number of points to define a cluster. Additionally, density-based methods
do not perform well on clusters with varying density and high-dimensional data.
Gaussian mixture models are less restrictive in terms of the cluster shape compared to,
e.g., k-means as they incorporate cluster covariance. However, again, this method
requires a predefined number of subgroups, and datapoints may share mixed
membership, though with a probabilistic likelihood of each membership. The
hierarchical methods do not require a predefined number of subgroups as they
construct a dendrogram; even so, subsequently the number of subgroups needs to be
determined manually. These methods are sensitive to outliers and characterized by the
difficulty of handling various cluster sizes, breaking large clusters and slow
computation.®®®! The k-means clustering method was chosen to allocate our
multidimensional data into homogeneous subgroups owing to its simplicity and as it
only requires selection of the number of groups. Additionally, it was previously

applied to distinguish between subjects with different kinematic trajectories.®

1.1.5 Treatment

Currently, no proven disease-modifying agents for treating KOA exist.®**> The
primary goals of treating osteoarthritis of the knee are to relieve the pain and regain
mobility. Conservative and surgical treatments are valid options — and treatment is
typically initiated with a conservative treatment strategy. If conservative treatment is
insufficient, surgical treatment or a combination are utilized.”?#¢” Conservative
treatments includes: weight loss, where even a minimal amount can have a significant
influence; exercise and stretching the knee muscles to achieve a more stable and
flexible knee joint; pain and anti-inflammatory drugs; steroid injection; unloading or
supporting braces; insoles; physical and occupational therapy. Surgical treatment

includes overall two procedures: osteotomy, which corrects malalignment by shifting



load away from a degenerated knee compartment and total knee arthroplasty (TKA)
and unicompartmental knee arthroplasty which replace the articulating part of the

bones with artificial parts made from metals and plastic.”%66”

1.2 Total knee arthroplasty

The knee joint is one of the most complex weight-bearing joints in the body with
complicated movement, stability and functionality. End-stage KOA may be treated
surgically with TKA (Figure 1-3). TKA is a well-documented treatment that dates back
to the mid-1800s.1%11% One-hundred vyear later, in the mid-1900s, the first
bicompartmental knee arthroplasty (replacing both femur and tibial articular surfaces)
was attempted; and in 1970s, the foundation for current concepts and technologies was
developed.® Two design approaches existed; an anatomical approach that attempted
to recreate the native knee anatomy and kinematics preserving most or all the soft
tissues of the joint, whereas the other design was a functional approach that attempted
to simplify the process, making anatomy secondary to function, and therefore

sacrificing the cruciate ligaments.®

Before After

Figure 1-3 Advanced knee osteoarthritis (left) and total knee arthroplasty (right).”



1.2.1 Prevalence and risk factors

Currently, in Denmark, about 11,000 primary and 1,000 revision knee arthroplasty
surgeries are performed annually.® The aging population, higher age before
retirement, increasing Body Mass Index and the wish to maintain an active lifestyle
will likely increase the amount of primary TKA surgeries and revisions in the future.
In Denmark, the amount of primary knee alloplastic surgeries has increased by 30%
from 2017-2019. In the United States, using a conservative logistic regression model,
the amount of primary TKA surgeries is projected to grow by 143% from 2012 to 2050.7
The most common indications for TKA revision include instability (26%), infection
(24%) and stiffness (18%).”? Previously, wear-related factors were also a dominating
cause of TKA revision. However, major improvement in polyethylene manufacturing

and sterilization may have contributed to reducing these wear-related factors.”

The search for improvement in patients” health-related quality-of-life, performance
and satisfaction has resulted in a widespread application of implant designs. Even so,
within the first five years after surgery, 6% of patients require revision” and 19% of
patients are unsatisfied with their knee surgery outcome after one year.*”
Furthermore, the lifetime risk of revision is significantly higher for patients aged under
70 years, especially for middle-aged men (50-54 years).”” Even though considerable
efforts have been devoted to reducing the number of dissatisfied patients, their
satisfaction following TKA has not improved during recent decades.”*””7® The
development of TKA has yielded several designs that may overall be described as
symmetric or asymmetric, mobile or fixed-bearing designs in combination with either
retaining or sacrificing the posterior cruciate ligament (PCL).%¢7-8! Bij-cruciate
retaining designs also exit. However, more challenging surgical procedures, strict
patient selection and fixation issues have limited clinical application of this design

typ e. 82,83
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1.2.2  Cruciate-retaining versus cruciate-sacrificing designs

The main difference between these two designs is that the PCL is either sacrificed or
retained. The anterior cruciate ligament is sacrificed in both designs. For the PCL-
sacrificing design, a post-cam was introduced as a posterior stabilizing mechanism,
substituting the PCL.%% Traditionally, it is designed with a central peg on the tibial
bearing that fits into an intercondylar hole on the femoral component. The PCL-
retaining design leaves space for the PCL at the femoral and tibial components to avoid

impingement during flexion.®

Kinematics: In general, during a deep knee flexion, subjects receiving a posterior
cruciate-sacrificing implant achieve posterior femoral rollback of their lateral condyle
and a normalized tibial rotation, whereas those receiving a posterior cruciate-retaining
implant exhibit paradoxical anterior slide and abnormal tibial rotation.®808184
However, during the stance phase of gait, both the posterior cruciate-sacrificing and -
retaining designs exhibit paradoxical anterior sliding and abnormal tibial rotation. The
kinematic differences in high flexion angles between these designs are suggested to be
attributed to the sacrificed ACL in the cruciate retaining design. The absence of the
ACL simply results in an insufficient contribution of the PCL. For the kinematic
similarities during gait, the lower flexion angles may result in an absent post-cam
engagement and they therefore do not provide the posterior-stabilizing effect.% Even
so, no differences were found in clinical and patient-reported outcomes between
posterior cruciate-retaining and -sacrificing designs in a prospective randomized

study.®

1.2.3 Mobile- versus fixed-bearing designs

The main difference between these two designs is the fixation of the polyethylene
bearing to the tibial tray. In fixed-bearing designs, the bearing is rigidly fixed to the

tray using a press-fit click-mechanism or the bearing is molded directly to the tray.?”
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The molded bearing may produce less polyethylene wear owing to non-backside wear.
However, it reduces the surgeon’s intraoperative opportunity to modify bearing size
while being more expensive.®”# In the mobile-bearing design, the bearing is movable
on the tibial tray, allowing for rotation around the longitudinal axis (“rotating
platform”) or anterior-posterior translation (“meniscal bearing”). The mobility of the
bearing was designed to increase the tibiofemoral contact area to lower polyethylene
contact stress while permitting better movement freedom without compromising

overload of the implant bone interface.®

Kinematics: In general, patients with mobile-bearing designs exhibit greater tibial
rotation during gait and during deep knee flexion activities than patients with fixed-
bearing designs, although these kinematic changes were not reflected in survivorship
or clinical outcome.®*-? Stimulated by findings of no clinical outcome differences,
tixed-bearing designs were suggested for younger surgeons because they required less
demanding surgical techniques, whereas for more experienced surgeons, it was
suggested to select a single surgical protocol and instrumentation rather than focusing

on various different designs.®

1.2.4 Symmetric versus asymmetric designs

These designs are utilized in both PCL-sacrificing and -retaining as well as fixed- and
mobile-bearing designs. The asymmetrical designs aim to recreate native knee
kinematics, the rationale being that native kinematics will reduce instability thereby
providing improved clinical outcomes, function or/and patient satisfaction.®®#* Using
increasingly sophisticated technology and knowledge of the native and healthy knee
mechanics asymmetric, TKA designs exhibit tibiofemoral kinematics consistent with
the intension of the design. 6869849397

Kinematics: Pivoting TKA designs, especially medial pivoting designs, provide well-

controlled kinematics and avoid the so-called “paradoxical motion” phenomenon,
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which is an abnormal kinematic motion in which the femur slides anterior relative to
tibia.’%%% Paradoxical motion is associated with mid-flexion instability, which is more
evident for CR-bearing designs and has been shown to contribute to dissatisfaction in
TKA patients.!®1% Previously, mainly posterior stabilizing designs have prevented
paradoxical motion owing to the presence of the post-cam that substitute the absent
PCL. Recent medial pivoting TKA designs have been proposed because they
circumvent the risk of polyethylene wear on the post-cam and may potentially

approach native knee kinematics.?10%10

1.2.5 Persona® The Personalized Knee System

The new prosthetic knee design Persona® The Personalized Knee System (Zimmer
Biomet, Warsaw, Indiana, USA) is a design approach that aims to recreate native knee
kinematics with a TKA. The Persona® prosthetic system provides various component
sizes, shapes and constraint options and allows for optimized component fit and
ligament balancing. The polyethylene bearing of the tibial component is available with
a new anatomic design in which the articulating surface is designed in close
resemblance with the native knee. The bearing is called the Persona® Medial
Congruent® (MC) TKA. Compared with the standard bearing, Persona® Cruciate
Retaining (CR), the MC bearing has a higher anterior lib, a more posterior dwell point
and a more congruent articulation with the femoral component (Figure 1-4).
Expectedly, this will normalize kinematics during knee movements compared with
the standard CR polyethylene-bearing prosthetic knee design. The tibial, femoral and
patella components of Persona® are identical for the MC and CR bearing designs. No
studies examining the MC bearing existed at the time of initiating this dissertation.
Thus, it was not investigated whether the MC bearing design complies with its
rationale, and whether its kinematics are superior to those of CR bearing designs.
However, in the meantime, a handful of studies have been published with promising

results regarding the MC bearing. Thus, compared with CR, MC tended to reproduce
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more native kinematics, achieved greater mid-flexion stability, prevented paradoxical
motion, yielded a similar or improved range of motion, clinical outcome and higher
patient satisfaction, showed no difference in relation to a posterior stabilizing design

even though PCL was sacrificed, and had no effect on migration.!02104-108

Medial view Lateral view

Anterior view Proximal view

- Medial Congruent (MC) Cruciate Retaining (CR)

Figure 1-4 Superimposed illustration of right knee Persona® Medial Congruent® (MC) and Cruciate
Retaining (CR) bearing designs in different views. The axis directions are red for lateral, green for
anterior and blue for proximal.®®

1.3 Gait analysis

Gait is the style and manner of walking. It depends on repeated motions of synovial
joints of the lower limbs that advances the body in a desired direction (locomotion)
while maintaining balance. Gait is the most common and also one of the most
conservative kinds of locomotion in terms of physiologic energy use.!'® As with many

other motion functions, its effectiveness depends on joint mobility and a well-
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functioning musculoskeletal system that is selective in both timing and intensity. Gait
is often described in terms of a cycle extending between two successive initial foot
contacts of the ipsilateral limb. The gait cycle may be divided into a stance phase,
approximately the initial 60%, and a swing phase, approximately the final 40% (Figure
1-5).111 It is important to evaluate knee joint mechanics during activities that persons
actually perform during daily living as these activities reflects the typical joint function

that the person experiences.

Lf‘:‘w'll:; Loading Response Midstance Terminal Stance Preswing Initial Swing Midswing Terminal Swing
| — ie ~- — N e ~ e Ae—_—
f L 4 8\ ¢ E\ g 4 § { ; }
NA A & N A D N AN
| STANCE PHASE | SWING PHASE ———————
0 10 20 30 40 50 60 70 80 90 100

Figure 1-5 Gait cycle description from 0-100%. Initial Contact, point where the foot initially contacts the
ground; Loading Response, point of the initial double limb stance; Midstance, point of initial single leg
support; Terminal Stance, point where the supporting heel rises from the ground; Preswing, point of the
second initial double limb support; Initial Swing, point of initial single limb support of the opposite limb;
Midswing, point of initial maximum knee flexion; Terminal Swing, point where tibia is vertical.

1.3.1 Optical marker-based

Optical marker-based gait analysis is a common method to investigate dynamic joint
mechanics. The markers are directly attached to either specific anatomical landmarks
of the human body or to corresponding body segments using clusters of markers.
Typically, infrared cameras are used to determine the three-dimensional (3D) position
of the markers, thus enabling registration of the position and orientation of the
segments, which can be used to calculate 3D joint kinematics.""? Although optical
marker-based gait analysis is a power full tool, it comes with several limitations.!'?
Skin-attached markers are always associated with inaccuracies in determining the
underlying bone and joint kinematics due to the soft tissue artifacts of wobbling
masses.!’>114 This is a concern for obese subjects, in particular. In relation to this
dissertation, which focuses on patients with KOA and TKA, more accurate joint

kinematics estimates were essential, not least because obesity is common in KOA.’
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Furthermore, similar marker placement between test persons is based on surface
anatomy, which is inaccurate.!® As a solution, radiographic imaging may be applied

to assess the underlying bone pose in a 3D space.!¢12

1.3.2 Radiographic imaging
Computed tomography: Traditional computed tomography (CT) is a fast-spinning

radiographic imaging modality that produces high-quality cross-sectional two-
dimensional (2D) images of the body stacked in a 3D space. CT enables accurate
estimates of bone positions in three dimensions.!? However, only one static bone pose
is produced, and although the method provides considerable anatomical detail, it does
not yield information about the dynamics of the knee joint. Furthermore, the patient is
in a supine position with unloaded knee joints during the scan and the radiation dose
of CT is high why multiple scans in several joint positions is not feasible. A newer four-
dimensional CT method provides dynamic evaluation of joints. However, this method
exposes patients to high radiation dose similar to those of traditional CT and provides
only a relatively low frame rate of 5 Hz. Additionally, it does not allow for

investigation of weight-bearing exercises as related to daily activities.

Radiostereometric analysis: Radiostereometric analysis (RSA) is another radiographic
imaging modality that utilizes 2D synchronized dual radiographs - so-called
stereoradiographs — to provide 3D pose information of an object. The RSA setup
requires two x-ray sources pointing at each of their detector (Figure 1-6). The object of
interest is positioned at the cross-light of the x-ray beams. To enable spatial
calculations, a box containing a known grid of radiopaque markers is used for
calibration.’” The calibration box can be included simultaneously with the recording
of the object or before/after the recording as long as the system is untouched during
the period of recording and calibration. The RSA method has been proven to be a valid

and accurate technique for measuring 3D object poses.'?”1 Owing to submillimetre
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accuracy and precision, RSA requires only small sample sizes to identify small
differences between groups.'®10 Furthermore, RSA has been widely utilized in
randomized studies evaluating longitudinal implant fixation of hip and knee
arthroplasty joints with a strong early predictive power for later aseptic component
loosening.!?131-13  The method has even been proposed as one of the initial

investigations in the step-wise introduction of new implants.'3

Figure 1-6 Standard static uniplanar radiostereometric analysis (RSA) setup with the patient in a supine
position. The setup includes two x-ray sources that irradiate through the calibration box with embedded
detectors positioned in one plane next to each other. The knee joint of interest is positioned in the
crossing field of the two x-ray beams.

Originally, RSA depended solely on tantalum markers attached to the implants and
inserted into the periprosthetic bone during surgery. Implant-embedded markers have
several downsides, including expense, need for new regulatory approval of the
implants and a possible impact on fixation.’® Instead, a commercially available
surface-based method has been introduced. This method allows for implant tracking
without implant-embedded markers at the expense of a slight accuracy loss.!'%1® The

surface-based method registers a triangulated surface model of the implant to
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manually selected contours of the implant. However, the requirement for markers as
bone reference and the lack of full analysis automatization restrict the general use of
RSA for clinical monitorization of implant loosening.!?131% These two methods,
markers to assess the bone reference and surface-model and contour matching are

considered the gold standard.

A potential substitute for the marker-based method: Automated 2D/3D image
registration of bone-models in TKA patients has previously provided poor results.!”138
However, none of these methods has utilized digitally reconstructed radiographs
(DRR) methods. DRR methods may potentially provide sufficient information to
maintain a high accuracy even though important bone geometry has either been

resected or hidden behind the radiopaque metal implant component.’*

A potential improvement of the surface-based method: Automated 2D/3D image
registration techniques for radiographic imaging have been studied intensively. Even
so, the registration techniques often utilize silhouette projections of triangulated
surface models without including inner contours.!¢12214-1%> Image registration of CT-
based bone models have successfully utilized DRR images taking advantage of the
high contrast intensity differences in the images and thereby the inner projection
contours.!?12414% From a surface model, it is possible to generate a synthetic volumetric
representation of the implant with constant predefined voxel values within the surface
shell. This allows for utilization of DRR and may improve image registration accuracy
as it will include more information from the inner contours in the similarity metric
rather than only utilizing the silhouette projection.

Dynamic radiostereometric analysis: During recent decades, 2D/3D image
registration has turned single and dual fluoroscopy systems into 3D analysis tools of

joint kinematics (Figure 1-7).1°12 In addition, radiographic technology advancements
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have made it possible to obtain clear-pulsed radiographic images providing a
radiographic film.!814718 This is similar to fluoroscopy, but with improved image
quality, resolution and recording area. Automated image registration techniques for
this analysis are essential in a research perspective but also in the clinic, as image
registration is very time consuming. The analysis was obtained from RSA (single
stereographic imaging). Thus, it is referred to as dynamic RSA (dRSA). The AutoRSA
research group in Aarhus, Denmark, has developed an automated software system
(AutoRSA software, Orthopedic Research Unit, Aarhus, Denmark) capable of
analysing in an automated fashion the large series of stereoradiographs that a dynamic
recording produces. The wide applicability of the AutoRSA software has been shown
in studies of the hip, elbow and wrist joints.!?%141% However, its application for

estimating tibiofemoral joint kinematics has not previously been assessed.

Figure 1-7 Standard dynamic uniplanar radiostereometric analysis (ARSA) setup for a knee recording
during a step-up motion. Two x-ray sources irradiate through the calibration box with embedded
detectors positioned in one plane next to each other. The joint of interest, here the knee joint, is
positioned in the crossing field of the two x-ray beams.!5!

1.3.3  Statistical parametric mapping

Studies investigating kinematic parameters have often acquired trajectories containing

a high number of values per recording. Typically, hypothesis testing has been
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conducted using observer-selected individual discrete time points, excursion,
maximum, minimum, etc., reducing the information available. This has been
performed to avoid excessive statistical multiple comparisons at each discrete time
point, which needs to be accounted for using, e.g., Bonferroni adjustment, which is
basically an overestimate of the alpha-level to avoid type-II errors. Consequently,
Bonferroni adjustment may introduce type-I error. Statistical parametric mapping was
recently suggested as an alternative statistical approach that outlines the analysis in a
continuous manner directly on the original trajectory. SPM allows for non-directed
hypothesis testing of the entire one-dimensional time series of trajectories. SPM
exploits the fact that spatiotemporal data are correlated owed to local smoothness and
thereby avoid issues of selection bias and multiple comparison.!5>5 It uses Gaussian
random field theory to calculate the threshold that only the significance level of
equivalently smooth Gaussian random fields would cross when the null hypothesis is

true.

1.4 Motivation for the PhD dissertation

Even though TKA surgery is a widely accepted treatment of KOA and considerable
effort has been devoted to reducing the number of dissatisfied patients, approximately
20% of unsatisfied patients remain one year after their knee surgery. This share has
stayed unchanged in recent decades.”” Function is a great contributor to satisfaction
in patients with TKA, which is underlined by the fact that knee joint instability and
stiffness are major reasons for revisions. Therefore, understanding knee joint
mechanics in healthy knees, the pathomechanics in osteoarthritic knees and the
mechanical impact of knee arthroplasty designs is essential in improving outcomes

following TKA.7>7
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1.4.1 Validation of dynamic radiostereometry for tibiofemoral joint kinematics

The amount of data provided by dRSA is significant. One six-second recording
produces 90 stereographs at a frame rate of 15 Hz. Manually, dRSA analysis is a very
time-consuming task, and with improved technology the framerate may increase,
resulting in even higher workloads. Therefore, a need exists for automated analysis.
Furthermore, automated image registration may promote the application and
teasibility of radiostereometry, extending dRSA from being used as a research tool to

serving as a clinical tool.

1.4.2  Validation of automated marker-free radiographic imaging

Currently, no method is available to assess the fixation of in vivo TKA patients in the
absence of surgically implanted tantalum markers. It remains unknow whether CT-
based bone models may replace the markers. A marker-free RSA method may be an
extra clinical tool with which to assess implant bone interface properties. Identifying
the problem is the first step to helping the patient by offering secondary treatment

options.

1.4.3 Understanding the knee pathomechanics of osteoarthritis

Heterogeneity and clinical phenotyping have previously been proposed for KOA
patients as have targeted treatments towards selective phenotypes for improvement
of outcomes.”” Kinematic phenotyping within the KOA patient group has yet to be
investigated and may contribute to expand existing knowledge and yield a better
understanding of patient characteristics and their relation to different kinematic

motion patterns.

1.44 Mechanical influence of total knee arthroplasty implant design

Emerging evidence suggests that achieving normalized kinematic patterns in

prosthetic knees may improve functional knee performance.®®' This has led to
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asymmetrical and more anatomical prosthetic knee designs that resemble the native
knee. When the work on this dissertation was initiated, no available studies had
explored the MC bearing design, Thus, no evidence was available that the MC bearing
design provided improved knee mechanics compared with the standard CR bearing.
This comparison, where the only group difference was the polyethylene bearing,
keeping the femoral and tibial bone fixation and interface identical, may contribute to

our knowledge of the joint surface congruency influence on knee mechanics.
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Aim of the dissertation

The methodological aim of this dissertation was to evaluate the accuracy of automated
dRSA image registration methods. The clinical aim of this dissertation was to
investigate the knee pathomechanics in osteoarthritic knees and the mechanical impact
of knee arthroplasty designs during gait utilizing dRSA. Rather than evaluating
discrete kinematic features, SPM was utilized. This allowed for non-direct hypothesis
testing of the entire kinematic trajectory and thereby minimized the risk of type-II error

and selection bias.
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The specific aims for each of the four studies were:

211 Studyl:

The aims of this in vitro study were (1) to evaluate accuracy of an automated CT-based
volumetric bone model method against the gold standard of marker-based RSA for
measurement of tibiofemoral joint kinematics in dRSA recordings, (2) to evaluate pose
estimation of the femoral and tibial bones and (3) to compare the accuracy of a

uniplanar and biplanar radiographic setup.

212  StudyII:

The aim of this in vitro study was to investigate the accuracy of automated image
registration methods of implant components from TKA and tibial and femoral bone
models from CT scans using silhouette projections and DRR. As reference, accuracy

was investigated for tantalum markers implanted in the femur and tibia.

213 Study III:

In this study, full trajectory knee joint kinematics were investigated during level gait
in patients with KOA to identify: 1) subgroups of KOA patients based on knee
kinematics through clustering, and 2) features of knee kinematics unique to the
identified subgroup, linking kinematics to the patient characteristics of the subgroups.
The results from KOA patients were compared with data from a group of healthy

volunteers with asymptomatic non-arthritic knees.

214 StudylIV:

The aim of this study was to compare the Persona® anatomic prosthetic medial
congruent knee design (MC) with the symmetric knee design (CR) using dRSA during
gait at a one-year follow-up after TKA surgery. It was hypothesized that 1) the
tibiofemoral kinematics differed between the MC and the CR bearing designs, and that

2) the MC bearing enhances articular congruency compared with CR bearing designs.
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Materials and Methods

The following sections provide a presentation of ethical issues, study design, patient
cohorts and experimental protocols including an outcome overview. Subsequently, a
description is provided of relevant methodologies applied in the three studies. An

overview of the four studies is presented in Table 3.1.
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3.1 Ethical issues

All studies followed the Helsinki II Declaration and handled data according to the
General Data Protection Regulation.!5¢1%” Prior to study initiation, the protocols were
reviewed and approved by the relevant authorities. In the patient studies (III and IV),
patients were informed about the research study and data collection before written

consent was obtained.

The Central Denmark Region Committee on Biomedical Research Ethics:
Studies I and II: journal no. 1-10-72-236-19, issued 21t November 2019
Studies III and IV: journal no. 1-10-72-303-16, issued 28 February 2017

The Danish Data Protection Agency:

Studies I and II: journal no. 1-16-02-410-19, issued 2" December 2019
Studies III and IV: journal no. 1-16-02-582-16, issued 31t October 2016
ClincialTrials.gov:

Studies III and IV: NCT03633201

3.1.1 Radiation dose estimates

Application of radiographic examinations will expose subjects to ionizing radiation in
addition to the background radiation. This is particularly relevant for dynamic
stereoradiographs, which produce a large series of dual radiographs. Similarly, CT
will expose subjects to ionizing radiation in addition to the background radiation.
Awareness of measures to limit the amount of additional radiation to which patients

are exposed is important.

The effective radiation dose of the stereoradiographs produced by our equipment was
estimated by our local medicotechnical advisors at Aarhus University Hospital. A
static stereoradiograph was estimated to produce an effective radiation dose of 0.623

uSv, and one frame from a dynamic stereoradiograph was estimated to produce an
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effective dose of 0.02288 uSv. For a dynamic series of approximately six seconds at a
frame rate of 15 Hz, the effective radiation dose was 2.0592 uSv (a total of 90
stereoradiographs). In the dynamic RSA setup, it was not possible to limit exposure to
a single knee alone — the contralateral knee will also be exposed due to leg-crossing
during gait. Thus, the effective dose for each patient was doubled for the dynamic
recordings, resulting in a total of 0.004 mSv per patient for a dynamic RSA recording

of gait.

The effective dose contribution from the CT was estimated based on the dose-length
product (mGy-cm) registered for daily patient CTs. Dose-length-product was the
volume CT dose index times the length of the CT. The expected dose-length product
for each joint was: ankle = 25, knee = 225 and hip = 50. The dose-length-product
estimates were converted into effective dose using a conversion coefficient
(mSv/(mGy-cm)): ankle = 0.0002, knee = 0.0004 and hip = 0.0106 for adults.® The
effective dose contributed by the CT of the hip, knee and ankle was estimated to 0.625

mSv, whereas an isolated CT dose of the knee was estimated to 0.09 mSv.

The total effective radiation dose for studies III and IV was 0.629 mSv and 0.004 mSv,
respectively. For studies I and II, it was not relevant to estimate the total effective dose
to which that each specimen was exposed. Rather, the clinically relevant effective
radiation dose needed to conduct a dynamic RSA analysis of a prosthetic knee is
important. To acquire the bone volume of the femur and tibia, a CT is required. If the
hip and ankle joint centres are included to provide the mechanical axis for the
kinematic measures, it was estimated to an effective dose of approximately 0.625 mSV
(Study I). If the hip and ankle joint centres were not included, the effective dose was
reduced to approximately 0.090 mSV (Study II). It was only necessary to acquire the

CT once. Thus, for the stereoradiographs, the effective radiation dose accumulates to
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approximately 0.000623 mSv for a dynamic recording with a duration of six seconds

(90 stereoradiographs).

According to the International Commission on Radiological Protection standard, the
accumulated effective radiation dose for the patients and healthy volunteers (Studies
III and 1IV) falls into category Ila.™ This corresponds to an induced theoretical lethal
cancer risk of approximately 1 in 100,000. In other words, at a 5% increased risk of
cancer for each Sievert (Sv), the additional radiation exposure of 0.633 mSv in relation
to the general Danish population increases from 25% to 25.0032%. Or elaborated in
another manner, the amount of effective dose corresponds to less than eight months

of background radiation when living in Denmark.'

3.2 Design and patients

3.2.1 StudiesIandII

Studies I and II were methodological studies evaluating image registration methods in
vitro, utilizing eight fresh-frozen hemi-pelvis doner legs with a 1:1 male:female ratio

and a mean age of 85 years (80-93 years).

3.2.2  Studies III and IV

Studies III and IV were based on the same patient cohort and employed the same
inclusion/exclusion criteria (Table 3-2). Study III assessed the preoperative data and
Study IV assessed the postoperative data at a one-year follow-up (Appendix I). The
consort flow chart of studies III and IV is presented in Figure 3-1. Study IIl is a cross-
sectional study of 66 patients aged 18-80 years of age, diagnosed with KOA and
scheduled for TKA. For comparison, in Study III, a control group was included
comprising 15 healthy, age-similar volunteers with asymptomatic knees and no

radiographic KOA (Table 3-2). Study IV was a prospective randomized controlled
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double-blinded study investigating two different designs of Vitamin E Infused
Technology polyethylene bearings for TKA at a one-year follow-up. The appropriate
group sizes were determined by post-hoc power analysis using data variation from
published knee kinematics of patients with TKA.!® Assuming a threshold for
observing a difference of three degrees (for rotation) and three millimetres (for
translation), an alpha value of 0.05 and a power of 0.80, group sizes of n = 29 were
required. A total of 66 subjects were enrolled in the period from 2017 to 2019. The
subjects were randomized into two groups with the different polyethylene bearing
designs MC and CR. Block randomization (blocks of ten) was performed during
surgery using concealed opaque envelopes. The patients and the analyst were blinded
to type of bearing. The blinded analyst, the author, performed all data recordings and
analyses. The type of bearing was first released once all recordings and analyses were

completed. This was possible because the radiolucency of the polyethylene bearings.

Table 3-2 Inclusion and exclusion criteria.l6!

Patient group

Healthy control group

Age above 18 years but no more than 80 years of age.

Age above 18 years but no more than 80 years of age.

g Informed and written consent. Informed and written consent.
‘®  Primary knee osteoarthritis in capable men and women.  Asymptomatic knees and no radiographic osteoarthritis.
'—3 Indication for cruciate-retaining total knee arthroplasty.
S
Patients with a thigh circumference exceeding 60 cm. Patients with a thigh circumference exceeding 60 cm.
Patients with conditions that severely compromise their ~ Patients with conditions that severely compromise their gait.
o  gait other than knee osteoarthritis in the affected knee. Patients with previous fractures or severe malalignment at
.S Patients with previous severe fractures at the knee level  the knee level.
_3 or severe malalignment at the knee level. Surgically implanted metallic parts or pacemaker.
5 Surgically implanted metallic parts or pacemaker. Patients who cannot perform the exercises.

Patients with a need for an augmentation and/or stem
extension.
Patients who cannot perform the exercises.
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Healthy volunteers as controls assessed m Patients with KOA assessed for eligibility
(n=15) (n = 449)

Excluded (n = 383)

+ Not meeting inclusion criteria (n = 43)
Meeting exclusion criteria (n =118 )
Declined to participate (n = 66)

Other reasons (n = 0)

Assessed by other surgeons (n = 156)

*
.
L4
L4

Preoperative analysis (Study lil)

| Analyzed controls (n = 15)

| Analyzed patients (n = 66) % Ra(r:]dggg)ed
Allocated to CR bearing (n = 33) Allocated to MC (n = 33)
+ Received allocated intervention (n = 33) + Received allocated intervention (n = 33)

+ Did not receive allocated intervention (n = 0) + Did not receive allocated intervention (n = 0)

1 yr. follow-up

Lost to follow-up at mean 1 year (n = 0) Lost to follow-up at mean 1 year (n = 2)
+ Declined to participate (n = 0) + Declined to participate (n = 1)
+ Could not perform the exercise (n = 0) + Could not perform the exercise (n = 1)

| I
: Postoperative analysis (Study IV) |
| |
: Analyzed (n = 33) Analyzed (n = 31) :
| I
I I

Figure 3-1 Consort flow chart of the patients and healthy volunteers investigated in Studies Il and IV.10°

3.3 Experimental protocols

3.3.1 Studies I and II - preparation
Preoperatively, the knee of each specimen was CT scanned (SOMATOM Definition

Flash; Siemens Healthcare, Erlangen, Germany) including 15 cm proximally and
distally to the joint line including the femoral head and ankle joint. The CT were
conducted using a standard protocol with axial slices at a peak voltage of 120 kVp and
exposure of 183 mAs, slice thickness of 0.6 mm, slice increments of 1 mm and a pixel
width of 0.29 x 0.29 mm. Subsequently, all specimens were disarticulated at the hip
and ankle joints, and the proximal femoral and distal tibial bone were dissected for
soft tissue to ensure rigid fixation of the specimen. Approximately 8-13 tantalum beads

(X-medics, Sweden) were inserted through a 4 mm cortical bone drill hole in each of

31



the distal femoral and proximal tibial bones using a bead gun (Kulkanon, Wennbergs
Finmek AB, Sweden). Beads were placed in a systematic pattern intending a wide-
spread 3D marker distribution. For Study I, the specimens were again CT scanned at
120 kVp, exposure 200 mAs, slice thickness 0.6 mm, slice increment 0.8 mm, and pixel

spacing 0.29 x 0.29 mm, with the application of metal artifact reduction.

3.3.2 Studyl
Radiographic setup: The stereoradiographs were recorded utilizing a dedicated RSA

system (AdoraRSA; NRT X-Ray A/S, Hasselager, Denmark). The system uses two
ceiling-mounted x-ray tubes positioned horizontally at an inter-tube angle of 40
degrees and a source-to-image distance of 320 cm (Figure 3-2). Two different RSA
setups were investigated — a uniplanar and a biplanar setup. For the uniplanar setup,
the flat panel detectors (CXDI-50RF, Canon Inc., Tokyo, Japan) were slotted behind a
uniplanar calibration cage (Box 24, Medis Specials, Leiden, Netherlands). For the
biplanar setup, the detectors were placed angulated on a free stand approximately
orthogonally to the rays from each x-ray tube. In dynamic-image mode, full detector
size was acquired with images dimensioned 1104 x 1334 pixels and a quadric pixel
width of 0.32 mm using exposure settings of 90 kVp and 0.6 mA. Subsequently, a static
image of the calibration cube was conducted (2208 x 2668 pixels, 0.16 mm quadric pixel

width).

Experimental procedure: A customized fixture was constructed to simulate a flexion-
extension movement (Figure 3-2). The proximal part of the femoral bone was fixed to
a plywood board attached to the system with a mobile fitting, whereas the distal
portion of the tibial bone was attached to a functional pedal with a crank arm of 10 cm.
The vertical height of the femoral bone fixation could be adjusted to fit specimens of
variable length. With the crank arm, the pedal had freedom of rotation around an axis

in the medial-lateral direction. A rope was used to manually apply force to the pedal
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in an upward direction, making the specimens perform a standardized knee flexion
motion in the 0-70° range. The average angular velocity of knee flexion and extension

was approximately 12 deg/s.

Figure 3-2 Illustration of the uniplanar radiostereometric setup and fixture. Flat-panel image detectors
were slotted in the detector panel behind the calibration boxes. Roentgen tubes were positioned at 40°
relative to each other in both setups. The knee joint of the specimen was positioned at the crossing of x-
ray beams to form stereoradiographs. The dashed line shows the path of movement during knee flexion
when traction (arrow) was applied to the mobile mechanical fixture.!2*

Outcomes: For each RSA setup, the tibiofemoral joint kinematics were estimated using
the CT-based bone volumetric method (autorsa) and the CT-based marker
configuration model method as gold standard method. The individual bone pose was
evaluated for the femoral and tibial bones. The difference in pose estimation was
calculated in all six degrees of freedom for each dRSA image. Additionally, the total
difference in pose estimation was computed by the magnitude of the resultant vector
for each image using the 3D Pythagorean Theorem. For rotations, this is only allowed

for small values which were expected.
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3.3.3 StudyIlI

Surgical procedure: For Study II, each specimen underwent TKA surgery. One
experienced knee arthroplasty surgeon used a standard operative total knee
arthroplasty procedure according to the manufacturer’s surgical technique with an
anterior midline incision and medial parapatellar arthrotomy.!*> All specimens
received the cemented (Palacos®R+G, Heraeus, Medial GmbH, 61273, Wehrheim,
Germany) Triathlon® Knee System (Stryker, Kalamazoo, MI, USA) for the femur, tibia

and patella.

Radiographic setup: The stereoradiographs were recorded utilizing a dedicated RSA
system (AdoraRSA; NRT X-Ray A/S, Hasselager, Denmark). The system uses two
ceiling-mounted x-ray tubes positioned vertically at an inter-tube angle of 40 degrees
and a source-to-image distance of 160 cm (Figure 3-3). The flat panel detectors (CXDI-
50RF, Canon Inc., Tokyo, Japan) were slotted behind a uniplanar calibration cage (Box
24, Medis Specials, Leiden, Netherlands). In single-image mode, full detector size was
acquired with images dimensioned 2208 x 2668 pixels with a quadric pixel width of

0.16 mm using exposure settings of 120 kVp and 1.2 mAs.
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Figure 3-3 Illustration of the radiostereometric setup, the fixture, total knee arthroplasty knee before
wound closure and the micrometre measurement unit on the fixture.163

Experimental procedure: A customized fixture with an axial movable plexiglass plate
was built and ensured rigid fixation of the knee specimen (Figure 3-3).
Accommodating optimal radiographic imaging, a hole was cut out of the plexiglass at
the knee level, ensuring free passage of the x-ray beams. The plate was moved in three

directions (X, y, z) using digital dial micrometres, each with a resolution of 0.001 mm
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(Hofmann GmbH, Achim, Germany). The fixture was oriented approximately
orthogonally to the reference frame of the RSA setup (calibration cage). First, the knee
was positioned in the anterior-posterior (AP) plane, replicating a patient in a supine
position. Second, the knee was positioned in a lateral-medial (LM) view to investigate
the influence of a different view. Recordings were obtained in all directions (x, y, z) at
16 positions. Each series included five recordings at baseline. Second, two recordings
were obtained each at 10, 20, 30, 40, 50, 100, 200, 300, 400, 500, 1,000, 2,000, 3,000, 4,000
and 5,000 micrometres. The corresponding measured displacement was established by
the difference between the median of the estimated positions at baseline and the
corresponding estimated position. The error was determined by subtracting the actual

(micrometre) displacement from the measured (RSA) displacement.

Outcomes: The accuracy of the bone and implant were analysed for both the tibia and
femur using five different registration methods. In terms of gold standard, the Model-
based RSA (version 4.2, RSAcore, Leiden, the Netherlands) was utilized to estimate
bone and implant using a marker-based (marker) and a surface-based (mbrsa) method,
respectively. The position of the marker model was estimated as the centroid of the
marker positions. AutoRSA software system was used for the remaining three
methods. Two methods estimated the implant poses using either a surface- or a
volume-based (autorsa-surface, autorsa-volume) method, respectively. The final method
used a volume-based (autorsa-bone) method to estimate the bone poses. The five

different registration methods are summarized in Figure 3.4.

3.3.4  Studies III and IV

All patients were set to complete repeated protocols before and after surgery at the
one-year follow-up. The healthy control subjects completed the same protocol. The

participants walked barefoot on a levelled treadmill (Sole F63, Jonesboro, AR, USA) to
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mimic level gait (Figure 3-5). They were afforded a habituation period to gain
tamiliarity with the test environment, with slowly increasing speed reaching a final
speed of 0.83 m/s. This is slightly slower than average walking speed (1.25 m/s)'** and
was chosen to avoid exclusion of gait-disabled patients while facilitating sufficient
dRSA data generation throughout the entire gait cycle. When the subject felt
comfortable, data collection was initiated. Up to seven coherent gait cycles were
obtained. For precaution and anticipating loss of balance during testing, subjects had
a rail they could hold on to. Only none-rail-supported gait trials were included for
turther analysis. Subsequently, the patients” pain intensity perception during the trial
using a horizontal visual analogue scale (VAS) (transformed into a 0-10 range) and
their strength using a leg-extension power rig (Bio-Med International, Nottingham,

UK) were registred.!65166

Gait analysis setup: The gait trials were recorded with a dedicated dRSA system
(AdoraRSA; NRT X-Ray A/S, Hasselager, Denmark). To utilize the largest recording
area possible, a biplanar setup was used in which the detectors were placed on
individual stands at a relative angle of 40 degrees; one in front of the subject and one
to the side of the limb of interest (Figure 3-5). The source image distance was 250 cm
(frontal view) and 300 cm (side view). The system was acting in a plane parallel to the
floor at a patient-specified height to centralize the knee joint in the radiographic
images throughout the entire recording. The setup was mirrored for left/right knees to
accommodate the investigated knee as close as possible to the side view. The radiation
exposure parameters were set at 90 kVp, 600 mA and a pulse-width of 2.5 ms, utilizing
the highest frame rate of 15 Hz without compromising the image size of 1,104 x 1,344

pixels (quadratic pixel width of 0.32).
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Figure 3-5 Illustration of the treadmill setup utilizing dynamic radiostereometry and optical motion
capture.16!

Simultaneously with the dRSA system, a minimum of six OptiTrack Prime 13 motion
cameras (NaturalPoint, Corvalis, OR, USA) and Motive software (Motive v.2.0.0,
NaturalPoint, USA) were used to assess the trajectories of skin-attached reflective
markers (diameter: 10 mm). The optical cameras were positioned strategically
surrounding the subject to avoid occluded markers during reflective marker analysis.
The markers were attached at the subjects” pelvis, lower limb and feet; three cluster
markers at the thigh, two at the knee epicondyles, three cluster markers at the shank,
two at the ankle malleolus, one at the heel, three at the metatarsals (1, 3, 5) and one at
the first distal phalanx. Prior to usage, the entire recording area was calibrated using
an OptiTrack CW-500 Calibration Wand (NaturalPoint, USA). Furthermore, a custom-
programmed Raspberry Pi 3 Model B (Linux Mini PC, Broadcom BCM2837 1.2 GHz
Quad-Core 64-bit, 1 Gb LPDDR2 RAM) was used to time synchronize data from the

dRSA and the optical marker systems using pulse information from both systems.
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Volumetric imaging: Preoperatively, all participants including the healthy control
subjects underwent a CT (Revolution EVO, GE Medical Systems, Milwaukee, WI, US)
and an MRI (1.5 T Avanto, SIEMENS, Erlangen, Forchheim, DE). For the CT, a helical
scan protocol with the reconstruction kernel “boneplus” was used to cover 15 cm of
the most distal and proximal part of the femur and tibia, respectively. The knee scans
were acquired with axial slices at a peak voltage of 100 kVp and 200 mAs, a slice
thickness of 0.625 mm and a pixel spacing of 0.48 x 0.48 mm. To reduce radiation dose
exposure, the femoral head and ankle were acquired with a slice thickness of 2.5 mm.
For the ankle, the voltage was additionally reduced to 80 kVp. For the detailed MRI, a
modified version of the Osteoarthritis Initiative Protocol’®” based on GE scanner
recommendations was used (T2 SAG de3D DESS WE acquisition with 0.7 mm slice
thickness and T1 COR 13D WE with 1.5 mm slice thickness).

Conventional radiographs, clinical characteristics and patient-reported outcome
measures: All participants underwent conventional weight-bearing radiographs of
their native knee and classified their KOA according to the modified version of the
Ahlback Score (grade 1-5).44¢ Additionally, the MRI provided information to register
the affected tibiofemoral compartment as lateral or/and medial and ligament lesions.
The following knee ligaments were evaluated: ACL, PCL, the medial collateral
ligament (MCL), and the lateral collateral ligament (LCL). The ACL was graded as 0
(no lesion), 1 (partial lesion), and 2 (total lesion). PCL, MCL, and LCL were registered
as 0 (no lesion) or 1 (lesion). Furthermore, a series of questionnaires on patient-
reported outcome measures (PROMs) were collected pre- and postoperatively for the
patient cohort and the healthy controls. The PROMs included the Oxford Knee Score
(OKS)!8, the Knee Injury and Osteoarthritis Outcome Score (KOOS)'¥, and the
Forgotten Joint Score (FJS)'". Finally, any postoperative complications were registered

during the one-year follow-up period.
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Surgical procedure and rehabilitation: For Study IV, all included patients with KOA
underwent a TKA procedure. Three experienced knee arthroplasty surgeons used a
standard operative procedure with an anterior midline incision and medial
parapatellar arthrotomy. The surgeries were performed according to the
manufacturer’s surgical techneque.” All patients received cemented CR femoral
implants (standard or narrow), tibial implants with either a MC or CR bearing, and
patella resurfacing with all-polyethylene patella implants. The patients followed the
same postoperative routine rehabilitation regime and were discharged according to

well-defined clinical and functional criteria.

Outcomes — Study III: First, the tibiofemoral joint kinematics were compared between
the KOA patient cohort and the healthy controls. Second, the tibiofemoral joint
kinematics were compared between the KOA subgroups that were allocated based on
homogeneous tibiofemoral joint kinematics. Third, the subgroups kinematic patterns
were related to their clinical characteristics. The preoperative clinical characteristics
included: KOA grade, KOA-affected compartment, ligament lesion grade (ACL, PCL,
MCL, LCL), PROMs (OKS, KOOQOS, FJS), leg-extension power and pain assessed by VAS

during gait examination.

Outcomes - Study IV: First, a comparison was made of the tibiofemoral joint
kinematics and articulation between the MC and CR TKA groups one year after
surgery. Second, a comparison was made of the MC and CR TKA groups’ clinical
characteristics preoperatively and postoperatively at the one-year follow-up. The
clinical characteristics included: KOA grade, KOA-affected compartment, ligament
lesion grade (ACL, PCL, MCL, LCL), PROMs (OKS, KOOS, FJS), leg-extension power,

and pain assessed by VAS during gait examination.
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3.4 Data processing and quantification measures
This section provides elaborated descriptions of the applied methods. Conducting
RSA and dRSA in particular is a time-consuming task that requires multiple steps

before the final measures may be assessed (Figure 3-6).

34.1 Bone model segmentation and reconstruction

The most accurate 3D representation of bone structures and anatomy is obtained from
a CT. For all studies, except Study IV, the bone structure was extracted from the CT
volume using a fully automated graph-cut segmentation method employing the
Insight Segmentation and Registration Toolkit (Kitware, Clifton Park, New York).17>173
This method uses eigen analysis of the hessian matrix to identify the sheet-like
structure (strong edges) of the cortical bone separating the bone from the surrounding
soft tissue.”> Subsequently, a sheetness measure is formulated, which is used in a
graph-cut optimization.””* From the segmentation, femur and tibia models were
extracted as volumes and surface representations (Figure 3-7). The volume models
were 3D volumes consisting of the CT image intensities of the representative bones.
The surface models were 3D triangulated models of the representative bones” shape as
vertices and faces generated utilizing the marching cubes algorithm on the

segmentation.!”

3.4.2 Anatomical coordinate systems

For Studies I, IIT and IV, it was essential to describe the tibiofemoral joint kinematics
in clinically relevant terms. The individual bone was assigned an anatomical
coordinate system, which was automatically generated, using a modified version
described by Miranda et al. that implemented the mechanical axis (Figure 3-7).148176 For
the femur: the lateral-medial axis was defined as the centre line of a least-square fitted

cylinder to the knee condyles, the proximal-distal axis was defined as an orthogonal

42



‘(AI Pue ‘111 ‘1 £pmig) saamseawr drjewaury se pajuasaxd aq synsar ayy ‘Affeur]
‘uonyensi3ar adewr 03 Jorid durery Yoea dzieniur 03 pasn arom wysAs arnjded uonow [edrydo 9y} w0y SarI030a(e1} I ILW-UDS dARDI[JRI A} SSUIpI0ddI
Srwreu£p 9y} 10, "PISN AIDM VfANS-VSL0NY AT APNIS UL PUB ‘PIsN 9I9M POISW 2U0q-USL0jnY T[] PUE [ SAIPNIG UT SUIPIOII TWRUAD 3} 10J S[IYAA 'PIsn d1om
11 xtpuaddy ur paqudsap spoyiaw SISAJeue ALy 9} [ Apnig ur sSUIpIOdaI d1je)s Y} 10§ pasA[eue a1om saSewl oy} “pIIY [, "WIISAS 9JeUIpIO0D [edIojeur
ue paulisse pue AydeiSowo} paynduwrod ay} WO PajoeIIXd dIOM (SWIN[OA PUE dDBJINS) S[OPOW U0 PUE PIJRIqIed dI9M SIFeWI JLI}PWO0ISoIpel
Ay “‘puodag ‘(Ayderowoy payndwod pue Arpowoasysorper) sanrepow dsrydeidorper yuaiayjip ay} woy eyep ay3 Surpqe| pue Surziuedio pue uonismboe
ejep 4sIr] ‘SISA[eue dIjewauny| [eUl 0} Juswdeuew ejep WOl — YSYP pue ySy 1onpuod o3 paimbar azom yeyy sdeys apdnnu sy jo uonensny( 9-¢ 33y

- - L a B N B B §B B &N § N §B § B B § §B |
— uoljeJysi8as o8ewi pajie1ap - — — —
(uoneuysidas-aud) uonezijeniui - 0 p3seq) 3119UIUAS -
I SISA[EUE JOYIEW-UDIS i | (@vo uo paseq) o13ayiuAs |
1 1 | paseq 1D - |
I 1 1 S|opow J11}3WN|OA 1
I ainyded uonow |eondo | 1 1 o
e B
lIIIIIIIIIIIIIIIIII- AN NN EEN EEN EEN NN EEN EEE BN IIIIIIIII- - AD<UVCM_me_o_m‘_mu3QC\_OU| - R
1 | | paseq 13 - 1 |2
1 1 1 1 1 s|opow 3dejuns palensuelay 1 m
1 H (NdS) sisAjeue [eansnels - 1 I UonesiFal aSewn Aneiay - I I I w,.
- S9l401JaleJ] dljewaub| dlwoleue Qg - - - <WI U_EN—._>Q - - - 3
uonesijensia eyeq 1 1 S|9pow |jeuoisudwip-a3aiylL @
i | |_ 3
— [} M
— — — uoneslsi3as o8ewi pajie1ap - — w
1 uonewyue g - (i 1 &
A > — (uoneusi8as-aid) uonezieniul - — - -—— - - l— o
1 uonesijensia jeuoisuawip-aady \FEs 1 VSH 21e1S 1 3
I 1 1 : 1 I uol323319p J3)Jew dnewoine-lwas I 3
1 1 1 E
“ (uonejuauio jeaiul)d) uoneuasaad eyeq | 1 (vsy) sisAjeue cr3awoa49)s01peY 1 “ —
dnias saue|diun -
“ uoneuqijed asew) “

43



projection from the medial-lateral axis to the centre of a least-square fitted sphere at
the femoral head. The anterior-posterior axis was defined as the cross product of the
medial-lateral axis and the proximal-distal axis. The origin was defined as the
midpoint between the medial-lateral axis surface intersections. For the tibia, the origin
was defined as the centroid of the tibial plateau proximal of the largest cross section.
The medial-lateral axis was defined as the first principal component axis. The
proximal-distal axis was defined as an orthogonal projection from the medial-lateral
axis to the midpoint between the ankle malleoli. The anterior-posterior axis was

defined as the cross product of the medial-lateral axis and the proximal-distal axis.

Figure 3-7 Model segmentation, reconstruction and anatomical coordinate systems. Illustration of the
right leg of a CT (a), bone segmentation along with marked hip and ankle centres (b), anatomical
coordinate system (c-d) and knee joint coordinate system (e). (a) Volume rendering of a hip-knee-ankle
CT. (b) Bone segmentation of the femur (cyan) and tibia (magenta). (c-d) 3D bone models of the femur
(c) and tibia (d) bones in a sagittal and frontal view illustrating the anatomical coordinate system.!””
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3.4.3 Radiostereometry image calibration

Registration and spatial measurements in the 2D images require calibration of each
recording for image orientation in the 3D space. Two different calibration methods
were utilized, a non-simultaneous and a simultaneous image calibration acquisition
method. The calibration required precise selection and identification of each

calibration-marker projection for both methods.

Figure 3-8 Non-simultaneous calibration images of a biplanar setup with landscape-oriented detectors
and identified and labelled calibration markers. Cube-markers (green) and reflective sphere-markers
(red).

Non-simultaneous image calibration: The non-simultaneous image calibration
method was used for the biplanar setup in Studies I, IIl and IV (Figure 3-8).
Subsequently, the dynamic recording, a static image in single-image mode (2,208 x
2,788 pixels with 0.16 mm quadratic pixel width), was conducted of a custom-made
calibration cube. The single-image mode provides higher image resolution and, thus,
better calibration. Importantly, no interaction with the roentgen tubes or the detectors
was allowed during or in-between recording calibration-image acquisitions. The
calibration cube was an acrylic cube containing a grid of 23 unique radiopaque
tantalum beads (0.8 mm) at known locations. The 3D bead-marker positions were
determined with a tolerance of +/- 0.003 mm (ATOS Triple Scan, Zebicon, Billund,

Denmark). For this setup, Model-based RSA was not optional
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to perform the entire calibration; however, the Model-based RSA software was utilized
to manually select and label the 23 cube beads projections on each of the two static
radiographs before application of a custom-written program utilizing the stereocalibrate
modules in OpenCV-Python (v. 3.1.0.5). This program calculates the x-ray source
position and image pose (calibration) based on the manually selected projections and

the known 3D bead positions.

Simultaneous image calibration: The simultaneous image calibration method was
used for the uniplanar setup in Studies I and II (Figure 3-9). This was possible as the
detectors were slotted behind the calibration box during the recording. Hence, the
calibration markers are present within the stereoradiograph. The calibration box
includes two layers (fiducials and controls) of radiopaque tantalum beads within a
known grid. For the static images, the stereoradiograph was used directly (Study II),
whereas for the dynamic images with a lower resolution, an average of the entire
image series was used for calibration (Study I). This enhances the static objects
(calibration markers) and blurs moving objects (leg). For this method, the entire
calibration acquisition was conducted using Model-based RSA, which transforms the

image pixels into the fiducial layer.

Figure 3-9 Simultaneous calibration images of a uniplanar setup with portrait-oriented detectors and
identified and labelled calibration markers. Fiducials (yellow) and controls (green).
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3.4.4 Gold standard radiostereometric analysis
Marker-based method. For Studies I and II, the marker-based method from Model-

based RSA was used as a gold standard reference for the bone poses (marker, Figure 3-
10). The tantalum markers inserted into the femur and tibia were identified in the
radiographicimages. To accommodate the recommendation of the RSA guidelines, the
condition numbers for the different specimens were well below a maximum accepted

value of 130, and the maximum rigid body error was below 0.35.129178.179

The marker configuration model was used in Study I and a traditional marker-model
was used in Study I1.'%18! The difference between the two methods was that the marker
configuration method utilized a 3D model that fits its projected marker-positions to
the actual marker positions, whereas the traditional marker method estimated a 3D
representation of each marker by minimizing the crossing-line distance between the
actual marker positions of the two views. It was important for the traditional method
that the same markers were identified within each series, which was the strength of
the marker configuration method, as there was no requirement to have the matched

marker projections identified in each view within a stereoradiograph.

Figure 3-10 Illustration of the stereoradiographs and the radiostereometrically analysed projection of
the marker method. Images display the tantalum bead projections and the three-dimensional
reconstructed marker model.'s3
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Alignment between marker configuration model and anatomical coordinate system:
For Study I, the tibiofemoral joint kinematics were evaluated using the marker
configuration model as gold standard. The marker configuration models were
constructed based on the post-marker-inserted CT of the specimens. From this, each
marker was carefully segmented in the volume image using a manually applied
threshold followed by manual refinement. The marker centres were subsequently
obtained by fitting a sphere to each of the marker segmentations.

To quantify and describe the tibiofemoral joint kinematics (rotations and translations)
of the model configuration method using the anatomical coordinate system previously
described, a transformation was required to account for alteration in the position of
the specimen within the scanner since bone models were generated from baseline CTs
and marker configuration models were generated from post-insertion CTs. This
transformation was defined by superimposing and matching 3D/3D image
registrations of both scans using the Elastix toolbox for registration of images applying
normalized mutual information metrics.'® This process was performed for each target
bone region since the translation and rotation of the knee pose could not be assumed

to be identical between scans.

Figure 3-11 Illustration of the stereoradiographs and the radiostereometrically analysedAprojection of
the mbrsa method. The images display the implant-projected contours (enhanced contours for improved
visualization) and the three-dimensional implant model.163
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Surface-based method. For Study II, a semi-automated surface-based method from
Model-based RSA was used as a gold standard reference for the implant poses (mbrsa,
Figure 3-11). Based on manually applied parameters and regions of interest, the
contours were automatically detected in the stereoradiographs using the Canny Edge
Detector (RSAcore, Leiden, The Netherlands). Then, from these contours, the contours
for the femur and tibia implants were selected manually. Coarser to finer algorithms
(IPM, DIFDHSAnn, and DIFDoNLP) were applied to estimate the poses by
minimizing the error between the virtual projections of the bone models and the
manually selected contours.’” An effort was made to identify as much of the implant

silhouette as possible.

*

Figure 3-12 Illustration of the model projections. From left, silhouette projection of a surface implant
model (autorsa-surface), digitally reconstructed radiographs of a synthetic volumetric implant model
(autorsa-volume) and digitally reconstructed radiographs of a CT-based volumetric bone model (autorsa-
bone).

3.4.5 Automated radiostereometric image registration

For all studies, the AutoRSA image registration system was utilized to analyse the
stereoradiographs. This software system includes two analysis methods, both of which
apply a pin-hole camera model accommodating perspective projection for improved
depth measures and ray casting; one utilizing silhouette projection of surface models
(surface based), and one utilizing DRR projection of volume models (volume based)

(Figure 3-12). To estimate the 3D model pose, the surface-based method utilizes only

49



the model silhouette, whereas the volume-based method utilizes the DRR by
calculating the cumulative attenuation of the ray by each pixel it passes through the
CT volume. The image registration processes were accelerated utilizing the graphics

processing unit for speed improvement.

Synthetic volume model: To utilize the AutoRSA volume-based method, a synthetic
volumetric representation of the implant models was generated. This was
accomplished by assigning the voxels in a 3D isometric volume image inside the
surface of the implant model to a value of 3,000 and outside values to zero (Figure 3-
13). The volume images with a voxel spacing of 0.4x0.4x0.4 were centralized, oriented
and dimensioned according to the implants’ coordinate systems and bounding boxes

using visualization Toolkit (Kitware).

Figure 3-13 Illustration of the synthetically generated volumetric models. The voxels with the high-
intensity-assigned value of 3,000 are represented with the copper colour at each slice. A transparent
representation of the surface models was superimposed onto each of the volume images to illustrate the
outline of the models. Low-resolution volumetric models are presented for visualization (slice thickness
3 mm rather than 0.4 mm).163

Similarity metric: For 2D/3D registration, according to previous metric evaluation and
initial tests using CT-based volumetric models, the normalized gradient correlation
worked best when comparing the virtually generated projections with the actual
stereoradiographs.'?# The gradients were automatically determined using the Sobel

edge detection algorithm.!¥* This algorithm calculated 2D spatial gradient measures at
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each pixel utilizing 3x3 convolution kernels, producing horizontal and vertical
gradient images. (Figure 3-14) The similarity metric was then determined as the
average of the horizontal and vertical gradients’ normalized cross-correlation between

the actual radiographs and the virtually generated projection.

Figure 3-14 Horizontal Sobel gradient images of the left view.!8* From left; silhouette projection of a
surface implant model (autorsa-surface), digitally reconstructed radiographs of a synthetic volumetric
implant model (autorsa-volume) and digitally reconstructed radiographs of a CT-based volumetric bone
model (autorsa-bone).163

Mask images: The software allowed for application of a mask image to exclude part
of the image from the registration process. This benefits the registration in case of non-
relevant high image contrasts, which was found to influence the registration during
initial tests. Two methods were optional in combination or separately: 1) a predefined
fixed mask image that may be used for excluding high-intensity objects like metallic
objects, and 2) a dynamic mask image ensuring analysis of the region of interest only.
The dynamic mask image was automatically defined as the initial dilated model

projection, thereby excluding the remaining part of the image.

Optimization algorithms: Several optimization algorithms were optional. For our

studies, the program’s robust optimization scheme was applied consisting of a two-

stage registration process using the implemented nonlinear optimization library
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NLopt (Steven G. Johson, Boston, Massachusetts). First, a global optimizer (controlled
random search algorithm with local mutations). Second, a local optimizer that refined
the registration (Nelder-Mead Simplex).'$>1% This was first applied to images at half of
the full resolution; and for the final optimization in full resolution, only the local

optimizer was applied. The optimization was performed individually for each model.

Analysis application in the studies: For the in vitro and in vivo native knee studies
(Studies I and III), the CT-based volume model (autorsa-bone) was used to analyse the
femoral and tibial bones, with the dynamic mask applied during the refined
optimization in full image resolution. For the in vitro TKA study (Study II), first, the
implants of the femur and tibia were analysed using both the surface-based (autorsa-
surface) and the volume-based (autorsa-volume) method. For both methods, the
dynamic mask was applied during the refined local optimizer in full image resolution.
Second, the bone models were analysed using the volume-based (autorsa-bone) method
in the same order. With information from the pre-analysed implants poses, the fixed
mask was used to exclude the surgically removed bone and the metallic part of the
implant from the registration. The fixed mask was produced automatically by dilating
the implant silhouette projection obtained from the previous implant analysis. The
fixed mask was applied during the global optimizer in half resolution and applying a
combination of the fixed and dynamic mask during the refined local optimizer in full
resolution. For the in vivo TKA study (Study IV), the autorsa-surface method was used
to analyse the femoral and tibial implants in the same way as in Study II. The same
desktop computer with a quad-core processor (Intel Xeon E5-1620, 3.60 GHz), 8 GB of
DDR4 RAM and a dedicated graphics processing unit (GeForce GTX 960, 4 GB

GDDRS5) completed the registration for all studies.
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Figure 3-15 Illustration of the stereoradiographs and the radiostereometrically analysed projection of
the three automated AutoRSA methods. From the top: The autorsa-surface method displays the
superimposed silhouette projection of the implant and the three-dimensional implant model. The
autorsa-volume method displays the superimposed, digitally reconstructed radiographs of the implant
and the three-dimensional surface representation of the implant model. The autorsa-bone method
displays the superimposed digitally reconstructed radiographs and the fixed mask (dilated implant
silhouette projection) with a three-dimensional surface representation of the bone model.163
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3.4.6 Pose initialization

In Studies I, III and IV, dynamic recordings were utilized. These recordings consist of
a large number of stereoradiographs that are time-consuming to analyse manually.
The automized 2D/3D image registration process requires an approximated
initialization to achieve global convergence of the optimization, i.e., correct bone pose.
For the in vitro study (Study I), the initialization was predicted as the 3D extrapolation
of the previous solved images. With initialization being predicted between frames,
only the first frame required manual initialization. For the in vivo studies (Studies II
and IV), it was experienced that the changes in directions occasionally were too
sudden, which resulted in poor initialization predictions. Instead, the bone pose
initialization was acquired automatically by means of the kinematic trajectories of the
reflective markers, analysed prior to the 2D/3D image registration process. As the
kinematics trajectories and stereoradiographs were time synchronized, an
approximate bone position could be estimated for the new frame using the relative
transform for the markers and bone pose in the previous frame. Similar to the in-vitro
study (Study I), the stereoradiographic series were conducted automatically. Even so,
all recordings were visually evaluated, and cases with a clear offset between the
digitally generated projection and the actual projection at the radiograph were

manually initialized and the bone pose was reoptimized.

3.4.7 Alignment of reference frames between RSA and optical motion capture

For the in vivo (Studies III and IV), the kinematic trajectories for the reflective markers
and bone trajectories for the dRSA were obtained within different reference frames.
Therefore, a transformation between these reference frames needed to be established
in order to utilize the marker trajectories as pose initialization for the image
registration. To establish this transformation, the reflective markers attached to the
calibration cube were recorded using the optical motion capture system

simultaneously with the radiographic calibration image acquisition. Then, the
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reflective marker positions were determined. In the reference frame of the optical
motion capture system, this was done using the Motive software system, whereas the
RSA reference frame relied on 2D/3D fitting of elementary, geometrically shaped
sphere models in the Model-based RSA software system. Finally, the relative
transformation was achieved by least-square matching of the calibration cube attached

reflective marker positions in the two reference frames (Figure 3-16).

Figure 3-16 Illustration of the alignment between the RSA system (red) and the optical motion capture
system (cyan). The spheres represent the reflective markers from each system in the three-dimensional
space after the systems were aligned. Additionally, the left and right calibration images of the biplanar
setup with the detectors oriented in landscape mode are presented with the selected contours of the
reflective markers (red) and cube-markers (green).

3.4.8 Estimating initial contact during gait

For studies IIl and IV, each dRSA recording contained a series of gait cycles to evaluate
and compare the gait patterns between patients; these cycles needed to be identified.
One gait cycle started and ended with two successive initial foot contacts of the
ipsilateral limb. The initial contact was estimated using a foot velocity algorithm
similar to that proposed by O’Conner et al. (Figure 3-17)."%” In short, the method utilizes
the velocity trajectory of a virtual foot marker defined midway between the heel

marker and the 2" metatarsal head. The initial contact was estimated using the minima
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of the foot velocity trajectory complying heel marker closeness to the ground. The
closeness to the ground was defined using a threshold level set to 35% of the range of
heel heights encountered during the trial. From this point, the heel marker minima
were identified within a 0.4 s window. The toe-off was estimated as the foot velocity
maxima. From this point, the minimum of the toe marker was identified within a

window of 0.4 s as this similarly matched the force determining toe-off best.
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Figure 3-17 A gait cycle example with estimated initial contact of the foot with the ground (HS) and toe-
off (TO). The marker trajectories placed at the foot; from top: heel marker, distal phalanx, foot position
(midway between the heel marker and 24 metatarsal head).

Ensuring correct implementation and closeness to a gold standard, a few preliminary
tests were conducted. Utilizing the force platform as the gold standard, a threshold of
10 N was used to determine contact between the foot and the ground (force platform).

These tests displayed a performance similar to that reported by O’Connor et al. who
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presented an accuracy of 16 + 15 ms for initial contact and 9 + 15 ms for toe-off (Figure

3-17).
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Figure 3-18 Illustration of the knee joint coordinate system used for kinematic pose assessment of the
femoral and tibial bones considered in relation to each bone.

3.49 Quantification of tibiofemoral joint kinematics
For studies I, IT and 1V, the tibiofemoral joint kinematics from the dRSA-obtained bone

poses was implementing using the Grood and Suntay joint coordinate system (Figure
3-19).18 Accounting for possible hyper-extension and -flexion, the modified equations
proposed by Dabirrahmani and Hogg were applied.'® The relative motion in all six
degrees of freedom (rotation and translation) of the body-fixed anatomical coordinate
systems was computed for each frame. The translation was quantified in mm with
medial tibial shift, tibial anterior drawer and joint distraction as positive directions.
Rotations were measured in sequence as presented and quantified in degrees with
flexion, adduction and tibial internal rotation as positive directions. Kinematic values
were divided into gait cycles with a gait cycle starting and ending with two successive
initial foot contacts of the ipsilateral limb. To estimate the most representative gait
cycle pattern, the kinematic measures were time-normalized to 21 points representing
the gait cycle from 0-100% and the median across trials for each subject were
calculated. The median is a robust measure with which to estimate the central trend of

the trajectories when only few samples are available as it compensates for outliers.
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Figure 3-19 Illustration of the knee joint coordinate system used for kinematic pose assessment of the
femoral and tibial bones considered in relation to each.'””

3.4.10 Subgroup allocation
In Study III, the KOA patients were divided into subgroups based on their kinematic

trajectories using k-means. K-means is a centroid-based clustering algorithm.!”® In an
unsupervised machine learning manner, k-means allocates multidimensional data into
clusters based on a Euclidean distance measure without any prior knowledge of group
allocation, except the number of clusters. K-means clustering is an iterative algorithm
that randomly allocates every data point to the nearest cluster while minimizing the
sum of squared Euclidian distance between every data point and its cluster’s centroid.
Due to random seeding of the initial allocation, the k-means algorithm may not reach
the ideal global optimum, but it may instead converge at a local optimum. To address
this limitation, the ideal allocation may be chosen as the one with the least sum of
squared Euclidian distance of multiple clustering processes with different randomly
allocated seeds. Below, this is referred to as a clustering process. Another challenge of

the k-means approach is to determine the number of clusters (k). The number of
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clusters (k) may be determined by investigating the repeatability and quality for k
number of clusters. Cluster repeatability may be investigated by tracking differences
in cluster allocations for clustering processes with increasing k clusters. Furthermore,
cluster quality may be assessed using the Silhouette value. This is basically a similarity
measure describing how well each subject is allocated within a cluster in relation to all
other clusters. The Silhouette value ranges from -1 to 1, where a greater value indicates
a stronger association to its allocated cluster, and a greater negative value indicates

greater association to other clusters.

The skleans® implementation of k-means in Python was used to divide our patients
with KOA into subgroups based on their kinematic gait patterns. The median
kinematic trajectories of each patient were used to construct a 126 by 66 feature matrix
(M) containing the 126 trajectory kinematic feature points (6 kinematic parameters x
21 time-points) for each of the 66 patients. Feature point ordering was consistent across
all participants in the matrix. The features were standardized to avoid different
weightages between features. The standardization included that each feature was
subtracted from the respective mean values and divided by the standard deviation.
One clustering process was defined as 50 repetitions of a single k-means with randomly
allocated seeds and 2-5 number of subgroups were investigated (k). Subgroup
repeatability was evaluated based on repeating ten clustering processes. The subgroup
quality of the 2-5 k subgroups was assessed using the Silhouette value of the best

clustering process - the one with the lowest sum of squared error of the ten repetitions.

3.4.11 Quantification of tibiofemoral artificial joint articulation

For Study IV, the joint articulation was estimated by constructing a distance map
between the femur implant and the tibia bearing. Since the tibia bearing is radiolucent,
a rigid relation to the radiopaque tibia implant was assumed to estimate its pose. The

distance mapping was obtained by assigning each mesh point on the tibia bearing with
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the value of its shortest distance to the femur implant model within a distance range
limit of -0.5 to 0.5 mm. The distance mapping was computed for each frame. To
compare the participants” different implant sizes and types, each bearing was scaled
to a fixed width of 68 mm, representing a mid-implant size. Subsequently, a 70x70
point grid was defined with a point distance of 1 mm. It was centred around the Z axis
and oriented in the XY plane (coronal) of the tibia implant coordinate system. The grid
points were coloured according to the cell colour of which its orthogonal projection

intersects the bearing. (Figure 3-20)

Figure 3-20 Quantification of joint articulation; left) Illustration of the distance colour map determined
by the shortest distance from each point on the tibial bearing to the femoral implant. The spacing
between the bearing and the implant is increased to enhance the visualization. right) Illustration of the
3D colour map transformation to the 2D point grid that was used in the statistical parametric mapping
(SPM) analysis to quantify the difference between the Persona®Medial Congruent® (MC) and Persona®
Cruciate Retaining (CR) bearing.1%

3.4.12 Alignment of reference frames between RSA and specimen fixture

When positioning the fixture at the cross-section of the x-ray tubes, the fixture
reference frame was oriented meticulously (defined by the displacements of the three
axial micrometres), as closely as possible to the RSA reference frame (defined by the
calibration cage). Even so, the coordinate systems were not completely aligned. To
accomplish error investigation for each direction individually, the axial direction was
defined according to a linear fit of the 25 marker displacements for each series

individually (Figure 3-21). Then, the investigated position coordinate of the models,
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expressed in the RSA reference frame, were projected to the fitted micrometres” axial

direction.
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Figure 3-21 An example of the offset between the RSA system (coloured) and the fixture axes (black).
Left figure: presents the marker positions that were used to determine the fixture axis as a linear fit.
Right figure: presents the estimated position of the five methods for these series.

3.4.13 Patient-reported outcome measures

PROMs are a widely used tool to assess patients” perceptions of their treatment in
relation to their health and daily function. Three traditional knee questionnaires were
registered: the OKS, the KOOS and the FJS. Below, each questionnaire is described
with its minimal clinical important difference (MCID). The MCID is the minimal

change in scoring measures that demonstrate an effect of a procedure.

Oxford Knee Score: The OKS was developed and validated specifically for measuring
outcomes of knee replacement surgery. It consists of 12 items capturing the intensity
of the subject’s own perception of the given term. The summary score ranges from 0
to 48 (high is best).!%® Subscales that are standardized from 0 to 100 (high is best) can
also be derived for pain (items 2, 3, 7, 11, 12) and function (item 1, 4, 5, 6, 8, 9, 10).!
The MCID of the OKS is 5.0 (95 % CI 4.4-5.5) points.!*?

Knee Injury and Osteoarthritis Outcome Score: The KOOS was developed

specifically to assess the patient’s opinion about their knee and associated problems.
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It is divided into five subscales (pain, function, activities of daily living, sport and
recreation, and knee-related quality of life. In total, the questionnaire consists of 42
items capturing the intensity of the subject’'s own perception of the given term. The
tive subscales of the KOOS are scored, evaluated and standardized individually. The
standardized scale ranges from 0 to 100 (high is best).!® The MCIDs are 15.4 points for
KOOS pain, 15.1 points for KOOS function, 17 points for KOOS activities of daily
living, 11.2 points for KOOS sports and recreation and 16.5 points for KOOS quality of

life.?

Forgotten Joint Score: FJS is a newer assessment tool that attempts to provide more
distinct measures for well-performing patients, in particular, by assessing the patient’s
joint awareness — his or her ability to forget the artificial joint. In total, the
questionnaire consists of 12 items capturing the intensity of the subject’'s own
perception of the given term. This standardized scale ranges from 0 to 100 (high is

best).1”* The MCID of the FJS is 16.6 (95 % CI 8.9-24.3) points.!*

3.4.14 Ligament lesion grading from magnetic resonance imaging

MRI is non-invasive and one of the preferred modalities for assessing the knee
pathology to provide information for patient management and treatment.'”> The
imaging technique obtains high-resolution images displaying soft tissue structures
such as the menisci, ligaments and tendons. In recent decades, technological
advancements have improved the method. Generally, MRI provides good diagnostics
for larger structures but less so for minor structures.'”® The sensitivity and specificity
for the ACL fell in the 83-95% and 95-100% range, respectively. For the PCL, the
corresponding numbers were 94% and 92%, respectively.¥!% For MCL, the accuracy

and sensitivity was 86.4%.1"
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3.4.15 Leg-extension power rig

The leg-extension power represents an objective functional measure of the patient’s
lower extremity muscle strength and was assessed using a leg-extension power rig
(Bio-Med International, Nottingham, UK). The affected leg was tested preoperatively
(Study III) and one-year after TKA (Study (IV). The subject was seated with back-
support and the foot placed on a movable footplate. The seat position was adjusted
ensuring that the leg could be fully extended without allowing hyper-extension but
ensuring comfortable knee and hip flexion. The test rig determines the amount of
power that the leg extension provides. The subjects were instructed to extend their leg
as forcefully and quickly as possible. Before data acquisition, the subject performed a
few warm-up attempts to get familiar with the rig. Each subject performed a minimum
of five and a maximum of ten trials separated by a short 15-second recovery period.
The test session was concluded if two trails were lower than the previous or if the
subject reported knee pain.'® The maximum recorded measurement for each subject

was used in the subsequent analysis.

3.4.16 Method agreement

Accuracy describes the ability to determine the true value. Whereas precision
describes the ability to reproduce the measurement within a short period of time —
precision and repeatability considers synonyms. For these studies (Studies I and II),
only the accuracy was assessed. To assess a methods’ accuracy, ideally the true value
must be known; however, the true value typically remains unknown. Instead, the best
possible method is used to determine the true value, often referred to as gold standard
method. The variation between two methods consists of systematic variation (bias)
and random variation. Bland-Altman plots are traditionally used to assess method
agreement by plotting the average against the difference of the methods.'”® The mean
difference of the methods is the bias, and the random variation is the standard

deviation of the differences. If the 95% confidence interval of the bias does not include
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zero, no difference, the investigated method displays a systematic bias. The limit of
agreement is estimated as the mean difference plus/minus 1.96 standard deviations
and is expected to contain 95% of future measurements on similar subjects and setup.
Whereas the bias may be adjusted for if well established, the limit of agreement cannot
be adjusted for. A highly accurate gold standard is important, at least one that is
superior to the investigated method as the investigated method can be determined
only within the accuracy of the gold standard. Both the bias and limit of agreement of
the gold standard relative to the true value affect the bias and limit of agreement of the

investigated method.

3.5 Statistics

35.1 Studyl

The accuracy of the tibiofemoral joint kinematics was presented in Bland-Altman plots
facilitating the presentation of mean bias and limits of agreement with a significance
level of 0.05. The tibiofemoral joint kinematics and individual bone poses (femur and
tibia) were evaluated for both RSA setups, uniplanar and biplanar. The mean
difference (bias) was compared against the null hypothesis of no difference from zero
using a simple t test. Statistical calculations were performed using (Stata/IC 16.0,

StataCorp, TX, USA) with a significance level of 0.05.

352 StudyII

Accuracy measures were presented in Bland-Altman plots facilitating the presentation
of mean bias and limits of agreement at a significance level of 0.05. Each of the
following five methods RSA were presented separately for the femur and tibia,
respectively: marker-based of bones (marker), contour-based of implants (mbrsa),
surface-based of implants (autorsa-surface), volume-based of implants (autorsa-volume)

and volume-based of bones (autorsa-bone). Statistical differences were not investigated
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between methods. For this study, it was not relevant to determine whether methods
were statistically different from one another. What relevant were the accuracy of the
method in the context of its clinical application. Even so, to provide a visual overview

of the methods, their mean bias and limits of agreement are summarized graphically.

3.5.3 StudyIIl and IV

Overall, the same statistics and a significance level of 0.05 were applied in Studies III
and IV. Differences in tibiofemoral joint kinematics across the entire gait cycles
(Studies IIT and IV) and for the 2D articulation measure on the entire grid map at each
time point during the gait cycles (study IV) were examined using one-dimensional
SPM with the open-source code spmld (spmld.org, v.0.4.2) for Python (Python
Software Foundation, v.3.6). In both cases, QQ-plots revealed that our kinematic data
were not normally distributed. Thus, the non-parametric equivalent was used.
Statistical non-parametric mapping (SnPM) deals with smoothness implicitly and
estimates the test statistics through permutation!”. First, a Hotelling test was
implemented on the entire vector field. Then, the post-hoc Hotelling test was applied

to each vector component if the vector field level reached statistical significance.

In Study III, we compared demographically and clinically characteristic differences
between subgroups using one-way analysis of variance (ANOVA) for continuous
variables, ordinal logistic regression for categorical variables and logistic regression
for binary variables. When significant differences were detected, the Bonferroni
correction was applied for group differences. Visual inspection of QQ-plots verified

normally distributed data.
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In Study IV, we compared demographical and clinical characteristics, PROMs, VAS,
leg-extension power and contact point range-of-motion differences between groups
using Student’s T-test for continuous variables, ordinal logistic regression for

categorical variables and chi-squared for binary variables. Visual inspection of QQ-

plots verified normally distributed data.
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Results

4.1 Studyl

A total of 1,520 radiostereometric images (760 uniplanar, 760 biplanar) were analysed
and included for statistical comparison of the automated CT-based volume models
and the marker configuration models. The results described in the text below refer to

the uniplanar radiographic setup.

411 Method agreement for tibiofemoral kinematics (uniplanar setup)

The agreement of the autorsa-bone and marker analysis of tibiofemoral kinematics in a

dRSA recording of one specimen during one tibiofemoral flexion cycle is reported
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Figure 4-1 Difference during the movement cycle. A comparison between the CT-based bone volume
(autorsa-bone, solid green lines) and the marker configuration method (marker, black dots) for a single
recording; Cadaver ID C, uniplanar calibration setup. (A-C) Rotations. (D-F) Translations.'?

graphically as a general example (Figure 4-1). The plots show a high method
agreement with a very small bias of the autorsa-bone compared with the marker method.
The agreement between the methods in tibiofemoral joint kinematic assessment for all
eight specimens is demonstrated in Bland-Altman plots for the six degrees of freedom
(Figure 4-2). The bias and limit of agreement are listed in a box within each plot. A
systematic bias was found for the autorsa-bone in all six degrees of freedom (p < 0.001);
however, excellent agreement was still observed as bias ranged between -0.04 to 0.04°
for all rotations and from -0.19 to 0.18 mm for all translations. The poorest precision
was £0.42 mm for anterior-posterior translation and 0.33° for external-internal

rotation.
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Figure 4-2 Bland-Altman plots for kinematic measurements in uniplanar (top) and biplanar (bottom)
setup comparing the CT-based bone method (autorsa-bone) with the marker configuration method
(marker). The scatter colours represent each specimen (A-H). The solid black horizontal line represents
the mean difference (bias), dashed blue lines show the CI of the mean differences and the dashed black
lines show the limit of agreement.!24
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41.2 Method agreement for individual bone pose estimation

Femoral bone poses for the autorsa-bone in comparison with the marker method showed
a largest observed bias of -0.13 mm for translations and -0.19° for rotations, with limits
of agreement falling within £0.50 mm for translation in medial-lateral axis and +0.34°
for rotation about anterior-posterior axis (Table 4-1). The pose of the tibial bone had a
bias of up to 0.09 mm for translations and -0.21° for rotations, with limits of agreements
of £0.38 mm and +0.24° for translation in and rotation about the medial-lateral axis,
respectively. Overall, the bias was lower and the limits of agreement better for the pose
of the tibial bones than for the femoral bones. Adding to this, less variation of mean
total difference (total bias) for tibial bone translations than femoral bone translations

was found when specimens were considered individually (Figure 4-3).

Table 4-1 Bias of the CT-based bone model (autorsa-bone) for individual bone pose estimates.!2*

Translation precision (mm) Rotational precision (°)
Tx Ty Tz Total' p-value Rx Ry Rz Total p-value
Uniplanar (n= 380)

Femoral bone
Mean difference -0.125%  -0.107 -0.085 0.302 <0.001 -0.191 -0.026 -0.015 0.273 <0.001
+95% CI 0.026 0011 0010 0.010 0.012 0.008 0.007 0016
SD 0.252 0.101 0932 0.099 0.120 0.174 0.071 0.114
+LoA 0.495 0.198 0.183 0.195 0.236 0.341 0.139 0.223

Tibial bone
Mean difference 0.094 0.055 0.054 0.226 <0.001 -0.211 0.035 -0.003*  0.267 <0.001
+95% CI 0019 0.009 0.004 0010 0.013 0.011 0.007 0.009
SD 0.191 0.888 0.037 0.097 0.124 0.110 0.072 0.084
+LoA 0.375 0.174 0.074 0.191 0.243 0.216 0.141 0.165

Biplanar (n =380)

Femoral bone
Mean difference 0.055 0.066 -0.536 0.227 <0.001 -0.126 -0.038 -0.004*%  0.198 <0.001
+95% CI 0.021 0011 0011 0.014 0.014 0014 0.006 0011
SD 0.199 0.100 0.099 0.136 0.140 0.105 0.055 0.105
+LoA 0.392 0.196 0.195 0.267 0.270 0.206 0.107 0.206

Thial bone
Mean difference 0.106 0.129 0.167 0.304 <0.001 -0.232 0.051 -0.054 0.278 <0.001
+95% CI 0019 0.007 0.005 0.009 0.013 0.010 0.008 0011
SD 0.191 0.071 0.044 0.839 0.120 0.093 0.073 0.102
+LoA 0.375 0.135 0.086 0.165 0.236 0.186 0.143 0.201

Note: n Indicates the number of matched items. Abbreviations: SD — standard deviation; CI — confidence
interval; LoA — limit of agreement. "Mean total difference (total bias) for all specimens, approximated
using the Pythagorean theorem.
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Figure 4-3 Total bias of the CT-based bone model (autorsa-bone) in the pose of the femoral (top) and
tibial bone (bottom). The mean total difference (total bias) for rotations and translations was computed
using the Pythagorean theorem for all individual recordings. Uniplanar and biplanar recordings are
shown side-by-side for comparison. Boxes are drawn from the 25th percentile (lower hinge) to the 75th
percentile (upper hinge). Whiskers extend to upper and lower adjacent values and contain all values
not considered outliers. Abbreviations: A to H - donor specimens; DRR - digitally reconstructed
radiographs.

4.1.3 Agreement of radiographic setup configuration

The biplanar setup was slightly less accurate in determining kinematic flexion-
extension with a bias of 0.11 mm and limits of agreements of £0.31° compared with
0.03 mm and +0.24° in the uniplanar setup (Figure 4-2). However, for external-internal
rotation of specimens C and F, the Bland-Altman plots showed a wider observation
cluster in the uniplanar setup than the biplanar setup (Figure 4-2). Overall, no
consistent effect on bias or limits of agreement of the autorsa-bone was found to be

caused by radiographic setup configuration (Table 4-1 and Figure 4-2).
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4.2 StudyII

The results include 205 recordings on eight specimens yielding a total of 1,640
stereoradiographs. This included displacement series of two views (AP and LM) in
three directions (x, y, z) with one series consisting of 35 stereoradiographs. Seven series
were excluded due to non-methodology issues such as a missing image in the

recording or unlabelled takes, leaving a total of 1,395 analysed stereoradiographs.

The results of each registration method are presented as Bland-Altman plots for the
femur and tibia separately and revealed no bias for any of the analysed methods
(Figure 4-4). The best limits of agreements were obtained for the marker and autorsa-
bone registration with similar results for both the femur and tibia. The poorest limits of
agreement was found for the autorsa-surface method for the femoral implant, whereas
the autorsa-surface and autorsa-volume methods showed equally large limits of
agreements for the tibial implant. The autorsa-volume method displayed similar limits
of agreement for analysis of the femoral implant as the mbrsa method. The mbrsa
method displayed slightly poorer limits of agreement values than the marker and

autorsa-bone methods (Figure 4-5).

For future power calculations, detailed results of the individual directions calculated
separately for each view are presented in Table 4-2 and Table 4-3, and data for the two
views are combined in Table 4-4 for femoral and tibial models. In general,

poorer accuracies were found in the z direction for the AP view and in the x direction
for the LM view, with the LM view yielding the poorest results. When data for the two

views were combined, the tibia generally displayed a slightly poorer accuracy.
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Figure 4-4 Bland-Altman plots for each method with the colours representing x (blue), y (yellow) and z
(purple). The “0” and “x” represent the anterior-posterior and lateral-medial view, respectively. From
the top row: marker, mbrsa, autorsa-surface, autorsa-volume and autorsa-bone. The first column presents the
data of the femur and the second column presents data of the tibia. Abbreviations: LOA — limits of
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Figure 4-5 Presentation of the limit of agreement for each method for the femur and tibia.'s3

Table 4-2 Presenting the femur mean and standard deviation of the different views in the three
directions. The red text presents the highest standard deviations for each method and view. The bold-
red text presents the highest standard deviation for each method in both views.163

Anterior-posterior view

Lateral-medial view

X y z X y 4
marker -0.027 (0.043)  -0.011(0.018)  -0.028 (0.049) -0.002 (0.102)  -0.001 (0.016)  -0.005 (0.041)
mbrsa -0.027 (0.042)  -0.009 (0.015)  -0.038 (0.052) 0.004 (0.123)  -0.004 (0.019)  -0.003 (0.049)
autorsa-surface -0.027 (0.054)  -0.006 (0.031)  0.036 (0.074) -0.018 (0.161)  0.001 (0.051) 0.026 (0.149)
autorsa-volume -0.023 (0.049)  -0.013(0.033)  -0.050 (0.070) -0.000(0.127)  -0.009 (0.030)  -0.010 (0.049)
autorsa-bone -0.026 (0.040)  -0.010(0.021)  -0.027 (0.044) -0.003 (0.098)  -0.004 (0.018)  -0.002 (0.040)

Table 4-3 Presenting the tibia mean and standard deviation of the different views in the three directions.
The red text presents the highest standard deviations for each method and view. The bold-red text
presents the highest standard deviation for each method in both views.163

Anterior-posterior view

Lateral-medial view

X y z X y b4
marker -0.026 (0.043)  -0.008 (0.013)  -0.035 (0.046) 0.003 (0.114)  -0.008 (0.015)  -0.006 (0.043)
mbrsa -0.026 (0.045)  -0.008 (0.016)  -0.031 (0.056) 0.011(0.126)  -0.009 (0.023)  -0.010 (0.059)
autorsa-surface -0.020 (0.072)  -0.003 (0.025)  -0.029 (0.058) 0.007 (0.131)  -0.010 (0.040) 0.004 (0.131)
autorsa-volume -0.006 (0.084)  -0.008 (0.039)  -0.032 (0.107) 0.015(0.120)  -0.007 (0.025)  -0.035 (0.105)
autorsa-bone -0.022 (0.039)  -0.014 (0.020)  -0.024 (0.041) -0.002 (0.101)  -0.010(0.023)  -0.002 (0.034)

Table 4-4 Presenting the combined mean and standard deviation of both views in the three directions
for the femur and tibia. The red text presents the highest standard deviations for each method and bone.
The bold-red text presents the highest standard deviation for each method in both bones.!¢?

Femur Tibia
X y 4 X y z
marker -0.015 (0.077)  -0.006 (0.018)  -0.014 (0.046) -0.013 (0.085)  -0.008 (0.015)  -0.005 (0.041)
mbrsa -0.012 (0.091)  -0.006 (0.017)  -0.017 (0.053) -0.009 (0.094)  -0.008 (0.020)  -0.018 (0.059)
autorsa-surface -0.023(0.117)  -0.002(0.043)  0.002 (0.129) -0.008 (0.104)  -0.006 (0.034)  -0.009 (0.110)
autorsa-volume -0.013 (0.094)  -0.011(0.031)  -0.026 (0.061) -0.003 (0.102)  -0.007 (0.032)  -0.034 (0.106)
autorsa-bone -0.016 (0.074)  -0.007 (0.020)  -0.011 (0.043) -0.013 (0.075)  -0.012(0.022)  -0.010(0.038)
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43 Study III

43.1 Subgroup allocation

The quality and repeatability analyses are presented in Figure 4-6. Silhouette values
[mean (standard deviation)] across ten k-means cluster repetitions were: k=2 [0.178
(0.002)]; k=3 [0.140 (0.006)]; k=4 [0.128 (0.004)]; and k=5 [0.125 (0.005)]. The individual
subgroup allocation across the ten consecutive repetitions showed identical subgroup
allocation for k=2. Individual data allocation was more variable for k=3 and k=4 with
three and ten individuals switching subgroups, respectively. No consistent pattern of
subgroup allocation could be identified for the k=5 solution. Noticeably, the second
(k=3) and third (k=4) solutions allocated two identical subgroups (G3, G4), whereas the
third (k=4) solution separated the remaining subgroup into two subgroups (G1, G2).
All of this indicates that four subgroups may represent the optimal solution for
separating the present dataset into the largest number of subgroups with the highest
quality possible and a reasonable repeatability. Consequently, the third (k=4) solution
was chosen for further analysis; G1 (n=20), G2 (n=17), G3 (n=10), and G4 (n=19).
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Figure 4-6 Presentation of cluster allocation for k-values ranging from 2 to 5. Top row: Silhouette values
of each subject of the repetition that showed the best mean square error of the ten repetitions. Bottom
row: change in cluster allocation across the ten repetitions with respect to each subject’s silhouette
value.17
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4.3.2 Kinematic and clinical characteristics

The tibiofemoral joint kinematic trajectories for the entire patient cohort showed
increased tibial external rotation, tibial lateral shift and joint narrowing compared with
the healthy group (Figure 4-7). The four gait-trajectory-based subgroups (G1, G2, G3
and G4) are compared with the healthy group in Figure 4-8 and Table 4-5c (colour-
code highlights the main differences). The in-between subgroup kinematic comparison
is presented in Appendix II. Clinical differences and a schematic overview of the most

relevant differences between subgroups and the healthy control group are presented

in Table 2.
Flexion (+) Adduction (+) Tibial internal rotation (+) Tibial medial shift (+) Tibial anterior drawer (+) Joint distraction (+)
Extension (-) Abduction (-) Tibial external rotation (-)  Tibial lateral shift (-) Tibial posterior drawer (-) Joint narrowing (-)
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Figure 4-7 Kinematic comparison of the entire patient group with the healthy control group. The top
row presents the mean trajectories of the two groups with confidence interval as the shaded area. The
bottom row presents the post hoc non-parametric scalar field t tests (SnPM{t}), depicting where patients
show higher (+) and lower (-) values than healthy subjects. The thin dotted lines indicate the critical
thresholds for significance. The grey-shaded areas show when a critical threshold is exceeded, thus
determining a significant difference.!”

G1 — The flexion group: This was the only subgroup revealing different knee flexion

when compared with the healthy group. Increased knee flexion was identified at initial
contact, terminal stance and in the terminal swing phase. Additionally, throughout the
entire gait cycle, this subgroup showed greater adduction and joint narrowing than
the healthy group. The clinical characteristics revealed that this subgroup consisted
primarily of cases with medial tibiofemoral osteoarthritis. In relation to the other

subgroups, this group displayed a larger flexion angle than the anterior group (loading



response and initial swing phase) and the external rotation group (swing phase).

Additionally, this subgroup displayed the largest internal rotation of any group.

G2 — The abduction group: This was the only subgroup revealing greater abduction than

the healthy group. This was identified throughout the entire gait cycle. In addition,
this subgroup showed greater joint narrowing throughout the gait cycle and anterior
drawer during the loading response and terminal swing phase. The clinical
characteristics revealed that it was the only subgroup that included cases with lateral
tibiofemoral osteoarthritis. In relation to the other subgroups, this group displayed the
largest abduction. It also revealed a larger anterior drawer than the flexion group
(stance, initial swing and terminal swing) and the external rotation group (initial contact
to mid-stance and terminal stance). It was only second in this respect to the anterior

drawer group.

G3 — The anterior drawer group: This was the only subgroup revealing severe anterior
drawer throughout the gait cycle. Furthermore, this subgroup showed the largest
external tibial rotation and lateral tibial shift throughout the motion (similar to G4) and
larger adduction and joint narrowing than the healthy group. The clinical
characteristics revealed that this subgroup consisted primarily of cases with medial
tibiofemoral osteoarthritis, with partial and total ACL lesion and the largest KOA score
of any group. In relation to the other subgroups, this group displayed the largest
anterior drawer and, during the swing phase, the largest joint narrowing of any group.
In addition, like the external rotation group, it showed the largest adduction, external
rotation and tibial lateral shift. For this subgroup, increased lateral tibial shift was not
observed during mid swing, whereas increased external rotation was not found during

mid-swing, but this only applied when compared with the abduction group.
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G4 — The external rotation group: This subgroup revealed, similar to G3, more external

tibial rotation and lateral tibial shift than the health group, but no anterior drawer was
observed. In addition, this subgroup showed more adduction and joint narrowing
throughout the gait cycle. The clinical characteristics of this subgroup included the
cases with the largest proportion of MCL and PCL lesions. Like the anterior drawer
group, this group displayed the largest adduction, external rotation and tibial lateral
shift. For this subgroup, increased lateral shift was not observed during the swing
phase compared with the abduction group, whereas increased external rotation was
observed only when compared with the abduction group. Similar to lateral shift, no
difference in external rotation was found during mid-swing between this subgroup

and the abduction group.

All subgroups reported larger VAS pain scores during gait than the healthy group,
with the exception of the abduction group, which was due to considerable variation in
this group. However, no differences between subgroups were identified. Similarly, all
subgroups had poorer clinical scores than the healthy group. Although the entire KOA
patient group displayed a higher Body Mass Index than the healthy group, and the
adduction group included younger patients than did the flexion group, no other
differences between groups were found in terms of potentially confounding variables

(age, height, weight, side and gender) (Table 4-5a).
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Flexion (+) Adduction (+) Tibial Internal rotation (+) Tibial medial shift (+) Tibial anterior drawer (+) Joint distraction (+)
Extension (-) Abduction (-) Tibial external rotation (-)  Tibial lateral shift (-) Tibial posterior drawer (-) Joint narrowing (-)
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Figure 4-8 Statistical parametric mapping of all kinematic parameters (flexion/extension,
adduction/abduction, internal/external tibial rotation, medial/lateral tibial shift, anterior/posterior tibial
drawer and joint distraction/narrowing) for each cluster compared with the healthy control group. For
each cluster comparison, the top row presents the mean trajectories of the two groups with confidence
interval shown as the shaded area. The bottom row presents the post hoc non-parametric scalar field t
tests (SnPM{t}), depicting where patients show more (+) and less (-) than healthy controls. The thin
dotted lines indicate the critical thresholds of significance. The grey-shaded areas illustrate when the
critical threshold is exceeded; thus, a significant difference is present. The superimposed colour-squares
highlight trajectories with similar differences when compared with the healthy control group: cyan
presents increased flexion angle trajectories; magenta presents increased adduction angle trajectories;
yellow presents abduction angle trajectories; green presents increased tibial external rotation and tibial
lateral shift trajectories; red presents increased tibial anterior drawer; blue presents increased joint
narrowing. The significance level was set to 5%.177
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4.4 StudyIV

4.4.1 Tibiofemoral joint kinematics and articulation

The comparison of the tibiofemoral joint kinematic trajectories for the MC and CR
bearings are presented in Figure 4-9. The MC bearing displayed an offset with a
statistically significantly greater anterior tibial drawer during the entire motion and

more tibial external rotation from the mid-swing to end of the gait cycle.

Flexion (+) Adduction (+) Tibial internal rotation (+) Tibial medial shift (+) Anterior tibial drawer (+) Joint distraction (+)
Extension (-) Abduction (-) External tibial rotation (-) Tibial lateral shift (-) Posterior tibial drawer (-) Joint narrowing (-)
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Figure 4-9 Statistical parametric mapping of tibiofemoral joint kinematics. Kinematic comparison of the
MC bearing group (red) with the CR bearing group (grey). The top row presents the mean trajectories
of the two groups with confidence interval as the shaded area. The bottom row presents the post hoc
non-parametric scalar field t tests (SnPM({t}), depicting where the MC group shows higher (+) and lower
(-) than the CR group. The thin dotted lines indicate the critical thresholds for significance. The grey-
shaded areas illustrate when the critical threshold is exceeded, thus determining a significant
difference.1®

The congruency area in the joint articulation was statistically significantly greater
during approximately 80% of the gait cycle for the MC than for the CR bearing. (Figure
4-10). This included most of the stance phase and the mid-swing to the end of the gait
cycle. The greater congruency occurred during the same gait phases for both knee
compartments; for the lateral compartment, it was mostly medially pronounced,
whereas for the medial compartment, the area of congruency moved during the gait
cycle. For the medial compartment, the greater area of congruency was pronounced

posterolaterally at initial contact of the foot. During loading response, the greater

81



congruency area moved so that it also included the anterolateral area of the bearing
until it resolved during pre-swing, first posterolaterally and then anterolaterally.
During mid-swing, the greater congruency area appeared again, this time
anterolaterally and it moved posterolaterally during the terminal swing. Furthermore,
the femoral low-point kinematics for the MC bearing group showed a 1.8 mm [CI

0.8;2.8] (p<0.001) more limited range of motion for the medial compartment when

compared with the CR bearing (Table 4-6¢)

Loading Response Midstance Terminal Stance
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Figure 4-10 Statistical parametric mapping of tibiofemoral joint articulation. Illustration of the
tibiofemoral articulation analysis of a right knee throughout the gait cycle represented by the distance
point grid (70x70 pixels). The columns represent each of the 21 normalized discrete time points
corresponding to the same time points used for the kinematic analysis. The rows represent from the top
the Persona® Cruciate Retaining (CR) bearing, the Persona® Medial Congruent® (MC) bearing, and the
results of the statistical parametric mapping (SPM) analysis. The red areas of the SPM row show where
statistical significance was reached between the MC and CR grid-point maps.®
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4.4.2 Clinical characteristics, PROMs and complications

Between groups, no differences were found in demographics, clinical characteristics,
implant size or implant type (p>0.320). Furthermore, the three surgeons operated a
similar number of patients in both groups (p=0.367). Both groups improved
significantly regarding PROMs (p<0.001), VAS (p<0.001) and leg-extension power rig
(p<0.004). However, no differences in improvement were found between groups
(p>0.351). In the first year after TKA, five patients had knee manipulations under
anaesthesia for joint stiffness (brisement forcé), five in the MC group and two in the
CR group (p=0.197). Among those, an intraarticular corticosteroid injection was
administered in one patient per group. Aspiration of the knee due to joint effusion was
performed in three patients, one in the MC group and two in the CR group. Cultures
were negative for bacterial growth, and no knee revisions or recognized deep

infections were observed during the one-year follow-up period.
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Table 4-6 Group summary and comparison.!®

CR (n=33) MC (n=31) P-value*

a) Demographics with means and confidence intervals for continuous parameters and percentages

for categorical parameters.

Age (years) 62.0(59.2;65.9) 64.8 (61.8;67.9) 0.182
side (left %) 45.5 64.5 0.126
Gender (female %) 39.4 38.7 0.955
Height (cm) 173.5 (170.5;176.6) 171.9 (169.5;174.5)  0.420
Weight (kg) 87.9 (82.7;93.2) 85.9(80.5;91.2) 0.576
Body Mass Index (kg/m?) 29.2 (27.6;30.7) 29.0 (27.2;30.8) 0.913
Thigh circumference (cm) 52.9(50.9;54.8) 51.4 (49.3;53.6) 0.484

b) Clinical characteristics with means and confidence intervals for continuous parameters and
percentages for categorical parameters (except for the KOA Ahlb&ck Score, which is presented with

mean and confidence interval).

ACL lesion (0/1/2) % 27/36/36 35/42/23 0.474
PCL lesion (%) 121 12.9 0.925
MCL lesion (%) 9.1 6.5 0.694
LCL lesion (%) 9.1 3.2 0.333
KOA Ahlbéack grade 3.0(2.6;3.4) 2.6 (2.2;3.0) 0.071
KOA medial (%) 64.6 80.7 0.130
KOA lateral (%) 121 6.5 0.437
KOA medial+lateral (%) 21.2 12.9 0.379
FJS (preop) 16.1(11.0;21.2) 16.5 (10.5;22.4) 0.522
OKS (preop) 24.3(22.2;26.5) 23.1(20.8;25.4) 0.775
KOOS SYMPTOMS (preop) 47.4 (41.5;53.4) 51.0 (44.1;57.9) 0.417
KOOS PAIN (preop) 42.5(37.5;47.5) 45.4 (39.6;51.2) 0.438
KOOS ADL (preop) 49.7 (44.5;54.9) 53.7 (48.9;58.6) 0.250
KOOS SPORT/REC (preop) 14.8 (9.9;19.8) 16.1 (10.6;21.6) 0.726
KOOS QOL (preop) 29.0 (25.0;32.9) 26.8 (22.4;31.3) 0.459
VAS - gait (preop) 2.3(1.6;3.1) 2.5(1.6;3.5) 0.729
LEPR (preop) (W/kg) 1.5(1.3;1.7) 1.5(1.3;1.7) 0.731
FIS (follow-up) 55.4 (43.6;67.3) 58.9 (47.7;70.2) 0.668
OKS (follow-up) 39.0 (36.2;41.8) 39.0 (36.4;41.8) 0.986
KOOS SYMPTOMS (follow-up) 71.4 (64.6;78.2) 75.0 (68.6;81.4) 0.441
KOOS PAIN (follow-up) 82.9(76.2;89.6) 82.6 (76.8;88.5) 0.946
KOOS ADL (follow-up) 83.2(77.4;88.9) 84.8 (79.3;90.3) 0.672
KOOS SPORT/REC (follow-up) 46.5 (38.5;54.5) 49.5 (39.2;59.8) 0.638
KOOS QOL (follow-up) 64.4 (55.8;72.9) 65.3 (58.0;72.7) 0.306
VAS - gait (follow-up) 0.2 (-0.1;0.4) 0.0(-0.0;0.1) 0.354
LEPR (follow-up) (W/kg) 1.8 (1.5;2.0) 1.8 (1.6;2.0) 0.712

c) Range of motion of the femoral low-point kinematics. Measured for both the lateral and medial
compartment in both directions; x (lateral [+] and medial [-]) and y (anterior [+] and posterior [-]).

The means and confidence intervals are presented for each group.

Lateral low-point (x) 1.9(1.7;2.1) 1.8 (1.6;2.0) 0.381
Lateral low-point (y) 4.7 (4.1,5.3) 4.0 (3.5;4.5) 0.076
Medial low-point (x) 1.4 (1.2;1.6) 1.4 (1.2;1.6) 0.883
Medial low-point (y) 6.4 (5.6;7.2) 4.6 (4.1;5.1) <0.001

ACL: anterior cruciate ligament, PCL: posterior cruciate ligament, MCL: medial collateral ligament, LCL: lateral collateral ligament, KOA: knee
osteoarthritis, FIS: Forgotten Joint Score, OKS: Oxford Knee Score, KOOS: Knee Osteoarthritis Outcome Score, ADL: activity of daily living, QOL:
quality of life, VAS: visual analogue scale, LEPR: leg extension power rig, W/kg; watt/kilogram, MUA: manipulation under anaesthesia, preop:
preoperative, follow-up: 1-year follow-up.

Demographics, clinical characteristics and preoperative PROMs have previously been published **°.

84



Discussion

The aim of this dissertation was first to evaluate the accuracy of automated dRSA
image registration methods to investigate the native and artificial knee; and, second,
to investigate knee pathomechanics in the osteoarthritic knees and the mechanical

impact of knee arthroplasty designs during gait utilizing dRSA.
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5.1 Key findings

511 Studyl

This in vitro study investigated the accuracy of an automated CT-based volumetric
2D/3D image registration method for dRSA against a marker configuration method as
gold standard. A knee flexion exercise was evaluated in a uniplanar and biplanar
dRSA setup. A slight bias with a good limit of agreement was observed for the
kinematic parameters with no greater bias than 0.19mm for translation and 0.11
degrees for rotation, and limits of agreement of 0.42 mm for translations and 0.33

degrees for rotation.

512 StudyII

This in vitro study had two main findings. First, it demonstrated that an automated
marker-free RSA method utilizing CT-obtained volumetric bone models provided
similar accuracy as the gold standard marker method. Second, the study showed that
an automated image registration method utilizing synthetic volumetric implant
models could not take advantage of the additional information to markedly improve
an automated silhouette projection method of implant surface models - at least not in

its present form.

513 Study III

This clinical cohort study investigated the kinematic heterogeneity within patients
with KOA. The results revealed four subgroups each with distinguished kinematic gait
patterns that related well to their clinical characteristics. In addition, these subgroups
revealed joint kinematics clearly different from those the healthy volunteers without
KOA. These differences were not present when comparing the entire KOA cohort with

the healthy group.
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514 Study IV
This double-blinded clinical randomized trial demonstrated that the MC bearing,

which has a medial congruent anatomical design, had tibiofemoral joint kinematics
that were different from those of the standard symmetrical CR bearing. Compared
with the CR bearing, the MC bearing design enhanced the area of congruency, had
more tibial anterior drawer throughout the gait cycle and greater external tibial

rotation during the second half of the swing phase.

5.2 The pathway of radiostereometry method validation

This section offers a chronological account of my engagement with the validation of
registration methods for radiostereometry; in what context my conception was shaped
— and how it influenced the study designs for validating the AutoRSA Software
System; I first discuss the dynamic setup and later why it was extended by an

investigation of a static setup.

5.21 Preconception
I was first introduced to RSA and dRSA in 2015 when I participated in a validation

study of a contour-based registration of CT surface bone models using canny edge
detection.!® Similar to Study I, the objective of this study was to assess the tibiofemoral
joint kinematics during a flexion movement. For this study, markers were used as gold
standard. Thus, a relationship between the anatomical coordinate system and the
markers was required. This relationship could be established based on a single
stereoradiograph; however, to eliminate variance, this was determined in a least
square manner using a series of stereoradiographs.!’®1”® Even though the accuracies
were evaluated in other stereoradiographs, the gold standard was largely dependent

on the investigated method.
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5.2.2  Study I - gold standard considerations

A crucial part of validation is to establish an accurate and reliable gold standard. A
consequence of incorporating the investigated method into the process of establishing
the gold standard method (as was done in the previously described study'®) is that
this may introduce unwanted bias. Therefore, Study I utilized a gold standard method
that was more independent of the investigated method. Tantalum markers were used
as gold standard, and the relationship between the markers and the anatomical
coordinate system was established using CT to allow comparison with the investigated
bone model. This validation method was similar to the methods used in other image
registration validation studies.!?02-22 Even so, the present validation methods differed
slightly from those of the previous studies. These prior studies conducted CT of the
specimens with markers and replaced the intensities of the markers with their
surrounding intensities to avoid influence of the markers during the image
registration.!?2%-202 The present study obtained two CTs, one with and one without the
markers, in order to obtain an unedited CT of the specimens. Next, these two CTs were
matched utilizing 3D-3D matching, thereby establishing a relation between the

markers and the anatomical coordinate system.8?

5.2.3 StudyI- dynamic radiostereometry accuracy of the native knee

This study demonstrated a superior limit of agreement for the DRR CT-based bone
volume method compared with the contour-based registration of CT (my first RSA
study)."® The contour-based method included inner contours to improve the
registration. However, the present results suggest that the DRR method and utilization
of the entire bone intensities provide more valuable information that may improve
registration. The present results demonstrated a superior bias and limit of agreement
compared with a DRR high-speed biplanar fluoroscopy study of tibiofemoral joint
kinematics of running.!* Furthermore, compared with a second DRR biplanar

fluoroscopy study of patellofemoral joint kinematics, the present results demonstrated
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a superior bias and limit of agreement, but with a similar femoral individual bone pose
and a superior individual patellar bone pose.?” This suggests that the accuracy of
image registration may be affected by object velocity, bone size and bone shape. The
influence of the bone geometrical properties was confirmed in a hip study utilizing the
same DRR method as the present study; the hip study demonstrated a superior limit
of agreement for the pelvis compared with the proximal femoral bone.'” One of the
benefits of this method is that it can easily be applied to other joints. However, the
accuracy cannot be transferred directly to other joints. Thus, the target object velocity
and bone geometrical properties should be accounted for when utilizing the methods

in other joints.

5.2.4  Study II - gold standard considerations

Initially, the present study intended to evaluate the automated registration of the
implant in a dynamic setting identical to that of Study I. However, even though metal
artifact reduction was added to the CT of the marker-inserted bones, the markers could
appear slightly elliptical, and it was somewhat difficult to segment the beginning and
the end of the marker when scrolling through the CT image volume. Therefore, a
concern was raised: To which extent was the accuracy of the investigated model
attributed to error caused by limitations of the gold standard? For validation, it is
essential that the gold standard is more accurate than the investigated method.
Therefore, alternative gold standard methods were considered. One study used a
computer-assisted kinematics system as gold standard.'*? They used an active probe to
detect the outer geometry of the actual object and determined the reference to the RSA-
measured data by fitting these points to the surface model of interest. Others have
estimated the accuracy by measuring no motion.!40201-20¢ This is used in traditional RSA
studies that measure implant migration and determine the clinical validity of the study
setup and method by evaluating the difference in implant migration on two images,

taken on the same day a short time period apart (double examination). The difference
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is often referred to as “accuracy of zero motion” or “detection limit”.12%1317 In
addition, for identical image registration method, a previous study has demonstrated
superior accuracy for sawbones compared with human in-vitro specimens.?® This
suggests that sawbones may simulate the conditions too ideally and, therefore, may
not demonstrate a clinically relevant accuracy of the investigated method. For the
present study, both the image registration methods and the marker method were of
interest. Thus, all investigated methods were evaluated independently according to
the true displacement induced by a highly accurate micrometre screw, as in a previous
study.!* The main difference between these studies was that Miranda et al. used the
average of 20 stereoradiographs to estimate a baseline reference, whereas the present
study used the median of five stereoradiographs. With no proportional bias, five

recordings were shown to be a sufficient baseline.

5.2.5 Study II - accuracy of static radiostereometry

Application of the micrometre screws allowed for a completely independent
evaluation of the various registration methods. The similar limit of agreement
observed for the marker method as for the autorsa-bone method (even with bone
removal) suggested that the autorsa-bone method has potential to replace the marker
method that has traditionally been used as a gold standard for radiostereometry. This
comparison has not previously been made. Further research is needed to confirm these

results and to investigate rotations.

5.2.6  Partial bone registration in artificial joint

A few other studies have investigated semi-automated bone registration for TKA.37138
Their accuracies were inferior to that of the method presented here. Seehause et al.
showed migration that exceeded the accuracy of the traditional marker method to such
an extent that they precluded the feasibility of using their method in the presented

form, whereas Kim et al. presented repeatability ranging up to 0.289 mm.!¥ 13 Both
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methods utilized silhouette projection and the canny edge detection method. This may
have attributed to the inferior results compared with those of the DRR method which
takes advantage of the intensity information within the entire bone structure.’*
Furthermore, compared with the other studies, a risk may exist that the bone silhouette
projection and the postoperative articulating surface part of the actual implant may
coincide and thereby inhibit the optimizer from reaching the global optima. On the
contrary, to avoid that the high implant intensities inhibited the optimizer, the present
DRR method excluded the implant from the registration by utilizing a mask image

generated from the pre-completed implant registration.

5.2.7  Synthetically generated volumetric implant model

The enhanced information from the DRR failed to improve image registration. This
suggests that, in its present form, the metric inadequately utilized the gradient
information. This may be attributed to the radiopaque nature of the implants.
However, visually, the stereographs of this implant displayed clear intensity
differences and the correlation images showed that some of this information was
included in the metric. Therefore, other metrics may potentially better promote the
intrinsic implant gradients. Previous studies have suggested other similarity metrics;
one combined the gradient and radiographic images, and another study suggested a
cross-correlation residual entropy of intensity-based edge-enhanced images.!?>2%
Continuous research is needed to investigate if other similarity metrics may utilize the
intrinsic implant projection gradients better to improve automated implant

registration.

5.2.8 Conclusion

The CT-based bone volume model offers an automated, fast and non-invasive method
for measuring tibiofemoral joint kinematics with dRSA and a marker-free bone

reference for migration calculation with RSA. Furthermore, joint kinematics was
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insensitive to alteration in the configuration of the radiographic setup. The automatic
methods presented with these studies are clinically applicable for functional
evaluation of native tibiofemoral joint kinematics and pathomechanics related to
conditions such as ligament instability and bone dysplasia, as well as in the assessment

of surgical results.

5.3 The heterogeneity of patients with knee osteoarthritis

5.3.1 Kinematic subgrouping

The reversed approach used in this study allowed us to divide the KOA patient cohort
into subgroups without applying an observer-biased threshold of certain clinical
characteristics or discrete kinematic values. The gait knee kinematics in patients with
KOA observed in previous studies have shown diverse results.’>*5” Thus, compared
with healthy controls, at the initial contact of the foot during gait, patients with KOA
displayed greater®*®, lower® and similar”” flexion angles; greater®*>*” adduction
angles; lower>* and similar® tibial internal rotations; and similar®” and lower® tibial
anterior translation. In addition, a systematic review* of KOA has described a high
heterogeneity across studies and found that the courses of pain and physical
functioning were diverse. In the present study (Study III), when the entire KOA cohort
was compared with a healthy cohort, the results did not confirm the previous gait
studies. Instead, when the four identified subgroups and the healthy cohort were
compared, differences were shown for all kinematic parameters. This suggests that the
cohort of patients with KOA comprised different kinematic subgroups and that the
diversity in previous studies reflected specific compositions of kinematic subgroups

included but not controlled for.
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5.3.2  Multifactorial subgrouping

Even though the four subgroups presented distinct gait patterns, kinematic
subgrouping cannot stand alone as an explanation of the KOA patient group’s
heterogeneity. The quality and repeatability of the subgrouping in combination with
the clinical scores indicated an overlap between these kinematic subgroups. This
suggests that a different clustering algorithm may potentially provide better allocation
or that other factors than gait kinematics are important to include as features to
improve the allocation. The heterogeneity within the KOA patient group is well
known.?” However, the heterogeneity of KOA patients has only recently been
investigated with the intent of distinguishing these patients and establishing different
phenotype classifications.** These studies did not include kinematic parameters. The
typical phenotyping has addressed various functional scores and clinical
characteristics.** Holla et al.* identified three subgroups with distinct trajectories of
physical functioning over time (good, moderate and poor). Knoop et al.* (whose
findings were subsequently confirmed by Esch et al.’") identified five homogeneous
clinical phenotypes (minimal joint disease phenotype, strong muscle strength
phenotype, severe radiographic KOA phenotype, obese phenotype and depressive
mood phenotype) based on k-means clustering analysis of data from the Osteoarthritis
Initiative. A systematic review proposed six other phenotypes (chronic pain,
inflammatory, metabolic syndrome, metabolic bone/cartilage, mechanical overload
and minimal joint disease) based on studies that aimed to identify KOA phenotypes.>
The authors defined a strong evidence for existence of a specific phenotype if the
evidence was supported by at least two high-quality studies. These phenotypes may
potentially explain the observed overlap of kinematic and clinical phenotyping. Thus,
combining multiple characteristics including clinical, biomechanical, psychosocial and
genetic factors may potentially better describe the heterogeneous pathology and

multifactorial nature of patients with KOA.
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5.3.3  The potential of subgrouping

Overall, TKA is a successful treatment for pain in patients with KOA. However, up to
20% of the patients are dissatisfied with the outcome of TKA, and more than 50% have
residual knee symptoms.”*”” Although considerable efforts have been devoted to
increasing patient satisfaction, this has not yet been accomplished. Considering the
heterogeneity within the KOA patient group and that various implant designs often
do not exhibit differences in patient-reported function and satisfaction, we speculate
that different patient groups may have to undergo different interventions or be more
suitable for certain implant designs than others. Phenotype classification may
contribute to such targeted treatment, which has previously been suggested to
stimulate improved outcomes.”” One approach to investigate this may be to evaluate
the patients’” postoperative outcome measures individually within phenotypically
categorised subgroups. Various outcome measures may be evaluated: kinematics,

function, PROMSs, and - maybe best of all - patient satisfaction.

5.3.4 Conclusion on subgrouping

Patients with KOA can be divided into four subgroups with distinct gait patterns.
These subgroups feature meaningful clinical characteristics of KOA-affected
compartments, KOA progression and knee ligament lesions. Phenotyping of patients
with KOA may benefit from a deeper understanding of their pathomechanics, which

may inspire improved and more patient-specific treatment strategies in the future.

5.4 The influence of congruency on total knee arthroplasty
Because of the novelty of the MC bearing design, the number of studies on the MC
bearing is limited; so far, one intraoperative study'®, one kinematic study'®, four

clinical studies!®1%7208209  one radiological and one migration study!® have been

published.
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54.1 Congruency and kinematics

The intraoperative study'® showed that in MC knees, the femoral position was more
posterior to the tibia and had less anterior-posterior range of motion than in CR knees.
Furthermore, the MC knees exhibited more tibial external rotation at full extension
than CR knees.® Our study confirmed both of these findings, which may be the result
of design differences between the bearings. The increased anterior lip height and a
more posterior dwell point in MC bearings as compared to CR bearings likely caused
the more posterior femoral position relative to the tibia and provided anterior-
posterior stability. This construction may contribute to preventing the so-called
“paradoxical motion” phenomenon, which is an abnormal kinematic motion in which
the femur slides anteriorly relative to the tibia.”® This phenomenon has been found to
be more evident for cruciate-retaining designs and less so for posterior-stabilizing
TKA designs. Furthermore, the paradoxical motion has been associated with mid-
flexion instability, which may be a contributing factor to dissatisfaction in cruciate-

retaining TKA patients.!®1°! A radiological study'® and a simulation study?'°

support
this finding of more anterior-posterior stability among patients with the MC bearing.
The radiological study compared the MC design with a posterior-stabilizing design
and highlighted that the different designs provided similar stability in knee flexion,
even though the PCL was removed in both patient groups.!®> On the other hand, the
simulation study investigated the kinematic effect of sagittal and coronal congruency
and demonstrated that both tibial anterior-posterior translation and tibial internal
rotation depend on sagittal congruency.?’® The more externally rotated tibia during
extension observed in both the intraoperative studies and the present studies may be
the result of increased congruency and the articulating design per se. This motion may
be associated with the so-called “screw-home” movement as is seen for healthy knees.

Therefore, these results indicate that patients with the MC bearing reproduce the

screw-home movement more effectively than patients with the CR bearing design.
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The kinematic study!® used a skin-based optical motion capture technique to compare
the MC bearing design with the posterior-stabilizing design during a complete gait
cycle. The authors found that the MC bearing group exhibited a greater peak internal
rotation moment than in the posterior-stabilizing group. Furthermore, the patients
with the MC bearing tended towards more extended knees at heel-strike and
midstance with less peak knee flexion moment.!™ The present results and a different
medial pivoting design confirmed this tendency of more extended knees from early to
midstance.?!! Ghirardelli et al. related the tendency of greater knee flexion angles and
moments in patients with a posterior-stabilizing design compared with the MC design
to a “flexion contracture”.!™ This contracture has previously been reported during
loading response in patients following ACL reconstruction and TKA as a strategy to
limit the demands placed on the quadriceps muscle.?'>23 Furthermore, Ghirardelli et
al. hypothesized that this was a result of an intrinsic instability during early stance that
led to recruitment of hamstring contraction as a secondary anterior-posterior
stabilizer. The present results showed enhanced congruency for patients with the MC
compared with the CR bearing design and, therefore, expectedly a higher intrinsic
stability for the MC bearing group. In addition, patients with the MC bearing
demonstrated that the enhanced area of congruency position changed during the gait
cycle, which may be related to the intrinsic force distribution in the knee. Previous
studies have described several occurrences of antero-posterior directed movement

within the tibiofemoral joint during stance.?'*21
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Load case 1 Load case 2 Load case 3

Figure 5-1 Tibiofemoral load cases. Load case 1: a posterior load of the femur on the tibia corresponding
to the extensor mechanism pulling at the tibia. Load case 2: an anterior load of the femur on the tibia
corresponding to the braking action of the tibia. Load case 3: an anterior load of the femur on the tibia,
corresponding to the increased moment from the centre of gravity’s forward movement and contraction
of the gastrocnemius.'®

Three load cases have been described (Figure 5-1); at initial contact and during late
midstance, a posterior load of the femur on the tibia corresponding to the extensor
mechanism pulling at the tibia (case 1); during loading response, the femur applies an
anterior load on the tibia corresponding to the braking action of the tibia (case 2);
during terminal stance and pre-swing, an anterior load of the femur is applied on the
tibia corresponding to the increased moment from the centre of gravity’s forward
movement and contraction of the gastrocnemius (case 3).2142® The position and
movement of the greater area of congruency observed for the patients with the MC
bearing compared with the CR bearing corresponded to the occurrence of these load
cases during the gait cycle. The only time there were no correspondence with a load
case and the area of congruency was during late midstance when the knee extends
back. Here, load case 1 was not observed as there was no greater posterior congruency
area for the MC bearing compared to the CR. One explanation may be that during
single-leg support, the entire load of the body and the knee flexion angle result in
complete congruency between the bearing and the femoral implant. Importantly, the
greater congruency is not necessarily a result of anterior-posterior relative movement
of the femur and tibia implants, but more likely the results of a greater anterior-

posterior constraint. This is supported by the present results of the femoral low-point
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kinematics that showed a lower medial range of motion for the MC than for the CR
bearing. Thus, the present study confirms the findings of the kinematic study: that the
articulating design of the MC bearing may provide increased intrinsic stability of the
knee and thereby potentially reduce demands on ligaments and muscles (as other knee
stabilizers), which may be experienced by patients as a more natural knee function and

more stability.

54.2 Congruency and component fixation

Along with a more congruent knee design follows a potential risk of increasing the
stress in the implant-bone interface, resulting in overload and implant loosening.
Therefore, investigation of the migration pattern of the TKA components in relation to
the periprosthetic bone over time is crucial. In fact, when introducing new implants
and designs, investigation of the migration patterns has been suggested as part of a
stepwise introduction.'?!% A randomized controlled study of migration patterns for
60 patients with the MC bearing design compared with the CR bearing design utilized
RSA to investigate the migration pattern at three months, one year and two years after
surgery.'® The authors found a similar migration pattern for both the femoral and
tibial component at any follow-up.!® However, further studies confirming these
promising findings and studies with a longer follow-up are required. Furthermore,
dRSA studies on the Persona® knee in relation to fixations have not been conducted
but may provide important information on inducible micromotion of the femoral and

tibial components upon patient activity loading.?!”

5.4.3 Congruency and polyethylene wear

Polyethylene wear may be a second risk factor for a more congruent bearing design.
Polyethylene measurements are time dependent. Firstly, the wear must be large
enough to measure. Secondly, a “bedding in” period exists where the polyethylene

creep deformation reaches a steady state. Therefore, estimating valid wear measures
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usually requires more than a few years of follow-up. In addition to this, cruciate-
retaining TKA deigns have displayed low wear rates at midterm follow-up; and yet
the osteolysis threshold for polyethylene wear of TKA is unknown. 8218

A wear simulation study investigated the effect of different conformities on wear while
including the polyethylene deformations over time within the analysis.?!’ The authors
found that sagittal conformity was more sensitive than coronal conformity, and more
sagittal conformity resulted in an increased wear rate, wear area and contact area. In
contrast, the maximum accumulated sliding distance and linear wear showed the
lowest values for the higher sagittal conformity designs after 10 million cycles.?'
Mobile-bearing TKA designs are completely non-constrained, and one of the expected
benefits was lower polyethylene wear.®®® Long-term results show no detectable wear
after 15 years.?”” These results cannot be extrapolated to the MC bearing design but
show that wear is affected by conformity. Wear of the MC bearing design has yet to be
investigated. In particular, comparing wear patterns in MC bearing designs with those

of wear patterns in a mobile-bearing design would provide interesting information.

54.4 Congruency and patient-reported outcome measures

Two clinical studies from the same research group matched 50 patients with a MC
bearing to either a posterior-stabilizing design or a different medial pivoting “ball-in-
socket” with a single-radius femoral design (GMK).!1%2% In line with the present
results, both studies reported no differences in PROMs after two years. In contrast,
functionally, the MC bearing group exhibited an increased range of motion; 3 degrees
compared with the posterior-stabilizing design and 7 degrees when compared with
the GMK design.1%52%8 A third study compared 327 patients with either an MC (n=96),
a CR (n=70) or a posterior-stabilizing bearing design (n=161) at two weeks, six weeks,
three months and one year follow-up.!”” The patients with the MC bearing displayed
higher range of motion (4.9 degrees) at two weeks and lower VAS at all time points

than the group with the posterior-stabilizing bearing design. Conversely, the MC
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group had higher FJS than the CR group at one-year follow-up. Furthermore,
compared with patients undergoing procedures with the posterior-stabilizing TKA
design, a larger share of MC knee patients reported that they were “very satisfied” and
a smaller share reported that they were “not at all satisfied”.!” In summary, the
literature agrees that patients with MC bearings exhibit either equal or better PROMs,
equal or higher satisfaction and equal or larger range of motion than patients with CR,
GMK and a posterior-stabilizing bearing designs. In contrast, the present study did
not report knee flexion range of motion but demonstrated more cases of knee
manipulation under anaesthesia for joint stiffness for the MC than for the CR group,
although the difference between the two groups was not statistically significant,
indicating for these cases an over constrained knee. It is therefore important to be
aware that the mechanically more constrained features and kinematic stability of the
MC bearing does not inhibit knee flexion range of motion. This difference may reflect
the patient groups’ preoperative conditions, their rehabilitation, surgical technique or

other potential confounders. Thus, further research concerning this is warranted.

5.4.5 Conclusion

The MC bearing design changes the tibiofemoral kinematics and provides an increased
area of congruency compared with the CR bearing design. This may ensure improved
control of paradoxical motion, produce a more effective screw-home movement and
contribute to a more stable knee motion. Collectively, this may, in turn, restore the
patient’s confidence in knee function during daily activities and potentially enhance

patient satisfaction.
5.5 Limitations and methodological considerations

5.5.1 Generalizability and bias

One of the most important considerations following this study is generalizability.
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In-vitro (Studies I and II): For both studies, the use of specimens is a limitation, and
the high age of the donors may affect the bone models. In relation to bone models, the
accuracy of the DRR method is primarily dependent on bone shape, size and intensity.
The size does not change with age, but the risk of osteophytes increases with age due
to expectancy of some KOA, and the cortical and trabecular bone volume decreases.??
The osteophytes may provide arbitrary bone projections on the stereoradiographs that
may improve registration, whereas reduction of the cortical and trabecular bone may
impair the registration. Thus, the obtained accuracies likely represent the accuracies in
the in vivo studies (Studies Il and IV).

In-vivo (Studies III and IV): The results only represent the study group and cannot
be extrapolated directly to patients outside the study criteria. Among patient
exclusions, the most important ones are obese patients and those with gait dysfunction
so severe that they were unable to participate. These patients may potentially append
additional subgroups to the four subgroups presented in Study III. Additionally, the
size of the cohort is relatively small in relation to the prevalence of KOA. However,
the cohort size in the present studies (Studies III and IV) is relatively large or similar
to the cohort sizes employed in previous studies.?*>4%1% However, the cohort size may
potentially influence the results. For Study IV, because of the KOA patient group’s
heterogeneity, there is no guarantee that a different or larger cohort would have
displayed similar kinematic differences between the MC and CR bearing designs.
However, the randomized study design and the sample size calculation estimates

reduce such a risk.

5.5.2  Clustering method

Even though four distinct gait patterns were identified within this patient cohort, the
cluster quality and repeatability revealed some overlap. K-means is a simple clustering
method in which only the number of groups needs to be specified. However, it does

not necessarily provide identical results per run; the runs were handled by defining
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one clustering process as the best of 50 repetitions. Other clustering methods might have
yielded different results. It would be expected that patients may fall in between two
subgroups. Thus, the Gaussian mixture model may potentially be an alternative. This
clustering method would be less restrictive in terms of the cluster shape than the k-
means approach, and it incorporates the cluster covariance and provides probabilistic
likelihood, making shared membership possible. Even so, Gaussian mixture model
requires, like k-means, subjective selection of the number of subgroups and adds

complexity as other parameters can be tweaked.

5.5.3  Gait pattern acquisition

The patients walked barefooted on a treadmill, which might not be compared directly
to walking on the ground. Furthermore, it is debatable whether the sample frequency
of 15 Hz is sufficiently high to obtain the entire frequency domain from gait
kinematics. According to the Nyquist theorem, the sampling rate must be twice the
maximum frequency of the gait to avoid insufficient sampling and aliasing.”*! Aliasing
occurs when data are lost and the discrete time points cannot reproduce the original
trajectory; instead, it aliases with a lower frequency and appears “slower”.??! The
typical frequency of normal gait kinematics is 4-6 Hz and spectral power analysis from
barefoot walking shows that 98% of the spectral power is below 10 Hz and over 90%
below 5 Hz.?2 Random samples of the patients’ lower limb skin-attached markers

confirmed this spectral power analysis using Fast Fourier Transform.??

5.6 Perspectives and future research

5.6.1 Radiostereometry validation

The next step in validation is to validate the automated image registration method of
implants in a dynamic setting and evaluate different metrics. Even though the marker

configuration models possibly were inhibited by the metal artefacts on the marker
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segmentation, utilizing the same method and setup on the same specimens would
provide valuable information on the accuracy of the implant registration methods.
Furthermore, evaluation of the DRR method using pre- and postsurgical bone models,
with and without cement, would be interesting in a clinical perspective utilizing static
and dynamic recordings. Finally, a completely automated calibration and registration
method with no need for manual initialization would significantly improve clinical

usability.

5.6.2 Clinical investigation

In addition to the presented data in this dissertation, the patient cohort in Studies III
and IV walked on a declined treadmill and stepped up and down on a force plate.
Furthermore, full lower lib MRI scans were conducted of each patient with the purpose
of generating subject-specific musculoskeletal models. Given the data obtained on this
patient cohort, several investigations would be of great interest. First, a further
investigation of the KOA cohort during other and more demanding functional tasks
would be interesting: Is it possible to identify the same subgroups? If this is not the
case; how and why do new subgroups deviate? Further issues worth exploring are:
What are the internal forces in KOA knees, and may these forces be linked to the
subgroups? Additionally, a further investigation of the TKA cohort during other and
more demanding functional tasks could be conducted to answer the following
question: Does the medial pivot appear more consistent during deeper knee flexion
angles for the MC bearing and is the intrinsic force distribution different? Furthermore,
it would be interesting to conduct a pre- and postoperative comparison at a one-year
follow-up: How do the four subgroups alter their gait kinematics following TKA? Do
one or more subgroups yield results that come closer to their preoperative gait pattern
or closer to those of the healthy controls? Is there coherence between kinematic
patterns and patients” improvement in PROMs or kinematics? How do patients who

have had manipulation under anaesthesia due to knee stiffness deviate from the
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remaining KOA cohort? Finally, a five-year follow-up would be interesting in which
it was evaluated whether the kinematic differences had evolved and if there were

differences in migration and wear patterns between the MC and CR bearing design.
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Patient appointment and data acquisition flow chart
(studies IIT and IV).






@® Mandatory in relation to the knee surgery.

@ Extra in relation to the project.

Surgical guaranty

Phone call from the doctor
regarding the project.

X. one week

\ppro

A
@

»
»

A few days







Appendix 11

In-between subgroup comparison for study III.'"7
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Abstract

Radiostereometic analysis (RSA) is a precise method for the functional assessment
of joint kinematics. Traditionally, the method is based on tracking of surgically
implanted bone markers and analysis is user intensive. We propose an automated
method of analysis based on models generated from computed tomography (CT)
scans and digitally reconstructed radiographs. The study investigates method
agreement between marker-based RSA and the CT bone model-based RSA method
for assessment of knee joint kinematics in an experimental setup. Eight cadaveric
specimens were prepared with bone markers and bone volume models were gen-
erated from CT-scans. Using a mobile fixture setup, dynamic RSA recordings were
obtained during a knee flexion exercise in two unique radiographic setups, uniplanar
and biplanar. The method agreement between marker-based and CT bone model-
based RSA methods was compared using bias and LoA. Results obtained from uni-
planar and biplanar recordings were compared and the influence of radiographic
setup was considered for clinical relevance. The automated method had a bias of
-0.19 mm and 0.11° and LoA within £0.42 mm and +0.33° for knee joint translations
and rotations, respectively. The model pose estimation of the tibial bone was more
precise than the femoral bone. The radiographic setup had no clinically relevant
effect on results. In conclusion, the automated CT bone model-based RSA method
had a clinical precision comparable to that of marker-based RSA. The automated
method is non-invasive, fast, and clinically applicable for functional assessment of

knee kinematics and pathomechanics in patients.

KEYWORDS

digitally reconstructed radiographs, dynamic stereoradiographs, kinematics, knee arthroplasty,
radiostereometry
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1 | INTRODUCTION

The interest for functional assessment of knee joint kinematics in
both native and prosthetic knee joints is increasing. Radio-
stereometric analysis (RSA) is a highly accurate and precise method
for quantifying the motion of a rigid body based on stereoscopic
images from two roentgen tubes and corresponding detectors in a
calibrated setup.l'2 However, some limitations make the method less
attractive in clinical practice. Most importantly, traditional marker-
based RSA involves the insertion of radiopaque tantalum beads and
requires substantial user interaction during analysis, while other
factors such as prolonged surgery, risk of loose beads or poor bead
placement further impede clinical use.®> In recent years, new ap-
proaches using dynamic RSA (dRSA) to precisely measure the motion
of bones and migration of implants have been researched.” '° New
RSA methods are based on virtual software matching of three-
dimensional (3D) models of either bones or implants to two-
dimensional (2D) images of dRSA recordings, so-called model-based
RSA. Bone models have an anatomical coordinate system (ACS), are
individual for each patient, and can be generated from computed
tomography (CT) scans, readily available in clinical practice. On the
contrary, the insertion of beads is a surgical procedure and markers
provide a bone reference with no relation to the bone ACS. There-
fore, model-based tracking of CT-derived bone models has obvious
advantages over traditional marker-based RSA, in which application
outside joint replacement surgery remains limited. With the model-
based technique, diagnostic assessment of native knee kinematics
and pathomechanics, as well as arthroplasty dysfunction and in-
stability, are possible. The method has a place in preoperative
planning of knee surgery and in comparing preoperative function to
postoperative result. Limitations of the model-based method include
the need for a high-quality CT scan of the knee joint adding addi-
tional radiation dose and a possible effect of patient-specific para-
meters such as variation in bone density and contour geometrics. A
functional dRSA recording produces a great number of images with a
substantial amount of data to be processed. This creates a need for a
precise and automated software-based method of analysis with
minimal need for user interaction.

The aims of this experimental cadaver study were (1) to evaluate
the method agreement in terms of bias and precision of an auto-
mated CT bone model-based RSA method (AutoRSA) against the gold
standard of marker-based RSA for measurement of knee joint kine-
matics in dRSA recordings, (2) to assess the bias and precision of
pose estimation of the femoral and tibial bones, and (3) to compare

the bias and precision of a uniplanar and biplanar radiographic setup.

2 | METHODS AND MATERIALS
2.1 | Specimens and preparation

Eight cadaveric legs showing no visual or fluoroscopic signs of

previous injury, surgery, or severe degenerative osteoarthritis

were acquired from Caucasian donors; male:female ratio 1:1,
ages 80-93 (mean 85 years). Specimens were full legs including
hemipelvis, hip, knee, ankle, and foot. Relevant approvals from
the Central Denmark Committee on Biomedical Research Ethics
(case number 1-10-72-236-19, issued November 21st 2019) and
the Data Protection Agency (case number 1-16-02-410-19,
issued December 2nd 2019) were obtained.

Before specimen preparation and dissection, eight baseline
spiral ultrahigh resolution CT-scans (SOMATOM Definition
Flash;

full lower extremity were carried out using axial slices at a

Siemens Healthcare, Erlangen, Germany) of the
peak voltage of 120 kVp and exposure of 183 mAs, slice thickness
of 0.6 mm, slice increment of 1mm and pixel spacing
of 0.29x0.29 mm. Full leg scans were performed to obtain
hip and ankle centers required to define local ACS for each
specimen.'*? In addition, baseline scans were used to generate
3D volumetric bone models of the distal 15cm of the femoral
bone and the proximal 15 cm of the tibial bone for each specimen,
using a fully automated graph-cut segmentation method.’® *°
Bone models were used in model-based analysis, defined as the
bone model method (BM).

To prepare for RSA recordings, 8-13 1-mm tantalum beads
(X-medics, Sweden) were inserted in through a 4 mm cortical bone
drill hole in each of the distal femoral and proximal tibial bones using
a bead gun (Kulkanon, Wennbergs Finmek AB, Sweden). Beads were
placed in a systematic pattern intending a wide-spread 3D marker
distribution. Next, all specimens were disarticulated at the hip and
ankle joints, and tissue on the proximal femoral and distal tibial
bones was removed. After this, specimens were CT-scanned at
120 kVp, exposure 200 mAs, slice thickness 0.6 mm, slice increment
0.8 mm, and pixel spacing 0.29 x 0.29 mm, with the application of
metal artifact reduction. From these scans, a 3D marker-model was
generated and used for marker-based reference, defined as the

marker-model method (MM).

2.2 | Experimental setup

A mobile fixture for the specimens was constructed for use
during dRSA recordings (Figure 1). The proximal part of the
femoral bone was fixed to a plywood board attached to the
system with a mobile fitting, whereas the distal portion of
the tibial bone was attached to a functional pedal with a crank
arm of 10cm. The vertical height of the femoral bone fixation
could be adjusted to fit specimens of variable length. With
the crank arm, the pedal had freedom of rotation around an
axis in the medial-lateral direction. A rope was used to manually
apply force to the pedal in an upward direction, making the
specimens preform a standardized knee flexion motion in the
range of 0-70°. Average angular velocity of knee flexion and
extension was approximately 12 deg/s. The experimental setup
simulated a weight-bearing step-up exercise used in clinical dRSA

of the knee.>®*”
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FIGURE 1 |lllustration of mobile fixture and radiostereometric setup. (A) Uniplanar recording. Flat-panel image detectors were slotted in
the detector panel behind the calibration boxes. Roentgen tubes were positioned at 40° relative to each other in both setups. The knee joint of
the specimen was positioned at the crossing of roentgen beams to form stereo-images. The dashed line shows the path of movement during
knee flexion when traction (arrow) was applied to the mobile mechanical fixture. (B) The movement pattern of the specimen during one
simulated flexion exercise; flexion upon applied force (0%-50%) followed by passive extension against resistance (50%-100%). (C) Biplanar
setup. Image detectors were positioned at 140° relative to each other. Roentgen tubes were focused on image detectors, still arranged at an
intersection angle of 40° in the horizontal plane. CSu/CSb represent the position of coordinate systems in both the unipanar (CSu) and the
biplanar (CSb) calibration setups [Color figure can be viewed at wileyonlinelibrary.com]

2.3 | Radiographic setup

Series of dRSA were recorded using a dedicated system
(AdoraRSA; NRT X-Ray A/S, Hasselager, Denmark). The system
uses two ceiling-mounted roentgen tubes and flat-panel detectors
(CXDI-50RF, Canon Inc, Tokyo, Japan), with individual options for
positioning. Recordings were made in both a uniplanar and a bi-
planar setup (Figure 1). For the uniplanar setup, the detectors
were slotted behind a uniplanar calibration box (Carbon Box 14;
Medis Specials, Leiden, The Netherlands). For the biplanar setup,
the detectors were placed on a free stand and static images of a
custom-made calibration phantom were taken following each
recording. It was ensured that neither the roentgen tubes nor the
detectors were touched during recording and subsequent cali-
bration. The phantom was an acrylic cube containing 23 unique
radiopaque beads (0.8 mm) at known locations. For both calibra-
tion setups, tubes were oriented at an angle of 40° to each other in
the horizontal plane with a distance of 3200 mm from source to
detectors and approximately 2400 mm from source to skin. The
system was set to record with synchronized pulsed radiation at
15 frames per second with an exposure of 90 kVp, 600 mA and a
resolution of 1104 x 1344 pixels for the dynamic recordings and
2208 x 2688 pixels for static biplanar calibration images. One trial
per specimen was recorded in both the uniplanar and the biplanar

calibration setup for a total of 16 trials.

2.4 | Analysis of radiographs

24.1 | Calibration

The first step in the analysis was to calibrate the resulting pairs of
dynamic images for the individual setup. Each uniplanar recording
was calibrated by identifying fiducial and control markers of the
calibration box in a single processed image of averaged pixel in-
tensity over the image sequence. The origin of the calibration box
coordinate system was placed in the lower-left corner of the image
(Figure 1A). The biplanar setup was calibrated by identifying
the 23 beads of the phantom centered in the static RSA image. The
identified beads and their known 3D grid configuration were input
parameters for calibration in a custom-written program utilizing
stereocalibration modules in OpenCV-Python (ver. 3.1.0.5)."® The
calibration output was the estimated relative pose of the two
roentgen focal points and 2D RSA images, with the calibrated co-
ordinate system centered and orientated with respect to the left

image (Figure 1C).

2.4.2 | Bone model method

An automated custom software system of model-based analysis

based on digitally reconstructed radiographs (DRR) was developed at
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our institution (AutoRSA software, Orthopaedic Research Unit,
Aarhus, Denmark). The software is a graphics processing unit (GPU)
accelerated and estimates the pose of bones from virtually generated
projections using mathematical optimization algorithms as previously
described in more detail."”?° A two-step analysis was used to
first determine an initial pose using a global optimizer (Controlled
Random Search with local mutations) at half image resolution and

subsequently the pose was refined by a local optimizer (Nelder-Mead
Simplex) at full resolution.?*?? Registration used a local bounding
box (BB) coordinate system based on the CT volume bone model
(Figure 2C). The optimal pose was found by comparing the virtually
generated DRR images to the dRSA images using the normalized
gradient correlation.’”?® Analysis requires the user to set the
primary initialization by matching bone models to the initial image

(A) (B) Femur TIBIA Z, ©) o — DRR
Model-based DRR i
(AutoRSA software) Ei0 Xt
CT-data,

baseline scan

(D) (E)

Marker-based RSA

CT-data,
post-insertion scan

)
@

FIGURE 2 Overview of workflow for pose estimation using bone model-based DRR (A-C) and marker-based (D-F) methods. (A) Acquisition
of baseline CT-data for segmentation and generation of CT volume bone models. (B) 3D bone models of femoral and tibial bones in frontal view
including overlaid anatomical coordinate systems (ACS) with x-, y- and z-axes in medial-lateral, anterior-posterior, and proximal-distal
direction, respectively. Anatomical landmarks were used for placing the z-axis in a modified version of Miranda et al:** Hip-center: a sphere was
fitted to the femoral head from polygonal mesh data to mark the hip center (orange sphere). Ankle-joint center: medial and lateral malleolus
were marked manually onto a digital 3D bone model surface (green spheres) and the midpoint of the trans-epicondylar line was defined to
determine the ankle-joint center. (C) Process of bone model-based DRR tracking (BM) of the femoral bone on successive dRSA image frames in
the AutoRSA software. The bounding box (BB) is outlined around the CT image volume. For the BB, the centroid was marked as the center point
of diagonal intersection (red sphere) and a local BB coordinate system was assigned from this origin; the x-axis (xgg) defined as the longest axis
from origin to any BB-plane, the y-axis (ygg), the second-longest, and z-axis (zgg) the shortest. In AutoRSA, the DRR-match process was carried
out by evaluating candidate poses generated from rotation and translation of the CT volume bone model (within BB) during virtual exposure,
that is, applying individual rotation and translation from the BB coordinate system in each iteration. After initialization, the process of DRR pose
estimation ran all images of the series automatically with no need for user interaction. (D) Acquisition of post-insertion CT-data containing
tantalum beads within the bones. (E) 3D-rendering of a marker-model segmented from CT-data (red, uneven sphere) and fitted spheres (green,
even sphere). For marker-based pose estimation, center coordinates of the fitted spheres were used, to obtain the remaining CT data from
interpolation. (F) Marker-based tracking (MM) of a biplanar image (no calibration box markers) in MBRSA software; the image is identical to the
one shown for DRR-registration in (C). The marker-model (green) is projected onto manually marked tantalum beads (red circles). After
automatic detection, picking of markers and initial model-fitting was done manually for all images in the series. Note that DRR and RSA images
are zoomed to show only the matching of the femoral bone in a single image of the paired radiographs. AutoRSA, local software, Orthopaedic
Research Unit, Aarhus, Denmark; BB, bounding box; CT, computed tomography; DRR, digitally reconstructed radiographs; MBRSA, commercial
software, RSAcore, Leiden, Netherlands; RSA, radiostereometric analysis [Color figure can be viewed at wileyonlinelibrary.com]
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of the dRSA sequence. For each subsequent image, the software
sets initialization on 3D extrapolation of trajectory based on pre-
viously solved images and analysis runs in an automated process. The
hardware used was a desktop computer with a quad-core processor
(Intel Xeon E5-1620, 3.60 GHz), 8 GB of DDR4 RAM, and a dedicated
GPU (GeForce GTX 960, 4 GB GDDRS5). The time to solve a single
dual projection was approximately 3-4 min.

To quantify and describe relative rotation and translation of
bone models in clinically relevant terms as defined in general bio-
metrics, subject-specific ACS were assigned locally to each of the
volumetric bone models generated from baseline CT-scans.***? ACS
was defined using a modified version of the system described by
Miranda et al,>* as the bone mechanical axis was used to define the
proximal-distal axis (Figure 2B).

24.3 | Marker-model method

MBRSA software (RSAcore, ver. 4.2, Leiden University Medical Center,
the Netherlands) was used for MM analysis. The accuracy and precision
of this analysis are dependent on the marker configuration. The quality
of the marker distribution can be considered by the condition number
(CN).2>?¢ With a commonly accepted maximum value of 130,° the
mean CN for the femoral bone was 29 (range 23-33) and for the tibial
bone, it was 25 (range 22-30). All beads were segmented from CT-data
and a 3D surface model of beads was reconstructed. To this surface
model, virtual spheres were fitted and center coordinates were used for
MM analysis (Figure 2E). Images were extracted for every 2° of
movement. Before optimization, two observers manually fitted the pose
of the marker-model to the markers in the femoral and tibial bones
appearing on the dRSA images. Optimization algorithms were used
to optimize the pose of the marker-model in MBRSA software
(DIFDoNLP)?’ (Figure 2F). Estimated time to solve a single dual pro-
jection was 25-30 min with manual bead marking and pose estimation
being the most time-consuming tasks.

To quantify and describe the relative rotation and translation
of marker-models using the ACS generated from the individual
bone models, a transformation was required to account for al-
teration in the position of the specimen within the scanner since
bone models were generated from baseline CT-scans and marker-
models were generated from postinsertion CT-scans. This trans-
formation was defined by superimposing and matching 3D image
registrations of both scans using the Elastix toolbox for registra-
tion of images applying Normalized Mutual Information metrics.?®
This process was performed for each target bone region since the
translation and rotation of the knee pose could not be assumed

identical between scans.

2.4.4 | Dose calculations

Dose calculations were performed on real-time dRSA recordings of

cadaveric legs. At an average of 172 + 11 frames per recording, the

JOOrtuhronpaa‘edoic( >
Research®
calculated effective dose was 3.94 + 0.25 pSv per dRSA recording in
either setup. CT-scans added an additional 0.625 mSv of effective
dose per scan. Thus, the calculated total efficient dose per specimen
was 1.26 £ 0.01 mSv. The clinically relevant dosage per specimen was
0.63 £ 0.01 mSv, as only one CT-scan and one dRSA recording is
required for clinical application.

2.5 | Data assessment and statistical
considerations

The method agreement of the bone model-based DRR method (BM) of
pose estimation in an automated software package (AutoRSA) was
compared to the best available gold standard; a marker-model RSA
method (MM) of pose estimation in semiautomated software. In this
process, the pose was defined as absolute translation (mm) and rotation
(°) of the 3D model, when the projection of either the bone model or the
marker-model was matched to the observed 2D RSA images. To facilitate
comparison, all resulting coordinates were transformed to the ACS.
Knee kinematics were evaluated as the relation between the
pose of the femoral and tibial bones in each dRSA image. Thus, bias
and precision of knee kinematic measurements were dependent on
individual pose estimation of the femoral and tibial bones. Results
were described in the knee joint coordinate system for kinematics as
defined by Grood and Suntay (Figure 3).'? To assess bias, the dif-
ference in kinematic measurements between the BM and MM
method was calculated for all dRSA images included in the analysis,
and bias was expressed as the mean of difference over all images in

Distal Femur

Flexion(+)
ML Extension(-)
AP = = AR
Varus(+) i ,h ¥
Valgus(-) (-) (+)

Proximal Tibia

_ External(+)
V=
E+))<_.> Internal(-)

FIGURE 3 Kbnee joint coordinate system for description of
kinematics. Modified from Grood and Suntay.'? Pose of the
femoral and tibial bones considered in relation to each other for
kinematic assessment. Note all six degrees of freedom are present,
that is, three translations (abbreviated) and three rotations
(spelled out). AP, anterior-posterior axis; ML, medial-lateral axis;
PD, proximal-distal axis
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each radiographic setup. Precision was assessed by calculating the
limits of agreement (LoA) of the mean difference.

The individual bone pose was evaluated for the femoral and
tibial bones. The difference in pose estimation was calculated in all
six degrees of freedom (DoF) for each dRSA image. In addition, the
total difference in pose estimation was computed by the magnitude
of the resultant vector for each image using the 3D Pythagorean
theorem; diota = /AX% + Ay2 + Az2, with x, y, and z denoting re-
spective rotations and translations in bone ACS (Figure 2B). While
not routinely used for angular measures, the theorem is allowed for
small rotations.” The mean difference of pose estimation in six DoF
(bias) and mean total difference (total bias) was calculated for all
dRSA images included in the analysis in each radiographic setup.
Precision was assessed by calculating LoA of the mean difference
(bias) and mean total difference (total bias).

Radiographic setups were assessed by evaluating bias and pre-
cision for measurements of knee kinematics and individual bone pose
in the two unique radiographic setup configurations; uniplanar and
biplanar. Results were compared directly for clinical relevance.

For all three outcomes we evaluated method agreement in terms
of (1) systematic error (bias) reported as the mean difference in mm
and degrees with a 95% confidence interval (Cl) and (2) random error
(precision) defined by LoA and reported as the mean difference
+1.96 standard deviation, describing the interval in which 95% of
differences were expected to fall.

The mean difference (bias) of the BM was compared against the
null hypothesis of no difference from zero using a simple one-tailed
t test. The significance level was set at 0.05. Statistical Software:
Release 16.0/IC (StataCorp LLC, TX) was used for calculations,

statistical comparisons, and visual representations.

3 | RESULTS

A total of 1520 radiostereometric images (760 uniplanar, 760 biplanar)
were analyzed and included for statistical comparison of the auto-
mated CT model-based method (BM) and MM. The results in the text

below refer to the uniplanar radiographic setup.

3.1 | Method agreement for knee kinematics

The agreement of the BM and MM analysis of knee kinematics in
a dRSA recording of one cadaveric specimen during one knee
flexion cycle is reported graphically as a general example
(Figure 4). The plots show a high method agreement with a very
small bias of the BM when compared to the MM. The agreement
between BM and MM in knee joint kinematic assessment for all
eight cadaveric specimens is demonstrated in Bland-Altman (BA)
plots for the 6 DoF (Figure 5).%22% The bias and precision for each
DoF are listed in a box within each plot (Figure 5). A systematic
bias was found for the BM in all 6 DoF (p < 0.001); however, BM

and MM were still in excellent agreement as bias ranged between

-0.04 and 0.04° for all rotations and -0.19 to 0.18 mm for all

translations. The poorest precision was +0.42mm for
anterior-posterior translation and +0.33° for external-internal

rotation (Figure 3).

3.2 | Method agreement for individual bone pose
estimation

Femoral bone poses for the BM in comparison to the MM showed a
largest observed bias of -0.13 mm for translations and -0.19° for
rotations, with precision within £0.50 mm for translation in medial-
lateral axis (Tx) and +0.34° for rotation about anterior-posterior
axis (Ry) (Table 1). Pose of the tibial bone had a bias up to 0.09 mm
for translations and -0.21° for rotations, with a precision of
+0.38 mm and #0.24° for translation in and rotation about the
medial-lateral axis (Tx and Rx). Overall, the bias was lower and the
precision better for the pose of the tibial bones compared with the
femoral bones. Adding to this, less variation of mean total differ-
ence (total bias) for tibial bone translations compared to femoral
bone translations were found when specimens were considered
individually (Figure 6).

3.3 | Agreement of radiographic setup
configuration

The biplanar setup was slightly less precise in determining kine-
matic flexion-extension with a bias of 0.11 mm and precision of
+0.31° compared to 0.03 mm and +0.24° in the uniplanar setup
(Figure 5). However, for external-internal rotation of specimens C
and F, the BA plots showed a wider observation cluster in the
uniplanar setup compared to the biplanar setup (Figure 5). Overall,
no consistent effect on bias or precision of agreement of the BM
was found to be caused by radiographic setup configuration
(Table 1 and Figure 6).

4 | DISCUSSION

We validated an automated CT bone BM against a gold standard
marker-model method (MM) for measurement of knee joint kine-
matics and bone pose estimation in dRSA recordings of cadaveric
knees during a knee flexion exercise, in a uniplanar and biplanar
radiographic setup. The key findings for evaluation of knee kine-
matics were a bias no larger than -0.19 mm and 0.11° for all trans-
lations and rotations, and precision within +0.42 mm for translations
and +0.33° for rotations. For evaluation of bone pose estimation
total bias was no higher than 0.30 mm and 0.27° with a precision
better than +0.27 mm and +0.22° for translation and rotation of the
femoral bone, and a similar but slightly better precision for the tibial
bone. The bias and precision of the uniplanar and biplanar radio-

graphic setup were comparable.
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4.1 | Method agreement for knee joint kinematics
New methods of analysis should be validated against a gold standard
reference, which should ideally be the true measure. In RSA, the best
available reference traditionally used for a model-based analysis
consists of a cluster of 1 mm tantalum markers surgically inserted
into the bone of interest. Such a marker-model is very precise but
not a true representation of the geometric structure of the
bone undergoing analysis, and does not refer to the ACS. The
coordinate system of marker-models must therefore be registered to
the bone anatomy to provide a meaningful model of reference for the
evaluation of dRSA with anatomical bone models.

Evaluation of knee joint kinematics by the use of CT bone
models requires precise registration of the 3D bone models to the
2D bone projection in each successive dRSA image. Stentz-Olesen
et al.>° compared the registration of CT bone surface models to a

marker-based method in 89 uniplanar dRSA images. They found

similar bias for rotations and translations but inferior clinical preci-
sion when compared to the findings of the current study. For all
kinematic measurements, clinical precision was found to be about
three times as good as previously reported.’° The surface models

utilized by Stentz-Olsen et al*®

contain points in a surface-mesh
derived only from compact bone CT-data. We use bone models
generated from a volume rendering of CT-data, which include all
voxels describing the bone matrix complex. Explanations for im-
proved precision properly lie in the larger amount of data available
within the volume model (more robust DRR pose estimation) and
large sample size (n=760). In the present study, BA plots showed
noticeable clustering of observations for each cadaveric specimen,
indicating some influence of specimen properties on method agree-
ment. Variation of observations within each specimen cluster was
small which further interprets as a good precision for the BM.

Bey et al®! applied DRR pose estimation of CT bone volume

models to the patellofemoral joint, estimating the pose of the patella
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relative to the femoral bone in biplane dRSA of cadaveric knee
specimens. The small size of the patella puts a biological limit to the
amount of volume data available for DRR-based analysis, yet the
reported bias was comparable to the findings of the current study,
although the random error of dRSA recordings was not reported.
Anderst et al® compared DRR pose estimation of CT volume bone
models to a CT marker-based registration in high-speed biplanar
fluoroscopy using a radiographic image resolution of 512 x 512 pix-
els. They obtained bias for translations and rotations inferior to the
results presented in the current study. We suggest that this finding
shows how the accuracy of DRR-based analysis is related to radio-
graphic image resolution and quality. Furthermore, the movement
velocity of analyzed objects being analyzed was markedly lower in

Orthopaedic | °
Research®
the current study compared with Anderst et al,® suggesting that

movement velocity could affect accuracy due to within-image blur.

4.2 | Method agreement for individual bone pose

The precision of DRR-based methods depends on the capability of
the system to effectively estimate the pose of unique 3D objects
from their representation in successive 2D RSA images. Since bones
are patient-specific and vary in several parameters such as size,
density, and geometry, it is important that the DRR-system is con-
sistent in precision across the registration of individual bone models.
Stentz-Olesen et al®° reported lower bias in pose estimation of the

Rotational precision (°)

TABLE 1 Bias of bone model DRR method for individual bone pose estimation
Translation precision (mm)
Tx Ty Tz Total®
Uniplanar (n = 380)
Femoral bone
Mean difference -0.125" -0.107 -0.085 0.302
+95% CI° 0.026 0.011 0.010 0.010
SD¢ 0.252 0.101 0.932 0.099
+LoA? 0.495 0.198 0.183 0.195
Tibial bone
Mean difference 0.094 0.055 0.054 0.226
+95% Cl 0.019 0.009 0.004 0.010
SD 0.191 0.888 0.037 0.097
+LoA 0.375 0.174 0.074 0.191
Biplanar (n = 380)
Femoral bone
Mean difference 0.055 0.066 -0.536 0.227
+95% ClI 0.021 0.011 0.011 0.014
SD 0.199 0.100 0.099 0.136
+LoA 0.392 0.196 0.195 0.267
Tibial bone
Mean difference 0.106 0.129 0.167 0.304
+95% ClI 0.019 0.007 0.005 0.009
SD 0.191 0.071 0.044 0.839
+LoA 0.375 0.135 0.086 0.165

Note: n Indicates the number of matched images.
Abbreviations: Cl, confidence interval; LoA, limits of agreement.

p value Rx Ry Rz Total p value
<.001 -0.191 -0.026 -0.015 0.273 <.001
0.012 0.008 0.007 0.016
0.120 0.174 0.071 0.114
0.236 0.341 0.139 0.223
<.001 -0.211 0.035 -0.003* 0.267 <.001
0.013 0.011 0.007 0.009
0.124 0.110 0.072 0.084
0.243 0.216 0.141 0.165
<.001 -0.126 -0.038 -0.004* 0.198 <.001
0.014 0.014 0.006 0.011
0.140 0.105 0.055 0.105
0.270 0.206 0.107 0.206
<.001 -0.232 0.051 -0.054 0.278 <.001
0.013 0.010 0.008 0.011
0.120 0.093 0.073 0.102
0.236 0.186 0.143 0.201

®Mean total difference (total bias) for all specimens, approximated using the Pythagorean theorem.

b+95% Cl of mean difference.

°SD of mean difference.

441 0A set at 1.96 SD; 95% predicted clinical precision.
*Mean difference not different from zero (one-tailed t test).
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DRR, digitally reconstructed radiographs [Color figure can be viewed at wileyonlinelibrary.com]

femoral bone against pose estimation of the tibial bone in both
translations and rotations. Generally, we found lower bias in all in-
dividual pose estimation measurements, and interestingly, and we
found pose estimation of the tibial to be more precise than for the
femoral bone. No obvious explanation for this finding is evident. The
distal femoral bone generally presents more features for DRR-
matching than the proximal tibial bone, which should result in a more
robust analysis. Supposedly, this finding could simply represent
random variation in measurements if methods compared were as-
sumed of equal precision for individual bone pose estimation.
Hansen et al (reference 19) compared software-automated DRR
pose estimation of CT volume bone models to marker-based RSA in
the assessment of joint kinematics in seven cadaveric hip joints. In
DRR-analysis based on the proximal femoral bones, they reported

precision for translations and rotations comparable to the findings of

the current study.’” This underlines the general usefulness of the

bone model-based DRR method across anatomy and bone geometry.

4.3 | Method agreement for radiographic setup
configuration

No obvious trend was observed in bias or precision when comparing
results between uniplanar and biplanar setup configurations. Because
reported research on DRR-based analysis shows much variation in test
protocols, comparison of our results of setup configurations to the lit-
erature was not possible nor appropriate. Theoretically, the RSA image
pair obtained from biplane projections should show more features and
geometric characteristics than the RSA image pair from uniplanar de-

tectors, thus facilitating DRR pose estimation. However, we found no
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clinically relevant difference in bias and precision of the DRR method

when comparing results obtained in either setup.

44 | Limitations and strengths

To our knowledge, no other study has evaluated an automatic
method of DRR-based assessment of knee joint kinematics against
the gold standard of marker-based RSA.

Defining and placing ACS is essential for all BM and MM measure-
ments. The present study compared results based on the unique bony
structures of a cohort of eight cadaveric knee joints in two radiographic
setup configurations with a large image sample-size. Condition-numbers
ensured a high-quality MM reference. We used previously validated
methods of placing ACS based on bone geometry.?**? Results from the
BM are expressed in clinically relevant terms through inheritance use of
ACS. When determining the difference between methods, the same ACS
is used for the MM reference, since an application of different ACS would
have impaired direct comparison of the two methods, BM and MM. The
BM offered a close to ten-fold reduction in time taken to analyze
resultant images when compared to the MM.

Our study has several limitations. First, a margin of error lies within
the registration of the marker positions for the generation of the 3D
marker-model used for MM reference. The segmentation of beads is
susceptible to missing CT-data, wherefore beads were not necessarily
scanned in the exact plane of the bead center coordinate, needed for
the marker-model. True bead center coordinate was estimated by fit-
ting virtual spheres to the surface models of beads to obtain remaining
bead CT-data from interpolation. Second, biplanar calibration images
were acquired separately after each recording. Thus, a small risk of
error from disturbing the setup during the acquisition of static phantom
calibration images cannot be ruled out. Third, possible influence of
having the opposite leg crossing into the field of view in a clinical setting
was not examined; however, with the investigated setups we do not
experience this to be a problem in the clinical setting. Additionally,
dynamic calibration images for the uniplanar setup were of a lower
resolution than the static images used for biplanar calibration. It is not
known what effect these parameters might have had on the results.

Although highly accurate, marker-based models are equally depen-
dent on the quality of source material and prone to prove faulty under
the same circumstances as would the model-based DRR method.
Essentially, there is a need for an independent gold standard to perform a
test of the absolute accuracy of the model-based DRR method. This
effect inevitably becomes more evident as new methods to be validated
become increasingly accurate. If methods compared are equally accurate,
comparison and evaluation of bias and precision becomes entirely

dependent on random variation in measurements.
5 | CONCLUSION

The AutoRSA software package offers an automated and fast non-
invasive method of measuring knee joint kinematics and individual

bone positioning from dynamic radiostereometric recordings. Bias

JOT’tuhronpaaledoicr 1
Research®

and precision of the automated method were found to be well within
the limits of clinical relevance, and further, it was not found to be
sensitive to alteration in configuration of the radiographic setup. The
new automatic method is clinically applicable for functional evalua-
tion of native knee joint kinematics and pathomechanics related to
conditions, such as ligament instability and bone dysplasia, as well as

in the assessment of surgical results.
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ABSTRACT
Radiostereometic analysis (RSA) is an accurate method for rigid body pose (position and
orientation) in three-dimensional space. Traditionally, RSA is based on insertion of periprosthetic
tantalum markers and manual implant contour selection which limit clinically application. We
propose an automated image registration technique utilizing digitally reconstructed radiographs
(DRR) of computed tomography (CT) volumetric bone models (autorsa-bone) as a substitute for
tantalum markers. Furthermore, an automated synthetic volumetric representation of total knee
arthroplasty implant models (autorsa-volume) to improve previous silhouette-projection methods
(autorsa-surface). As reference, we investigated the accuracy of implanted tantalum markers
10 (markers) or a conventional manually contour-based method (mbrsa) for the femur and tibia. The
autorsa-bone method displayed similar accuracy compared to the gold standard. The autorsa-volume
did not markedly improve the autorsa-surface, and none of these reached the mbrsa method. In
conclusion, marker-free RSA is feasible with similar accuracy as gold standard utilizing DRR and
CT obtained volumetric bone models. Furthermore, utilizing synthetic generated volumetric
15 implant models could not improve the silhouette-based method. However, with a slight loss of
accuracy the autorsa methods provide a feasible automated alternative to the semi-automated
method.

)]

Introduction

Knee Radiostereometric analysis (RSA) can quantify rigid body pose (position and
orientation) in three-dimensional space utilizing a calibrated setup with two crossing x-
ray beams, which produce radiographic images from different views.!2 Owing to
submillimeter accuracy and precision, the RSA technique is widely used to evaluate
longitudinal fixation of hip and knee implants as an early surrogacy marker for later
aseptic implant loosening.3 Originally, RSA utilized tantalum markers attached on the
investigated implants before surgery and inserted into the periprosthetic bone during
surgery. There are several downsides to implant marking including expense, need for
new regulatory approval of the implants, and a possible influence on fixation.6 Next, a
commercially available RSA method utilizing implant models was introduced and
allowed implant tracking without implant-embedded markers at the expense of a slight
loss of accuracy.6” Today, this method still requires insertion of periprosthetic tantalum
markers and manual implant contour selection in RSA images. Although RSA is a
recommended safety measure for fixation of new implants, the requirement for beads as
bone reference and lack of full analysis automatization restricts a general use of RSA for
monitorization of implant loosening.!58
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Three-dimensional bone models obtained from computed tomography (CT) has proven
to be accurate for two- to three-dimensional (2D/3D) image registration and may replace
periprosthetic tantalum markers as reference in RSA.? CT scans can be conducted
postoperatively and permit RSA migration analysis in any patient. 2D/3D image
registration techniques often use intensity or gradient measures to match silhouette
projections or digitally reconstructed radiographs (DRR).%-'8 Consequently, these
methods are highly dependent on the geometrical shape, the intensities, and contrast to
withhold the high accuracy. Theoretically, the registration may be affected by radiopaque
metal implants and removal of bone, in terms of reduced bone model geometry and
registration information, during insertion of implant components.’2 Previous attempts to
replace the markers as reference have not demonstrated feasible results.!20

The current 2D/3D image registration techniques of implants are utilizing silhouette-
projections of triangulated surface models and do not reach the accuracy of the marker-
method.”15-1821-2 A synthetic volumetric representation of the implant with constant
voxel values within the surface-shell may improve the image registration accuracy
utilizing DRR registration.

The purpose of this In vitro study was to investigate the pose accuracy of implant
components from total knee arthroplasty and tibial and femoral bone models from CT
scans using silhouette-projections and digitally reconstructed radiographs. As reference,
we investigated the accuracy of implanted tantalum markers in the femur and tibia.

Methods

This study utilized eight fresh-frozen donor legs including the hemi-pelvis; male:female
ratio 1:1, ages 80-93 (mean 85 years). Relevant approvals were obtained from the Central
Denmark Committee on Biomedical Research Ethics (case number 1-10-72-236-19, issued
November 21%, 2019), and the Data Protection Agency (case number 1-16-02-410-19,
issued December 2nd, 2019).

Preparation and surgical procedure

Before surgery, the knee of each specimen was CT scanned (SOMATOM Definition Flash;
Siemens Healthcare, Erlangen, Germany) including 15 cm proximal and distal to the joint
line. The scans were carried out using a standard protocol with axial slices at a peak
voltage of 120 kVp and exposure of 183 mAs, slice thickness of 0.6 mm, slice increment
of 1 mm and pixel spacing of 0.29 x 0.29 mm. The effective dose of the CT was estimated
to 0.095 mSv. Subsequently, all specimens were disarticulated at the hip and ankle joints
and the proximal femoral and distal tibial bone were dissected for soft tissue to ensure a
rigid fixation of the specimen. Approximately 8-13 tantalum beads (X-medics, Sweden)
were inserted through a 4 mm drill hole in the cortical bone of the distal femoral and
proximal tibial bones using a bead gun (Kulkanon, Wennbergs Finmek AB, Sweden).
Beads were placed in a systematic pattern intending a wide-spread 3D marker
distribution. We used a standard operative total knee arthroplasty procedure according
to the manufacturer’s guidelines* with an anterior midline incision and medial
parapatellar arthrotomy. All specimens received the cemented (Palacos®R+G, Heraeus,
Medial GmbH, 61273, Wehrheim, Germany) Triathlon® Knee System (Stryker,
Kalamazoo, MI, USA) for the femur, tibia, and patella. One experienced knee arthroplasty
surgeon performed the surgical procedures on all specimens.
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The stereoradiographs were recorded utilizing a dedicated RSA system (AdoraRSA; NRT
distance of 160 cm. The flat panel detectors (CXDI-50RF, Canon Inc., Tokyo, Japan) were
using exposure settings of 120 kVp and 1.2 mAs. The dose of one stereoradiograph was

positioned vertically with an inter-tube angle of 40 degrees and a source-to-image
estimated to 0.623pSv (Figure 1).

embedded in a uniplanar calibration cage (Box 24, Medis Specials,

Radiographic setup
containing a fiducial and control layer. In single
size images dimensioned 2,208 x 2,
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Figure 1 Illustration of the total knee arthroplasty knee before closure, the radiostereometric setup,
and a closeup of the micrometer.

Experimental protocol

A customized fixture with an axial movable plexiglass plate was built and ensured rigid
fixation of the knee specimen (Figure 1). Accommodating optimal radiographic imaging,
a hole was cut out of the plexiglass at the knee level, ensuring free passage of the x-ray
beams. We moved the plate in three directions (x, y, z) using digital dial micrometers,
each with a resolution of 0.001 mm (Hofmann GmbH, Achim, Germany). The fixture was
oriented approximately orthogonal to the reference frame of the RSA setup (calibration
cage). First, the knee was positioned anterior-posterior (AP), replicating a patient in a
supine position. Second, the knee was positioned in a lateral-medial (LM) view to
investigate influence of different view. Recordings were obtained in all directions (x, y,
z) at 16 positions. Each series included five recordings at baseline. Second, two recordings
were obtained each at 10, 20, 30, 40, 50, 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, 5000
micrometers. The corresponding measured displacement was established by the
difference between the median of the estimated positions at baseline and the
corresponding estimated position. The error was determined by subtracting the actual
(micrometer) displacement from measured (RSA) displacement.

Analysis of the stereoradiographs

The purpose of RSA was to find 3D spatial measures from 2D projective images to a 3D
object. One marker-based (marker) method represented the gold standard of RSA, and
four model-based (mbrsa, autorsa-surface, autorsa-volume, and autorsa-bone) methods were
evaluated (Table 1). We utilized manufacturer-provided computer-aided design models
representing the 3D surface models of the femur and tibia implants in all sizes for three
of the model-based methods (mbrsa, autorsa-surface, and autorsa-volume). For the autorsa-
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volume method, we constructed a synthetic volumetric representation of each implant
model by assigning the voxels in a 3D isometric volume image inside the surface of the
implant model to a value of 3000 and outside values to zero (Figure 2). The volume
images with voxel spacing of 0.4x0.4x0.4 were centralized, oriented, and dimensioned
according to the implants coordinate systems and bounding boxes using visualization
Toolkit (Kitware). For the fourth method (autorsa-bone), we obtained volumetric image
models from the preoperative CT-scan. Each bone model were identified and extracted
individually using a fully automated graph-cut segmentation method.?>-27

Figure 2 Illustration of the synthetic generated volumetric models. The voxels with the high
intensity assigned value of 3000 are represented with the copper-color at each slice. A transparent
representation of the surface models is superimposed in each of the volume images to illustrate the
outline of the models. Low-resolution volumetric models (slice thickness of 3 mm compared with
0.4 mm) are presented for visualization.

We performed individualized calibration on all stereoradiographs by identifying the
fiducial and control markers embedded in the calibration cage using the commercially
available software Model-Based RSA (RSAcore, Leiden, The Netherlands). The fiducial
markers were used to calculate the focal points of the x-ray sources. All methods were
analyzed using the same stereoradiographs making the calibration identical between
methods. Hence, the observed differences in displacement between methods was not
influenced by the calibration. Model-Based RSA was also applied for the displacement
analysis using the inserted tantalum beads (markers) and the established semi-automated
model-based (mbrsa) method.?

Marker-based method

The bone-inserted markers at femur and tibia were identified in all images. To
accommodate the recommendation of the RSA guidelines, we accounted for 0.35 mm as
the upper limit of the mean rigid body error matching and ensured identification of the
same markers in all images for one displacement series.? The position was estimated as
the centroid of the marker positions (markers).

Model-based method

Based on manually applied parameters and region of interest, the contours were
automatically detected in the stereoradiographs by the Canny Edge Detector (RSAcore,
Leiden, The Netherlands). The contours for the femur and tibia implants were then
manually selected from these detected contours. Coarser to finer algorithms (IIPM,
DIFDHSAnn, and DIFDoNLP) were applied to estimate the model pose by minimizing
the error between the virtual projections of the models and the manually selected
contours.® (mbrsa) An effort was made to identify as much of the implant silhouette as
possible.
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Investigated methods (AutoRSA Software)

We investigated two methods that implemented a pin-hole camera model to
accommodate perspective projection like the established methods. One, utilized
silhouette-projection of a surface model, and one, utilized digitally reconstructed
radiograph (DRR) projection of a volume model. Both methods used ray-casting. While
the surface-based (autorsa-surface) method only determined the model silhouette, the
volume-based (autorsa-volume and autorsa-bone) method estimated the DRR by calculating
the ray’s cumulative attenuation by each voxel it passed through the image volume.
Image registration processes were accelerated utilizing the graphics processing unit
(GPU) for speed improvement.

For the 2D/3D registration purpose, according to previous metric evaluation and initial
tests using CT based volumetric models, we found that the normalized gradient
correlation worked best when comparing the virtually generated projections to the actual
stereoradiographs.3'32 The gradients were automatically determined using the Sobel edge
detection algorithm.?® This algorithm calculated 2D spatial gradient measures at each
pixel utilizing 3x3 convolution kernels, resulting in horizontal and vertical gradient
images (Figure 3). The similarity metric was then determined as the average of the
horizontal and vertical gradients normalized cross-correlation between the actual
radiographs and virtually generated projection (Figure 4).
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Figure 3 Horizontal Sobel gradient images of the left view. From left; actual radiograph, surface
implant projection, digitally reconstructed radiograph implant projection, and digitally
reconstructed radiograph bone projection.

The software allowed application of a mask-image to exclude part of the image from the
registration process. This benefits the registration in case of non-relevant high image
contrasts, which influenced the registration during initial tests. Two methods were
optional in combination or separate. A predefined fixed mask-image excluding high
intensity objects like metallic object, and a dynamic mask-image ensuring only analysis
of the region of interest. The dynamic mask-image were automatically defined as the
initial dilated model projection, and thereby exclude the remaining part of the image.

We applied the program’s robust optimization scheme that included a two-stage
registration process using the implemented nonlinear optimization library NLopt (Steven
G. Johson, Boston, Massachusetts). First, a global optimizer (Controlled random search
algorithm with local mutations), and second, a refined registration using a local optimizer
(Nelder-Mead Simplex).3® We used half resolution images during the global optimizer,
and full resolution images with activation of the dynamic mask during the refined local
optimizer.

For the autorsa methods we analyzed each model separately. First, the femur and then
the tibial implant models were analyzed using the surface-based (autorsa-surface) and
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volume-based (autorsa-volume) methods. For both methods, we applied the dynamic
mask during the refined local optimizer in full image resolution. Second, the bone models
were analyzed using the volume-based (autorsa-bone) method in the same order. With
information of the pre-analyzed implants poses, we utilized the fixed mask to exclude
the surgically removed bone and metallic part of the implant from the registration. The
fixed mask was produced automatically by dilating the implant silhouette-projection
obtained from the previous implant-analysis. The fixed mask was applied during the
global optimizer in half resolution and a combination of the fixed and dynamic mask
during the refined local optimizer in full resolution. A desktop computer with a quad-
core processor (Intel Xeon E5-1620, 3.60 GHz), 8 GB of DDR4 RAM, and a dedicated GPU
(GeForce GTX 960, 4 GB GDDR5) completed the registration of a single stereoradiograph
in approximately 30 seconds for the autorsa-surface, 40 seconds for the autorsa-volume, and
85 seconds for the autorsa-bone methods.

Figure 4 From left Model-Based RSA implant contour detection, correlation image between the
actual radiograph and surface implant projection for the horizontal Sobel gradient images,
correlation image between the actual radiograph and implant digitally reconstructed radiographs
for the horizontal Sobel gradient images, and correlation image between the actual radiograph and
bone digitally reconstructed radiographs for the horizontal Sobel gradient images. Only the left
image views are displayed.

Reference frame alignment between systems

While positioning the fixture at the x-ray tubes cross-section, we meticulously oriented
the fixture reference frame, defined by the displacements of the three axial micrometers
as closely as possible to the RSA reference frame defined by the calibration cage. Even so,
the coordinate systems were not completely aligned. To accomplish error-investigation
in one direction individually, we defined the axial direction according to a linear fit of
the 25 marker-displacements for each series individually. Then, the investigated position
coordinate of the models, expressed in the RSA reference frame, were projected to the
fitted micrometers axial direction.

Statistical analysis

Accuracy measures of the the RSA registration methods were presented in Bland-Altman
plots facilitating the presentation of mean bias and limits-of-agreement (LOA) with a
significance level of 0.05. Each of the five methods: Marker-based of bones (marker),
contour-based of implants (mbrsa), surface-based of implants (autorsa-surface), volume-
based of implants (autorsa-volume), and volume-based of bones (autorsa-bone), were
presented separately for the femur and tibia, respectively. Statistical differences were not
investigated between methods. For this study, it is not relevant whether methods are
statistically different from one and another. What is relevant, is the accuracy of the
method in context of the clinical application. Even so, to accommodate visual overview
of the methods, their mean bias and LOA are summarized graphically.
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Table 2 Presenting the femur mean and standard deviation of the different views in the three directions.
The red text presents the highest standard deviations for each method and view. The bold-red text presents
the highest standard deviation for each method in both views.

Anterior-posterior view Lateral-medial view
X y 4 X y 4
marker -0.027 (0.043)  -0.011(0.018) 0.028 (0.049) -0.002 (0.102)  -0.001 (0.016)  -0.005 (0.041)
mbrsa -0.027 (0.042)  -0.009 (0.015)  -0.038 (0.052) 0.004 (0.123)  -0.004 (0.019)  -0.003 (0.049)
autorsa-surface -0.027 (0.054)  -0.006 (0.031)  0.036 (0.074) -0.018 (0.161)  0.001 (0.051) 0.026 (0.149)
autorsa-volume -0.023 (0.049)  -0.013(0.033)  -0.050 (0.070) -0.000 (0.127)  -0.009 (0.030)  -0.010 (0.049)
autorsa-bone -0.026 (0.040)  -0.010(0.021) 0.027 (0.044) -0.003 (0.098)  -0.004 (0.018)  -0.002 (0.040)

Table 3 Presenting the tibia mean and standard deviation of the different views in the three directions. The
red text presents the highest standard deviations for each method and view. The bold-red text presents the
_highest standard deviation for each method in both views.

Anterior-posterior view Lateral-medial view
X y Z X y z
marker -0.026 (0.043)  -0.008 (0.013) 0.035 (0.046) 0.003 (0.114)  -0.008 (0.015)  -0.006 (0.043)
mbrsa -0.026 (0.045)  -0.008 (0.016)  -0.031 (0.056) 0.011(0.126)  -0.009 (0.023)  -0.010(0.059)
autorsa-surface 0.020 (0.072)  -0.003(0.025)  .0.029 (0.058) 0.007 (0.131)  -0.010(0.040)  0.004 (0.131)
autorsa-volume -0.006 (0.084)  -0.008 (0.039)  -0.032 (0.107) 0.015 (0.120)  -0.007 (0.025)  -0.035 (0.105)
autorsa-bone -0.022 (0.039)  -0.014(0.020)  -0.024 (0.041) -0.002 (0.101)  -0.010(0.023)  -0.002 (0.034)

Table 4 Presenting the combined mean and standard deviation of both views in the three directions for the
femur and tibia, respectively. The red text presents the highest standard deviations for each method and
bone. The bold-red text presents the highest standard deviation for each method in both bones.

Femur Tibia
X y z X y 2z
marker 0.015 (0.077)  -0.006 (0.018)  -0.014 (0.046) -0.013 (0.085)  -0.008 (0.015)  -0.005 (0.041)
mbrsa 0.012 (0.091)  -0.006(0.017)  -0.017 (0.053) -0.009 (0.094)  -0.008 (0.020)  -0.018 {0.059)
autorsa-surface -0.023 (0.117)  -0.002(0.043)  0.002 (0.129) -0.008 (0.104)  -0.006 (0.034)  -0.009 {0.110)
autorsa-volume 0.012 (0.084)  -0.011(0.031)  -0.026 (0.061) -0.003 (0.102)  -0.007 (0.032)  -0.034 (0.106)
autorsa-bone 0.016 (0.074)  -0.007 (0.020)  -0.011 (0.043) -0.013 (0.075)  -0.012(0.022)  -0.010 (0.038)

Results

We documented 205 recordings on 8 specimens resulting in a total of 1640 recordings.
This included displacement series of two views (AP and LM) in three directions (X, y, z)
with one series consisting of 35 stereoradiographs. We excluded 7 series due to non-
methodology issues such as a missing image in the recording or unlabeled retakes,
resulting in 1395 analyzed stereoradiographs in total.

The results of each registration method are presented as Bland-Altman plots for the femur
and tibia separately and revealed no bias for any of the analyzed methods (Figure 5). The
best LOA was obtained for the marker and bone registration with similar results for both
the femur and tibia. The worst LOA was found for the autorsa-surface method for the
femoral implant, while the autorsa-surface and autorsa-volume methods showed equally
large LOA for the tibial implant. The autorsa-volume method displayed similar LOA for
analysis of the femoral implant as the mbrsa method. The mbrsa method displayed slightly
worse LOA values than the marker- and bone-methods (Figure 6).

For future power calculations, elaborated results of the individual directions separately
for each view are presented in Table 2 and 3, and data for the two views are combined in
Table 4 for femoral and tibial models, respectively. In general, we found worse accuracy
in the z direction for the AP view and in the x direction for the LM view, with the LM
view being the worst. When the data for the two views are combined the tibia displayed
in general slightly worst accuracy.
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Figure 5 Bland-Altman plots for each method with the colors representing the x (blue), y (yellow),
and z (purple). The “0” and “x” represents the anterior-posterior and lateral-medial view,
respectively. From top row: marker, mbrsa, autorsa-surface, autorsa-volume, and autorsa-bone. The first
column presents the data of the femur and the second column present data of the tibia.

Discussion

In this study, we evaluated the accuracy of an automated 2D/3D registration method of
implant and bone models. Our study adds to previous knowledge with two key findings.
First, we evaluated a marker-free bone registration method for an arthroplasty knee joint
where the radiopaque implant components occluded or replaced a large part of the bone.
It provided similar accuracy compared to the gold standard marker-based method.
Second, we evaluate a synthetic volumetric implant model utilizing DRR, which
provided more model information to improve registration in radiostereometric analysis.
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However, the volumetric implant model and DRR method, in its present form, did not
markedly improve the silhouette-projection method.
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Figure 6 Presentation of the limit-of-agreements for each method for the femur and tibia,
respectively.

Various studies have proposed image registration methods for both single and dual
radiographic focus systems.>1821-23 The single imaging system are subject to poor out-of-
plane performance compared to in-plane'®?!, which can be overcome using a dual focus
system.!>13 When estimating accuracy the definition and establishment of ground truth is
crucial. Ideally, the gold standard should be very accurate — at least as accurate as the
method being tested, and hopefully much better, while being independent to the
investigated method. Most image registration accuracy studies have been oriented
towards dynamic studies making radiographic-independent and submillimeter gold
standard difficult. Kaptein et al. evaluated static images and used an approach similar to
the marker- and mbrsa-method demonstrating similar in-plane results while our results
were superior in out-of-plane direction.” Reasons for these differences may be explained
by different implants, better optimizers in the software, improved radiographic
technology, and image size. Our automated methods showed overall similar or better
results to those previously presented by Kaptein et al. when comparing the AP view of
the specimens as they also used.

Partial bone registration in artificial joint

Bone-implant interface fixation is considered an important predictor of long-time
outcome, and may provide useful information in patients with inexplainable pain and
dysfunction of knee arthroplasty.* Additionally, inducible micromotion RSA has shown
promising results as an instant predictor of long-term loosening, and thereby could
eliminate the otherwise required time-expensive follow-up period. Simple RSA
recording along with a CT scan provide information to evaluate inducible micromotion
without the need for embedded tantalum markers. However, literature on image
registration methods of bones within total knee arthroplasty joints are sparse. Seehause
etal. and Kim et al. presented bone registration in knees with TKA.1%20 Their performance
measure differs from the present study making comparison difficult. Moreover, Seehause
et al. showed migration precision results that exceeded the traditional marker-precision
to such a degree that they precluded feasibility of ‘completely markerless’ migration
calculation in the presented form. Kim et al. presented implant and bone translation

10-14
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repeatability ranging between 0.019 to 0.142 and 0.030 to 0.289, respectively. In contrast
to our results, Kim et al. found worse bone registration than implant registration. This
may be explained by the applied registration methods. They utilized silhouette-
projection and canny-edge detection that did not utilize the valuable intensity
information of the bone.? Additionally, the optimizer may be inhibited to reach the global
optima, as the preoperative articulating surface part of the bone silhouette-projection and
the postoperative articulating surface part of the actual implant may coincide. Contrary,
we utilized bone intensities from DRR registration and eliminated negative influence of
the implant by taking advantages of the known implant projection from the pre-
completed implant registration.

Synthetic generated volumetric implant model

This study showed that inadequate gradient information was present within the actual
stereographs to take advantage of the enhanced information from the DRR. It may be due
to the radiopaque nature of the implants. However, the correlation images display that
some information were included in the similarity metric, and we saw some improvement
in accuracy for the femoral implant in the LM view. Visual inspection of the stereographs
also clearly showed intensity differences; thus, we speculate that other similarity metrics
may provide improved accuracy. Previously, Mahfouz et al. (2003) presented a similarity
metric combining gradient images and the radiographs, and Scarvell et al. (2010)
presented a similarity metric using cross-correlation residual entropy (CCRE)
of intensity-based edge-enhanced images. CCRE is a mutual information measure that
benefits image registration where identical image intensity cannot be presumed, and this
is the case for the actual radiograph and the estimated DRR. Continuous research is
needed to investigate other similarity metrics.

Limitations

First, establishing a gold standard for accuracy measurements, which is not affected by
the radiographic methods is challenging. We used a micrometer to estimate the
displacement between recordings; however, a baseline estimate of the zero position was
still required. To avoid including other registration methods, we used the median of 5
recordings to estimate a solid baseline and a clinical applicable migration accuracy. With
no proportional bias we believe that 5 recordings were sufficient. Second, we used a
single implant design. Other TKA designs may influence the accuracy of the method. A
more unique design of the implant will be easier to register than a symmetric implant. A
difference in implant size will also influence the method accuracy, the bigger the implant
the better the results will be. Similar influence of the shape and size of the joint may also
affect the accuracy. Third, we used marker-data to establish the alignment between the
fixture and the RSA system and therefore may induce uncertainty in the directions.
However, only small differences between the orientation of the systems were identified,
and we applied the same alignment for each series to all methods ensuring a fair
comparison. Fourth, we applied a preoperative CT volumetric bone model without
potentially implant artifacts which would be present within a postoperative CT volume.
Our experience of postoperative stereoradiographs and the areas of metal artifacts in the
CT volume is that these artifacts are anticipated to be hidden behind the implant using
the traditional anteroposterior view for the stereoradiographs. Furthermore, mandatory
preoperative CT may increase with a direction towards robotic and personalized TKA
surgeries.®3% Finally, it should be noted that this study does not provide direct
information on the rotational accuracy — only translational accuracy in different views
were assessed.
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Conclusion

In conclusion, marker-free RSA is feasible, with an automated 2D/3D image registration
method utilizing CT obtained volumetric bone models and DRR, within a similar
accuracy as achieved with the gold standard marker-based RSA. Furthermore, an
automated 2D/3D image registration method utilizing synthetic generated volumetric
implant models could not improve the silhouette-based method. The automated
registration methods exhibit feasible accuracy in relation to the present knowledge within
the literature, however, the semi-automated canny-edge detection method exhibit
slightly better accuracy.
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Objective: Patients with advanced knee osteoarthritis (KOA) frequently alter their gait patterns in an
attempt to alleviate symptoms. Understanding the underlying pathomechanics and identifying KOA
phenotypes are essential to improve treatments. We investigated kinematics in patients with KOA to
identify subgroups of homogeneous knee joint kinematics.
Method: A total of 66 patients with symptomatic KOA scheduled for total knee arthroplasty and 15 age-
matched healthy volunteers with asymptomatic, non-arthritic knees were included. We used k-means
clustering to divide patients into subgroups based on dynamic radiostereometry-assessed tibiofemoral
joint kinematics. Clinical characteristics such as knee ligament lesions and KOA scores were graded by
magnetic resonance imaging and radiographs, respectively.
Results: We identified four clusters that were supported by clinical characteristics. The flexion group
(n = 20) consisted primarily of patients with medial KOA. The abduction group (n = 17) consisted pri-
marily of patients with lateral KOA. The anterior draw group (n = 10) was composed of patients with
medial KOA, some degree of anterior cruciate ligament lesion and the highest KOA score. The external
rotation group (n = 19) primarily included patients with medial collateral and posterior cruciate ligament
lesions.
Conclusion: Based on tibiofemoral gait patterns, patients with advanced KOA can be divided into four
subgroups with specific clinical characteristics and different KOA-affected compartments. The findings
add to our understanding of how knee kinematics may affect the patient's development of different types
of KOA. This may inspire improved and more patient-specific treatment strategies in the future.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction movement patterns are affected limiting daily activities'. Joint
pathomechanics in KOA are complex and may affect the entire gait

Knee osteoarthritis (KOA) is commonly associated with pain, cycle. Even so, most studies have investigated the kinematics in
stiffness, muscle weakness, and joint instability. Thus gait and KOA using observer-selected outcomes, i.e., individual discrete

time-points, excursion, maximum, and minimum. The entire Kki-
nematic trajectory in patients with KOA has never been studied
using non-directed hypothesis testing such as statistical parametric

* Address correspondence and reprint requests to: E. T. Petersen, MSc., Ortho-
peadic Research Unit Aarhus University Hospital, Palle Juul-Jensens Boulevard 165,
J501 Aarhus N, 8200, Denmark. Tel.: 45-22-88-88-60.

E-mail address: emiltp@clin.au.dk (E.T. Petersen).
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mapping (SPM) preventing selection bias>>. This may potentially
contribute with patient-specific characteristics of importance for
rehabilitation and surgical results.

1063-4584/© 2021 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Classically, kinematic changes in KOA have been reported as
comparisons of group categories such as KOA severity* ©, affected
knee compartment’, anterior cruciate ligament (ACL) deficiency®,
and walking difficulties’. However, such predefined categories may
promote unnecessary bias and blur kinematic differences due to
other unidentified characteristics. A reverse approach may allocate
patients with KOA into subgroups based on homogenous kinematic
gait trajectories and identify multiple characteristics that affect the
kinematic motion patterns between groups. K-means is a centroid-
based clustering algorithm using an unsupervised machine-
learning approach that previously has been applied on kinematic
trajectories'®. Without prior knowledge of patient or disease
characteristics, the algorithm allocates multidimensional data into
homogenous subgroups based on an Euclidean distance measure.

Measurement of small kinematic differences requires precise
methods. Dynamic radiostereometry (dRSA) can register the three-
dimensional bone-pose and accurately measure small kinematic
changes in native knees with ligament lesions and
reconstructions”!'' 13,

In the present study, we investigated the full-trajectory knee
joint kinematics during level gait in patients with advanced KOA to
identify: 1) subgroups of KOA patients based on knee kinematics
through clustering, and 2) features of knee kinematics unique to the
identified subgroup, linking kinematics to patient characteristics
describing the subgroup. We compared the results with data from a
group of healthy volunteers with asymptomatic non-arthritic
knees.

Methods

This study involved the preoperative data of 81 subjects (Table I)
who participated in a randomized controlled study investigating
the outcome of knee arthroplasty designs (ClinicalTrials
NCT03633201). The inclusion period was from 2017 to 2019. A total
of 66 patients with radiographic and symptomatic primary KOA
were included. The control group comprised 15 local healthy, age-
similar volunteers with asymptomatic knees and no radiographic
KOA. The inclusion and exclusion criteria are presented in Table II.
The study was approved by the Committee on Biomedical Research
Ethics of the Central Denmark Region (1-10-72-303-16, issued 28

February 2017) and registered with the Danish Data Protection
Agency (1-16-02-582-16, issued 31 October 2016). The study was
conducted in accordance with the Helsinki Declaration, and written
informed consent was obtained from all participants. The total
estimated effective dose exposed to each patient was 0.629 mSv.

Experimental protocol

Participants walked barefoot on a leveled treadmill (Sole F63,
Jonesboro, AR, USA) to mimic level gait (Fig. 1). They had a
habituation period to get familiar with the test environment, with
slowly increasing speed reaching a final speed of 0.83 m/s. This is
slightly slower than average walking speed (1.25 m/s)'* and was
chosen to avoid exclusion of gait-disabled patients and facilitate
sufficient dRSA data generation throughout the entire gait cycle.
When the subject felt comfortable, data collection was initiated.
Up to seven coherent gait cycles were obtained. For precaution
and anticipating loss of balance during testing, subjects had a rail
they could hold on to. Only none-rail-supported gait trials were
included for further analysis. An overview of the workflow is
illustrated in Fig. 2.

Dynamic radiographic imaging

The gait trials were recorded with a dedicated dRSA system
(AdoraRSA; NRT X-Ray A/S, Hasselager, Denmark) with a previously
described biplanar setup'>. The radiation exposure parameters
were set at 90 kVp, 600 mA, and a pulse-width of 2.5 ms, utilizing
the highest frame rate of 15 Hz without compromising the image
size. Simultaneously with the dRSA system, we used a minimum of
six OptiTrack Prime 13 motion cameras (NaturalPoint, Corvalis, OR,
USA) and Motive software (Motive v.2.0.0, NaturalPoint, USA) to
assess the trajectories of skin-attached reflective markers (diam-
eter: 10 mm). Prior to usage, the entire recording area was cali-
brated using an OptiTrack CW-500 Calibration Wand (NaturalPoint,
USA). A custom-programmed Raspberry Pi 3 Model B (Linux Mini
PC, Broadcom BCM2837 1.2 GHz Quad-Core 64-bit, 1 Gb LPDDR2
RAM) was used to time-synchronize data from the dRSA and
the optical marker systems using pulse information from both
systems.

Patient group

Healthy control group

Inclusion criteria
Informed and written consent.

Primary knee osteoarthritis in capable men and women.

Age above 18 years but no more than 80 years of age.

Age above 18 years but no more than 80 years of age.
Informed and written consent.
Asymptomatic knees and no radiographic osteoarthritis.

Indication for cruciate-retaining total knee arthroplasty.

Exclusion criteria

Patients with a thigh circumference exceeding 60 cm.
Patients with conditions that severely compromise their

Patients with a thigh circumference exceeding 60 cm.
Patients with conditions that severely compromise their

gait other than knee osteoarthritis in the affected knee. gait.

Patients with previous severe fractures at the knee level or

severe malalignment at the knee level.

Surgically implanted metallic parts and pacemaker.
Patients with need for an augmentation and/or stem

extension.
Patients who cannot perform the exercises.

Patients with previous fractures or severe malalignment at
the knee level.

Surgically implanted metallic parts and pacemaker.
Patients who cannot perform the exercises.

-
Table | Osteoarthritis and Cartilage

Inclusion and exclusion criteria
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Healthy (n=15) KOA patients (n=66) G1 (n=20) G2 (n=17) G3 (b=10) G4 (n=19) P-value* P-value**

a) Demographics with means and confidence intervals for continuous parameters and percentage for categorical parameters.

Age 65.1(60.1;70.1) 63.2 (61.1;65.2) 66.8 (64.2;69.4)2 57.5(54.0;60.9)°! 64.3 (56.3;72.3) 63.8(59.8;67.9) 0.419 0.007
Side (left %) 46.7 54.6 45.0 76.5 30.0 57.9 0.581 0.131
Gender (female %) 26.7 39.4 40.0 41.2 20.0 47.4 0.348 0.536
Height 172.0(167.3;176.7) 172.5(170.9;174.6) 173.1(169.3;176.9) 175.5(172.4;178.5) 173.2167.0;179.3) 169.3 (165.3;173.4) 0.794 0.236
Weight 78.1(71.7;84.4) 86.5 (82.8;90.1) 87.75 (82.5;93.0) 88.3 (80.9;95.7) 81(71.1;90.9) 86.3 (77.1;95.6) 0.044 0.211
Body Mass Index 26.2(25.1;27.4)° 29.0(27.6;30.1)" 29.3(27.6;31.1) 28.7(26.3;31.1) 26.8(24.7;29.0) 30.0(27.2;32.8) 0.001 0.075
Thigh circumference 51.5(49.2;53.8) 52.1(50.7;53.5) 51.9 (49.2;54.6) 53.3(50.3;56.2) 50.2 (46.6;53.8) 52.2 (49.5;55.0) 0.711 0.700

b) Clinical characteristics with means and confidence intervals for continuous parameters and percentages for categorical parameters (except for the OA Ahlbeck score, which is presented with mean and confidence interval).

ACL deficiency (0/1/2) %  73/27 /07 30/38/32" 45 /35 /20% 24/41/35" 0/30/70% 37/42/21 0.004 <0.001
PCL deficiency (%) 6.7 12.1 10.0 11.8 10.0 15.8 0.544 0.943
MCL deficiency (%) 0.0 76 0.0 5.9 0.0 215 0.271 0.174t
LCL deficiency (%) 6.8 6.1 5.0 11.8 0.0 53 0.930 0.8661
OA Ahlbeck grade 0.7 (0.3;1.0) cL-czca.ct 2.8(2.5;3.1) 2.7 (2.43.00¢ 22(1.82.7)%¢ 3.9 (3.4;4.4)4 @ 2.8(2.2;34)" -t <0.001
OA medial (%) 533 72.7 95.0 29.4% 60.0 94.7 0.142 <0.001
OA lateral (%) 0.00 9.09 0.00 35.29 0.00 0.00 0.225 -t
OA medial+lateral (%) 6.7 16.7 5.0 29.4 40.0 5.3 0.970 0.029
FIS 98.6 (97.1;100.1) €12 G, 16,0(12.3;19.7)" 15.3 (9.2;21.4)" 12.3 (6.7,17.8)" 20.0 (3.2;36.8)" 17.9 (10.6;25.2)" <0.001 <0.001
OKS 47.8 (47.6;48.0) 2G4 23.5(21.9,25.0) 23.15 (20.4;25.9)" 23.4(20.3;26.4)" 22.5(15.7,29.3)1 24.5 (22.0;26.9)" <0.001 <0.001
KOOS SYMPTOMS 98.6 (97.1;100.0)" €12 C4C 48,9 (44.6;53.2)" 49.5 (40.5;58.4)" 40.5 (33.7;47.4) 52.9 (39.3;66.4)" 53.8 (45.5;62.0)" <0.001 <0.001
KOOS PAIN 99.6 (99.1;100.2)" €12 G, 43.5(39.8;47.2)" 39.4 (33.0;45.8)" 42,6 (37.0;48.3)" 46.4 (28.7;64.0)" 46.9 (40.4;53.4)" <0.001 <0.001
KOOS ADL 99.7 (99.4;100.0)" €1 2 ¢ 51,5 (48.1;55.0)% 49.1 (43.3;54.9) 49.4 (43.1;55.7) 56.6 (43.1;70.1)" 53.3 (46.6;60.1)" <0.001 <0.001
KOOS SPORT/REC 96.3 (92.9,99.7)P 2B 151 (11.5;18.6)" 13.8 (8.4;19.1)" 15.9 (7.5,24.2)" 15.0 (2.0;28.0)" 15.8 (8.8;22.8)" <0.001 <0.001
KOOS QOL 97.9 (95.8;100.1)" L2 .4 27.4(24.5;30.3)" 23.4 (19.0;27.9)" 28.3(22.8;33.8)" 28.1(16.9;39.3)" 30.3(24.1;36.4)" <0.001 <0.001
VAS - gait 0.0 (0.0;0.0)7ct.c3.ct 2.4 (1.52.5) 2.9(1.7,41)" 1.5(0.5;2.6) 2.3(1.1;35)" 2.9(1.8;4.0)" <0.001 <0.001
OPR bilateral 0.0 9.9 15.0 5.9 30.0 53 0.156 0.242

c) Kinematic characteristics with overall difference when compared with the healthy group. The superimposed colour-squares, which are identical to those in Figure 6, highlight trajectories with similar differences when compared with

the healthy control group.

1 Flexion (sections)
1 Adduction (full)

Flexion (+) / Extension (-)

Adduction (+) / Abduction (-)

Internal rotation (+) / External rotation (-)
Medial shift (+) / Lateral shift (-)

Anterior drawer (+) / Anterior drawer (-)
Joint distraction (+) / Joint narrowing (-)

71 External (section)
7 Lateral (sections)

1T Narrowing (full) 1 Narrowing (full)

1 Abduction (full)

T Anterior (sections)
1T Narrowing (full)

1 Adduction (full)
1 External (full)

7 Lateral (full)
No anterior

1 Narrowing (full)

1 Adduction (full)
1 External (full)

1 Lateral (sections)
1 Anterior (full)

1 Narrowing (full)

The superscript: H (the healthy group), P (the KOA-patient group) C1 (the flexion group), C2 (the abduction group), C3 (the anterior drawer group), and C4 (the external rotation group) show to which groups a significant difference was identified after

Bonferroni adjustment.
The bold-cell data illustrate results of high importance.
*Comparison between the healthy group and the entire KOA patient group using either a t-test or a chi-squared test.

**Comparison between the healthy group and the clusters using either one-way analysis of variance, ordinal logistic regression or logistic regression.

tStatistical difference could not be estimated for groups without events.

Group summary and comparison

Volumetric imaging

All participants underwent a computed tomography (CT) (Rev-
olution EVO, GE Medical Systems, Milwaukee, WI, US) to construct
subject-specific bone models (Fig. 3). A helical scan protocol with the
reconstruction kernel ‘boneplus’ was used covering 15 cm of the
most distal and proximal part of the femur and tibia. Knee scans
were acquired with axial slices at a peak voltage of 100 kVp and
200 maAs, a slice thickness of 0.625 mm and a pixel spacing of
0.48 x 0.48 mm. The CTalso included imaging with minor changes to
reduce dose exposure of the femoral head (slice thickness of 2.5 mm)
and ankle (80 kVp and slice thickness of 2.5 mm) to construct an
anatomical coordinate system using the mechanical axis. Bones
were segmented using an implemented, fully automated graph-cut
segmentation method employing the Insight Segmentation and
Registration Toolkit (Kitware, Clifton Park, NY, USA)'>'®. From the
segmentations, both three-dimensional volume and surface bone
models were created. The volume model comprised the extracted
bone containing the greyscale information of the CT. The surface
model was extracted using the marching cubes algorithm and the
visualization Toolkit (Kitware). An anatomical coordinate system
was assigned to all bone models using a modified version of Miranda

et al.'’ to implement the mechanical axis'".

w]
Osteoarthritis and Cartilage

Analysis of dynamic radiographic imaging

The series of stereoradiographs were analyzed using an auto-
mated software system developed at our institution (AutoRSA
software, Orthopaedic Research Unit, Aarhus, Denmark). The soft-
ware utilized a digitally reconstructed radiographic (DRR) regis-
tration method to estimate bone pose from virtually generated
projections using mathematical optimization algorithms, as previ-
ously described in more detail’>'®'®. The optimal pose was found
by minimizing the difference between virtually generated DRR
images from a 3D volume to actual stereoradiographs using a
normalized gradient correlation approach'>'®!°, Prior to the DRR
registration process, the automated bone pose initialization be-
tween frames deviated from previously described studies'>'5'8 by
utilizing the skin-attached marker trajectories.

Quantification of knee joint kinematics

We implemented the joint coordinate system [Fig. 3(e)] initially
defined by Grood and Suntay?® to describe the knee joint kine-
matics, but using the modified equations proposed by Dabirrah-
mani and Hogg®' to account for possible hyper-extension and
hyper-flexion. The relative motion in all six degrees-of-freedom
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lllustration of the treadmill setup. Utilizing the largest recording area possible, we used a biplanar setup where the detectors were placed on
individual stands with a relative angle of 40°; one in front of the subject and one to the side of the limb of interest. The source image distance was
approximately 240 cm (frontal view) and 280 cm (side view). The source object distance was approximately 190 cm (frontal view) and 220 (side
view). The system was acting in a plane parallel to the floor at a patient-specified height to centralize the knee joint in the radiographic images
throughout the entire recording. The setup was mirrored for left/right knees to accommodate having the investigated knee as close as possible to
the side view. The six optical cameras were positioned strategically surrounding the subject to avoid occluded markers during analysis of the
skin-attached reflective markers. The markers (white dots) were attached at the subjects' pelvis, lower limb, and feet; three cluster markers at the
thigh, two at the knee epicondyles, three cluster markers at the shank, two at the ankle malleolus, one at the heel, three at the metatarsales (1, 3,
5), and one at the first distal phalanx. The mask image was used for a refined optimization on each frame excluding irrelevant pixel values

surrounding the DRR overlay image area of interest.

(rotation and translation) of the body-fixed anatomical coordinate
systems was computed for each frame. The translation was quan-
tified in mm with medial tibial shift, tibial anterior drawer, and
joint distraction as positive directions. Rotations were measured in
sequence as presented and quantified in degrees with flexion,
adduction, and tibial internal rotation as positive directions. Kine-
matic values were divided into gait cycles, starting and ending with
two successive initial foot contacts of the ipsilateral limb. We used
the approach of O'Conner et al.?? to identify initial contact using the
optical markers on foot. To estimate each subjects’ most repre-
sentative gait cycle pattern, we time-normalized the kinematic
measures to 21 points representing the gait cycle from 0 to 100%
and calculated the median across trials for each subject.

Clinical characteristics

Based on conventional radiographs, KOA was classified accord-
ing to the Ahlbeck score (grade 1-5). Those without KOA were
classified as grade 0. Additionally, we registered the affected
tibiofemoral compartment as lateral or/and medial. Knee ligament
lesions were assessed with high accuracy and repeatability using
detailed magnetic resonance imaging (1.5 T Avanto, SIEMENS,

Erlangen, Forchheim, DE)?3. We applied a modified version of the
Osteoarthritis Initiative protocol’* based on GE scanner recom-
mendations (T2 SAG de3D DESS WE acquisition with 0.7 mm slice
thickness and T1 COR fI3D WE with 1.5 mm slice thickness). We
evaluated the following knee ligaments: ACL, posterior cruciate
ligament (PCL), medial collateral ligament (MCL) and Ilateral
collateral ligament (LCL). The ACL was graded as: 0 (no lesion), 1
(partial lesion), and 2 (full lesion). PCL, MCL, and LCL were regis-
tered as O (intact) or 1 (with lesion). The clinical outcome measures
were assessed by the Oxford Knee Score (OKS), the Forgotten Joint
Score (FJS) and the Knee Osteoarthritis Outcome Score (KOOS).

Subgroup allocation

The median kinematic trajectories of each patient were used to
construct a 126 by 66 feature matrix (M) containing the 126 tra-
jectory kinematic feature points (6 kinematic parameters x 21
time-points) for each of the 66 patients. Feature point ordering was
consistent across all participants in the matrix. For the purpose of
clustering, each feature was standardized to avoid different
weightage between features. Each feature was subtracted by the
respective mean values and divided by the standard deviation.
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lllustration of the data analysis workflow. KOA — knee osteoarthritis, SPM — statistical parametric mapping. * The 6 kinematic parameters:
flexion/extension, adduction/abduction, external/internal tibial rotation, lateral/medial tibial shift, anterior/posterior tibial translation, and joint
distraction/narrowing. ** The 126 features (6 x 21) include the 6 kinematic parameters concatenated after time-normalization to 21 points
representing the gait cycle from 0 to 100%. *** The data matrix M (126 x 66) were constructed of the 126 features (6 kinematic parameters x 21

time-points) and the 66 patients.

Subgroup allocation was performed with skleans®” implementation
of k-means clustering in Python. K-means clustering is an iterative
algorithm randomly allocating every data point to the nearest
subgroup, while minimizing the sum of squared Euclidian distance
between every data point and its subgroup's centroid. Due to
random seeding of the initial allocation, the k-means algorithm
may not reach the global optimum, but instead converge to a local
optimum. To handle this limitation, each clustering process was
based on 50 repetitions with different, randomly allocated seeds.
The repetition with the lowest sum of squared Euclidian distance
was chosen as the final allocation of one clustering process. Another
challenge of the k-means approach is to determine the number of
subgroups, k. To do so, we investigated repeatability and quality for
k number of subgroups ranging from two to five. Subgroup
repeatability was evaluated based on repeating ten clustering pro-
cesses for each of which we tracked differences in subgroup allo-
cations with increasing k-subgroups. Subgroup quality of the two to
five k-subgroups was assessed using the Silhouette value of the
clustering process with the lowest sum of squared error of 10 rep-
etitions (considered as the best). The Silhouette value is a measure
of similarity describing how well subjects is allocated within a
subgroup in relation to all other subgroups. The value ranges
from —1 to 1 with a larger value indicating a stronger association
with its allocated subgroup, whereas a more negative value in-
dicates a stronger association with other subgroups. Of these four
subgroup allocations, the one with the best repeatability and
quality was used in the subsequent analysis.

Statistical analysis

Differences in knee joint kinematics across the entire gait cycles
were examined using one-dimensional SPM with the open-source
code spmld (spmild.org, v.0.4.2) for Python (Python Software
Foundation, v.3.6). SPM allows for examining the entire one-
dimensional time series of kinematic trajectories, avoiding selec-
tion bias and allowing for non-directed hypothesis testing instead
of reducing the dataset to a certain observation or alternatively
risking false hypothesis testing due to multiple repeated mea-
surements>>. SPM uses Gaussian random field theory to calculate
the threshold that only the significance level of equivalently
smooth Gaussian random fields would cross when the null hy-
pothesis is true. QQ-plots revealed that our kinematic data were not
normally distributed. Thus, we used statistical non-parametric
mapping (SnPM), which deals with smoothness implicitly and es-
timates the test statistics through permutation®®. First, a Hotelling
test was implemented on the entire vector field. Then, the post-hoc
Hotelling test was applied to each vector component if the vector
field level reached statistical significance.

We compared demographically and clinically characteristic
differences between groups using one-way analysis of variance
(ANOVA) for continuous variables, ordinal logistic regression for
categorical variables, and logistic regression for binary variables.
When significant differences were detected, Bonferroni correction
was applied for group differences. Visual inspection of QQ-plots
verified normally distributed data.
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lllustration of the right leg of a CT (a), bone segmentation along with marked hip and ankle centres (b), anatomical coordinate system (c—d), and
knee joint coordinate system (e). (a) Volume rendering of a hip-knee-ankle CT. (b) Bone segmentation of the femur (cyan) and tibia (magenta). The
hip joint centre (cyan) was defined as the centre of a sphere fitted to the cortical bone of the femoral head using least square. The ankle centre
(magenta) was defined as the midpoint between the ankle malleolus that was manually selected at the CT volume-rendered model. (c—d) 3D bone
models of the femur (c) and tibia (d) bones in a sagittal and frontal view illustration the anatomical coordinate system. Femur: the lateral—medial
axis was defined as the centre line of a cylinder placed using a least-square fit to the knee condyles, the proximal—distal axis was defined as an
orthogonal projection from the medial—lateral axis to the centre of a sphere at the femoral head. The anterior-posterior axis was defined as the
cross product of the medial—lateral axis and the proximal—distal axis. The origin was defined as the midpoint between the medial—lateral axis
surface intersections. Tibia: the origin was defined as the centroid of the tibial plateau proximal of the largest cross section. The medial—lateral
axis was defined as the first principal component axis. The proximal—distal axis was defined as an orthogonal projection from the medial—lateral
axis to the midpoint between the ankle malleoli. The anterior-posterior axis was defined as the cross product of the medial—lateral axis and the
proximal—distal axis. (e) lllustration of the knee joint coordinate system used for kinematic pose assessment of the femoral and tibial bones

considered in relation to each.

Results
Subgroup allocation

The quality and repeatability analyses are presented in Fig. 4.
Silhouette values [mean (standard deviation, SD)] across ten k-
means cluster repetitions were: k = 2 [0.178 (0.002)]; k = 3 [0.140
(0.006)]; k = 4 [0.128 (0.004)]; and k = 5 [0.125 (0.005)]. The in-
dividual subgroup allocation across the ten consecutive repetitions
showed identical subgroup allocation for k = 2. Individual data
allocation was more variable for k = 3 and k = 4 with three and ten
individuals switching subgroups, respectively. No consistent
pattern of subgroup allocation could be identified for the k = 5
solution. Noticeably, the second (k = 3) and third (k = 4) solutions
allocated two identical subgroups (G3,G4), whereas the third
(k = 4) solution separated the remaining subgroup into two sub-
groups (G1,G2). All of this indicates that four subgroups may
represent the optimal solution for separating the current dataset
into the largest number of subgroups with the highest quality and
reasonable repeatability. Consequently, the third (k = 4) solution
was chosen for further analysis; G1 (n = 20), G2 (n = 17), G3
(n =10), and G4 (n = 19).

Kinematic and clinical characteristics

The tibiofemoral joint kinematic trajectories for the entire pa-
tient cohort showed increased tibial external rotation, tibial lateral
shift, and joint narrowing compared to the healthy group (Fig. 5).
The four gait-trajectory-based subgroups (G1,G2,G3,G4) are
compared to the healthy group in Fig. 6 and Table Ilc (color-code
highlight the main differences). The in-between subgroup kine-
matic comparison can be found in the Supplementary material.
Clinical differences and a schematic overview of the most relevant
differences between subgroups and the healthy control group are
presented in Table II.

G1 — The flexion group

This was the only subgroup revealing different knee flexion
when compared with the healthy group. Increased knee flexion was
identified at initial contact, terminal stance, and terminal swing
phase. Additionally, throughout the entire gait cycle, this subgroup
showed greater adduction and joint narrowing than the healthy
group. The clinical characteristics revealed that this subgroup
consisted primarily of cases with medial tibiofemoral osteoar-
thritis. In relation to the other subgroups, this group displayed a
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larger flexion angle than the anterior group (loading response and throughout the gait cycle and anterior drawer during the loading

initial swing phase) and the external rotation group (swing phase). response and terminal swing phase. The clinical characteristics
Additionally, this subgroup displayed the largest internal rotation revealed that it was the only subgroup that included cases with
of any group. lateral tibiofemoral osteoarthritis. In relation to the other sub-
groups, this group displayed the largest abduction. In addition, it

G2 — The abduction group revealed a larger anterior drawer than the flexion group (stance,
This was the only subgroup revealing greater abduction than the initial swing, and terminal swing) and the external rotation group
healthy group. This was identified throughout the entire gait cycle. (initial contact to mid-stance and terminal stance). It was only

In addition, this subgroup showed greater joint narrowing exceeded in this respect by the anterior drawer group.
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Kinematic comparison of the entire patient group with the healthy control group. The top row presents the mean trajectories of the two groups
with confidence interval as the shaded area. The bottom row presents the post hoc non-parametric scalar field t tests (SnPM(t}), depicting where
patients show higher (+) and lower (—) than healthy subjects. The thin dotted lines indicate the critical thresholds for significance. The grey-
shaded areas illustrate when critical threshold is exceeded thus determining a significant difference.
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Statistical parametric mapping of all kinematic parameters (flexion/extension, adduction/abduction, internal/external tibial rotation, medial/lateral
tibial shift, anterior/posterior tibial drawer, joint distraction/narrowing) for each cluster compared with the healthy control group. For each cluster
comparison, the top row presents the mean trajectories of the two groups with confidence interval shown as the shaded area. The bottom row
presents the post hoc non-parametric scalar field ¢ tests (SnPM({t}), depicting where patients show more (+) and less (—) than healthy controls.
The thin dotted lines indicate the critical thresholds of significance. The grey-shaded areas illustrate when the critical threshold exceeds; thus, a
significant difference is present. The superimposed colour-squares highlight trajectories with similar differences when compared with the healthy
control group: cyan presents increased flexion angle trajectories; magenta presents increased adduction angle trajectories; yellow presents
abduction angle trajectories; green presents increased tibial external rotation and tibial lateral shift trajectories; red presents increased tibial
anterior drawer; blue presents increased joint narrowing. The significance level was set to 5%.
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G3 — The anterior drawer group

This was the only subgroup revealing severe anterior drawer
throughout the gait cycle. Furthermore, this subgroup showed the
largest external tibial rotation and lateral tibial shift throughout the
motion (similar to G4) and larger adduction and joint narrowing
compared with the healthy group. The clinical characteristics
revealed that this subgroup was primarily composed of cases with
medial tibiofemoral osteoarthritis, with partial and total ACL lesion
and the largest KOA score of any group. In relation to the other
subgroups, this group displayed the largest anterior drawer and,
during the swing phase, the largest joint narrowing. In addition, like
the external rotation group, it showed the largest adduction, external
rotation, and tibial lateral shift. For this subgroup, increased lateral
tibial shift was not observed during mid swing, whereas increased
external rotation was not found during mid-swing, but this only
applied when compared with the abduction group.

G4 — The external rotation group

This subgroup revealed, similar to G3, more external tibial
rotation and lateral tibial shift, but no anterior drawer was
observed compared with the healthy group. In addition, this sub-
group showed more adduction and joint narrowing throughout the
gait cycle. The clinical characteristics of this subgroup included the
cases with the largest proportion of MCL and PCL lesions. In relation
to the other subgroups, this group displayed, like the anterior
drawer group, largest adduction, external rotation, and tibial lateral
shift. For this subgroup, increased lateral shift was not observed
during the swing phase compared with the abduction group,
whereas increased external rotation was observed only when
compared with the abduction group. Similar to lateral shift, no dif-
ference in external rotation was found during mid-swing between
this subgroup and the abduction group.

All subgroups reported larger VAS pain scores during gait than
the healthy group, with exception of the abduction group due to
large variation in this group. However, no differences between
subgroups were identified. Similarly, all subgroups had poorer
clinical scores than the healthy group. Although the entire KOA
patient group displayed greater Body Mass Index (BMI) than the
healthy group and the adduction group included younger patients
than the flexion group did, no other differences between groups
were found in terms of potentially confounding variables (age,
height, weight, side, and gender) (Table II).

Discussion

In patients with advanced KOA, we identified four clusters with
homogeneous knee joint kinematics during gait that relate well
with clinical characteristics but were clearly different from the knee
joint kinematics of healthy volunteers without KOA. Our study
differs from previous studies in three ways. First, we recorded the
entire gait cycle using the accurate and precise dRSA method to
assess knee kinematics (limits of agreement below 0.3° for rotation
and 0.4 mm for translation)'” rather than using traditional motion
capture techniques that are often inhibited by soft-tissue artifacts.
Second, we applied SPM, which allows examination of an entire
kinematic trajectory thereby minimizing the risk of type-II errors
and selection bias, which can be a problem with discrete-point
comparisons. Third, we separated the patient cohort reversely by
homogenous kinematics which present potential KOA phenotypes
instead of applying the more often used predetermined clinical
characteristics.

Previous gait studies of patients with KOA have compared
various KOA group compositions to various control groups. KOA

groups have been compared with healthy controls*?’ and patients

with medial tibiofemoral osteoarthritis have been compared with
both healthy controls’ and healthy controls with varus knee
alignments®. Additionally, various discrete time-points and pa-
rameters during different gait phases have been used for group
comparisons®>®?7. Thus, direct comparison with our results is
challenging. However, a frequently chosen time point when
comparing KOA and healthy groups is initial contact of the foot to
the ground. At initial contact, diverse kinematic behaviors have
been reported for patients with KOA compared with healthy con-
trols: in patients with KOA, knee flexion has been identified as
greater™?’, lower?, and similar® to that of healthy controls. Among
these studies, three have investigated adduction and internal
rotation. They found greater adduction®>®, whereas the internal
rotation showed both lower*” and similar® rotations. Bytyqi et al.®
and Zeng et al.” further investigated tibial anterior translation and
found similar and lower translations, respectively. Only Zeng et al.”
investigated the two remaining parameters, finding a greater tibial
lateral shift and joint narrowing. The literature here presents
various results based on various group comparisons. Thus, perhaps
patients with KOA should not be assessed as a homogeneous group.
Our results may explain this behavior and enhance our under-
standing of the KOA population as a heterogeneous group.

When comparing the entire KOA cohort with the healthy con-
trol group, we found increased tibial lateral shift, and joint nar-
rowing at initial contact, whereas increased tibial external rotation
first occurred later during stance. Thus, we cannot confirm the
previous observations*>%2® which associate patients with KOAs
with altered flexion, adduction, or anterior drawer. The likely
reason for this is the large variation in kinematic trajectories in the
KOA cohort. Thus, when the KOA cohort was clustered, we found
statistically significant, clinically relevant differences for all kine-
matic parameters compared with the healthy control group. This
suggests that the cohort of KOA patients comprises different ki-
nematic phenotypes and that divergence in the results of previous
investigations of the KOA group as a whole is due to the specific
composition of kinematic subgroups included but not controlled
for. This statement is substantiated by the fact that the abduction
group (G2) was not observed until the number of subgroups
increased from three to four. The identified kinematic character-
istics of each subgroup could be linked to specific clinical charac-
teristics. For example, the flexion group (G1), the anterior drawer
group (G3), and the external rotation group (G4) revealed increased
adduction. It displayed the largest portion of patients with medial
tibiofemoral OA, whereas the abduction group (G2) revealed the
largest proportion of patients with lateral tibiofemoral OA. Me-
chanically, this can be explained by the fact that reduced medial
cartilage thickness increases a varus knee posture and, conversely,
reduced lateral cartilage thickness increases a valgus knee
posture®”. Additionally, the abduction group (G2) and the anterior
drawer group (G3) were the only subgroups revealing increased
anterior drawer and larger ACL lesion grades than the healthy
group. Additionally, the anterior drawer group (G3) showed the
most prominent increase in anterior drawer and the largest pro-
portion of patients with ACL rupture. Furthermore, the anterior
drawer group (G3) also displayed the largest Ahlbeck score, rep-
resenting a link between the well-established coherence of ante-
rior-posterior knee instability and the development of KOA®C.

A systematic review>! found that the course of pain and physical
functioning in KOA were diverse and described a high heteroge-
neity across studies. The authors also suggested that KOA pop-
ulations consist of subgroups or phenotypes. Our findings support
this. However, the cluster scores and clinical outcome variables in
our study indicate further subgroup overlap. Other subgroups and
phenotypes have previously been identified. Knoop et al.>? (later
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confirmed by Holla et al.>®) identified three subgroups with distinct
trajectories of physical functioning over time (good, moderate, and
poor). Esch et al.>* identified five homogeneous clinical phenotypes
(minimal joint disease phenotype, strong muscle strength pheno-
type, severe radiographic KOA phenotype, obese phenotype, and
depressive mood phenotype). Another systematic review proposed
six other phenotypes (chronic pain, inflammatory, metabolic syn-
drome, metabolic bone/cartilage, mechanical overload, and mini-
mal joint disease). These phenotypes may potentially explain some
of the variation in clinical outcomes within the identified sub-
groups in our study. Thus, further investigation is needed, including
multiple characteristics, e.g., clinical, biomechanical, psychosocial,
and genetic factors, categorizing and identifying phenotypes that
embrace the heterogeneous pathology and multifactorial nature of
patients with KOA.

Overall, TKA is a successful treatment for pain reduction in pa-
tients with KOA. However, up to 20% of treated patients are,
dissatisfied with the outcome®”, and more than 50% have residual
knee symptoms>°. Although considerable effort has been devoted
to increase patient satisfaction, this has not yet been accomplished.
The natural knee joint is heterogenic in shape, size, and function.
Gait kinematic phenotyping within KOA patients may help us
better understand the contributory and persistent causes of TKA
patients’ dissatisfaction with outcomes. Maybe, various patient
groups should undergo different interventions or treatment with
specific implant designs. Treatment targeted more specifically to-
wards selective phenotypes has also previously been suggested to
lead to improved outcomes®’. To clarify this, new research on the
groups identified in this study needs to be conducted.

Some limitations of our study warrant discussion. First, the gait
pattern on the treadmill may be different from that over ground.
However, some reports have declared that only minimal differences
in kinetic and kinematic parameters were found between treadmill
and over-ground gait>®°, Barefoot walking may influence the load
on the lower extremity joints within the subjects, but conditions
were similar for the KOA group and the healthy group. Thus, we do
not expect this to have influenced either the results or the
conclusion. Second, inevitably, crossing leg coursed leg-projection
overlap during dRSA acquisition. However, our setup ensured that
one of the radiographic views were always free of overlay and we
did not see a negative effect of leg-overlay on accuracy in the entire
gait cycle. Third, the requirement of a maximum thigh circumfer-
ence may have excluded obese subjects whom have showed altered
kinematics.*°

In conclusion, we found that patients with advanced KOA can be
clustered into four subgroups based on homogeneous gait patterns.
For these subgroups, we determined a meaningful relationship to
different KOA-affected compartments, KOA progression and liga-
ment lesions. A better understanding of knee joint pathomechanics
in patients with KOA allows for phenotyping of subgroups, which
may inspire improved and more patient-specific treatment strate-
gies in the future.
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ABSTRACT

Objective: Total knee arthroplasty is a successful treatment for patients with painfully disabling
knee osteoarthritis. New implant designs attempt to normalize kinematics patterns that may
improve functional performance and patient satisfaction. The purpose of the study was to compare
functional kinematics and congruency of two different polyethylene bearings: a more medial
congruent anatomic design and a symmetric design.

Methods: In this double-blinded randomized study, 66 patients with knee osteoarthritis were
included randomly in two groups: Medial Congruent (MC, n=31) and Cruciate Retaining (CR,
n=33). Clinical characteristics such as knee ligament lesion and knee osteoarthritis score were
graded on preoperative magnetic resonance imaging and radiographs, respectively. Dynamic
radiostereometric analysis was used to assess tibiofemoral joint kinematics and articulation
congruency at one-year follow-up. Patient-reported outcome measures were assessed
preoperatively and at one-year follow-up.

Results: Compared to the CR bearing, the MC bearing displayed an offset with greater anterior tibial
drawer during the entire motion, and more tibial external rotation from mid-swing to the end of
the gait cycle at one-year follow-up. Further, the congruency area in the joint articulation was larger
during approximately 80% of the gait cycle for the MC bearing compared with the CR. The patient-
reported outcome measures improved but there were no differences between groups. In addition,
there were no difference in clinical characteristics and there were no knee revisions or recognised
deep infections during follow-up.

Conclusion: The study demonstrates that the MC bearing design changes tibiofemoral kinematics
and increases the area of congruency compared with the CR bearing. This may control joint
kinematics and contribute to a more stabilized knee motion that may restore patient’s confidence
in knee function during daily activities.

Introduction

Knee osteoarthritis (KOA) is a chronic disorder resulting in degenerative changes to the
joint, and is commonly associated with pain, stiffness, reduction in range-of-motion, and
muscle weakness that limits daily activities [11]. The prevalence of disabling knee pain
caused by KOA in adults above the age 55 years is 10%, and a quarter of those affected
are severely disabled [46]. Total knee arthroplasty (TKA) is widely accepted as a well-
documented and successful treatment for patients with end-stage KOA [24, 39].
However, within the first five years after surgery, 6% of patients require revision [43],
19% are unsatisfied with the outcome one year after knee surgery [2, 7], and more than
50% may have residual knee symptoms [38]. Considerable effort has been devoted in
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improving TKA designs in an attempt to reducing the number of dissatisfied TKA
patients, however, this has not yet been successful.

There is emerging evidence that achieving normalized kinematic patterns in prosthetic
knees will improve functional knee performance [8, 54]. The native knee is characterised
by a medial compartment that has a better articular congruence due to a relatively
stationary centre of rotation acting as a pivot point compared to lateral compartment that
has less congruency with more motion. This is caused by a larger medial femoral condyle
and a concave medial tibial plateau compared to a smaller lateral femoral condyle and a
flat or slightly convex lateral tibial plateau [35]. It is the articular surface congruency and
the ligaments that guide the kinematics and balance of the knee joint by controlling the
interaction between the tibial plateau and the femoral condyles. This makes the knee to
one of the most complex weight-bearing joints in the body, concerning movement
pattern, stability, and functionality. Persona® The Personalized Knee® System (Zimmer
Biomet, Warsaw, Indiana, USA) is a design that attempts to address these challenges. The
prosthetic knee system provides various implant sizes, shapes, and constraint options,
which improve the surgeon’s options for implant fitting and ligament balancing. In
addition, the polyethylene bearing of the tibial implant is available with an anatomic
prosthetic knee design, Persona® Medial Congruent® Articular Surface (MC), in which
the articular surface design resembles the native surface of the tibial plateau and
expectedly promotes kinematics during the knee movements, which are closer to native
knees than the standard symmetrical polyethylene bearing prosthetic knee design,
Persona® Cruciate Retaining (CR) [56]. However, the MC bearing design is yet to be
investigated dynamically during gait using dynamic radiostereometric analysis (dRSA),
which is the gold standard for In vivo three-dimensional knee joint kinematic estimates
[9, 15, 18, 41].

The purpose of this study was to compare functional kinematics and congruency of two
different polyethylene bearings: a more medial congruent anatomic design and a
symmetric design using dRSA during gait at one-year follow-up after TKA surgery. We
hypothesized that 1) the tibiofemoral kinematics are different between the MC bearing
and the CR bearing, and that 2) the MC bearing enhance articular congruency compared
to the CR bearing.

Methods

This study represents a double-blinded randomized controlled study, investigating two
different designs of Vitamin E Infused Technology polyethylene bearings for TKA at one
year follow-up (clinicaltrials.gov NCT03633201). We determined the appropriate group
sizes with a post-hoc power analysis using data variation from published knee kinematics
with TKA [20]. Assuming a threshold for observing a difference of three degrees (for
rotation) and three millimetres (for translation), an alpha value of 0.05, and a power of
0.80, group sizes of n = 29 were required. Sixty-six subjects were enrolled in the period
from 2017 to 2019 with inclusion and exclusion criteria that are presented in Table 1. The
subjects were randomized into two groups with different polyethylene cruciate retaining
bearings: an asymmetric medial congruent design — the MC and a symmetric less
congruent design — the CR, both from the same manufacturer (Zimmer Biomet, Warsaw,
Indiana USA). Block randomization (blocks of 10) was performed during surgery using
concealed opaque envelopes. Both bearings were compatible with the same femur, tibia,
and patella implants (Zimmer Biomet, Warsaw, Indiana, USA). Hence, the only
difference between the groups was the bearings’ shape and congruency. The study was



65

70

75

80

approved by the Committee on Biomedical Research Ethics of the Central Denmark
Region (1-10-72-303-16, issued 28 February 2017) and registered with the Danish Data
Protection Agency (1-16-02-582-16, issued 31 October 2016). The study was conducted
following the Helsinki Declaration, and all patients gave written informed consent. The
consort diagram is presented in Figure 1.

Surgical procedure

Standard operative procedure with an anterior midline incision and medial parapatellar
arthrotomy was used in all patients and with surgeries performed according to the
manufacturer’s surgical technique [57]. All patients received cemented CR femoral
implants (standard or narrow), tibial implants with either a MC or CR bearing, and
patella resurfacing with all-polyethylene patella implants. The MC bearing is designed
with a higher anterior lip, a more posterior dwell point, and with a more congruent
articulation with the femur implant compared to the CR bearing (Figure 2). The patients
followed the same postoperative routine rehabilitation regime and were discharged
according to well-defined clinical and functional criteria. The surgical procedures were
performed by three experienced knee arthroplasty surgeons.

m Assessed for eligibility

(n = 449)

Excluded (n=383)

+ Not meeting inclusion criteria (n =43)
+ Meeting exclusioncriteria(n= 118)
+ Declined to participate (n = 66)

¢ Otherreasons (n=0)

+ Assesed by other surgeons (n = 156)

Randomized
(n=66)

Allocation

Allocated to CR bearing (n =33) Allocated to MC (n = 33)

+ Received allocated intervention (n = 33) + Received allocated intervention (n = 33)

+ Did not receive allocated intervention (n =0) + Did not receive allocated intervention (n =0)

Follow-up

Lost to follow-up at mean 1 year (n =0) Lost to follow-up at mean 1 year (n=2)

+ Declined to participate (n =0) ¢ Declined to participate (n=1)

+ Could not perform the exercise (n =0) + Could not perform the exercise (n=1)

Analysis
Analysed (n=33) Analysed (n=31)

Figure 1 Consort flow chart. All available data were used in the statistical analysis. A
complete dataset was collected for 33 patients in the CR bearing group and 31 patients in
the MC bearing group.



Experimental protocol

One year after TKA surgery, participants walked barefooted on a horizontal treadmill
85 (Sole F63, Jonesboro, AR, USA), imitating gait. Once the participant had completed a
habituation period (gradually speeding to a final speed of 0.83 m) to familiarize with the
lab environment and felt comfortable, the data acquisition was initiated. The walking
speed is slightly slower than average (1.25 m/s) [5] to facilitate sufficient dRSA recordings
throughout the entire gait cycle. Up to seven coherent gait cycles were obtained. As a
90 precautionary measure and anticipation of balance loss during testing, subjects had a rail
they could hold on to. Only none-rail-supported gait trials were included for further
analysis. Immediately after completing the gait trials, we registered, the patients pain
intensity during the trial using a horizontal visual-analogue-scale (ranging 0-10), and the
patients strength using a leg-extension-power-rig (Bio-Med International, Nottingham,
95 UK) [1, 30]. The visual- analogue -scale and leg-extension-power-rig were also registered

preoperatively.
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100 Dynamic radiographic imaging and analysis

Figure 2 Implant models; a) Illustration of the
implant surface models in a sagittal (left
column) and an axial view (right column)
represented in their coordinate system.
Medial-lateral (X, red), anterior-posterior (Y,
green), and proximal-distal (Z, blue). For the
femur: The origin was defined as the centre of
a least square fitted cylinder to the medial and
lateral articulating surfaces. X-Y plane was
parallel to the inner most distal bone contact
surface, and the X-Z plane was parallel to the
inner bone contact surface of the posterior
flanges. For the tibia: The origin was defined
medial-lateral as the centre of a circle fitted to
the inner central locking mechanism, and
anterior-posterior as the anteroposterior
midpoint. The X-Y plane was parallel to the
lower part of the baseplate. Y-Z plane was
defined perpendicular to the X-Y plane
coinciding the midpoint of the anterior
locking mechanism. The first two rows
illustrate the femoral and tibial implants. The
next two rows, third and fourth, illustrate the
two bearings along with the tibia implant:
first, the Cruciate Retaining (CR) bearing
(pink), and second, the Medial Congruent
(MC) bearing (light blue). b) Superimposed
illustration of the two bearings, CR and MC,
displaying the design differences in a medial
(top left), lateral (top right), frontal (bottom
left), and axial (bottom right) view.

We utilized a dedicated dRSA system (AdoraRSA; NRT X-Ray A/S, Hasselager,
Denmark) that was time-synchronized with an optical motion capture system

(OptiTrack, NaturalPoint, Corvalis, OR, USA)

to record the gait trials. The biplanar dRSA

setup with minimum six infrared cameras (OptiTrack Prime 13) is presented in Figure 3
105 and were identical to the system previously described [48]. The series of



Table 1. Inclusion and exclusion criteria

Knee osteoarthritis patient group

Age above 18 years but no more than 80 years of age.
Informed and written consent.

Primary knee osteoarthritis in capable men and women.
Indication for cruciate retaining total knee arthroplasty.

Inclusion
criteria

Patients with a thigh circumference exceeding 60 cm.”

Patients with conditions that severely compromise their gait other than KOA in the affected knee.
Patients with previous severe fractures at the knee level or severe malalignment at the knee level.
Surgically implanted metallic parts and pacemaker.”

Patients with need for an augmentation and/or stem extension.

Patients who cannot perform the exercises.

Exclusion
criteria

*Inevitable criteria for magnetic resonance imaging (MRI) acquisition. Abbreviation: KOA - knee osteoarthritis

stereoradiographs were analysed using an automated software system developed at our
institution (AutoRSA software, Orthopaedic Research Unit, Aarhus, Denmark). The
software utilizes virtually generated silhouette-projections of three-dimensional
110 triangular surface models to the image-plane. The optimal model pose was found by
minimizing the difference between the virtually generated projection image and the
actual stereoradiographs using a normalized gradient correlation approach [6, 22]. The
mathematical optimization algorithms have been previously described in more detail [22,
25]. The manufacturer supplied the three-dimensional triangular implant surface models
115 containing approximately 5,000 vertices each.

Figure 3 Illustration of the gait analysis setup utilizing a biplanar radiostereometric setup where

120 the detectors were placed on individual stands with a relative angle of 40 degrees; one in front of
the subject and one to the side of the limb of interest. The setup was mirrored for left/right knees
to accommodate having the investigated knee as close as possible to the side view. The six optical
cameras were positioned strategically surrounding the subject to avoid occluded markers during
analysis of the skin-attached reflective markers (white dots). The markers were attached at the

125 subjects’ pelvis, lower limb, and feet; three cluster markers at the thigh, two at the knee epicondyles,
three cluster markers at the shank, two at the ankle malleolus, one at the heel, three at the
metatarsales (1, 3, 5), and one at the first distal phalanx.
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Quantification of tibiofemoral joint kinematics and articulation

Tibiofemoral joint kinematics

We implemented the joint coordinate system initially defined by Grood and Suntay [19]
to describe the tibiofemoral joint kinematics, using the modified equations that
Dabirrahmani and Hogg [10] proposed to account for possible hyperextension and
hyperflexion. For each frame, we computed the relative motion in all six degrees-of-
freedom (rotation and translation) of the body-fixed coordinate systems. The kinematics
were determined using the manufacturer-provided implant models and their coordinate
systems as presented in Figure 2. The translation was quantified in mm with medial tibial
shift, tibial anterior drawer, and joint distraction as positive directions. Rotations were
measured in sequence as presented and quantified in degrees with flexion, adduction,
and tibial internal rotation as positive directions [49].

In addition, we measured the range-of-motion of the femoral low-point kinematics
relative to the tibia implant for each timepoint during the gait cycle. The femoral low-
point kinematics were defined as the lowest point of the femur implant relative to the
tibia implant. These points were determined for the medial and lateral compartment
separately. Hence, the range-of-motion describe the joint constrain achieved between the
femoral and tibial implants for the medial and lateral compartment, respectively.

Tibiofemoral joint articulation

We estimated the joint articulation by constructing a distance map between the femoral
implant and tibial bearing. Since the tibial bearing is radiolucent, we assumed a rigid
relationship to the radiopaque tibial implant to estimate its pose. The distance map was
obtained by assigning each mesh point on the tibial bearing with the value of its shortest
distance to the femur implant model within a distance range limit of -0.5 to +0.5 mm. The
distance map was computed for each frame. Since patients received different implant
sizes and bearing types, we scaled each bearing to a fixed width of 68 mm, which
represented a mid-implant size, to facilitate direct comparison between patient groups.
Subsequently, we defined a 70x70 point grid with a point distance of 1 mm. It was
centralized about the proximal-distal axis and oriented in the coronal plane of the tibial
implant coordinate system. The grid points were coloured according to the cell colour of

which its orthogonal projection intersected with the bearing (Figure 4).

Figure 4 Quantification of joint articulation; left) Illustration of the distance colormap determined
by the shortest distance from each point on the tibial bearing to the femoral implant. The spacing
between the bearing and implant is increased for visualisation purpose. right) Illustration of the 3D
colormap transformation to the 2D point grid that are used in the statistical parametric mapping
(SPM) analysis to quantify the difference between the Medial Congruent (MC) and Cruciate
Retaining (CR) bearing.
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Time normalization

Kinematic values and articulation distance maps were divided into gait cycles - starting
and ending with two successive initial foot contacts of the ipsilateral limb. We used the
approach of O’Conner et al. [42] to identify initial contact using the optical markers
placed on the foot. To estimate each subject’s most representative gait cycle pattern, we
time-normalized the kinematic measures to 21 discrete points representing the gait cycle
from 0-100% and calculated the median across trials for each subject.

Clinical characteristics, PROMs, and operative complications

Preoperatively, we classified KOA according to the Ahlbéck score (grade 1-5) based on
conventional weight-bearing radiographs. Additionally, we registered the affected
tibiofemoral compartment as lateral or/and medial. Knee ligament lesions were assessed
using detailed magnetic resonance imaging (1.5 T Avanto, SIEMENS, Erlangen,
Forchheim, DE). We applied a modified version of the Osteoarthritis Initiative protocol
[47] based on GE scanner recommendations (T2 SAG de3D DESS WE acquisition with 0.7
mm slice thickness and T1 COR 13D WE with 1.5 mm slice thickness). We evaluated the
following knee ligaments: anterior cruciate ligament (ACL), posterior cruciate ligament
(PCL), medial collateral ligament (MCL), and lateral collateral ligament (LCL). The ACL
was graded as 0 (no lesion), 1 (partial lesion), and 2 (total lesion). PCL, MCL, and LCL
were registered as 0 (intact) or 1 (with lesion). The patient-reported outcome measures
(PROMs) were assessed preoperative and at one-year follow-up by the Oxford Knee
Score (OKS) [12], the Forgotten Joint Score (FJS) [3], and the Knee Osteoarthritis Outcome
Score (KOQOS) [51]. Furthermore, we registered any postoperative complications during
the one-year follow-up period.

Statistical analysis

Differences in tibiofemoral joint kinematics and articulation across the entire gait cycles
were examined using one-dimensional SPM with the open-source code spmld
(spmld.org, v.0.4.2) for Python (Python Software Foundation, v.3.6). Statistical
parametric mapping (SPM) allows for examining the entire one-dimensional time series
of kinematic trajectories, avoiding selection bias, and allowing for non-directed
hypothesis testing instead of reducing the dataset to a specific observation or risking false
hypothesis testing due to multiple repeated measurements [44, 45]. For the two-
dimensional articulation measure, we performed SPM analysis on the entire grid-map at
each time point during the gait cycle. SPM analysis uses Gaussian random field theory to
calculate the threshold that only the significance level of equivalently smooth Gaussian
random fields would cross when the null hypothesis is true. QQ-plots revealed not
normally distributed kinematic data. Thus, we used statistical non-parametric mapping
(SnPM), which deals with smoothness implicitly and estimates the test statistics through
permutation[40]. First, a Hotelling test was implemented on the entire vector field. Next,
if statistical significance was reached at the vector field level, the post-hoc Hotelling test
was applied to each vector component. We compared demographically, clinically
characteristicc PROMs, visual-analogue-scale, leg-extension-power, and contact point
range-of-motion differences between groups using Student’s T-test for continuous
variables, ordinal logistic regression for categorical variables, and chi-squared for binary
variables. Visual inspection of QQ-plots verified normally distributed data.
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Results

Tibiofemoral joint kinematics and articulation

The comparison of the tibiofemoral joint kinematic trajectories for the MC and CR
bearings are presented in Figure 5. The MC bearing displayed an offset with a statistically
significantly greater anterior tibial drawer during the entire motion, and more tibial
external rotation from the mid-swing to end of the gait cycle.

The congruency area in the joint articulation was statistically significantly greater during
approximately 80% of the gait cycle for the MC bearing compared with the CR. (Figure
6). This included most of the stance phase and the mid-swing to the end of the gait cycle.
The greater congruency occurred during the same gait phases for both knee
compartments; for the lateral compartment, it was pronounced mostly medially, whereas
for the medial compartment, the area of congruency moved during the gait cycle. For the
medial compartment, the greater area of congruency was pronounced posterolateral at
initial contact of the foot. During loading response, the greater congruency area moved
to also include the anterolateral area of the bearing until it resolved during pre-swing,
first posterolaterally and next anterolaterally. During mid-swing, the greater congruency
area appeared again, this time anterolateral and moved posterolateral during the
terminal swing. Furthermore, the femoral low-point kinematics for the MC bearing group
showed 1.8 mm [CI 0.8;2.8] (p<0.001) smaller range-of-motion for the medial
compartment when compared to the CR bearing (Table 2C).

Flexion (+) Adduction (+) Tibial internal rotation (+) Tibial medial shift (+) Anterior tibial drawer (+) Joint distraction (+)
Extension (-) Abduction (-) External tibial rotation (-) Tibial lateral shift (-) Posterior tibial drawer (-) Joint narrowing (-)

0.5 .y \ 12

Y

|
o
[
mm
N & o ®

t"=2.729 t7=2.903 2 t"=2.559 t°=2.893

p.<0.001

SnPM{t}
o
SnPM{t}
SnPM{t}

-2 t'=2713 -2

20 40 60 80 100 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Cycle (%) Cycle (%) Cycle (%) Cycle (%) Cycle (%) Cycle (%)

— CR(N=33) — MC(N=31)
Figure 5 Statistical parametric mapping of tibiofemoral joint kinematics. Kinematic comparison of
the MC bearing group (red) with the CR bearing group (gray). The top row presents the mean
trajectories of the two groups with confidence interval as the shaded area. The bottom row presents
the post hoc non-parametric scalar field t tests (SnPM{t}), depicting where the MC group show
higher (+) and lower (-) than the CR group. The thin dotted lines indicate the critical thresholds for
significance. The grey-shaded areas illustrate when critical threshold is exceeded thus determining
a significant difference.

Clinical characteristics, PROMs, and complications

Between groups, no differences were found in demographics, clinical characteristics,
implant size, or implant type (p>0.320). Furthermore, the three surgeons operated a
similar number of patients in both groups (p=0.367). Both groups improved significantly
regarding PROMs (p<0.001), visual-analogue-scale (p<0.001), and leg-extension-power-
rig (p<0.004). However, no differences in improvement were found between groups
(p>0.351). In the first year after TKA, five patients had knee manipulations under
anaesthesia for joint stiffness, five in the MC group and two in the CR group (p=0.197).
Among those an intraarticular corticosteroid injection was performed in one patient per



group. Aspiration of the knee due to joint effusion was performed in three patients, one
in the MC group and two in the CR group, but cultures were negative for bacterial

265 growth, and there were no knee revisions or recognized deep infections during the one-
year follow-up period.

Discussion

270 One year after surgery, the MC bearing group displayed greater anterior drawer
throughout the entire gait cycle, greater tibial external rotation from mid-swing to the
end of the gait cycle, and a greater congruency area between the tibial bearing and
femoral implant for approximately 80% of the gait cycle compared with the CR bearing
group.
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Figure 6 Statistical parametric mapping of tibiofemoral joint articulation. Illustration of the
tibiofemoral articulation analysis of a right knee throughout the gait cycle represented by the

280 distance point grid (70x70 pixels). The columns represent each of the 21 normalized discrete time
points corresponding to the same time points as used for the kinematic analysis. The rows represent
from the top Cruciate Retaining (CR) bearing, Medial Congruent (MC) bearing, and the results of
the statistical parametric mapping (SPM) analysis. The red areas of the SPM row represents where
the statistical significance was reached between the MC and CR grid-point maps.

285
Tibiofemoral joint kinematics
The MC bearing was designed with an increased anterior lip height and a more posterior
dwell point when compared to the CR. According to a simulation study,
investigating different sagittal and coronal congruency levels in artificial tibiofemoral
290 joint, the tibial anteroposterior translation and internal rotation are the parameters that
depends primarily on sagittal congruency [55]. This support our findings of the observed
differences between the MC and CR bearing within these two parameters, and that these



Table 2. Group summary and comparison

CR (n=33) MC (n=31) P-value*

2a) Demographics with means and confidence intervals for continuous parameters and percentage

for categorical parameters.

Age (years) 62.0 (59.2;65.9) 64.8 (61.8;67.9) 0.182
side (left %) 45.5 64.5 0.126
Gender (female %) 39.4 38.7 0.955
Height (cm) 173.5 (170.5;176.6) 171.9 (169.5;174.5) 0.420
Weight (kg) 87.9 (82.7;93.2) 85.9 (80.5;91.2) 0.576
Body Mass Index (kg/m?) 29.2 (27.6;30.7) 29.0(27.2;30.8) 0.913
Thigh circumference (cm) 52.9 (50.9;54.8) 51.4 (49.3;53.6) 0.484

2b) Clinical characteristics with means and confidence intervals for continuous parameters and

percentages for categorical parameters (except for the KOA Ahlbéack score, which is presented with
mean and confidence interval).

ACL lesion (0/1/2) % 27/36/36 35/42/23 0.474
PCL lesion (%) 12.1 12.9 0.925
MCL lesion (%) 9.1 6.5 0.694
LCL lesion (%) 9.1 3.2 0.333
KOA Ahlbick grade 3.0 (2.6;3.4) 2.6 (2.2;3.0) 0.071
KOA medial (%) 64.6 80.7 0.130
KOA lateral (%) 12.1 6.5 0.437
KOA medial+lateral (%) 21.2 12.9 0.379
FIS (preop) 16.1 (11.0;21.2) 16.5 (10.5;22.4) 0.522
OKS (preop) 24.3 (22.2;26.5) 23.1(20.8;25.4) 0.775
KOOS SYMPTOMS (preop) 47.4 (41.5;53.4) 51.0 (44.1;57.9) 0.417
KOOS PAIN (preop) 42.5 (37.5;47.5) 45.4 (39.6;51.2) 0.438
KOOS ADL (preop) 49.7 (44.5;54.9) 53.7 (48.9;58.6) 0.250
KOOS SPORT/REC (preop) 14.8 (9.9;19.8) 16.1 (10.6;21.6) 0.726
KOOS QOL (preop) 29.0 (25.0;32.9) 26.8 (22.4;31.3) 0.459
VAS - gait (preop) 2.3(1.6;3.1) 2.5 (1.6;3.5) 0.729
LEPR (preop) (W/kg) 1.5(1.3;1.7) 1.5(1.3;1.7) 0.731
FJS (follow-up) 55.4 (43.6;67.3) 58.9 (47.7;70.2) 0.668
OKS (follow-up) 39.0(36.2;41.8) 39.0 (36.4;41.8) 0.986
KOOS SYMPTOMS (follow-up) 71.4 (64.6;78.2) 75.0 (68.6;81.4) 0.441
KOOS PAIN (follow-up) 82.9 (76.2;89.6) 82.6 (76.8;88.5) 0.946
KOOS ADL (follow-up) 83.2 (77.4;88.9) 84.8(79.3;90.3) 0.672
KOOS SPORT/REC (follow-up) 46.5 (38.5;54.5) 49.5 (39.2;59.8) 0.638
KOOS QOL (follow-up) 64.4 (55.8;72.9) 65.3 (58.0;72.7) 0.306
VAS - gait (follow-up) 0.2 (-0.1;0.4) 0.0 (-0.0;0.1) 0.354
LEPR (follow-up) (W/kg) 1.8 (1.5;2.0) 1.8 (1.6;2.0) 0.712

2c) Range-of-motion of the femoral low-point kinematics. Measured for both the lateral and
medial compartment in both directions; x (lateral [+] and medial [-]) and y (anterior [+] and
posterior [-]). The means and confidence intervals are presented for each group.

Lateral low-point (x) 1.9(1.7;2.1) 1.8 (1.6;2.0) 0.381
Lateral low-point (y) 4.7 (4.1;5.3) 4.0 (3.5;4.5) 0.076
Medial low-point (x) 1.4(1.2;1.6) 1.4(1.2;1.6) 0.883
Medial low-point (y) 6.4 (5.6;7.2) 4.6(4.1;5.1) <0.001

ACL: anterior cruciate ligament, PCL: posterior cruciate ligament, MCL: medial collateral ligament, LCL: lateral collateral ligament, KOA: knee

osteoarthritis, , FIS: forgotten joint score, OKS: oxford knee score, KOOS: knee osteoarthritis outcome score, ADL: activity of daily living, QOL:
quality of life, VAS: visual-analogue-scale, LEPR: leg extension power rig, W/kg; watt/kilogram, MUA: manipulation under anaesthesia, preop:
preoperative, follow-up: 1 year follow-up.

Demographics, clinical characteristics, and preoperative proms have previously been published [51].
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kinematic differences may be a result of the enhanced sagittal congruency design of the
MC bearing.

The combination of these design features may act as a constraint of the femoral condyles
to move anteriorly, which results in an anterior appearance (anterior off-set) of the tibial
component and MC bearing relative to the femur. Thus, the shape of the MC bearing
seems to prevent the so-called “paradoxical motion” phenomenon [13], which is an
abnormal kinematic motion, where the femur slides anteriorly relative to tibia.
Paradoxical motion is associated with mid-flexion instability, which is more evident for
CR bearing designs and has been shown to be a contributing factor for dissatisfaction in
these TKA patients [23, 34]. This is supported in a recent intraoperative investigation of
a passive knee flexion movement of the MC and CR bearings of the Persona® knee using
an image-free navigation system that identified anterior constraint of the femoral
component on the MC bearing when compared to the CR at 30 and 45 degrees of knee
flexion [53]. The results of the present study showed a similar but constant difference in
anterior offset between MC and CR bearings during patients” active gait cycle one year
after surgery and confirm that the MC bearing prevents paradoxical motion. This may
improve mid-flexion stability and result in more satisfied TKA patients. We suggest
further research to investigate the active mid-flexion instability for the MC bearing as
well as more demanding tasks that also include deeper knee flexion.

The MC bearing design contributed to a greater tibial external rotation compared to the
CR design during the extension phase of the swing. This phenomenon, referred to as the
“screw-home movement” [21], occurs for the native knee during the last 10-15 degrees of
an open-chain extension. It is caused by tension in the ACL, the shape of the medial
femoral condyle, and a lateral oriented tension in the patella tendon as the quadriceps
muscle pull slightly lateral near full knee extension. In most TKA designs, the ACL is
removed during surgery. The continuation of the screw-home movement in the TKA
with a MC bearing must therefore relate to the bearing design and congruency acting as
ajoint stabilizer. In the intraoperative kinematic study of passive knee motion, Tsubosaka
et al. found less internal rotation near full knee extension for the MC bearing compared
with the CR bearing and concluded that MC bearings have a more effective screw-home
movement [53]. The kinematic assessment of active gait in the present study confirms
these results.

Tibiofemoral joint articulation

Investigations of the tibiofemoral joint articulation contact confirmed more congruency
for the MC bearing design than for the CR bearing design. In addition, we found that the
area of greater congruency moved during the gait cycle. Previous studies have described
several occurrences of anteroposterior directed movement within the tibiofemoral joint
during stance [14, 28, 29]. They describe three load cases (Figure 7); at initial contact and
during late midstance, a posterior load of the femur on the tibia corresponding to the
extensor mechanism pulling at tibia (case 1); during loading response, the femur apply
an anterior load on tibia corresponding to the braking action of tibia (case 2); during
terminal stance and pre-swing, an anterior load of the femur on tibia is applied,
corresponding to the increased moment from the centre of gravity’s forward movement
and contraction of the gastrocnemius (case 3). We observed that the greater area of
congruency for the MC bearing were positioned and moved correspondingly to these
knee load cases. However, we did not observe occurrence of load case 1 during the later
midstance as the knee extends back (no greater posterior congruency area of the MC). An
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explanation may be due to the single-leg support, where the entire load of the body and
the knee flexion angle may result in complete congruence between the bearing and the
femoral implant. Importantly, the greater congruency is not necessarily a result of
anteroposterior relative movement of the femur and tibia implants, but more likely a
greater anteroposterior constraint. This statement is supported by the femoral low-point
kinematics showing lower medial range-of-motion for the MC bearing when compared
to the CR bearing. Thus, the MC bearing may provide increased intrinsic stability of the
knee and thereby potentially reduce demands to ligaments and muscles as being other
knee stabilizers.

A

Load case 1 Load case 2 Load case 3

Figure 7 Tibiofemoral load cases. Load case 1: a posterior load of the femur on the tibia
corresponding to the extensor mechanism pulling at the tibia. Load case 2: an anterior load of the
femur on tibia corresponding to the braking action of tibia. Load case 3: an anterior load of the
femur on the tibia, corresponding to the increased moment from the centre of gravity’s forward
movement and contraction of the gastrocnemius.

Knees with MC bearings have previously been shown to have a tendency of more
extended knees at heel strike, and midstance compared with a posterior-stabilized knee
design [17]. The same tendency of more extended knees during walking were also found
for a different medial pivot TKA bearing design [36]. The lesser knee extension may be a
consequence of more quadriceps and hamstring co-contraction that previously has been
reported in patients following ACL reconstruction or TKA as a strategy to limit their
demands to the quadriceps [4, 32, 37]. Our results confirm this tendency of more extended
knees during these phases for the MC bearing group compared with the CR group. Thus,
we speculate that the articulation design of the bearing potentially provides less
requirement for the stabilizing quadriceps and hamstring co-contraction, but further
biomechanical investigations are needed to confirm this relationship.

Clinical characteristics and PROMs

Clinical studies have reported excellent results for the MC bearing design although not
significantly different compared to other designs [26, 27, 52]. Interestingly, one study
identified a potential benefit for the MC design with better clinically assessed knee flexion
range-of-motion [27]. However, though not statistically significant, this contradicts with
our finding of more cases with manipulation under anaesthesia in the MC group when
compared to the CR. With the mechanical findings of more a constrained knee, it is
important that it does not inhibit the range-of-motion of the knee. Thus, further
investigations concerning this are needed.

A meta-analysis study interestingly reported that patients with different designs
inserted bilaterally preferred their medial pivot design over other designs and found it
to be more stable and ‘normal’ [16]. However, we cannot conclude whether the
mechanical differences in this study represents superior clinical outcome. Further
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research is still needed to establish associations of mechanical MC bearing design
improvements, clinical outcomes, and patient satisfaction.

Limitations

We acknowledge that this study had some limitations. First, the gait pattern on the
treadmill may be different from that during overground walking. However, some reports
have declared that only minimal differences in kinetic and kinematic parameters were
found between treadmill and overground walking [31, 50]. Barefoot walking may
influence the load on the lower extremity joints within the subjects, but conditions were
similar between groups. Thus, we do not expect this to affect neither the results, nor the
conclusion. Second, leg-projection overlay during dRSA acquisition was inevitable.
However, our setup ensured that one of the radiographic views were always free of
overlay. We did not see a negative effect of leg-overlay on accuracy in the entire gait cycle.
Third, the requirement of a maximum thigh circumference to ensure high quality of
dRSA analysis have likely excluded very obese subjects with different knee kinematics
[33]. However, the results provide important information on the kinematic advantages of
MC bearings that may be used to improve future TKA designs.

Conclusion

We conclude that the design of the MC bearing changes tibiofemoral kinematics and
enhances the area of congruency compared with the CR bearing design. This may result
in improved control of the paradoxical motion, produce a more effective screw-home
movement, and contribute to a more stabilized knee motion that may restore patient’s
confidence in knee function during daily activities, and potentially lead to improved
patient satisfaction.
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