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Summary

Summary

Total knee arthroplasty is one of the most performed surgeries worldwide. Indicators of
treatment success, such as revision rates or patient satisfaction, are subject to multiple
influences, with implant design and associated patient-specific implant fit being a
relevant and variable factor. A considerable discrepancy between implant and bone
shape in terms of size as well as individual morphologic parameters has been reported
for various populations. Such mismatch can motivate the advising of a customized
implant. However, there is currently no standardized method to support this decision, or
for detailed assessment of knee implant fit in general. Hence, the aim of this thesis was
to evaluate the potential for standard implant size optimization and to develop methods
for patient-specific implant fit evaluation, with the goal of optimizing patient matching in

total knee arthroplasty.

The possibility of improved size matching through numerically optimized sizing was
demonstrated for a large database of over 85.000 knees. With the numerically optimized
sizes an increase in population coverage of 19% to 26% compared to representative
existing implant systems was reached. The need for further fit analysis beyond size was
demonstrated by an exemplary documentation of size-independent shape variations
using the femoral J-curve as an example, and by relevant morphological deviations even
in the case of an ideal size fit. Many objective criteria for assessing implant fit have been
defined in the literature, which were assigned to the categories interface, morphological,
alignment and other. As morphological criteria are defined for the physiological,
non-deformed knee morphology, a parameter-based deformity correction was
developed and verified. Based on the analysis of existing imaging procedures, concepts
for the evaluation of the identified criteria were defined. The chosen concept includes an
initial fit assessment based on standardized radiographs and, if required, an additional
detailed fit evaluation using computed tomography data. The potential for clinical
integration was demonstrated in an exemplary implementation with a high level of
automation. The fit evaluation was carried out for an exemplary implant and a large knee
database, demonstrating the workflows robustness. With the implant size optimization
and individual fit evaluation, more patients can be provided with an adequate standard
implant and those requiring a customized implant identified objectively, thereby

maximizing patient matching.






Zusammenfassung

Zusammenfassung

Der totale Kniegelenkersatz ist eine der meist-durchgeflhrten Operationen weltweit.
Indikatoren des Operationserfolgs wie Revisionsraten oder die Patientenzufriedenheit
sind multifaktoriell beeinflusst, wobei das Implantat Design und die zugehdrige
Passgenauigkeit einen relevanten und veranderlichen Faktor darstellt. Fir diverse
Patienten Populationen wurde eine erhebliche Diskrepanz zwischen Implantat- und
Knochen-Form berichtet, hinsichtlich Grélien sowie einzelner Morphologie Parameter.
Solch geringe Passgenauigkeit kann die Empfehlung eines Individual-Implantats
motivieren. Bislang gibt es jedoch weder standardisierte Methoden welche diese
Entscheidung unterstutzen, noch generell fur eine detaillierte Passform-Bewertung. Das
Ziel dieser Arbeit ist demzufolge die Potenzial-Bewertung einer Implantat-Gréfien
Optimierung sowie die Entwicklung von Methoden zur individuellen Passformbewertung,

fur eine insgesamt optimierte Patienten-Anpassung.

Die Mdglichkeit einer verbesserten Patienten-Anpassung durch numerisch optimierte
Implantatgrof3en wurde fur eine Datenbank von tber 85.000 Knien demonstriert. Mit den
optimierten Grofien wurde eine um 19% bis 26% verbesserte Patientenabdeckung
erreicht, im Vergleich zu bestehenden Systemen. Durch die exemplarische
Dokumentation gréRen-unabhangiger Formvariation der femoralen J-Curve sowie
relevanter Formabweichungen trotz idealem Grolien-Fit, wurde der Bedarf an weiterer
Passformanalyse gezeigt. In einer Literaturrecherche wurden Kriterien fur die
Passformbewertung identifiziert und als Interface, Morphologie, Alignment und Andere
klassifiziert. Da die identifizierten, morphologischen Kriterien flr das physiologische,
nicht-deformierte = Knie  definiert sind, wurde eine parameter-basierte
Deformitatskorrektur entwickelt und verifiziert. Basierend auf der Analyse bestehender
Bildgebungsverfahren wurden Konzepte zur Fit-Bewertung definiert. Das gewahlte
Konzept beinhaltet eine initiale Risikoabschatzung mit standardisierten Rontgenbildern
und, wenn erforderlich, zusatzlicher Detailanalyse mittels Computer-Tomographie. In
einer beispielhaften Implementierung mit hoher Automatisierung wurde das Potenzial
fur die klinische Integration demonstriert. Die Passformbewertung wurde fir ein
beispielhaftes Implantat und eine groRe Kniedatenbank durchgefiihrt. Mit optimierten
ImplantatgroRen und individueller Passformbewertung kann der Anteil adaquat
versorgter Patienten erhoht und diejenigen, welche ein Individual-Implantat bendtigen,

objektiv identifiziert werden, was insgesamt die Patienten-Anpassung maximiert.
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Introduction

1. Introduction

The knee joint is central for locomotion during which it supports high loads while
providing both flexibility as well as stability in extension and throughout knee flexion.
This intricate function is enabled by a complex interplay between muscles, ligaments,
menisci, and bones. However, this complexity renders the knee susceptible to various

pathologies.

Among these pathologies, osteoarthritis (OA) is the most common joint disease, with the
knee joint frequently affected (Buckwalter et al. 2004). OA can be characterized as a
group of pathologies with various causes, affecting different articular and periarticular
structures, including cartilage, ligaments, menisci, and the subchondral bone (Wirtz
2011). OA-related symptoms are pain and functional impairment (Buckwalter et al.
2004). The gold standard for the treatment of OA, after the exploitation of conservative
treatment options or more bone preserving interventions such as osteotomies or
unicondylar knee replacement, is total knee arthroplasty (TKA). TKA is one of the most
performed surgeries in Germany. High costs are involved with TKA (Rabenberg 2013),
but similarly high socio-economic savings are achieved, through the recovery of
previously lost working power (Lombardi et al. 2014; Ruiz et al. 2013). Although TKA
commonly provides pain relief and restores knee function, a notable proportion of

patients remain dissatisfied post-surgery.

Current studies report that 10% to 19% of TKA patients are dissatisfied with their knee
replacement (Jacobs and Christensen 2014; Bryan et al. 2018; Bourne et al. 2010).
Respective patient-reported outcome measures (PROMSs) primarily assess pain levels
during different activities of daily living (ADLs) as well as the knee function, determined
by the range of motion and the ability to perform various ADLs (Noble et al. 2012; Scuderi
et al. 2012; Roos et al. 1998). Other factors to be considered for evaluating the
treatment’s success include surgery revision rates, the length of the hospital stay, as
well as the amount of bone and blood loss during surgery (Culler et al. 2017). In TKA,
the implant design is a relevant predictor of postoperative kinematics (Banks and Hodge
2004; Dennis et al. 2003; Shi et al. 2015), postoperative pain levels (Powers 2000;
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Mahoney and Kinsey 2010), implant longevity (Nishikawa et al. 2014), as well as bone
and blood loss (Gao et al. 2014).

Several decisions must be made about the implant system prior to surgery, including the
selection of the implant components (Tanzer and Makhdom 2016). In clinical practice,
standardized implant systems are commonly used. These systems vary in the number
of components they encompass, the level of constraint they provide, and their size
graduation. For the individual patient, the degree of constraint is determined mainly
based on the patient’s ligamentous status (Lutzner and Kirschner 2017). The planned
implant component sizes are identified by comparison with the bones’ anteroposterior
(AP) and mediolateral (ML) size on the respective radiographs, while the
anterior-posterior dimensions are prioritized (Tanzer and Makhdom 2016). Different
manufacturers follow different design philosophies (Delfosse et al. 2022) and also offer
different sizing (Hitt et al. 2003; Budhiparama et al. 2021). Despite the variety available,
most clinics use only one implant system. Potential advantages of this approach include
the surgeons’ experience with the implant system, while the clinical relevance of the
learning curve with new knee implant systems is still debated (Whittaker et al. 2018).
The disadvantage is that patients may receive an implant with a poorer morphological

and functional fit.

Geometrical mismatch between the implant geometry and the patient's bone
morphology adversely affects clinical outcomes (Bonnin et al. 2022). For an inadequate
AP fit, the resulting impact depends on the referencing technique (Charette et al. 2018).
With anterior referencing, an adequate anterior resection without notching or overstuffing
is prioritized over the restoration of the flexion gap and posterior condylar offset
(Charette et al. 2018), with potentially detrimental effects e.g., on the flexion range of
motion (Bellemans et al. 2002). In contrast, with posterior referencing the restoration of
the posterior condylar offset is targeted, and hence in case of size mismatch a
compromise regarding the anterior resection is required (Charette et al. 2018).
Inadequate femoral ML fit entails implant over-/ underhang relative to the bone (Dai et
al. 2014b), with overhang being associated with increased risk for pain and reduced
function (Bonnin et al. 2013; Chung et al. 2015; Mahoney and Kinsey 2010). The

described mismatch between the implant and resected bone size has been reported in
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the literature across implant designs and populations (Hitt et al. 2003; Mahoney and
Kinsey 2010; Guy et al. 2012; Yue et al. 2014; Chung et al. 2015; Kim et al. 2010;

Sharma et al. 2017), which underscores the need for optimizing implant size fit.

Apart from size matching, other morpho-functional parameters with relevance for
post-operative knee function are to be considered. A well-known anatomical feature is
the femoral J-curve, whose relevance for knee kinematics is reflected in different design
philosophies of implant manufacturers, including Single-, Dual- and Multi-Radius
designs. Corresponding morphological parameters and their alterations have been
reported to be main influence factors for knee kinematics in silico (Fitzpatrick et al.
2012b; Asseln et al. 2021), in vitro (Asseln et al. 2021), and in vivo (Kessler et al. 2007).
Other functionally relevant parameters are the posterior condylar offset, which is linked
to the postoperative flexion range of motion (Bellemans et al. 2002) and parameters of
the femoral trochlea, which affect patellofemoral kinematics and pain (Powers 2000).
Some anatomical features and related morphological parameters including the distal
femoral condyles (J-Curve) are often affected by OA (Neogi et al. 2013), necessitating
reconstruction. This fact further complicates the determination of an adequate implant

design.

In clinical practice, a comparison of different implant designs regarding such detailed
morphological fit is not considered. Few clinics use customized implants apart from the
one implant system, which is used regularly. Surgeons may recommend such a
customized implant based on subjective evaluation of the mismatch between the
standard implant's geometry and the patient's knee morphology. To date, no
standardized and objective method exists, that supports surgeons in this decision. The
resulting inaccurate and potentially insufficient allocation of customized implants to
patients with non-conforming knee morphology, in combination with inadequate size
offerings of available standard implant systems and resulting mismatch, represents one

factor that may explain the aforementioned high percentage of dissatisfied TKA patients.

Hence, the aim of this thesis was
— to evaluate the potential for standard implant size optimization to address
current size mismatch in TKA and

— to develop a parameter-based deformity correction workflow
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— to develop methods and a workflow for comprehensive implant fit

evaluation based on 3D-morpho-functional analyses

with the goal of supporting surgeons in the decision-making between standard implant

systems and an adequate allocation of customized implants.

The background and motivation for the thesis are presented in Chapter 2, including the
anatomy and biomechanics of the knee, as well as focus areas of TKA. With the first
step in patient matching being an adequate size fit, Chapter 3.1 presents the
optimization of implant sizing for a large database with more than 85.000 cases. The
method based on particle swarm optimization is explained and results of sensitivity
analyses regarding the number of implant sizes and the error bounds are presented.
The need for a comprehensive fit assessment beyond classical sizing is demonstrated
by the variability of native knee morphology in the example of the femoral 2D and 3D
J-Curves (Chapter 3.2) and by the study of remaining deviations in case of an ideal size
fit (Chapter 3.3). Subsequently, concepts for a respective fit assessment are developed
in Chapter 4. In the first subchapter, different workflows for the fit evaluation are defined
based on existing imaging techniques. In Chapter 4.2, objective fit criteria are identified
based on a literature research and classified into categories (interface, morphology,
alignment, other). As the need for a deformity correction has been identified in the
context of morphological fit criteria, Chapter 4.3 describes a method for this task and
gives an evaluation for exemplary parameters. Chapter 5 presents the exemplary
implementation of the patient-specific implant fit evaluation, both for the preliminary 2D
fit analysis and for the subsequent detailed 3D fit assessment. A discussion and
conclusions on standard and patient-specific implant designs as well as an outlook on

further studies on fit evaluation and patient matching in general is given in Chapter 6.
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2. Background and motivation

2.1 Medical background on the knee

The knee joint is central for locomotion, providing mobility as well as stability in flexion
and extension. In reflection of its complex functionality, the knee is one of the most
complex and largest joints of the human body. The knee joint consists of the tibiofemoral
and patellofemoral joint, which are located in a common joint capsule. Regarding the
functional anatomy of the knee joint, active and passive structures can be distinguished,
with the active structures including muscles with tendons and the passive structures
including bones, ligaments and menisci. Figure 2-1 gives an overview of the respective

functional anatomy.
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Figure 2-1: Functional anatomy of the knee. (A) Schematic representation of a sagittal cut through the
lateral knee compartment (adapted from (Zhou et al. 2022), with permission from Wiley under CC BY 4.0).
(B) Sagittal cut through the medial knee compartment of a cadaver knee (from (Jagodzinski et al. 2016),
with permission from Springer Nature).
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Articulating bony surfaces of the knee are those of the distal femur, the proximal tibia,
and the backside of the patella, which are covered by articular cartilage. In general, the
articular congruence of the knee’s articulating surfaces is low, especially in the
tibiofemoral joint (Jagodzinski et al. 2016). The low congruence emphasizes the

relevance of the muscles and ligaments for stabilization of the knee joint.

The central ligaments of the knee are the anterior and posterior cruciate ligaments and
the medial and lateral collateral ligaments. Furthermore, the medial patellofemoral
ligament represents a main passive structure for patellar stabilization (Desio et al. 1998).
The menisci are located on the tibial plateaus and are partly attached to the joint capsule.
In the medial compartment, the meniscus further is indirectly attached to the medial
collateral ligament, which results in a lower mobility of the medial compared to that of
the lateral meniscus (Durselen and Freutel 2015). The function of the menisci involves
cushioning, increase of contact surface, proprioception, and guidance of synovial fluid
(Durselen and Freutel 2015).

The most important muscles of the knee joint are the corresponding main flexor and
extensor muscles. The extensor muscles include the M. rectus femoris, the M. vastus
medialis, the M. vastus lateralis and the M. vastus intermedius, together constituting the
M. quadriceps femoris. The flexor muscles include the M. semimembranosus, the M.
semitendinosus, and the M. biceps femoris (together constituting the so-called

“hamstrings”).

2.1.1 Knee morphology

The native articulating knee morphology highly influences active knee kinematics (Hodel
et al. 2022; Klein and Sommerfeld 2012). In contrast, passive knee kinematics and
stability are mainly determined by the ligamentous apparatus (Delport et al. 2013).
During activities of daily living, muscle-driven active knee kinematics are mainly
governed by knee (and implant) morphology. Nevertheless, the compatibility of active
and passive knee kinematics has to be considered, as proprioception and nociception
during knee motion are also based on ligament strain (Johansson 1991). This fact
motivates the restoration of individual knee morphology in TKA, as it reduces the need

for intraoperative adjustments in terms of ligament balancing through releases (Saffarini
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et al. 2023). Consequently, the quantification of the native knee morphology is strongly

relevant for developing adequate orthopedic treatments and implants.

Several approaches exist to quantify individual knee morphology. A classic method is
the measurement of specific shape parameters such as anterior-posterior (AP) and
medio-lateral (ML) sizes or distances respectively as well as angular parameters (Asseln
et al. 2018). Those measurements enable a comparison with corresponding parameters
of the implant shape, such as the sulcus angle (Dejour et al. 2014). A different approach
considering the entire knee’s surface are statistical shape models (SSM). By using an
SSM, an individual knee shape can be defined by the mean shape and a combination
of modes. Both approaches have been used to describe shape variations in populations
differentiated by e.g., ethnicity (Mahfouz et al. 2012) or the presence of disease
(Bredbenner et al. 2010).

With respect to such sub-populations, the presence of morphotypes is of interest in the
context of total knee arthroplasty design. A clear differentiation of different morphotypes
in the patient population would motivate an offer of specific implant shape variants.
Bellemans et al. (Bellemans et al. 2010) analyzed the knee shape in the context of the
constitutional morphotypes endomorph, ectomorph and mesomorph, however solely
focusing on overall size measures. The size variation described can be addressed by
optimized implant sizing, which is studied in this thesis (Chapter 3.1). Hirschmann et al.
(Hirschmann et al. 2019b) and MacDessi et al. (MacDessi et al. 2021) presented
classification systems for TKA patient knee morphology solely considering coronal
alignment. Thereby they addressed the identification of an ideal alignment strategy, but
did not consider other parameters of the detailed morphology of relevance for implant
design. Mahfouz et al. (Mahfouz et al. 2012) comprehensively analyzed the morphology
of the proximal tibia and distal femur and found several morphotypes related to ethnicity.
However, most of the variation described applied to the general shape and respective
ratios, which can also be addressed by optimized sizing studied in this thesis (Chapter
3.1). Regarding the concept of gender specific implants, Asseln et al. (Asseln et al. 2018)
showed that gender differences are less relevant after normalization than inter-individual
variations. In a recent study by Hohlmann et al. (Hohlmann et al. 2022), no clusters were

found for a parameter database describing the knee morphology, after anisotropic
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normalization of the measures. Those results suggest that generalized approaches for
specific patient groups are not required due to the high interindividual deviations and
missing clusters. Instead, an individualized approach and fit assessment should be used
to assess the preoperative to postoperative changes in shape with TKA and the

associated alterations in knee biomechanics that can be expected.

2.1.2 Knee biomechanics

Three-dimensional movement of the tibiofemoral joint involves six degrees of freedom
each, three rotations and three translations along the axes of the bone-specific
coordinate systems. Respective kinematics are displayed in Figure 2-2-A. For the
tibiofemoral joint, the main movement with the largest range of motion is the
flexion-extension movement. Relevant characteristics of physiological tibiofemoral
kinematics furthermore describe internal-external rotation and anterior-posterior
translation. Those characteristics include femoral rollback Figure 2-2 C, medial pivot,
and the screw home mechanism. The screw home mechanism describes the internal
rotation of the tibia in the last 5-10 degrees of extension (Freeman and Pinskerova
2005), leading to wrapping and tensioning of the cruciate ligaments, thus stabilizing the
knee in extension. With the femoral rollback, the posterior translation of the femur over
flexion is described, which is relevant for a sufficient range of motion (Fantozzi et al.
2006) and for limiting contact pressure in the patellofemoral joint. The presence of
femoral rollback in combination with higher constraints and hence lower mobility in the
medial tibiofemoral compartment results in the phenomenon of medial pivot, a
continuous external rotation of the femur throughout flexion. Regarding TKA, also
adduction-abduction rotation is of relevance in the context of the lift-off phenomenon
(Dennis et al. 2001), which is reported to adversely affect wear rates (Jennings et al.
2007).

Likewise, the patellofemoral joint enables six degrees of freedom (Figure 2-2-B), but
is constrained through the patellar tendon. Clinically relevant degrees of freedom include
the patellar medial-lateral translation and rotation, as well as the patellar tilt rotation
(Katchburian et al. 2003). Many factors determine patellofemoral kinematics and
associated stability of the patella, including bony guidance, capsule and ligaments, and

muscle forces (Klein and Sommerfeld 2012).
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Figure 2-2: Degrees of freedom (A) of the tibiofemoral joint and (B) of the patellofemoral joint. (C) Sagittal
view of the tibiofemoral rolling-gliding movement with “Femoral Rollback” during knee flexion movement.

The tibiofemoral and patellofemoral joint are subject to high loads, especially during
active movement. Muscle activation mainly contributes to the high loads, while being

crucial for stabilization and preservance of poses. Hence, depending on the activity
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performed and muscle activation required, high differences in loads are observed.
Instrumented prostheses were used to collect standard knee loads after TKA for several
activities, which ranged from 160-280% of the body weight for level walking and 350%
for stair descent (Bergmann et al. 2014). Similarly high maximum loads are estimated
for the patellofemoral joint for stair descent (Mason et al. 2008). The lateral facet of the
patella is generally exposed to higher forces, due to the lateral force vector of the M.
quadriceps femoris. Loads in the tibiofemoral joint are strongly dependent on the leg
axis. In the case of varus (valgus) leg axis deformities, the load transfer is shifted further

to the medial (lateral) compartment and may ultimately result in osteoarthritis.

2.1.3 Osteoarthritis

Osteoarthritis (OA) of the knee joint (gonarthritis) is one of the most frequent pathologies
worldwide, with an estimated global prevalence of 22.9% (95% CI, 19.8%-26.1%) in
individuals aged =40 (Cui et al. 2020). OA is described as a group of pathophysiological
processes, affecting not only cartilage but also the subchondral bone, ligaments,

tendons, muscles, menisci, and synovium (Wieland et al. 2005; Bijlsma et al. 2011).

Two main types of OA are differentiated, being idiopathic (primary) and secondary OA
(Altman et al. 1986). The disease is classified as idiopathic or primary, when the
development is not attributed to a (single) known cause (Wirtz 2011; Altman et al. 1986).
Instead, secondary OA originates from a specific cause or event, for example trough
trauma or disease (Merle et al. 2012; Altman et al. 1986). In addition to these two main
developmental mechanisms of osteoarthritis, various personal and environmental risk
factors for the development and progression of OA have been identified, including
increasing age and female sex (Creamer and Hochberg 1997). Of note, several of the
OA risk factors relate to joint (over)loading, including leg axis deformations, missing
ligaments or menisci, specific sports or occupation, and obesity (Doherty 2001), which

emphasizes the role of joint forces in OA pathogenesis (Felson 2013).

OA can be classified as uni-/ bi- or tricompartimental, depending on the compartments
affected. In addition, the severity of OA is differentiated and classified. The most
frequently used radiological classification is the Kellgren-Lawrence scale, considering

osteophyte formation, joint space narrowing, subchondral sclerosis, cyst formation, and
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joint deformation as classification factors (Kellgren and Lawrence 1957). For the patient,
OA is often accompanied by pain and functional impairment, including restricted mobility.
When conservative therapy has been exhausted, TKA is indicated in the case of severe
radiological OA (Kellgren-Lawrence grade 3-4) in combination with pain and functional
impairment, leading to a reduced quality of life and physiological strain (Kayaalp and
Becker 2022).

2.2 Total knee arthroplasty

Total knee arthroplasty (TKA) describes the replacement of the native joint surfaces by
artificial implant components and represents the gold standard for the treatment of
advanced OA. Knee OA in combination with severe pain constitutes the main indication
for TKA (Carr et al. 2012), with 90% of TKAs being attributed to primary knee OA (Wirtz
2011). The number of TKA surgeries has been increasing steadily until the Covid
pandemic. Over one million primary TKA surgeries are performed every year worldwide
(Kurtz et al. 2011). In 2019, ~194.000 primary and additional ~26.000 revision TKA
surgeries were performed in Germany (Statistisches Bundesamt 2020). In the context
of the Covid pandemic, the numbers decreased to ~173.000 primary and ~23.000
revision surgeries in the years 2020-2021. Despite this decrease, a current study
estimates an average increase of 43% in the total number of primary TKA and of 88%
in the total number of TKA revision surgeries in Germany by 2050 (Klug et al. 2021).
Because of the increasing confidence in TKA outcomes and higher rates of OA in the
younger population, their proportion of the patient population has steadily increased
(Kurtz et al. 2009; Klug et al. 2021; Le Stum et al. 2023), placing greater functional
demands on TKA. In combination with the increasing life expectancy, revision rates are

expected to increase rapidly (Klug et al. 2021; Harrysson et al. 2004).

2.2.1 Clinical workflow

The clinical workflow of TKA can be divided into the following steps: examination,
indication, preoperative planning, patient information, surgical intervention,
postoperative control, and rehabilitation (Lutzner and Kirschner 2017). Figure 2-3

depicts patient data within the workflow of TKA, with relevance for implant fit evaluation.
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Preoperative data
Intraoperative data
Postoperative data

Figure 2-3: Clinical workflow of total knee arthroplasty with focus on patient data, relevant for
patient-specific fit evaluation. WB = Weight-Bearing. KSS = Knee Society Score. OKS = Oxford Knee
Score. MA = Mechanical Alignment. AA = Anatomical Alignment. KA = Kinematic Alignment. (Wirtz 2011;
Lutzner and Kirschner 2017; Meyer et al. 2022; Reichel 2005).

The examination includes the patient’s anamnesis, functional tests, and imaging. X-Ray
imaging is the gold standard for the radiological diagnosis of knee OA and for
preoperative planning. Regularly the following X-ray images are taken for TKA planning:
an anterior-posterior view, lateral view, patellofemoral view, and weight-bearing long leg
radiograph (Lutzner and Kirschner 2017; Meyer et al. 2022; Reichel 2005; Halder and
Kdéhler 2011). When patient-specific instrumentation or implants are used, detailed 3D
imaging of the knee is required, either by MRI or CT (Schotanus and Kort 2022). Hess
and Hirschmann (Hess and Hirschmann 2022) have proposed a general switch to 3D
imaging to overcome the limitations of 2D-based planning, such as the inability to
comprehensively assess extra-articular deformities and the precise patient positioning,
as well as the potential measurement inaccuracies that may result (Radtke et al. 2010).
However, preoperative planning for TKA is still routinely performed in 2D (Hess and
Hirschmann 2022). In addition to the data acquired through functional tests and imaging,
preoperative scores may be obtained at this stage to allow for direct comparison with
the postoperative scores (Lutzner et al. 2022). Consequently, the results of the
examination include the treatment indication and, if TKA is indicated, the patient data

required for surgery and planning.
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Standard preoperative planning for TKA involves planning of the leg axis correction
and required bone resections (Halder and Koéhler 2011), selecting the implant system
and planning the components’ alignment (Meyer et al. 2022; Halder and Kohler 2011),
as well as estimating the implant sizes (Tanzer and Makhdom 2016; Meyer et al. 2022;
Halder and Koéhler 2011). Leg alignment strategies currently considered include
patient-specific, hybrid, and systemic techniques (Riviere et al. 2018b), which are
displayed in Figure 2-4. The degree of constraint of the implant system used is
determined based on the results of the examination including the functional tests
assessing knee stability (LUtzner and Kirschner 2017), with the least constrained implant
system always favored (Rodriguez-Merchan 2011). The factors influencing correct sizing
include the bone anatomy, implant design, and surgical technique (Bonnin et al. 2022).
The sizes of standard implant components are routinely selected based on the AP bone
dimensions derived from the selected imaging method (Tanzer and Makhdom 2016).
Templating is performed either analogue or digitally, involving a comparison of size
measurements of the respective implant component with those of the bone to decide on
a specific size. Generic boundaries for the implant component positioning may be
considered in this step (Kim et al. 2014; Slevin et al. 2022). The subsequent step to

preoperative planning is the patient information.

Of note, the mean time spend on preoperative planning in TKA and THA is reported to
be below 5 min per case (Krueger et al. 2020), despite its relevance for minimizing
intraoperative complications and optimizing postoperative outcomes (Hess and
Hirschmann 2022). In addition, current reimbursement systems do not adequately
account for preoperative work (Krueger et al. 2020; Wasterlain et al. 2019; Grosso et al.
2020), thereby even motivating a reduction of the limited time spend on preoperative

planning.
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Figure 2-4: Leg alignment strategies in TKA with exemplary HKA, LDFA, and MPTA values: kinematic
alignment, restricted kinematic alignment, adjusted mechanical alignment, anatomic alignment,
mechanical alignment. Adopted from Riviére et al. (Riviére et al. 2018b) and Tuecking et al. (Tuecking
et al. 2020).

The surgical intervention in standard primary TKA regularly begins with the classical
approach of a midline skin incision and a subsequent medial parapatellar arthrotomy
(Mattiassich and Hochreiter 2022). The next steps include the resection of the
hypertrophic synovium, of the menisci, of the (anterior) cruciate ligament(s) (depending
on the implant type), and of osteophytes (Rohrig 2011). After the required resections
and resection of the fat pad, the patella is tilted or everted to the lateral side (Rohrig
2011; Weir et al. 2022). The following steps for bone resection and their sequence
depend on the selected technique, being either femur-first or tibia-first (Merle et al. 2012;
Roéhrig 2011). Corresponding surgical instrumentation, provided with implant system,
includes rods for intra- or extramedullary alignment and cutting blocks (Weir et al. 2022;
Merle et al. 2012). After the bone resection, the final bone dimensions are determined
and trial components are selected accordingly (Weir et al. 2022). The knee is then

moved to evaluate laxity in extension and flexion under varus and valgus stress, by use
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of spacer blocks, the trial components, and/or a tensioning device (Mihalko et al. 2009;
Weir et al. 2022). Techniques for balancing of the knee include soft-tissue releases and
further bone resections (Mihalko et al. 2009; Rohrig 2011), with the goal of creating a
symmetrical and balanced flexion and extension gap (Rohrig 2011; Merle et al. 2012).
Subsequently, the patella is treated and optionally prepared for resurfacing (Rdhrig
2011). Afterwards a jet lavage is performed and the selected implant components are
implanted using cement (Weir et al. 2022; Wirtz 2011; Merle et al. 2012). Final steps

include functional tests and (multilayer) wound closure (Weir et al. 2022).

The postoperative procedures include documentation, mobilization, laboratory,
imaging, and post-treatment medication (Seuser 2011). Aspects of documentation
include results of functional assessment and of postoperative physiotherapy as well as
clinical scores (Seuser 2011). The hospital stay is regularly followed by outpatient or
inpatient rehabilitation. During rehabilitation and follow-up appointments further
functional tests, laboratory, and imaging are performed, and optionally clinical scores

are obtained (Seuser 2011).

2.2.2 Implant design

Implants for artificial knee replacement can generally be distinguished regarding the
number of compartments replaced, their constraint level, and their type of fixation (ISO
ISO 7207-1). Figure 2-5 exemplarily displays a bi-compartmental, unconstrained knee
replacement system. Respective implant components include a femoral component, a
tibial tray, and tibial insert(s). Regularly the femoral component and tibial tray are made
from cobalt-chrome while the tibial insert(s) and the optional patellar button are made
from ultra-high-molecular-weight polyethylene (Delfosse et al. 2022). Overall, the
cruciate retaining (CR) is the most used implant type according to national arthroplasty
registers (Robertsson et al. 2001; Grimberg et al. 2023). Cementation is the most-used
fixation technique in Germany (Grimberg et al. 2023), for which alternatives are press-

fit systems and hybrid fixation.
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Femoral component

Tibial insert

Tibial tray

(A) (B)

Figure 2-5: Components of a tri-compartmental, cruciate-retaining total knee replacement system in (A)
frontal view and (B) lateral view.

In addition to the classification of implant type, implant systems can be distinguished by
their geometric shape. However, only few established parameters are present to
describe this shape. The standard ISO 7207-1 (ISO ISO 7207-1) gives a classification,
definitions, and designation of dimensions for total and partial knee joint prostheses. For
CR systems, the standard lists nine parameters describing the geometry of the femoral
component and seven describing the geometry of the tibial tray and inserts. The
description of the patellar component is limited to its width and length. In contrast, many
more parameters for the differentiation of knee implant shape are discussed in the
literature (Saffarini et al. 2014; Kessler et al. 2007; Clary et al. 2013). In terms of shape,
the first distinction is between standard or “off-the-shelf’ (OTS) implants and customized

or patient-specific implants. Both concepts are discussed in more detail in the following.

Standard implant design

With standard total knee replacement design, one specific shape is offered in different
sizes. Currently, manufacturers offer in the range of 7-21 femoral and 7-10 tibial implant
sizes (e.g., e.motion, Aesculap AG, Tuttlingen, Germany | Attune, Depuy Synthes,
Raynham, MA, US | Persona, Zimmer Biomet Holdings, Inc, Warsaw, IN, US). The size
distribution of available implant systems suggests regression fitting, while the
manufacturers in general did not specify the method used for sizing. The femoral and

tibial size distribution of an exemplary set of current implant systems is given in Figure
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2-6. In the diagrams, the implant sizes are compared against size information from a
database of cadaver knees, including measurements from 416 femora and 416 tibiae.
The corresponding CT data was acquired for surgical training purposes and provided by
Conformis (Conformis Inc., Billerica, MA, USA). No prior selection was performed and
also no donor identifying information was accessed for the conduct of the analysis. The
bone measurements were performed according to the workflow described by Asseln et
al. (Asseln et al. 2018).
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Figure 2-6: (A) Femoral and (B) tibial size distribution of an exemplary set of current implant systems
together with cadaver knee size data, including measurements from 416 femora and 416 tibiae.
Manufacturer information: Triathlon, Stryker Corporation, Kalamazoo, MI, US | Attune, Depuy Synthes,
Raynham, MA, US | Persona, Zimmer Biomet Holdings, Inc, Warsaw, IN, US | Journey, Smith & Nephew
plc, Watford, UK | Legion, Smith & Nephew plc, Watford, UK | Sigma, Depuy Synthes, Raynham, MA, US
| e.motion, Aesculap AG, Tuttlingen, Germany)

Different manufacturers of TKA implants follow different design philosophies and
features, of which examples are displayed in Figure 2-7. A design aspect extensively
analyzed and discussed is the sagittal shape of the femoral condyles (J-curve), which
has motivated different types of femoral implant design. Those include single-, dual-,
multi-, and gradually reducing radius designs, of which examples are depicted in Figure
2-7 A. High-flexion designs address the proximo-posterior end of the J-Curve, with the
theoretical advantage of higher range of knee flexion (Argenson et al. 2004).

Tibiofemoral conformity (Figure 2-7 B) influences tibiofemoral kinematics, contact
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pressure, etc., and has been reported to affect both polyethylene wear rates
(Schwarzkopf et al. 2015) (in vitro) and postoperative range of motion (Walker and Garg
1991) (in silico). Willing et al. (Willing and Kim 2011) addressed this design aspect using
rigorous numerical optimization, with the goal of defining a generically optimized
tibiofemoral implant conformity for increased range of motion while preserving native AP
and internal-external knee constraints. The study however, included several limitations.
First, they did not consider patient-specific factors influencing range of motion, such as
individual knee kinematics (e.g., femoral rollback) and individual knee anatomy with
relevance for impingement. Second, they neglected many other targets such as the
required compatibility e.g., regarding PCL strain, patellofemoral ligament strain, the
TT-TG distance, etc. Therefore, a patient-specific optimized tibiofemoral conformity still
needs to be researched. A comprehensive change in knee implant design addressing
several shape aspects represents the gender-specific knee implant design, which was
first introduced by Zimmer Inc. (Zimmer Inc., Warsaw, Indiana, US). The design change
was motivated by the issue of ML oversizing frequently reported in female patients
(Mahoney and Kinsey 2010). The design included a reduced aspect ratio, a thinner
anterior flange, and a larger trochlear orientation angle (Figure 2-7 C). Those deviations
have been reported for the female patient population for example by Conley et al.
(Conley et al. 2007). Other authors have highlighted the extent of inter-individual
deviations rather than gender-specific differences in knee morphology (Asseln et al.

2018; Hohlmann et al. 2022), which motivate the use of customized implants for TKA.
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WO

(A)
(B) (C)

Figure 2-7: Design variations of standard implant systems: (A) Different J-Curve designs: single-, dual-,
multi-radius design. (B) High-conforming vs. low-conforming CR implant design. (C) Standard (upper
images) and Gender-specific/ “Female” design (lower images): ,Female knee” design with a smaller
aspect ratio, thinner anterior shield, and a higher trochlea orientation angle.

O
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Patient-specific implant design

Instead of using standardized implants, the implant design can also be customized to
the individual patient’s knee morphology. The decision for such an implant is currently
made by the surgeon, without standardized systematic analyses. The basis for the
respective implant design is 3D surface information of the patient’s native bone. For this
purpose, regularly CT image data is acquired (Koch et al. 2013). Promoted advantages
of customized implants include improved rotational alignment, optimal bony coverage
without implant overhang (Schroeder and Martin 2019), and an ideal J-Curve matching.
Customized implants are also reported to have a lower bone resection volume, which is
attributed to the adaptation of the implant design and related resection cuts to the
specific patient (Kurtz et al. 2016). Furthermore, a customized implant shape is expected
to restore physiological ligament tension throughout knee flexion and thereby to reduce

the need for intraoperative adaptations such as ligament releases (Saffarini et al. 2023).

19



Background and motivation

Current disadvantages include the required 3D bone geometry data based on CT
imaging with associated radiation exposure and waiting time, both for the CT and for

implant manufacturing, as well as the additional costs involved.

2.2.3 Causes of revision

Revision surgeries make up ~12% of the yearly TKA surgeries in Germany (Statistisches
Bundesamt 2019, 2020, 2021, 2022). During revision, the affected implant components
are replaced, either directly or in case of infection in a two-step procedure including
antibiotic spacers. Causes for implant failure have been analyzed extensively in the
literature. The most frequent causes for revision of TKA for treatment of OA include
aseptic loosening, infection, and instability (Sharkey et al. 2014; Schroer et al. 2013;
Delanois et al. 2017). Pain is another common complication after TKA which is
detrimental to patient satisfaction and in severe cases can require revision (Postler et al.
2018). Anterior knee pain specifically describes the phenomenon of pain in the
patellofemoral region, which requires a complex analysis, as the origin often is
multifactorial (Petersen et al. 2014). A summary of studies reporting on the causes of
TKA revisions is given in Figure 2-8. The chart displays the proportion of each cause of

revision in the total number of revision surgeries considered in the respective study.

The design of TKA implants has been shown to influence various factors relevant to TKA
revision, including postoperative knee kinematics (Kessler et al. 2007; Dennis et al.
2003), knee stability (Clary et al. 2013; Jo et al. 2014), wear performance (Essner et al.
2011) which is associated with aseptic loosening and infection (Hodges et al. 2021).
Most of the listed causes of revision represent failures related to implant and/or bone
mechanics and resulting postoperative knee function, with the only clear exception being
arthrofibrosis and malalignment. Hence, when excluding unknown causes of revision
(“other”) in mean >99% of revisions may be directly or indirectly attributed to the implant
design (percentage based on 402.081 revisions, Figure 2-8). Exemplary relationships
between individual causes of revision and the implant design are discussed in more

detail in the following section.
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Figure 2-8: Overview of studies reporting on the causes of TKA revision surgery. The graph shows the
proportion of each revision cause in the total number of revisions considered in each study. Of note: The
average percentages reported are similar to the percentages reported by Delanois et al. (Delanois et al.
2017), as the study analyzed by far the highest number of revisions (n=337.597). (Postler et al. 2018;
Delanois et al. 2017; Thiele et al. 2015; Sharkey et al. 2014; Koh et al. 2014; Schroer et al. 2013; Dalury
et al. 2013; Kasahara et al. 2013; Haasper et al. 2012; Bozic et al. 2010).

Relation of revision to the implant design

The number of OTS implant sizes as well as their theoretical and even more their actual
compatibility (Young et al. 2015) are limited. Therefore, the size selection in TKA is often
a compromise. Current studies on implant size mismatch in TKA for different populations
are listed in Figure 2-9 (femoral overhang) and in Figure 2-10 (femoral underhang).
From the relevant errors it can be concluded that the implant systems considered in

these studies did not adequately match the respective patient populations.
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The consequences of respective mismatch are discussed below exemplarily for the
femoral component, depending on the referencing technique used. In the case of
anterior referencing, an inadequate femoral AP size fit results in either an insufficient or
an excess resection of the posterior condyles. Such a change in the posterior condylar
morphology impacts flexion laxity (Mueller et al. 2014) and thereby may lead to instability
and/or impact forces in flexion. Furthermore, the posterior condylar offset is changed,
for which a negative impact on flexion range of motion has been reported by Bellemans
et al. (Bellemans et al. 2002). In the case of posterior referencing, an inadequate AP
size fit leads to an insufficient or an excess resection of the anterior femoral flange, which
can affect patellar tracking and/or involve femoral notching. Kawahara et al. (Kawahara
et al. 2012) have reported higher patellofemoral forces for anterior oversized femoral
components, which may be linked to overstuffing and resulting anterior knee pain
(Petersen et al. 2014). ML over-/ underhang of the implant relative to the bone is the
result of an inadequate ML fit. The impact of respective size mismatch has been studied
by several groups. Mahoney et al. (Mahoney and Kinsey 2010) found a twofold
increased risk for clinically relevant knee pain at two years postoperative, with overhang
= 3 mm. Chung et al. (Chung et al. 2015) reported decreased flexion range of motion
with condylar ML overhang > 4 mm. In the study by Bonnin et al. (Bonnin et al. 2013)
any level of overhang (> 0 mm) was associated with statistically significant negative

impact on pain and function scores as well as on flexion range of motion.

Even in the case of an ideal AP and ML size fit, inter-individual variations in knee
morphology can lead to high local deviations between implant and bone cut contours.
The extent of such deviations is scarcely analyzed but may lead (e.g., in case of implant
overhang) to soft tissue irritations (Bonnin et al. 2017). Independently of respective
inter-individual variations, distinct shape differences between the physiological, native
knee shape and the implant geometry have been reported (Akbari Shandiz et al. 2018),
especially for the femoral trochlea (Du et al. 2017; Dejour et al. 2014; Kuo et al. 2020;
Rosa et al. 2023). Those include differences in the sulcus angle, lateral trochlear height,
trochlear coronal alignment, and anterior flange thickness (Kuo et al. 2020; Rosa et al.
2023; Dejour et al. 2014). One could argue whether respective changes may better
accommodate a matching patellar implant design (which in general differs significantly
from native patella shapes). However, patellar resurfacing is performed in Germany only
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in ~10% of all TKAs reported in a national registry (Grimberg et al. 2022, 2023; Grimberg
et al. 2021). Consequently, the shape differences are expected to lead to undesirable

changes in (patellofemoral) kinematics and stability.

The clinical impact of changes in morphology with TKA is scarcely analyzed, as specific
design parameters cannot easily be evaluated independently of others. Kessler et al.
(Kessler et al. 2007) and Pfitzner et al. (Pfitzner et al. 2018) reported differences in
kinematics with different J-Curve designs in vivo. Clary et al. (Clary et al. 2013) also
found relevant variation in kinematics with different J-Curve designs in a combined
in vitro and in silico analysis. Comprehensive sensitivity analyses assessing several
morphological parameters of the knee implant shape reported significant impact on
kinematics and/or contact mechanics in vitro (Leichtle et al. 2017; Dai et al. 2018; Asseln
et al. 2021) and in silico (Ardestani et al. 2015; Fitzpatrick et al. 2012b; Fitzpatrick et al.
2012a; Asseln et al. 2021). The link to clinical outcome measures needs to be

established.

2.2.4 Outcome scores

Outcome scores are means to evaluate the success of a treatment, which include
various different measures as sub-scores. In general, a distinction can be made between
patient-reported outcome measures (PROMs) and clinician-reported outcome measures
(CROMs). CROMs mostly include objective measures such as the postoperative leg
alignment, flexion range of motion, and knee stability. In contrast, PROMs mostly include

subjective measures, such as the patient-reported levels of pain during different ADLs.

A relevant application of outcome scores is the assessment of the suitability of different
treatment options available. For example, when deciding on the treatment of knee OA
with varus deformity, the outcome scores of the respective patient population for high
tibial osteotomy and those for unicompartmental knee arthroplasty may be compared
(Spahn et al. 2013; Serbin et al. 2023). Another application example of outcome scores
is the decision for an implant system, which could be based on the comparison of

outcomes with the available implant designs (Pfitzner et al. 2018).

Outcome scores commonly used in TKA surgery include general health or quality of life

scores, such as the EQ-5D, SF-12/-36 and Forgotten Joint Score, as well as scores

24



Background and motivation

specific to the joint and/or disease, such as the KSS, KOOS, OKS, and WOMAC (Lan
et al. 2020; Giesinger et al. 2014). The dissatisfaction rates in TKA across different
scores have been comparably high, with up to 19% of the TKA patients report to be
unsatisfied after surgery (Bourne et al. 2010; Noble et al. 2006; Scott et al. 2010). To
address this issue, several authors have proposed the use of outcome measures, and
especially of PROMs, for optimizing postoperative satisfaction in TKA (Tew et al. 2020;
Ayers 2017).

However, the suitability of existing TKA PROMs as sole optimization criteria has also
been questioned e.g., due to the missing consideration of other success criteria such as
implant survivorship as well as the PROMs limited sensitivity (Leonard et al. 2023).
Possible explanations for the limited sensitivity include the effects of modifiers on
PROMs (Wilson and Cleary 1995), for which numerous have been reported in the
context of TKA and THA (Brembo et al. 2017; Singh and Lewallen 2013; Singh et al.
2023; Theiss et al. 2011). In addition, floor and ceiling effects have been reported for
PROM scores commonly used in TKA (Busija et al. 2008; Giesinger et al. 2014),
especially in the growing group of younger TKA patients (<60 years) (Klit et al. 2014).
Thus, respective limitations of available scores prompt a particular emphasis both on
increased individualization in outcome measures and on more sensitive criteria (Leonard
et al. 2023), for which examples have been presented in the literature (Maffiuletti et al.
2010; Leonard et al. 2023). Sensitivity and accuracy of TKA outcome measures are also
of relevance with regard to cost-effectiveness analyses, for which the respective scores

are used as input (Losina et al. 2009).

2.2.5 Cost effectiveness

The optimal allocation of limited health care resources is a difficult task. On a
patient-specific level, this allocation involves deciding between different treatment
options, taking into account the associated costs and potential benefits (Gray et al.
2011). Here, cost-effectiveness analyses (CEA) are typically performed. An exemplary
statistic of CEA is the incremental cost-effectiveness ratio (ICER), which weighs
incremental costs against the associated effects. In the example of TKA, the
(incremental) cost of the procedure compared to that of living with end-stage knee OA
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is weighed against the (incremental) effect measured, for example, by the gain in
quality-adjusted life years (QALY) (Losina et al. 2009).

Muller and Schurmann (Muller and Schirmann 2001) reported mean costs of 18 649,40
DM (= 9.535,29 Euro) for a TKA in Germany. The implant costs account for ~25% of the
cost of TKA (Pogonke 2012; Muller and Schiarmann 2001). In general, the implant cost
strongly varies depending on the implant system and design, and has been reported to
range between 1.000-5.000 Euro in 2012 (Merle et al. 2012)

When the direct cost of TKA with a customized are compared with those of TKA with an
OTS implant, clearly the procedure with customized implant is more expensive, as CT
imaging is required and the implants are more expensive. However, there are also
cost-relevant disadvantages of OTS implants compared with customized implants. One
example is the need for multiple implant sizes for possible adjustments during surgery,
which must be available in a sterilized state. This effort and the associated costs would
be avoided with a customized implant. Culler et al. (Culler et al. 2017) and Namin et al.
(Namin et al. 2019) have reported the use of a customized implants in TKA to be of
similar or even lower cost compared to standard implants. In their studies, the lower risk
of complications and revisions and the reduced need for rehabilitation led to cost
reductions for the TKA with customized implant. In addition, a recent study on patients
with bilateral TKA (1. Knee: standard implant; 2. Knee: customized implant) found
significant differences in KOOS and FJS, with patients favoring the customized implant
(Schroeder et al. 2022). In contrast, a recent meta-analysis reported higher revision
rates in the customized compared to the OTS TKA group and no difference in early
outcome measures (Muller et al. 2023). The differences between studies in the literature
regarding the performance of customized versus standard implants in the literature may

be related to the different need for customization in the patient population.

In conclusion, also in terms of cost-effectiveness, the identification of patients who will
benefit most from a customized implant, would be favorable. As a result, fewer
unnecessary customized implants would be used for which the additional cost is not
outweighed by an additional gain in, for example, QUALYs. In addition, fewer patients
would receive an inadequately fitting OTS, which can lead to dissatisfaction or the need

for revision surgery.
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2.3 Conclusion

In the previous chapters, the relevance of TKA for restoring function and relieving pain
in patients with advanced OA has been presented. The increasing number of TKA
procedures, especially in younger, more active patients motivates, further optimization
of the treatment. Various known causes for revision and poor patient dissatisfaction have
been discussed, of which the majority is expected to be directly or indirectly associated

with the implant design.

In a review of studies on available OTS designs, a discrepancy between provided
implant sizing and population size distribution has been identified. Previous
methods for implant sizing have not been described in the literature, however the results
often resemble a regression fit. As ML and AP size are normally distributed, it becomes
apparent that a regression fit is an inadequate sizing method. In contrast, numerical
optimization methods appear to be more applicable, and consequently their potential is
evaluated (RQ1).

Furthermore, advantages and disadvantages of customized implants, among others
regarding cost and cost-effectiveness, have been discussed. Because of the
disadvantages of the required CT, longer waiting periods, and higher implant-related
cost, an adequate selection of cases requiring customized implants should be
implemented. To date, there is no method to support the decision-making which
OTS implant design would fit best, and whether this fit is sufficient or if a
patient-specific implant should be advised. In light of the limited time available for
preoperative planning, and its partially inadequate compensation, this deficiency is even

more critical.

Consequently, the need for further fit evaluation beyond size is assessed, by evaluating
the variability in knee morphology (RQ2) and by analyzing the correlation of
morpho-functional with size parameters (RQ3). Subsequently, potential objective criteria
are assessed (RQ4). Regarding morphologic fit, deformities have to be considered,
whose corrections may significantly alter morphological parameters of the knee. Hence

a method for parameter-based deformity correction is developed (RQ5). Finally, the
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feasibility of the method is examined (RQ6). The research questions identified and

addressed in the following chapters are listed below.

RQ1.

RQ2.

RQ3.

RQ4.

RQ5.

RQ6.

Can patient population coverage be significantly improved by numerical
optimization of implant sizing?

Does native knee morphology involve shape variation independent of overall
size?

Is there a correlation between the individual morphological parameters and the
overall knee size? What residuals remain in the case of an ideal size fit?

Are objective criteria available for patient-specific morphological and functional
implant fit evaluation?

In the case of deformities, can those be clearly identified and adequately
corrected by a parameter-based, data-driven approach?

Can the proposed implant fit evaluation be integrated in the clinical workflow?
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3. Preliminary studies

3.1 Optimization of standard implant sizing

Work in this chapter has been presented in parts in:

S. Grothues, B. Hohimann, S.M. Zingde & K. Radermacher: Potential for femoral size
optimization for off-the-shelf implants: A CT derived implant database analysis. Journal
of Orthopaedic Research, 2023, 41(6), pp. 1198-1205 [DOI: 10.1002/jor.25464]

3.1.1 Introduction

Relevant mismatch regarding AP and ML fit between the sizing of available implant
systems and different patient populations has been reported in the literature, as
described in Chapter 2.2.2. Hence, potential for optimization of implant sizing was
demonstrated. As a basis for an optimization study, knee size information of TKA
patients is required. With the advent of patient specific total knee implants and
instruments, as well as robotic TKAs, large databases of patient CT scan information
are now available. In prior studies (Meier et al. 2019; Meric et al. 2015) such databases
have been used to document the variation in the distal femoral geometry. However, there
is no paper to the author’s knowledge that has used such a database to determine an
optimized implant sizing matrix that can be used in future implant design. Hence, the
aim of this chapter was to find implant size distributions, which maximize the percentage
of the patient population adequately provided for, to evaluate the sensitivity regarding
error bounds and the number of implant sizes, and to compare the results against

standard regression sizing, for a large case database of 85.143 TKA patients.
The research question addressed in this chapter is the following:

RQ1: Can patient population coverage be significantly improved by numerical
optimization of implant sizing?
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3.1.2 Materials and methods

Basis of the analysis was a comprehensive database of 85,143 implant design datasets
provided by Conformis Inc. (Conformis Inc., Billerica, MA US). The database includes
CT derived anatomic and implant design parameters used in the design of customized
total knee implants (iTotal CR and iTotal PS). All implants are either cruciate-retaining
(CR) or posterior-stabilized (PS) types of the iTotal knee replacement (Conformis Inc.,
Billerica, MA US). Different size boundaries apply to the PS and CR implants according
to the clearance of the Food and Drug Administration (FDA). The AP lower (upper)
bound for the CR implants is 55 mm (80 mm) and for PS implants it is 56 mm (81 mm).
The ML lower (upper) bound for the CR implants is 57.5 mm (90 mm) and for PS implants
it is 55 mm (90 mm). All patients undergoing TKA were provided with a customized
implant reconstructing the native femoral J-curves and interface bone contour (Slamin
and Parsley 2012; Schroeder and Martin 2019). No selection of implant data took place
before the analysis. Left (48.4%) and right (51.6%) consecutive femoral components of
female as well as male patients were included. The gender distribution is unknown and
was neglected based on the findings of Asseln et al. (Asseln et al. 2018). The cohort
includes design data for patients residing in North America and Europe. However, the
analysis did not stratify patients based on ethnicity-related factors. Overall AP and ML
sizes were measured using the implant's design data. Ethics approval for this study was
obtained from the Ethics Committee at the Faculty of Medicine of the RWTH Aachen
University (EK 240/22).

Since the data set contains information on implant design data, the first step was to
quantify and validate the difference between the native bone and corresponding
customized implant designed for that bone. This is important, since implant design, in
some cases, requires modifications from the native geometry to accommodate for e.g.,
congenital or acquired deformities or OA-related bone wear. Moreover, engineering
design limits and technical constraints regarding manufacturing could result in minor
differences between the bone model and the resultant implant. To quantify the difference
between native bone and implant measurements, a subset of 1049 patients was used,
for which the three-dimensional bone surface models were available. The AP and ML
size were determined automatically using the approach described by Asseln et al.

(Asseln et al. 2018). AP and ML measures were identified in a bone-specific coordinate

30



Preliminary studies

system. The AP length was measured as the distance between the most anterior point
on the trochlea and the most posterior point on the condyles, along the AP axis. The
condylar ML width was calculated between the most lateral and medial bone surface
points along the ML axis at 10 mm above the most distal condylar point. A multivariate
two-sided t-test with unequal variances was applied, to compare both measurements
(Welch 1947). Figure 3-1-A shows both distributions. In addition, to ensure that the ML
and AP measures were representative for all TKA patients, and not only for patients with
customized implants, implant measures were also compared with measures of 386

cadaveric femora.
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Figure 3-1: Analysis of the size distribution in the databases analyzed: (A) The distribution of AP and ML
sizes for implants (gray dot) and bone (blue circle). A gaussian mixture model with two components is
fitted to the implant data. (B) The distribution of AP and ML sizes for implants (gray dot) and cadavers
(green circle).

Upper bounds for AP and ML mismatch were defined according to the following design
rules: As stated earlier, the AP size relates to the biomechanical function. No
differentiation between over- and undersizing was made, and the maximal bone to
implant deviation was varied from 1 to 5 mm. This covers the wide range of implant size
gaps seen in current commercial manufacturer's models. For example, size gaps from
2 mm (Persona, Zimmer Biomet Holdings Inc, Warsaw, IN, US) to 5 mm (Legion, Smith
& Nephew plc, Watford, UK) regarding the AP size can be found. For ML mismatch, only
underhang was allowed, with bounds from 1 to 5 mm. As this limit was applied on either

side, the overall ML size may deviate twice as much.
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Given the design bounds, a set of standard implant sizes was defined that optimizes the
percentage of the patient population adequately provided for (“Coverage”). The
optimization was performed in MATLAB (MathWorks, Inc., Natick, MA, US), using the
particle swarm algorithm (Kennedy and Eberhart 1995). As the algorithm is non-

deterministic, each run was repeated 50 times, and the best set of sizes was kept.

The particle swarm algorithm is an iterative method inspired by the behavior of swarms
in nature that optimizes an objective function. In the application at hand, the objective is
the population coverage. A brief pseudo-code implementation is given in Figure 3-2: A
set of possible solutions, where each solution constitutes one particle is initialized
randomly. In every iteration, the objective function is evaluated on all particles. Updates
on the particles are determined by their velocity, which in turn is increased in the direction
of the best-known solutions for the individual particle (i) known so far and (ii) in a random
neighborhood, respectively. Thus, the velocity drives the particles to the current
optimum. The optimization ends when the change in the objective functions becomes
too small, indicating convergence on a (potentially local) optimum. Figure 3-3 shows an
example of a single iteration: in Figure 3-3 A two solutions are shown, each of which
constitute a single particle. As the particle shown in green exhibits the highest objective
function, the velocity of the orange particle is redirected to this solution. In the next
iteration (Figure 3-3 B), the orange particle achieves a higher objective function. In
contrast to linear regression, this optimization algorithm does not impose any bounds on

the individual implant sizes.

Particle Swarm Algorithm
Initialize particles P € P randomly

while ( Af(P)< ¢ ):
evaluate f(P)
for every p€eP:
Add current p to T,
Select random subset S €P
Update velocity v using argmin f(S) and arg min f(T,)
Update particle p=p+v

Figure 3-2: Brief Pseudo-code implementation of the particle swarm algorithm.
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Figure 3-3: Visualization of the particle swarm optimization: (A) Visualization of two particles, colored in
green and orange. Initially, the green particle achieves the highest coverage. (B) In the next iteration, only
the orange particle is shown. It is driven to the best-known solution, achieving an even higher coverage

Two parameters were varied to investigate their respective effect on the coverage: The
number of sizes, and the bounds on AP and ML mismatch. The bounds were linked with
a factor of two, so that the ML mismatch may be twice as much as the AP mismatch (s.
above). For every parameter set (number of implant sizes and mismatch bounds), the
respective set of implant sizes was derived as described above and the population
coverage was calculated. Finally, the coverage of the optimized implant sizes was
compared against the coverage of existing implant systems, which are presented in
Table 3-1 and in Figure 3-4.

Table 3-1: Sizing information about existing implant systems considered for patient coverage analysis.

Implant Name |Number |AP Range |ML Range |Manufacturer (HQ)
of Sizes |(mm) (mm)
Triathlon 8 53.0-75.0 |59.0-80.0 |Stryker Corporation (Kalamazoo, Ml, US)
Journey IICR (10 51.7-79.8 |59.0-82.0 |Smith & Nephew plc (Watford, UK)
Attune CR 14 47.7-76.1 |54.1-82.0 |Depuy Synthes (Raynham, MA, US)
Persona CR 21 48.1-75.2 |55.5-77.5 |Zimmer Biomet Holdings, Inc (Warsaw, IN, US)
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Figure 3-4: Size information of the knee implant systems analyzed in the context of population coverage.

3.1.3 Results

The multivariate t-test with unequal variances showed a significant difference
(p=0.0005) between the bone and implant measurements. The 95% confidence
intervals of the mean value deviation for univariate tests ranged from 0.35 to 1.1 mm for
ML and 0.03 to 0.6 mm for AP. However, these small differences between native bone
and implant AP/ML sizes are not expected to be of clinical significance. Figure 3-1 B
displays the comparison of the implant and cadaveric bone measures, demonstrating
good agreement between the two datasets. Hence, it can be concluded that the implant

geometry data are a valid basis for this sizing analysis.

In the following, the results of the sensitivity analysis regarding the number of implant
sizes and the tolerated mismatch are presented. Figure 3-5 A shows the covered
population over the number of sizes, given fixed size mismatch bounds of e.g., £1.5mm
for the AP size and up to 3 mm ML underhang on either side. Starting from six sizes,
60% of the population could be provided with an adequately sized implant. Only 15 sizes
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were required to fit 90% of the population. Yet, even 30 sizes were not sufficient to
achieve a 100% coverage of the population. In Figure 3-5 B, the number of sizes is
fixed. Instead, the bounds on AP and ML mismatch were varied: From +0.5 to £2.5 mm
AP mismatch and 1 to 5 mm ML underhang on either side. This strongly influenced the
coverage, with only 20% covered for a strict bound and a full coverage of the population

when loose bounds were applied.
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Figure 3-5: Quantitative results of the sizing optimization analysis: (A) The percentage of population
covered over the number of different implant sizes. An AP mismatch of £1.5 mm and an underhang of up
to 3 mm on either side is shown in blue, along with a less strict version with £2 mm in AP and 4 mm in ML
(yellow), as well as a strict requirement of £1 mm in AP and 2mm in ML (red). (B) The percentage of
population covered over the allowed sizing mismatch. ML underhang may be twice as high as AP
mismatch. This function was evaluated for 6 (red), 12 (blue), 24 (yellow), and 30 (purple) implant sizes.

Table 3-2 the percentage of population covered for all tested combinations of sizes and
mismatch bounds. Within the bounds for mismatch and the numbers of implant sizes
considered in the present analyses, the impact of changes in tolerated AP and ML
mismatch had a greater influence on population coverage (for 12 sizes: range of
coverage = 19.91%-99.78% based on allowed AP and ML mismatch) compared to
changes in the number of sizes (for max £1.5 mm AP error and 3 mm underhang on both

sides: range of coverage =60.08%-99.32%).
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Table 3-2: Population coverage for the number of sizes varying from 6 to 30 and different AP & ML
mismatches, ranging from £0.5mm to £2.5mm in AP direction and Tmm to 5mm underhang in ML direction.
The exemplary setup presented in Figure 3-5 is highlighted in blue. The number of implant sizes of
existing implant systems in the setup analyzed are highlighted in grey.

AP /| ML Mismatch
# Sizes
1/2 mm 2/4 mm 3/6 mm 4/8 mm 5/10 mm

6 11.43 34.05 60.08 80.32 92.64

7 12.94 38.25 65.43 85.04 95.14

8 (Triathlon) 14.34 42.52 70.35 89.42 97.68
9 15.97 46.17 75.22 91.70 98.62

10 (Journey II) 17.40 49.74 78.75 93.71 99.27
11 19.00 52.98 82.05 95.48 99.63

12 (example) 19.91 55.97 84.67 96.77 99.78
13 21.36 59.06 86.81 97.99 99.97

14 (Attune) 22.58 61.62 89.02 98.62 99.97
15 23.83 63.77 90.70 98.85 99.98

16 25.08 66.94 92.30 99.40 99.99

17 26.21 69.03 93.84 99.63 99.99

18 27.15 71.12 94.04 99.81 100.00

19 28.87 72.96 95.24 99.82 100.00

20 29.73 74.31 95.73 99.86 100.00

21 (Persona) 30.86 76.59 96.09 99.90 100.00
22 31.77 77.76 97.49 99.94 100.00

23 32.74 78.95 97.49 99.96 100.00

24 33.41 80.47 98.11 99.97 100.00

25 34.18 82.29 98.19 99.98 100.00

26 35.87 83.16 98.38 99.98 100.00

27 37.05 83.37 98.60 99.98 100.00

28 38.56 85.23 98.92 99.99 100.00

29 37.70 85.44 99.21 99.99 100.00

30 39.12 86.77 99.32 100.00 100.00

Figure 3-6 exemplarily displays the optimized sizes for 12 implants with size mismatch
bounds of £1.5 mm for AP and up to 3 mm ML underhang on either side. The 85,143
femoral component AP and ML sizes in the database are represented by gray dots. It
has to be noted, that the density of cases represented by dots is much higher in the
center of the distribution due to overlap. This is visualized by the Gaussian mixture model
in Figure 3-1 A. Along with the patient-specific implant sizes, 12 standard implant sizes
(red dots) optimized by the model are shown. Their respective bounds on AP and ML
mismatch are visualized as rectangles. The rectangles are aligned to be on the right of

the OTS implant size, as overhang is ruled out. Implants covered by the suggested OTS
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sizes are highlighted as blue dots. The distribution is cut off at certain bounds: 55 and
81 mm for AP and 57 and 90 mm for ML. These bounds correspond to the boundaries
of the FDA clearance of the iTotal implant (Conformis Inc., Billerica, MA, US), which are

described in the Methods section.
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Figure 3-6: Distribution of femoral component AP and ML measures of the implant sizes in the data set.
Every implant manufactured is shown as a dot. One exemplary set of 12 OTS implant sizes optimized by
the model is shown as red dots, along with rectangles showing the covered range of sizes. Patients
covered by such an OTS size are shown in blue. Gray dots are outliers.

Apart from the optimization, the coverage of existing implant sizing was evaluated and
compared against the optimized implant sizing of this study. The results are given in
Table 3-3 and Figure 3-7. As an example, the Persona knee implant system (Zimmer
Biomet Holdings, Inc., Warsaw, IN, US) offers 21 femoral implant sizes, with which a
coverage of 73.32% of the cases analyzed was reached. With 21 optimized implant sizes
from the approach presented, an increase in coverage by 22.77% (—>96.09%) was
achieved. Similar improvements were seen for the femoral component sizing of other

implant systems.
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Table 3-3: Population coverage of existing implant systems and potential improvements in population

coverage through optimization.

Error: Max 6/0mm ML and Max |Triathlon Journey Il Attune Persona
1.5/1.5mm AP (Stryker) (Smith & Nephew) |(DePuy Synthes) |(Zimmer Biomet)
Number of Sizes 8 10 14 21

Coverage 51.51% 54.10% 63.50% 73.32%
Achievable coverage with 70.35% 78.75% 89.02% 96.09%
optimized sizes

Coverage increase through |18.84% 24.65% 25.52% 22.77%
optimization
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Figure 3-7: Population coverage of existing implant systems. (A) Persona (Zimmer Biomet Holdings, Inc.,
Warsaw, US-IN) (B) Attune (Johnson & Johnson, New Brunswick, US-NJ) (C) Journey Il (Smith & Nephew
plc., London, UK). (D) Triathlon (Stryker Corp., Kalamazoo, US-MI).
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3.1.4 Discussion

In the present study, the bounds for AP and ML mismatch as well as the number of
implant sizes highly affected the population coverage. Dai et al. (Dai et al. 2014b)
reported improved fit for implant systems with increased size offerings, confirming the
rather apparent positive relationship between the number of implant sizes and the
percentage of adequately matched cases reported in the present study. In addition, the
gradient of coverage per implant size decreased with increasing size offerings. This
effect is highly plausible, considering the normal distribution of ML and AP measures.
With an increasing number of implant sizes, more of the tails of the respective normal
distributions will be covered, hence leading to a decreasing gradient in coverage. The
same effect was seen for increasing AP and ML mismatch bounds. Again, this effect can
be explained by an increasing coverage of the normal distributions' tails, with increasing
error bounds. Within the bounds for mismatch and the numbers of implant sizes
considered in the present analyses, the impact of changes in tolerated AP and ML

mismatch had a greater influence on population coverage.

When applying the findings to the development of an implant system, clearly a trade-off
between the tolerated AP and ML mismatch, the number of implant sizes and population
coverage has to be found. With respect to AP and ML mismatch, conservative error
bounds of £1.5 mm for AP and up to 3 mm ML underhang on either side were selected,
with the aim of minimizing the risk for pain and instability. When applying those bounds,
a population coverage of 84.67% was achieved with 12 implant sizes. With the double
number of implant sizes (24), an increase of only 13.44% of population coverage was
achieved. Moreover, with the given bounds for AP and ML mismatch, even 30 implants
could not cover the entire population. Hence, the use of patient-specific implants is

advisable for the remaining cases.

When comparing the results against sizing of existing implant systems, a significant
improvement in coverage through optimization was seen. The increase in population
coverage ranged from 18.84% to 25.52%. However, industry related factors regarding
sizing have to be considered, when evaluating the results of this analysis. Those results
provide a theoretical upper limit of the patient population that can be covered by a certain
set of femoral implants under different clinical mismatch criteria. Realistic possibilities
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for population coverage will be lower, once engineering considerations such as cross
compatibility of femoral and tibial sizes, surgeon preferences with regards to intra-
operative flexibility and market dynamics such as the need for implant manufacturers to
provide multiple variations (CR/PS, cemented/pressfit, etc.) in their implant systems and
their implications on inventory management are taken into consideration. Conversely,
this study highlights a new technique that can be utilized by implant manufacturers to
design the next generation of implant systems, which leverages the use of large
databases of patient data to drive engineering design decisions, which were not

available to the industry when the current generation of implants were designed.

The present study was based on data from 85.143 patient-specific femoral implants,
which is a much more extensive database compared to those of previous studies on the
comparison of implant and bone morphology (Dai et al. 2014b; Hitt et al. 2003; Mahoney
and Kinsey 2010). Despite this strength, there were several limitations associated with
this study. First, the study was limited to a North American population. Hence, the
optimization may not be adequate for e.g. the Asian population (Kim et al. 2017).
Depending on the patient population, the optimization may have to be repeated with a
different, representative database. Second, AP and ML measures of the patient-specific
implants were used and not of the bones. However, the implants were designed
individually, based on the patient's bone, hence leading to an adequate approximation
of the bony measures. While a t-test proofed a significant difference between the two
measures, its absolute difference is below 1.1 mm. The FDA bounds for the iTotal
custom implant system measures may limit the morphologic spectrum considered. Yet,
very few implant measures are close to the FDA bounds, which suggests this fact not to
be a relevant limitation. Third, only AP and ML measures were considered, while many
more parameters such as the femoral J-curve or the posterior condylar offset are linked
to the clinical outcome (Bellemans et al. 2002; Kessler et al. 2007). The variation of the
patient-specific J-Curve is therefore analyzed in more detail in Chapter 3.2. In addition,
interface mismatch was only considered with regard to the overall AP and ML size, while
(in contrast to patient specific implants) mismatch of OTS implants, can occur along the
entire implant-bone interface contour. This aspect is addressed in the course of this
thesis (Chapter 5.3.2). Lastly, only the femoral component was considered. Further
analyses should include the tibial as well as the patellar component for a more
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comprehensive assessment of population coverage in TKA. With tibial sizing, a similar
optimization should be performed. Depending on the compatibility between femoral and

tibial components, the overall population coverage can be calculated.

In conclusion, the study presented showed that in TKA, a high population coverage of
84.67% can be achieved with 12 optimized implant sizes, ensuring excellent AP fit while
avoiding clinically relevant ML overhang as well as excessive ML underhang. As even
with 30 implants a coverage of the entire population cannot be achieved, remaining
patient population (about 15% for 12 sizes) should be provided with a patient-specific
implant to avoid a clinically relevant mismatch between knee morphology and implant
geometry. Since AP and ML sizing are the only established sizing parameters of
commercial OTS implants, this study already provides insights into a potential
optimization. However, only size fit was analyzed in this study. Deviations in other
functionally related parameters were not addressed and are therefore the subject of the

following chapters.

Summarizing, the research question addressed in this chapter can be answered as

follows:

The size coverage of a representative dataset of >85,000 TKA patients was
significantly improved with the numerically optimized sizing compared to available
implant sizing. When comparing the results with the sizing of available implant
systems, an increase in population coverage from 18.84% to 25.52% was
achieved.

3.2 Variation of native knee morphology

Work in this chapter has been presented in parts in:

S.A.G.A. Grothues & K. Radermacher: Variation of the Three-Dimensional Femoral
J-Curve in the Native Knee. Journal of Personalized Medicine, 2021, 11(7), pp. 592 [DOI:
10.3390/jpm11070592]

S.A.G.A. Grothues, M. Asseln & K. Radermacher: Variation of the femoral J-Curve in
the native knee. In: F. Rodriguez Y Baena & F. Tatti (ed.): CAOS 2020. The 20th Annual
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Meeting of the International Society for Computer Assisted Orthopaedic Surgery, 4,
2020, pp. 86-91 [DOI: 10.29007/5k32]

3.2.1 Introduction

As presented in the previous chapter, the majority of a representative TKA patient
population (~85%) could be provided with an adequate ML and AP sized femoral implant
component of only 12 sizes, when optimization methods are used to define implant
sizing. However, many more parameters are of relevance for patient satisfaction and for
the overall clinical outcome. One relevant example is the sagittal shape of the femoral
condyles, which is often referred to as J-Curve. The J-Curve represents a significant
determinant of native knee biomechanics (Klein and Sommerfeld 2012). Similarly, in
TKA, the J-Curve of the femoral component is reported to have a high impact on knee
kinematics (Kessler et al. 2007) and its relevance is reflected in various implant design
philosophies, including single-, dual-, and multi-radius designs. The medial and lateral
J-Curve approximate the contours being in contact with the tibial plateaus and thereby
they are highly relevant for tibiofemoral articulation. Therefore, the J-Curve is related to
relevant motion phenomena of the native knee, such as femoral rollback and medial
pivot (Freeman and Pinskerova 2005; Klein and Sommerfeld 2012; Pfitzner et al. 2018).
Those phenomena are linked to flexion range of motion (Pfitzner et al. 2018) and patient
satisfaction in general (Fantozzi et al. 2006). In addition, the J-Curve or rather its
alteration is highly relevant for ligament strain and tension as well as for the resulting
tibiofemoral contact forces. With a ligament stiffness of 60-80 N/mm of medial and lateral
collateral ligaments (MCL/LCL) (VélIiner et al. 2019; Wilson et al. 2012), a local condylar
offset compared to the native J-Curve of only 1 mm will result either in 60-80 N additional
lateral and medial tibiofemoral contact force and increased ligament. strain; or in
ligament relaxation and potential (mid-flexion) instability. In addition, first structural
damage is occurring in ligaments from about 5% strain (Provenzano et al. 2002). With
an assumed average length of the MCL(LCL) of 100(60) mm, a medial (lateral) offset
limit would be 5(3) mm (corresponding to 5% maximum strain) which would result in
additional medial (lateral) forces of ~300-400 (180-240) N for an average knee. Taking
into account, that TKA should not extend ligament strain up to the limits of structural

damage, and that loads of 10 N (corresponding to less than 1 mm offset) already activate
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afferent nerves from receptors in the ligaments triggering the knee joint stabilizing
muscles (Sojka et al. 1991), it can be assumed, that local J-Curve offset limits would
have to be reduced to the range of 1-2 mm maximum. These limits are in agreement
with literature regarding recommendations for varus-valgus laxity between 0.5-1 mm for

extension and 0.7-1.2 mm for flexion from Delport et al. (Delport et al. 2013).

Consequently, the analysis of the native femoral J-Curve is essential for a better
understanding of native knee biomechanics and for optimizing the femoral implant
component design in TKA. Previous analyses of the femoral J-Curve have focused on
its 2D shape in one specific cutting plane or through projection. Most studies used
geometrical primitives such as ellipses and circles and fitted them to the respective 2D
J-Curve contours for investigation (Biscevic et al. 2005; Howell et al. 2010; Li et al. 2012;
Li et al. 2010; Martelli and Pinskerova 2002; Nufio and Ahmed 2001). However,
variations in the contour itself have not been investigated in detail yet. In addition,
because of the 3D nature of knee motion, the restriction to a 2D evaluation represents
a relevant limitation. Hiss and Schwerbrock (Hiss and Schwerbrock 1980) analyzed the
condylar extremum points of a cadaveric knee in 3D, by a comprehensive manual
analysis. A limitation of their labor-intensive method is that it is not applicable to large
sample sizes. A limitation of their analysis was that they neglected the J-Curve’s
orientation with regard to the mechanical axis, whereby a relevant amount of variation
was neglected. Other authors analyzed the tibiofemoral process of contacts e.g., by finite
element simulations (Gu and Pandy 2020), but did not evaluate the points identified

regarding shape variation.

Consequently, the aim of this chapter was to investigate and compare the 2D and 3D

J-Curves of the native knee by principal component and geometric parameter analysis.
The research question addressed in this chapter is the following:

RQ2: Does native knee morphology involve shape variation independent of overall
size?
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3.2.2 Materials and methods

Patient Datasets

Bone surface models of 90 cadaveric femora, which have been segmented
semi-automatically (control by experts) from CT data (voxel size: 0.49/0.53 mm), were
provided by Conformis (Conformis Inc., Billerica, MA, USA). Of the 90 cadavers, 56 were
male, 32 were female, and for two no gender information was available. The bone
models showed no osteophytes or other signs of osteoarthritis. All further processing

was performed in semi-automatic MATLAB scripts.
Contour Derivation

First, the bone models were transferred to a bone-specific coordinate system (Asseln
2019) and left femora were mirrored. The 2D J-Curves of the medial and lateral condyles
were extracted, using a semi-automatic workflow implemented by Asseln et al. (Asseln
et al. 2019). To derive the 3D J-Curve shapes, the concept of rotating cutting planes was
used, which has been previously applied in the context of surface parametrization
(Asseln et al. 2015; Asseln 2019). The concept is depicted in Figure 3-8. The
transepicondylar axis was used as origin of the cutting planes. In total 300 cutting planes
between extremum points of the articulating areas on the condyles and the trochlea were
used (note Figure 3-8 A shows only 18 cutting planes for better visibility of the individual
cutting planes). From each cutting plane a cutting contour was derived. Subsequently,
for each contour an extremum search was performed, as it can be seen in Figure 3-8 B.
For this purpose, the contours were transformed to the x-y plane, and extrema (maxima)

regarding the y-axis were identified.

For both the 2D and 3D contours (defined by the extrema), a curvature analysis was
performed, in order to determine the boundaries of the articulating area, according to Li
et al. (Li et al. 2010). The contours were then cut accordingly and interpolated by 300
equidistant points.
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Max. Medial

Cutting
contour No.1

anterior «—sposterior

medial «<— lateral

(A) (B)
Figure 3-8: Elements of the process of 3D J-Curve contour derivation. (A) Example femur with rotating
cutting planes for the derivation of cutting contour (note: only 18 cutting planes displayed here, to enable

better visualization of the individual planes). (B) Cutting contours (blue) and extrema (black) for cutting
planes 1 to 63.

To evaluate the analyzed variance with regard to the one in implant design, the 2D
J-Curves from two different standard implant systems of various sizes, including narrow
versions, were extracted from the planning software mediCAD (mediCAD Hectec,
Altdorf, Germany). For this purpose, images were taken from the software and contours
were extracted by thresholding. All contours were scaled to the corresponding first size,

for qualitative evaluation of their variance.
Principal Component Analysis

Principal component analysis (PCA) is a mathematical method, which is used for
reducing dimensionality of multivariate datasets. In PCA, the principal components are
calculated, which represent the directions along which the data varies the most. The
principal components can be determined by calculating the eigenvectors of the
covariance matrix, and they are ordered according to the amount of variance they
account for (Ringnér 2008). In the present study, PCA was used to identify dominant
patterns of contour variation. PCA requires corresponding data points (landmarks)
between the subjects. The analysis is enabled by the use of a consistent bone-specific
coordinate system for the contour derivation, and the standardized definition of boundary

points. The PCA was performed combined on both the medial and lateral femoral 3D
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J-Curves. The analysis was performed according to Shlens (Shlens 2005). The principal
modes were defined according to Stegmann and Gomez (Stegmann and Gomez 2002).
The female and male cadavers were analyzed separately as well as combined, in order

to evaluate differences in gender.

Geometric Parameter Analysis

For the 2D J-Curves, the derived mean shapes were analyzed with regard to height, AP
length, and the radii describing the posterior and distal proportion of the condyles
(Asseln et al. 2019) as well as their center position. The parameters are listed and
described in detail in Table 3-4. In addition, effect sizes for the first three PCs were
calculated with regard to the respective mean shape. The combined PCAs results were
evaluated qualitatively.

A more extensive geometric parameter analysis was applied to the mean shape as well
as to the first five modes of the 3D bone contours. General size parameters, arc lengths,
radii describing the curvature, and the mean and maximum local condylar offsets were
considered (Table 3-4). In addition, exemplary parameters of the 3D J-Curves are
displayed in Figure 3-9. Changes in parameter measures originating from the modes

were quantified in absolute deviations and in percent.
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Figure 3-9: Visualization of the geometric parameter analysis of the 3D femoral J-Curves.
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Table 3-4: Description of the parameters considered in the 2D and 3D J-Curve geometric parameter
analyses. Parameters are either defined for the combined overall shape of both J-Curves or individually
for the medial and lateral side (column: overall/medial and lateral).

Parameter |Overall/ Medial Description

Name and Lateral

Mean distal |Overall Mean mediolateral distance of the distal points of the lateral/medial

ML spacing 3D J-Curve (15° of extension to 20° of flexion, reference: radius of
the circle fitted to the distal portion of the condyles). Inspired by
Walker (Walker 2005)

Mean Overall Mean mediolateral distance of the posterior points of the

posterior ML lateral/medial 3D J-Curve (20°-120° of flexion, reference: radius of

width the circle fitted to the posterior portion of the condyles). Inspired by
Mahfouz (Mahfouz et al. 2012)

Height Overall Proximodistal height of the medial/lateral J-Curve.

AP length Medial and lateral |Anteroposterior length of the medial/lateral J-Curve.

Distal radius |Medial and lateral |Radius of the circle fitted to the distal portion of the medial/lateral
J-Curve. The calculation was performed according to Nuno and
Ahmed (Nufio and Ahmed 2001) and is described in more detail for
the 3D J-Curve in Asseln et al. (Asseln et al. 2019)

Posterior Medial and lateral |Radius of the circle fitted to the posterior portion of the medial/lateral

radius J-Curve. The calculation was performed according to Nuno and
Ahmed (Nufio and Ahmed 2001) and is described in more detail for
the 3D J-Curve in Asseln et al. (Asseln et al. 2019)

Functional |Medial and lateral |Arc length of the medial/lateral 3D J-Curve between 15° of

arc length extension until 120° of flexion (reference: center of the circle fitted to
the distal/posterior portion of the condyles).

Arc length Medial and lateral |Arc length of the medial/lateral 3D J-Curve between 15° of

15° Ext.—20° extension until 20° of flexion (reference: center of the circle fitted to

Flex. the distal portion of the condyles).

Arc length Medial and lateral |Arc length of the medial/lateral 3D J-Curve between 20° until 120° of

20°-120° flexion (reference: center of the circle fitted to the distal/ posterior

Flex. portion of the condyles).

Mean abs. |Medial and lateral |Mean absolute deviation (mean condylar offset) regarding

deviation anteroposterior and proximodistal direction.

Max abs. Medial and lateral |Maximum absolute deviation (maximum condylar offset) regarding

deviation anteroposterior and proximodistal direction.

3.2.3 Results
2D J-Curve

In total, 85 of the 90 cadaver cases could be processed without errors (54 male, 29
females, 2 without gender information). Results of the PCA and GPA are displayed in
Figure 3-10 and Table 3-5.

The mean shapes of the male, female and combined population differed regarding the
morphological measures considered. However, after normalization of the measures
according to their direction of measurement, as suggested by Asseln et al. (Asseln et al.
2018), those normalized measures were comparable for the male, female, and
combined population. Consequently, only the results of the analysis of all knees are

presented in the following.
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The mean width and mean distal radius were greater in the lateral condyle than in the
medial while the mean height and mean posterior radius were similar. The results of the
isolated PCA of the medial and lateral side showed similar J-Curve variations (Figure
3-10 A1:A2). The analysis revealed a dominant first principal component (PC),
accounting for 62.2% (73.1%) of variance in the medial (lateral) condyle. It comprised
changes in the orientation and arc length of the J-Curves. In addition, the overall size of
the lateral side and the width of the medial side was changed by the first PC. The second
PC of the medial and lateral J-Curve accounted for 33.1% and 22.5% of variance,
respectively. They both mainly contained changes of the contour’s overall size and
height. The third PC accounted for 3.5% and 3.0% of variance of the medial and lateral
J-Curve, respectively. It mainly involved changes in the contours’ circularity. The
combined PCA of medial and lateral side involved the beforehand described individual
side variations in combination with changes in relative position (Figure 3-10 A3). The
PCs were less distinguishable and the accounted variance was more distributed (PC1
48.4%, PC2 24.4%, PC3 15.8%). The extracted standard implant J-Curves showed no

changes in shape but only changes in size.

Table 3-5: Results of the 2D J-Curve geometric parameter analysis: Measures of the mean shape as well
as effect sizes for the first three modes are listed (+3SD). Deviations with regard to the mean shape are
quantified in millimeter and in percent. Changes exceeding predefined limits are highlighted (color code
below). L=Lateral. M=Medial.

: : Radius Radius | Radius center | Radius center
Mean Side| Height AP length distal posterior distal posterior
Shape L 37.1 mm 45.9 mm 32.0 mm 18.9 mm 11.9 mm 10.9 mm
M 35.5 mm 63.8 mm 36.8 mm 19.8 mm 2.0 mm 10.5 mm
M -0.2mmE+120mm| +2.5mm| +1.5mm
(-0.6 %) (+26.2 %) (+7.8 %) (+7.9 %) -5.3 mm +2.0 mm
L +6.6 mm| +13.8 mm| +6.7 mm| +2.9mm
(+18.7 %)| (+21.6 %) (+18.2%)| (+14.7 %) -5.0 mm -0.6 mm
M +10.9mm| +9.9mm| +54mm| +4.3 mm
Mode (+29.5 %)| (+21.6 %) (+16.9 %)| (+22.7 %) +2.0 mm +0.6 mm
L +9.0mm| +8.7mm| +84mm| +4.1 mm
(+25.3 %)| (+13.7 %)| (+22.9 %)| (+20.7 %) +2.0 mm +1.4 mm
M +1.0mm|  +1.8 mm| +6.3mm| +2.2mm
(+2.8 %) (+3.9 %)| (+19.7 %)| (+11.4 %) +4.9 mm +3.1 mm
L -1.1mm|  +3.9mm -0.1 mm|  +2.6 mm
(-3.1 %) (+6.1 %) (-0.2 %)| (+13.3 %) +1.2 mm +3.4 mm

Color code: Deviations: = +10%: 0 | = +20%: B | Mean abs. deviation:

=>2mm: 0 | =5 mm: 8.
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Mean Medial +3SD Mean Medial Mean Medial -3SD
=snnnnnn Mean Lateral +3SD Mean Lateral Mean Lateral -3SD

(B1) (B2) (B3) (B4)

Figure 3-10: The first three PCs of (A1) the lateral, (A2) the medial and (A3) the combined femoral
cadaveric 2D J-Curves. For the combined PCA the point coordinates of both lateral and medial side were
included. (Solid line: medial, dashed line: lateral. 3SD = 3 standard deviations). In comparison, Implant
J-Curves (B1) of sizes 1-8 from the Attune knee system (DePuy Orthopaedics, Warsaw, IN, US) and (B3)
of sizes 1-6 from the Triathlon total knee system (Stryker, Kalamazoo, MI, US), which were scaled to their
corresponding size 1 ((B2): Attune, (B4): Triathlon). All contours were oriented to their most distal point in
proximodistal direction, for better comparison of the respective variance.

3D J-Curve

Analogue to the 2D analysis, 85 of the 90 cadaver cases could be analyzed with regard
to the femoral 3D J-Curve without errors (54 male, 29 females, 2 without gender
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information). Figure 3-11 shows an example of the 3D bone contours of one femur,
together with the respective bone model. An overview of all 3D J-Curves is given in
Figure 3-12.

(A) (B) ()

Figure 3-11: Example of the 3D J-Curve contours. (A) Anterior/lateral-posterior/medial view. (B)
Lateral-medial view. (C) Medial-lateral view.
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Figure 3-12: 3D J-Curve contours of both genders. (A) Anterior/lateral-posterior/medial view. (B) Lateral-
medial view. (C) Superior-inferior view.

Similar as for the 2D analysis, the normalized J-Curve measures were comparable for
the male, female, and combined population. The results of the separate PCA of female
and male 3D J-Curves showed similarities regarding the aspects of shape variations
(e.g., arc lengths, orientation, aspect ratio). For the combined analysis (Figure 3-13),
the first mode consisted almost solely of changes in size, highlighting size differences
between female and male femora. Apart from this first mode, the aspects of shape

variation were similar for all analyses. Because of the similarities in normalized
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measures of the mean shapes and in the aspects of shape variation, in the following

only the detailed results of the combined analysis of both genders are presented.

Figure 3-13 shows the PCA results regarding the first five modes. The percentage of
variation explained by modes 1-5 was 31.5, 23.4, 20.1, 7.4, and 5.5%, respectively (sum:
87.8%). In Table 3-6, the results of the respective geometric parameter analysis are
presented. The first mode involved changes in size, which lead to an increase of all
parameters in the geometric parameter analysis, when adding 3 standard deviations to
the mean shape (Table 3-6). Furthermore, for the medial side, also slight changes in 3D
J-Curve orientation were associated. With the second mode, the most prominent
changes were seen regarding the anterior region of the lateral J-Curve. For the medial
side, only slight changes in curvature and size were observed. The third mode consisted
of changes in medial J-Curve orientation, in lateral J-Curve size and in ML width. The
fourth mode primarily represented changes in aspect ratio. The fifth mode mostly

consisted of changes in relative location of the medial vs. the lateral 3D J-Curve.
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Table 3-6: Results of the 3D J-Curve geometric parameter analysis: Measures of the mean shape as well
as effect sizes for the first five modes are listed (+3SD). Deviations with regard to the mean shape are
quantified in millimeter and in percent. Changes exceeding predefined limits are highlighted (color code

below). L=Lateral. M=Medial.

Arc Arc
Mean Mean Distal |Posterior |Funct. arc| length length Mean
ML |post. ML AP length| o 4i,g radius length | 15° Ext.- |20°-120°| 2PS:
spacing| width g o y dev.
SI‘V::D'L 20° Flex. | Flex.
519 53.7 L|{64.2mm | 48.8mm | 20.3 mm | 67.4 mm | 32.5 mm {34.9 mm |64.2 mm
.2 mm|53.7 mm
M| 60.1Tmm | 351 mm | 19.3 mm | 67.5mm | 22.8 mm |44.7 mm|60.1 mm
L 1215 mm| 7.31 mm 12.3 mm | 5.42 mm [6.88 mm
1 (18.9%) (15%) (18.3%) | (16.7%) | (19.7%)
M 13.35 mm 7.35 mm
(19.8%) (16.4%)
L =711 mm| 2.33 mm | 0.54 mm [10.85 mm| 1.56 mm
) 3.71 mm!|-0.3 mm (-11.1%) | (4.8%) (2.7%) (16.1%) | (4.8%)
(7.2%) | (-0.6%) |\ | 3.4 mm | 1.99 mm | 0.87 mm | 6.84 mm | 1.72 mm |5.12 mm L
(5.7%) (5.7%) (4.5%) (10.1%) (7.6%) | (11.4%) |
6.59 mm 9 mm 3.44 mm
2 |, |72 mm| 7.7 mm L1 (10.3%) | (18.4%) | (16.9%) SR
2 (9.2%) | (14.3%) v 3:32mm | 4.08 mm | 2.53 mm |11.75 mm| 2.82 mm |8.93 mm
(5.5%) (11.6%) | (13.1%) | (17.4%) | (12.4%) | (20%)
L 6.49 mm | 7.97 mm | 1.75 mm [12.93 mm| 6.17 mm |6.76 mm 3.86 mm
4 -4.72 -6.31 (10.1%) | (16.3%) (8.6%) (19.2%) (19%) | (19.4%) |~
mm mm
(=9.2%) |(=11.7%)| m 2.63mm |-0.24 mm | 0.29 mm | 3.45 mm |-0.07 mm|3.52 mm 208 T
(4.4%) (-0.7%) (1.5%) (5.1%) | (-0.3%) | (7.9%) |=
L -0.49 mMm|-3.33 mMm|-0.17 mm|-4.02 mm|-1.61 mm|-2.4 mm 297 mm
5 -0.56 -0.72 (-0.8%) | (-6.8%) | (-0.8%) (—-6%) (-4.9%) | (-6.9%) |=*
mm mm
(-1.1%) | (-1.3%) | m 448 mm | 3.28 mm | 0.76 mm | 6.22 mm | 2.39 mm |3.83 mm 3.66 mm
(7.4%) (9.3%) (3.9%) (9.2%) | (10.5%) | (8.6%) |~

Color code: Deviations: = +10%: 0 | >

+20%: B | Mean abs. deviation: =2 mm: 0 | =5 mm: B,
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Figure 3-13: Modes 1-5 of the cadavers’ 3D J-Curves in different views. Solid line: medial, dashed line:
lateral. 3SD = 3 standard deviations. All contours were oriented to their most distal point in proximodistal
direction, for better comparison of the respective variance. Variation explained by the modes 1-5: 31.5,

23.4,20.1, 7.4, and 5.5%, respectively.
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3.2.4 Discussion
2D J-Curve

The mean shapes of the lateral and medial cadavers’ J-Curves showed relevant
absolute differences, which are in agreement with other morphological studies of the
native knee (Li et al. 2010; Asseln et al. 2019). The isolated PCA of medial and lateral
J-Curves resulted in PCs involving changes in contour orientation, arc length, scaling
and circularity. The combined PCA of both sides resulted in PCs comprising
combinations of the individual variations together with changes in relative position.
Thereby, further variation due to combination of the two contours were evidenced. The
J-Curve variation e.g., due to changes in circularity amounted to several millimeters,
being highly relevant for ligament tension and elongation. Scaling was a relevant aspect
of the first 3 PCs of the combined analysis, accounting for 91.3% of the contours’
variance. Fitzpatrick et al. (Fitzpatrick et al. 2008) analyzed the contours of the femoral
resection cuts of 36 patients scheduled for TKA by PCA. They found that 59.7% of
variation was due to changes in overall size. A direct comparison of the percentages
however is not feasible, as the PCs of the present study involved relevant changes in
shape. In contrast, the standard implants’ 2D J-Curve variance consisted almost

exclusively of changes in size.
3D J-Curve

For the combined analyses of the 3D J-Curve’s mean shape, the identified radii are
comparable to the respective 2D J-Curve analysis as well as to those of previous studies
on the 2D J-Curve (Howell et al. 2010; Li et al. 2012; Nufio and Ahmed 2001; Asseln et
al. 2018). However, a relevant difference regarding the AP length of the medial J-Curve
can be seen. The medial 3D J-Curve shows a higher AP length compared to the medial
2D J-Curve, which may be explained by the distribution of the medial condyle’s
extremum points in the transversal plane (Figure 3-12 C). The extrema of both condyles
do not lie in a single sagittal plane. Especially the medial extrema rather form a curve. A
single sagittal cutting plane was used for the 2D J-Curve derivation, hence, parts of the
medial J-Curve may have been neglected. This effect may also be present to a lower
extent for the lateral side, as the lateral 2D J-Curve is also slightly smaller in AP direction

compared to the lateral 3D J-Curve.
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Similar aspects of shape variation of the femoral 2D and 3D J-Curves were found in men
and in women. The amount of variation explained by changes in size was higher for the
combined than for the gender-specific analyses. This observation is plausible, as men
in general have larger knees compared to women (Asseln et al. 2018; Hitt et al. 2003;
Mahfouz et al. 2012). Hence, the combination of both genders probably is the reason for
the increased variability in size. The analysis of the 3D J-Curves demonstrated similar
aspects of shape variation as for the 2D J-Curve analysis, however, with a clearer
differentiation of the individual aspects in the different modes. For example, the first
mode consisted almost exclusively of changes in size, accounting for 31.5% of shape
variation. In addition, the third mode involved relevant changes in size, accounting for
20.5% of shape variation. Hence, when focusing on the first five modes, the share of
shape variation explained by size sums up to ~52.0%, which is in agreement with the
results of Fitzpatrick et al. (Fitzpatrick et al. 2008), reporting size to account for 59.6%
of femoral shape variation. The effect of shape variation on morphological parameters

was analyzed for the first five modes.

In the PCA results, changes in the distal arc length differed between the medial and
lateral side and were even counteracting for modes 4 and 5. Mean absolute condylar
offsets in the range of 2.09-9.36 mm and local maximum offsets in the range of 2.61-16.0
mm were found. Those exceed the derived off-set limits of 1-2 mm. It has to be noted
that with £3 standard deviations, a wide range of variation was considered. However,
every patient needs to be provided with an adequate implant. In addition, all mean offsets
were larger than 2 mm, suggesting that a relevant share of the patient population may
receive an implant with local condylar offsets exceeding those limits. Some of the
variation regarding size and aspect ratio is accounted for by different implant sizes and
narrow/ standard implant versions. Remaining variation, however, is not accounted for

with standard implants.
Limitations

The study presented involved limitations. First, the start and end points of the 2D and
3D J-Curves were determined automatically by curvature analysis and not by a visual
inspection of the clinical images. However, this automation was necessary to enable the
processing of a large number of cases. Second, the use of an extremum search for the
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3D J-Curve determination still is an approximation of an actual course of tibiofemoral
contact points on the femur. Actual contact points will depend among others on the tibial
articulating shapes, on local cartilage thickness, on the ligamentous status, on muscle
activity, and on the activity performed. However, the extremum search used in this study
identified relevant points on the contours, which correspond to contact points of femoral
and tibial implant components in TKA. Third, the database was limited to 90 cases of
unknown ethnicity. Further analyses are necessary to investigate more cases and
evaluate differences between ethnicities. In addition, this study is restricted to the
analysis of the femur. Future analyses should also investigate the tibial sagittal contours

and the patellofemoral contact (native vs. alloplastic).
Conclusions

The results of this study suggest that variation in the native femoral 2D and 3D J-Curves
does not only involve scaling and aspect ratio changes, but other aspects such as
changes in curvature or circularity, arc lengths, and relative location. Current OTS
implant manufacturers offer various implant sizes (i.e., scaling only) as well as narrow
and wide implants, accounting for differences in size and in aspect ratio. Differences in

other aspects such as in curvature are not accounted for so far.

Summarizing, the research question addressed in this chapter can be answered as

follows:

The analysis of the native 2D femoral J-Curve showed shape variation involving
changes in contour orientation, arc length, scaling, circularity and relative positions.
The analysis of the 3D J-Curves demonstrated similar aspects of shape variation
as for the 2D J-Curve analysis, however, with a clearer differentiation of the
individual aspects in the different modes. The effect on local J-Curve offsets
exceeds the derived offset limits of 1-2 mm for preservation of ligaments and
compatibility with the extensor mechanism function. The share of scaling attributed
to ~62.0% of 3D J-Curve shape variation. Other 3D J-Curve shape variation
described in this study (~36.3%), is not accounted for in the current OTS implant
systems, which only incorporate a simple scaling.
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3.3 Correlation of size and morphology

In the previous chapter, shape variations independent of size have been demonstrated
exemplarily for the femoral J-Curve. Consequently, the question arises to what extent
the size of the knee correlates with individual measurements and what residuals remain

in the case of an ideal size fit.
Hence, the research question addressed in this chapter is the following:

RQ3: Is there a correlation between the individual morphological parameters and
the overall knee size? What residuals remain in the case of an ideal size fit?

3.3.1 Materials and methods

A database consisting of morphologic parameters of 248 female and 146 male knees
from TKA patients was available for the analysis (Asseln et al. 2018). In addition, a
database of 421 cadaveric femora (273 male/ 146 female/ 2 without information) and a
previously described subset of 90 cadaveric femora without osteophytes or other signs
of OA were considered (56 male/ 32 female/ 2 without information) (Chapter 3.2.2). The
parameters with the highest impact on kinematics were selected from a previous
morpho-functional analysis (Asseln et al. 2021). Angular measurements were excluded,
as those are not expected to correlate with size (Asseln et al. 2018). Hence, the lateral
trochlear elevation and the distal and posterior sagittal radii were considered for the
correlation and residuals analysis. The condylar ML size and the AP distance from the
most anterior to the most posterior point of the femur in its bone-specific coordinate
system were used as size parameters. Pearson correlation coefficients were calculated

with the morphological parameters from plausible cases only (Asseln et al. 2018).

In addition, for each parameter and each case a regression model was built, following
the leave-one-out procedure. Hence, all remaining cases were used to identify the
coefficient estimates for the patient- and parameter-specific regression model. The
femoral AP and ML size of the individual case were then used to predict the respective
parameter. The residuals were analyzed regarding their range and the mean was

calculated.
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3.3.2 Results

The correlations of functionally relevant parameters with the overall size parameters
ranged from 0.28 to 0.86 and are given in Figure 3-14. The correlations were highest in
the healthy cadaver subset and lowest in the patient database. Regarding different
parameters, the highest correlations were found for the lateral trochlear elevation with
the AP size. The results of the regression analysis are presented in Figure 3-15 and in
Table 3-7. The mean absolute errors were lowest for the healthy cadaver subset and

highest for the patient database.

Femoral Correlations Patients/Cadavers

0.5 m Patients
m Cadavers
u Healthy
Cadavers
0
ML AP ML AP ML AP ML AP ML AP

Lateral Trochlear Lateral Distal Medial Distal Lateral Posterior Medial Posterior
Elevation Sagittal Radius = Sagittal Radius Sagittal Radius = Sagittal Radius

Correlation Coefficient

Figure 3-14: Correlations between overall size parameters and functionally relevant parameters of the
distal femur for different populations.
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Figure 3-15: Residuals of the multiple linear regression analysis for the example of the lateral trochlear
elevation.

Table 3-7: Results of the multiple linear regression analysis: The range and the mean of the residuals.

Parameter Residuals (mean absolute error & range)
Database Patients Cadavers Healthy Cadavers
Lateral Trochlear Elevation (mm) 1.6 (-7.8/12.3) 1.5 (-6.1/5.5) 1.3 (-3.4/5.6)

Lateral Distal Sagittal Radius (mm) 4.6 (-11.3/33.6) |4.3(-13.3/31.9) 4.2 (-10.6/31.2)
Medial Distal Sagittal Radius (mm) 4.4 (-13.0/33.7) |4.0(-10.9/33.4) 3.9 (-11.0/14.7)
Lateral Posterior Sagittal Radius (mm) [1.2 (-6.4/4.4) 1.0 (-8.3/3.7) 0.9 (-3.1/3.8)
Medial Posterior Sagittal Radius (mm) [1.2 (-6.9/4.3) 0.9 (-3.6/3.5) 0.9 (-2.6/3.1)

3.3.3 Discussion

In this study, the correlations of functionally relevant parameters with the overall size
parameters, showed a wide range. Higher correlations were seen for (healthy) cadavers
than for patients, which suggests that morphologic relationships are affected by OA.
However, the differences were limited (correlation coefficients: A < 0.2, mean residuals:
A <0.5 mm).

The overall highest correlation was seen for the lateral trochlear elevation and the
femoral AP size. The strong relationship may be explained by the fact that the
parameters’ direction of measurement coincides, as already stated by Asseln et al.
(Asseln et al. 2018). In contrast, the distal radii showed low correlations. An explanation
could be, that their direction of measurement is not limited to one axis but spans the

sagittal plane, while the proximodistal direction is not quantified by either AP or ML size.
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The regression models based on femoral AP and ML size yielded variable prediction
accuracy. In the healthy cadaver subset, a mean absolute error of below 2 mm and a
small range of residuals was seen for the lateral trochlear elevation and the posterior
sagittal radii. In contrast, a wide range of residuals was found for the distal radii. When
interpreting the residuals, it has to be noted, that with the patient-specific regression
model an implant with a perfect AP and ML size fit is imitated, which design is solely
based on morphologic bone data. In contrast for actual OTS implants, often a
compromise regarding the ML and AP fit is involved and technical restrictions do not
allow for complete design freedom in patient specific implants either. Hence, actual
deviations between functionally relevant parameter measures of the knee compared to

those of the implant are expected to be even higher.

3.3.4 Conclusion

Summarizing, the research question addressed in this chapter can be answered as

follows:

The correlation coefficients for the relationship of the knee size with the
morphological parameters analyzed ranged from 0.28 to 0.86, depending on the
parameter and population analyzed. Residuals in the case of an ideal fit frequently
exceeded three standard deviations of the respective parameter value. Because
of the often-required compromise in size fit and other technical design restrictions,
acutal deviations are expected to be even higher.
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4. Concepts for detailed implant fit evaluation

Work in this chapter has been presented in parts in:

S. Grothues & K. Radermacher: X-ray based morphological analysis of the knee - a
review. In: F. Rodriguez Y Baena, J.W. Giles & E. Stindel (ed.): Proceedings of The 20th
Annual Meeting of the International Society for Computer Assisted Orthopaedic Surgery,
5, 2022, pp. 89-98 [DOI: 10.29007/sqcb]

4.1 Imaging for preoperative planning and fit assessment

Previous chapters have documented shape variations other than size variations of the
femoral J-curve. Furthermore, limited correlations of morphologic parameters and
overall size, as well as significant residuals in the case of an ideal size fit were
determined. Thereby, the necessity for detailed, patient-specific implant fit evaluation

was demonstrated.

To evaluate the implant fit with regard to a patient’s individual knee morphology, image
data are required. Depending on the imaging modality and image processing used,
different concepts can be pursued. Standard imaging techniques and modern
methodologies such as Upright CT or MRI respectively, 3D freehand US, as well as
2D-3D reconstruction from standard biplanar X-ray images are considered. In the
context of TKA planning and implant fit assessment, the imaging techniques and
respective processing methodologies can be evaluated regarding the following aspects:

— Accuracy

— Dimensionality (2D/3D)

— Representative position (interbone parameter measurement)

— Radiation dose

— Availability

— Contraindications

— Costs
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For the imaging modality used to assess individual implant fit, the aim would be a
minimal radiation dose, especially in younger patients. In addition, the availability of the
imaging systems, respective contraindications, and costs are of relevance, in order to
provide the service to the majority of TKA patients. Chairside imaging and bone-model
reconstruction e.g., based on ultrasound or conventional x-rays potentially would enable
the orthopedic consultant to instantaneously discuss and recommend optimal
therapeutic options with the patient, potentially facilitating clinical workflows and
increasing accessibility of optimal solutions for each individual patient. Further, an
evaluation in 3D and a representative position (weight-bearing, active) would be
advantageous, to enable a comprehensive and functional implant fit evaluation. For an
adequate assessment, the reconstruction accuracy of the articulating surfaces
(Hausdorff distance) would have to be 1 mm (Grothues and Radermacher 2021) to
3 mm (Mahoney and Kinsey 2010). However, differences in error definitions or missing
specification of the metrics often complicate the assessment and comparison of reported
accuracies. The characteristics of the different error metrics (MAE/ RMSE/ Hausdorff)
and calculation methods used (point-to-point vs. point-to-surface, uni/bidirectional) must
be considered when comparing reported accuracies. Respective characteristics and
calculation methods are discussed in Appendix A). The reported error limits for the
articulating areas of 1-3 mm apply to the maximum absolute errors (or Hausdorff
distance) and should be evaluated bidirectionally. The suitability and applicability of
available imaging modalities and processing regarding the defined aspects are

discussed in the following chapters.

4.1.1 Conventional radiographs

Conventional X-ray imaging is the gold standard for the diagnosis and for preoperative
planning in TKA, hence the availability of respective imaging is high. In general, costs
for X-ray imaging are comparably low, with an estimated total cost of 41.92% for
diagnostic radiography compared to 112.32$ for CT and 266.96% for MRI in the study of
Saini et al. (Saini et al. 2000). In addition, there are few contraindications to standard
radiography. Reported radiation doses for a standard long-leg radiograph required for
TKA planning from the literature are in the range of 0.1 mSv (Kloth et al. 2015; Aunan et

al. 2023). Radiographs can be taken in various positions, hence, an assessment of
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interbone parameters is possible in the active, weight-bearing position. With
standardized positioning and the use of scaling objects, an assessment of morphologic
parameters from single X-ray images is possible. However, the overall accuracy of
measurements from radiographs still is lower compared to that of 3D imaging (Holme et
al. 2011; Jud et al. 2020). In addition, when a parameter definition is based on landmarks
that are inaccurately defined or are difficult to identify, large errors or deviations in
measurement can occur. Therefore, an evaluation of inter- and intrarater reliability is
necessary. Table 4-2 lists parameters of the distal femur and Table 4-1 those of the
proximal tibia, to be evaluated on single X-rays, for which accuracies are reported. To
achieve adequate measurements, requirements are defined, such as true lateral images
or a scaling object. However, these requirements are similar to requirements for digital
implant planning software. Seven studies evaluated intra class coefficients (ICC) for the
respective parameter definitions, which ranged from 0.64 to 0.99 for interobserver- and
from 0.77 to 0.98 for intraobserver reliability. Those ICCs can be interpreted as good to

excellent (Cicchetti 1994) or moderate to excellent (Koo and Li 2016).

Table 4-1: Tibial morphological parameter definitions for the evaluation on single X-ray images. KF =
Knee Flexion. AP = Anteroposterior. PA = Posteroanterior. * = more specific description to be found in the
respective article. Studies for which both Inter- and Intra-Observer ICCs are above 0.75 (2 excellent
agreement (Cicchetti 1994) or good to excellent (Koo and Li 2016)) are highlighted in green.

Parameter name Xray info & in vivo/in Reliability Inter- Intra- source
requirements |vitro (number |measure |observer |observer

of subjects/ reliability |reliability

knees)
Anteroposterior depth |Lateral in vivo ICC ~0.82 ~0.89 (Zhang et
[mm] (157/157) al. 2018)
Posterior slope [°] Lateral in vivo ICC ~0.77 ~0.9 (Zhang et

(157/157) al. 2018)
Mediolateral width AP in vivo ICC ~0.85 ~0.85 (Zhang et
[mm] (157/157) al. 2018)
Coronal tibial slope |AP in vivo ICC ~0.79 ~0.89 (Zhang et
(reference = (157/157) al. 2018)
anatomical axis) [°]
Plateau angle AP, Weight- in vivo ICC 0.93 0.89 (Higano et
(reference = bearing (390/n.a.) al. 2016)
anatomical axis) [°]
Medial proximal tibial |AP, Standard, |in vivo ICC 0.979 (95% |0.980 (95% |(Springer et
angle (reference = weight-bearing |(n.a./20) Cl10.948 — |[Cl 0.950 — |al. 2020)
mechanical axis) [°] 0.992) 0.992)
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Table 4-2: Femoral morphological parameter definitions for the evaluation on single X-ray images. KF =
Knee Flexion. AP = Anteroposterior. PA = Posteroanterior. * = more specific description to be found in the
respective article. Studies for which both Inter- and Intra-Observer ICCs are above 0.75 (2 excellent
agreement (Cicchetti 1994) or good to excellent (Koo and Li 2016)) are highlighted in green.

Parameter name (Xray info & in vivo/in Reliability |Inter- Intra- source
requirements |vitro (humber measure |observer observer
of subjects/ reliability reliability
knees)
Sagittal depth of the |Lateral, Standard |in vivo Correlation [0.98 0.89 (Fridén et
condyles [mm] (100/100) coefficients al. 1993)
Height of the Lateral, Standard |in vivo Correlation |0.96 0.95 (Fridén et
condyles [mm] (100/100) coefficients al. 1993)
Posterior Condylar |True lateral, in vivo ICC 0.84 (95% CI [0.94 (95% |(Clement et
Offset [mm] overlapping (n.a./105) 0.1 -0.95) Cl 0.74- al. 2014)
condyles*® 0.98
Posterior Condylar |[True lateral, in vivo ICC 0.93 (95% CI |0.9 (95% CI|(Clement et
Offset Ratio (divided|overlapping (n.a./105) 0.86-0.97) 0.63-0.96) |al. 2014)
by cortical depth) |condyles*
Posterior Condylar |[True lateral, in vivo ICC 0.882 0.899 (Johal et al.
Offset Ratio (divided|overlapping (100/100) 2012)
by condylar depth) |condyles*
Lateral femoral Lateral, Condylar |in vivo ICC 0.80 0.77 (Pfeiffer et
condyle ratio overlap < 6mm |(200/n.a.) al. 2018)
Medial condyle PA, Rosenberg, |in vivo ICC 0.64 n.a. (Minami et
height ratio 45° KF (66/n.a.) al. 2018)
Lateral condyle PA, Rosenberg, |in vivo ICC 0.72 n.a. (Minami et
height ratio 45° KF (66/n.a.) al. 2018)
Joint line angle AP, Standard in vitro ICR 0.796 (95% |0.973/0.85|(Weber et
(method 1) [°] (n.a./5) (Eliasziw et |Cl 0.675-1.0) al. 2013)
al. 1994)
Joint line angle AP, Standard in vitro ICR 0.836 (95% |0.958/ (Weber et
(method 2) (n.a./5) (Eliasziw et |Cl 0.742-1.0) [0.832 al. 2013)
al. 1994)
Anatomical lateral |AP, Standard, in vivo ICC 0.992 (95% |0.984 (95% |(Springer et
distal femur angle |weight-bearing |(n.a./20) C10.979 - Cl10.959 - |al. 2020)
[°1 0.997) 0.994)
mechanical AP, Standard, in vivo ICC 0.989 (95% |0.978 (95% |(Springer et
lateral distal femur |weight-bearing |(n.a./20) Cl 0.971- Cl 0.944- |al. 2020)
angle [°] 0.996) 0.991)

In conclusion, there are many advantages of a fit evaluation using standard X-Ray

imaging, including low cost and high availability. In addition, several parameters with

excellent inter- and intra-rater reliability have been presented in the literature. However,

the number of parameters to be evaluated is limited due to the restriction to the frontal

and sagittal plane. For example, radiographs can only provide an assessment of the

projected bone-implant interface in the specific view (2D), which is a significant

drawback compared to an adequate assessment of the full interface contour by CT

(Simsek et al. 2020). Nevertheless, an X-ray based evaluation can serve as an initial fit

assessment, to determine whether a more extensive OTS implant fit analysis by means

of CT or even a customized implant should be advised.
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4.1.2 Computed tomography and magnet resonance imaging

For the design of patient-specific instruments and implants, 3D imaging with high
accuracy is required and hence regularly a CT (or MRI) is performed for these
applications. In general, CT is the gold standard for bone segmentation. Magnetic
resonance imaging (MRI) has been found to have similar accuracy compared to CT
(Rathnayaka et al. 2012; Al Hares), with an exemplary RMSE of 0.85 mm for CT and of
0.98 mm for MRI for femoral bone models (Stephen et al. 2021). However, MRI is not
routinely used for bone segmentation and has potential drawbacks due to motion
artifacts. The disadvantages of both MRI and CT include comparably high cost (CT:
112.32%, MRI: 266.96% (Saini et al. 2000)), limited availability and resulting waiting time.
Furthermore, contraindications exist for the MRI such as pacemakers, metal implants,
and severe claustrophobia, and higher costs compared to CT are involved. A
disadvantage of CT is the comparably high radiation dose involved. The mean effective
dose of a radiograph of the pelvis is 0.27 mSv whereas for a corresponding CT it is 4.2
mSv (Die Strahlenschutzkommission 2019). Specific CT protocols for TKA planning
have been introduced, with the aim of a reducing the respective radiation dose (Henckel
et al. 2006; Chauhan et al. 2004). Finally, regular CT and MRI systems only allow for
imaging in supine position, which is detrimental with regard to the assessment of the
joint space and/or interbone parameters. Specialized upright MRI, CT and orthopedic
cone-beam computed tomography (CBCT) systems exist, but involve the disadvantage
of an even lower availability (and - in case of upright MRI — image quality/resolution).
Alternatively, the limitation of the supine position could be overcome when matching the
detailed CT based bone models to X-ray images acquired in standing, wheight-bearing
position. In conclusion, depending on the age of the patient, either CT imaging with
specific TKA protocols for minimizing radiation or alternatively MRI (in younger patients)
are adequate options for detailed 3D imaging of the knee. However, the benefits of the
detailed imaging and planning must be weighed against the high costs associated with

both imaging techniques and, in the case of CT, also against the induced radiation dose.

4.1.3 2D-3D reconstruction

Reconstructing surface models from individual radiographs is advantageous as it shares

the benefits of conventional radiographs while potentially allowing for comprehensive 3D
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assessment. However, adequate accuracy of the reconstruction would first have to be
ensured. The EOS system (EOS imaging, Paris, France) enables the acquisition of
biplanar imaging data of the entire body with low radiation dose (Guenoun et al. 2012).
The images are taken in the weight-bearing position. In combination with the sterEOS
software surface models of the bony structures can be created from the acquired image
data (lllés and Somoskedy 2012). The most relevant disadvantage of the EOS system
is a lower resolution compared to CT. Therefore, the system is mainly suitable for the
analysis of large body sections, but cannot replace CT, especially when detailed images
of small body areas are required (Stein et al. 2019). Consequently, the relevance of EOS
in the context of TKA has increased, with regard to measurement of leg alignment
parameters (Corbett et al. 2023; Schlatterer et al. 2009), however the resolution to date
is expected to be insufficient for the design of patient-specific instruments and implants

of the knee.

Several other workflows and/or methodologies for X-ray based 2D-3D reconstruction
have been reported in the literature. Studies reporting on the respective reconstruction
accuracies are listed in Table 4-3. Methods applied for 2D-3D reconstruction include,
for example, the use of statistical shape models (Baka et al. 2011; Cerveri et al. 2017;
Wu and Mahfouz 2021; Zheng et al. 2018) and/or bone databases/atlases (EIHak et al.
2007; Messmer et al. 2001). The imaging data used included standard/calibrated
radiographs, EOS™/fluoroscopy images or digitally reconstructed radiographs (DRRs).
Studies using DRRs were classified as in vivo & in silico or in vitro & in silico, according
to the data source (subjects/cadavers). Different error metrics were reported in the
literature, including the mean absolute error (MAE), the root mean square error (RMSE)
and the Hausdorff distance. Furthermore, different calculation methods were applied,
such as point-to-point (P2P) and point-to-surface (P2S) distances. In addition, one group
quantified normal/projected error vectors (Shetty et al. 2021). Errors were either

computed unidirectionally, or no information regarding directionality was provided.
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Table 4-3: Accuracy of 2D-3D reconstruction from a small number of X-ray images compared to 3D
models from CT. Various different error metrics were used and often no specification regarding
directionality and type of measurement (P2P/P2S) was given, which complicates the assessment and
comparison of the studies’ results. (MAE = Mean absolute error, MaxAE = Maximum abslute error, DRR
= digitally reconstructed radiographs, Cl = confidence interval, P2P = Point to Point, P2S = Point to
Surface. * Evaluated at specific landmarks ** Evaluated normal to plane.)

Source Image type, |Study Bone(s) Accuracy [mm] Specifics
number Lype, n Error Metric 1 |Error Metric 2 Uni-/ |P2P/
ones bi-dir. |P2S
(Chaibiet |ECS, 4 in vitro, 11 |Tibia& MAE (Cl 1.0 MaxAE 6.6 |uni P2S
al. 2012) Femur 95%) (2.4)
(Mahfouz et |DRRs, 2 in vivo/ in  |Femur MaxAE |0.46 / P2S
al. 2006) silico, 1
(Zheng et |EOS (+ in vivo, n.a.|Femur MAE + (1.4t |Hausdorff dist.|6.6 £ |uni P2S
al. 2018)  |fixation SD 0.3 (One-Sided) |1.6
device), 2 Tibia MAE+ [1.2% |Hausdorffdist. |5.6 %
SD 0.3 (One-Sided) |1.7
(EIHak et al.|X-rays n.a. Femur MAE 1.9 / P2P
2007) biplanar 2 _
Tibia MAE 1.82
(Gamage et |X-rays, 2 in vitro, 6 |Femur MAE 0.86
al. 2009)
(Quijano et |DRRs, 2 in vitro/ in  |Femur MAE (CI|1.3 MaxAE 8.2 |/ P2S
al. 2013) silico, 9 95%) (3.5)
Tibia MAE (Cl (1.3 MaxAE 8.1
95%) (3.2)
Distal MAE (Cl 1.2 MaxAE 6.5
Femur 95%) (3.1)
Proximal |MAE (Cl|1.3 MaxAE 8.1
Tibia 95%) (3.2)
(Schmutz et [X-rays in vitro, 7 |Distal MAE 1.21  |MaxAE 5.81 |/ P2P
al. 2008) Calibrated, 2 Femur
(Laporte et |X-rays in vitro, 8 |Distal MAE 1.0 RMSE 14  |uni P2S
al. 2003) Calibrated, 2 Femur
(Baka et al. |X-rays in vivo, 30 |Distal RMSE + (1.68 uni P2S
2011) Calibrated, 5 Femur SD 0.35
(Cerveriet |DRRs, 3 in vivo/in |Distal RMSE |[0.75 |Hausdorff 1.5 |/ /
al. 2017) silico, n.a. |Femur distance
(Tchinde DRRs in vivo/ in  |Distal RMSE |(0.72 |Max.RMSE |1.38 |/ /
Fotsin et al. |(orthogonal), |silico, 109 |Femur
2019) 2 Proximal |[RMSE [0.99 |Max.RMSE [1.81
Tibia
(Messmer |X-rays (+ in vitro, 1 |Tibia MAE + (24t |MaxAE 45 |/ /
et al. 2001) [fixation (condyles) |SD 0.82
device) 2
(Shetty et |Xrays in vivo, 45 |Distal MAE+ [1.0+x |MaxAE 1.7 |uni p2S**
al. 2021) Calibrated, 2 Femur SD 0.9
Proximal |MAE+ (1.1t |MaxAE 1.7
Tibia SD 1.0
(Wu and Fluoroscopy,|in vivo, 5 |Distal RMSE +(1.19 + |/ / /
Mahfouz 1 Femur SD 0.36
2021) Proximal |RMSE +[1.15 +
Tibia SD 0.17
Fluoroscopy |in vivo, 5 |Distal RMSE + (1.04 £
and Femur SD 0.33
standard Proximal |RMSE +(1.03 +
Xray, 2 Tibia SD 0.19
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In conclusion, few methods for 2D-3D reconstruction showed MAE or RMSE in the
submillimeter range and maximum absolute errors below three millimeters. In addition,
the respective studies solely included in silico analyses, based on DRRs. One in vivo
study reported a normal maximum absolute error of 1.7 mm (Shetty et al. 2021). The
projection of the error vectors may be the reason for the comparably low maximum
absolute error. Other in vitro studies showed maximum absolute (P2S/ P2P) errors of
~5-6 mm, and hence do not reach the required accuracy, defined in the introduction
(Chapter 4.1). In addition, most studies required image calibration or EOS images,
limiting their availability. The small study populations constitute a further limitation.
Therefore, the accuracy of in vivo reconstruction of knees of different morphotypes,
ethnicities, etc. may be significantly lower than reported in the literature. For these
reasons, 2D-3D reconstruction is a promising option to allow for more comprehensive
analyses, solely on the basis of (conventional) radiographs. However, maximum errors

reported are still too high for a fit assessment in TKA.

4.1.4 3D freehand/ robotic ultrasound

Ultrasound (US) imaging is widely available, there is no harming radiation involved and
costs are comparable to standard radiography, with an estimated cost of 50.28% in the
study of Saini et al. (Saini et al. 2000). Limitations of US images involve a low signal to
noise ratio and that tissue types cannot be mapped to specific gray values as is the case
with radiographs or CT, which complicates US interpretation and (automated)
segmentation. The application of convolutional neural networks to the segmentation task
have increased segmentation accuracy and resulted in a minimal RMSE of 0.64 mm (SD
= 1.66 mm) in the study of Pandey et al. (Pandey et al. 2022). Respectively segmented
point clouds from US images can be completed to 3D models using statistical shape
models, which led to a mean surface distance error of 0.96 mm (1.24 mm) for the
articulating area of the distal femoral (proximal tibial) bone surface in an in vivo study of
10 subjects by Hohlmann et al. (Hohlmann et al. 2023). Analyses of larger control groups
and of OA patients are pending. Instead of freehand guidance of the US probe, more
recently robotic assistance has been applied for the purpose of automation, to reduce
the need for sonography specialists (Phlippen et al. 2023). Remaining limitations include

relevant maximum errors (Hausdorff distance ~3mm), a limited robustness (Phlippen et
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al. 2023), and pending evaluations in standing position with potentially required
compensation of motion artefacts. In conclusion, a high potential for the application of
3D freehand and robotic US imaging in the context of knee implant fit assessment has

been found, while the listed limitations first have to be overcome.

4.1.5 Conclusion

In the previous sub-chapters, available imaging modalities considered for the use in
knee implant fit assessment were discussed and evaluated with respect to previously

defined criteria. A summary of the evaluation is given in Table 4-4.

Table 4-4: Evaluation of imaging modalities and processing methods regarding suitability for implant fit
assessment. Sources: Radiation dose (Henckel et al. 2006; Chauhan et al. 2004; Dartus et al. 2021),
Availability (Wenham et al. 2014), Cost (Saini et al. 2000), Accuracy (Zheng et al. 2018; McPherson et al.
2005; Dartus et al. 2021). Imaging modalities and processing methods used for the two concepts proposed
are highlighted by a black box.

Radiation Contra- Availability [Cost |Accuracy
dose (effect. |indications
Dose)

3D |Upright

X-ray (2D)

X-ray (2D-3D)

UsS (3D)

CT

CT Perth Protocol
CT Imperial Protocol

CT Imperial Protocol +
EOS match.

MRI

Upright CT
Upright MRI
Cone beam CT

v
v

ANENENEN BN ENENEN BN BN

v
v
v

Ideal case (example: no radiation) : @ | Undesirable case (example: highest radiation dose in this

comparison) : B, Gradations in between are color-coded accordingly.

Based on the information collected, two concepts were developed, using either (1) X-
rays & CT or (2) 3D freehand/ robotic US imaging. The respective workflows of the two
concepts are displayed in Figure 4-1. The first workflow begins with a basic fit
assessment based on conventional X-rays, which are regularly available for diagnosis
and preoperative planning in TKA. Reliable parameter definitions from Chapter 4.1.1
can be used to preliminarily assess the fit of standard implants. Consecutively, a decision
for an OTS and 2D planning or for further analysis via CT can be made. To minimize the

radiation dose, adequate methods or protocols specific to TKA planning should be used
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(Henckel et al. 2006; Chauhan et al. 2004; van Sint Jan et al. 2006). A matching with
biplanar x-ray or EOS images respectively enables the assessment of morpho-functional
interbone parameters in weight bearing position. With the CT analysis, a detailed fit
assessment is enabled, which can be used for a profound decision-making between a
standard and a customized implant. With the second workflow, 3D freehand/ robotic US
imaging is used to directly derive a surface model and enable the detailed fit
assessment. This concept includes the advantages of a chairside fit assessment and
patient information. The respective workflows of the two concepts are displayed in

Figure 4-1.

| Concept 1 (current) ‘

2) % . Data
2D Implant Convential & & - Processing
Shapes X-rays " ‘ Decision
Basic risk
assessment
Morphology/ Interface No OTS & 2D
Fit Thresholds planning
exceeded?
Yes
| Concept 2 (future)
3D Implant CT 3D Implant 3D Us/
Models Imaging Models 2D3D ECS
Detailed Fit Detailed Fit
Assessment Assessment
Morphology/ Interface/ No OTS & 3D Morphology/ Interface/ No OTS & 3D
Alignment/ Other Fit planning Alignment/ Other Fit planning
Thresholds exceeded? Yes Thresholds exceeded? Yes
PSI & 3D PSI & 3D
planning planning
(A) (B)

Figure 4-1: Two concepts for implant fit assessment. (A) Concept 1: current concept with an initial basic
fit assessment based on conventional radiographs and if required additional comprehensive fit
assessment based on CT imaging. (B) Concept 2: future concept with direct detailed fit assessment based
on surface models from 3D freehand/ robotic US imaging or 2D3D reconstruction from biplanar X-rays.
Workflow visualization according to DIN 66001 (DIN DIN 66001).
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The central aspect of both concepts (current/ future) is the detailed 3D fit assessment.
In the future, any method for the derivation of 3D bone surfaces with sufficient accuracy
can be used and the results applied to the frameworks developed, independent of their

origin.

4.2 Criteria for implant fit assessment

Work in this chapter has been presented in parts in:

S. Grothues & K. Radermacher: Criteria for Implant Fit Assessment in Total Knee
Arthroplasty — A Review. Current Directions in Biomedical Engineering, 8(2), 2022, pp.
165-168 [DOI: 10.1515/cdbme-2022-1043]

4.2.1 Introduction

With the imaging data specified, criteria for implant fit assessment are to be identified.
In clinical practice, only a limited assessment of the implant fit is performed, regularly
restricted to the matching of the AP and ML size of the bone and the implant component.
For an optimal selection of implant size and design during preoperative planning, further
criteria with relevance for patient satisfaction and functional outcome should be
considered. Hence, the goal of this review was to identify and structure relevant criteria

for an implant fit evaluation for cruciate retaining TKA.
The research question addressed in this chapter is the following:

RQ4: Are objective criteria available for patient-specific morphological and
functional implant fit evaluation?

4.2.2 Literature Research

Methods

M ”

A literature review was performed in PubMed. As keywords “Implant”, “Design”, “Knee”
and “Fit” were used. The reference lists of the articles included were also scanned for
further articles. Implant fit was considered not only as matching of interface, size and

shape, but also to include the implant’s (rotational) alignment, as proposed by Dai et al.
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(Dai et al. 2014a). The (rotational) component alignment is determined by the surgeon
during implant positioning. However, many authors have described compromises being
required between the rotational alignment, bony coverage and implant overhang (Dai et
al. 2014a; Hirakawa et al. 2017; Martin et al. 2014). Hence, a fit evaluation should
account for such a compromise as it reflects the compatibility of the implant design with

the patient’s anatomy.

Several exclusion and inclusion criteria were defined for the review. Inclusion criteria
were a patient-specific fit evaluation of the geometry of knee implant components (uni-,
bi- or tri-compartimental (ISO ISO 7207-1)). Further inclusion criteria were a
comprehensible motivation for the fit criterion including a description of the (potential)
relationship to the postoperative outcome, and a clear measurement description. Criteria
regarding the constraint level and type of fixation were excluded, as CR implants are

focused on. In addition, criteria with only one literature reference were excluded.

In order to structure the results, the fit criteria were assigned to the following categories:
morphology, alignment, interface, other. Morphologic criteria were defined as metrics for
the restoration of individual morphologic parameters, such as the posterior condylar
offset. The category of alignment criteria was defined to include goals regarding overall
limb alignment and implant component positioning. Interface criteria were defined as
metrics of the bone-implant interface. All parameters that could not be classified were

assigned to the category other criteria.

Results

Overall, 64 studies reporting on 151 criteria for implant fit evaluation were found, that
met the inclusion criteria. An overview of the number of studies in the different categories
is displayed in Figure 4-2. Studies identifying a statistically significant relationship
between a fit criterion and an outcome measure are listed in Table 4-5. In each study,
only few of the summarized criteria were evaluated. An exception represents the study
of Dai et al. (Dai et al. 2014a), who have analyzed implant fit for the tibia
comprehensively, including an assessment of the interface, morphology and the
alignment fit. Criteria of the different categories are discussed in more detail in the

following paragraphs.

72



Concepts for detailed implant fit evaluation

Number of articles listing specific fit criteria

Overhang, Tibial
Overhang, Femoral
Coverage, Tibial
Underhang, Tibial
Underhang, Femoral

AP Size, Femoral

Lateral Trochlear Elevation
PCO

Sulcus Angle

Tibial Slope

Central Trochlear Elevation
Medial Trochlear Elevation
PCO Ratio

ML Size, Femoral

| Morphology |

Axial Component Alignment, Tibial FEEmTn
Patellar height s
Coronal Component Alignment, Tibial =
Coronal Component Alignment, Femoral
Hip Knee Angle mmmm
Sagittal Component Alignment, Femoral =
Axial Component Alignment, Femoral
Notching Other
Bone Cut Volume
0 5 10 15 20

Figure 4-2: Quantitative results of the literature review.
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Table 4-5: Implant fit criteria for which a relationship with an outcome measure is indicated based on
statistical analysis. ROM: Range of motion. VAS: Visual Analog Scale, -P: Pain sub-score, -F: Function
sub-score. Filling indicates the category of the criteria: interface (red), morphology (blue), alignment

(green).

Fit Criterion Data Basis Outcome Measure Source

Overhang, Femoral |Image (CT) KOOS-P, Flexion ROM (Bonnin et al. 2013)
Intraoperative |Pain (standardized telephone interview) |(Mahoney and Kinsey
measurement 2010)
Image (Xray) |Flexion ROM (Chung et al. 2015)

Overhang, Tibial Image (CT) Flexion ROM (Bonnin et al. 2013)
Image (Xray) |KSS & WOMAC-P (for medial (Liu et al. 2021)

overhang)

Image (CT) KSS, KSS-F and WOMAC-P (Simsek et al. 2018)
Image (Xray) |OKS & OKS-P (5 years postop) (Chau et al. 2009)
Image (CT) KOOS Score (Klasan et al. 2020)

Underhang, Tibial Image (Xray) |Tibial bone resorption (for medial & (Liu et al. 2021)

lateral underhang)

Image (Xray)

Tibial bone resorption

(Gu et al. 2019)

Alignment, Femoral

Coverage, Tibial Image (CT) KOOS Score (Klasan et al. 2020)
Posterior Condylar  |Image (Xray) |Flexion ROM (Bellemans et al. 2002)
Offset
Axial Component Image (CT) KSS-P (Nicoll and Rowley
Alignment, Femoral 2010)
Axial Component Image (CT) Anterior Knee Pain (VAS) (Barrack et al. 2001)
Alignment, Tibial Image (CT) Patellofemoral complications requiring |(Berger et al. 1998)
revision
Image (CT) KSS-P (Nicoll and Rowley
2010)
Axial Component Image (CT) Patellofemoral complications requiring [(Berger et al. 1998)
Alignment, Combined revision
Image (CT) KSS-P (Nicoll and Rowley
2010)
Image (CT) Anterior Knee Pain (VAS) (Barrack et al. 2001)
Coronal Component |Image (Xray) |Implant failure rate (Ritter et al. 2011)
Alignment, Tibial Image (Xray) |KSS-F (Rassir et al. 2021)
Coronal Component |(Image (Xray) |Implant failure rate (Ritter et al. 2011)

Sagittal Component
Alignment, Femoral

Image (Xray)

Flexion contracture >10°

(Okamoto et al. 2019)

Hip Knee Angle

Image (Xray)

Implant failure rate

(Ritter et al. 2011)

Patellar Height

Image (Xray)

OKS

(Rassir et al. 2021)

Interface criteria

The evaluation of interface criteria was the focus in TKA fit assessment reported in the

literature. Overhang was assessed the most, followed by underhang and the tibial

(cortical rim) coverage. Most authors performed a 3D analysis (femur: 80%, tibia: 67%).

With the 3D evaluation, overhang and underhang was evaluated in different zones.

Exemplary zones from the literature are summarized in Figure 4-3. Coverage can either

be evaluated over the entire interface, in similar zones as defined for overhang and
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underhang, or solely at the cortical rim (Fitzpatrick et al. 2007; Carpenter et al. 2014).
With the specification to the cortical rim the authors aimed to quantify the risk for
subsidence of the implant, which is expected to be higher when the implant is not
positioned at the cortical rim and instead in the inner area, with higher levels of
spongiotic, less durable bone. The evaluation of interface criteria during the planning
process is partly realized in modern 3D planning software, for example an analysis of
implant overhang in the SurgiCase Knee Planner, Version 3.4 (Materialise, Leuven,

Belgium). However, such planning is currently not part of the clinical routine.

Zone 1 [Mahoney2010]

Zone Trochlea
[Sharma2017, Tiwari2019]

Zone 1 [Bonnin2013]
Zone Junction
[Sharma2017, Tiwari2019]

[Dai2014]
Zone 2 [Bonnin2013]
Zone Condyles
4 [Mahoney

[Sharma2017, Tiwari2019]

Zone 5 [Mahoney2010]
(A) (B)

Zone 3
[Bonnin2013]

| Zone AP [Bonnin2013] |

| Zone APM [Bonnin2013]| | Zone APL [Bonnin2013] |

Zone 4/ ML
[Bonnin2013/16]

Zone PM [Costa2013]
Medial Post. Fit [Schréder2010]

(C) (D)

Figure 4-3: Exemplary anatomical zones for the evaluation of over-/ underhang in TKA for the femoral
and tibial component. (A) Femoral ML over-/ underhang measurements at specific anatomical lines. (B)
Femoral medial/lateral over-/ underhang measurements in specific anatomical zones. (C) Tibial

over-/ underhang measurements at specific anatomical lines. (D) Tibial over-/ underhang measurements
in specific anatomical zones.
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Morphological criteria

The matching of specific morphological parameters was the second most frequently
assessed type of criterion. Bellemans et al. (Bellemans et al. 2002) reported a
statistically significant correlation between a decreased PCO and a decreased
postoperative flexion range of motion. Other criteria identified relate to parameters of the
femoral trochlea, such as the sulcus angle and the trochlear elevations, motivated by a
potential relationship with patella tracking and stability (Itou et al. 2021; Asseln 2019;
Asseln et al. 2021). The restoration of the native knee morphology is further motivated
by the relevance for preserving physiological proprioception, among others, by restoring

preoperative strain of the ligaments.

One must consider that respective morphological fit criteria cannot directly be applied to
the preoperative knee shape in the case of severe deformities such as trochlear
dysplasia. Respective deformities may have contributed to a pathological loading and
contact pressure of the articulating surfaces and thereby to OA. Hence, in these cases

a deformity correction is required, before the evaluation of morphological criteria.

Alignment criteria

Physiological limb alignment is one main aspect which is restored or achieved with TKA
(Chapter 2.2.1). Several alignment criteria are routinely assessed in TKA, both pre- and
postoperatively. However, they are regularly not connected to an implant (fit) evaluation.
In addition, for the detailed alignment of the components for example, the tibial
component |E rotation, different targets and different safe zones are reported. Dai et al.
(Dai et al. 2014a) proposed the accuracy in rotational alignment as a fit criterion for the
tibial component. This inclusion was motivated by the often-required compromise
between coverage, overhang, and alignment. Similar compromises may be necessary
for the positioning of the femoral component (Chen et al. 2017b; Okamoto et al. 2019).
In general, axial alignment of both the femoral and the tibial components has proven to
be a relevant influence factor for postoperative pain scores (Table 4-5). For coronal
component alignment, Ritter et al. (Ritter et al. 2011) have reported a statically significant
relationship with implant failure rates. Lee et al. (Lee et al. 2018) have reported femoral

component varus malpositioning to be the primary source of overall varus outliers (> 3°)
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and an independent risk factor for aseptic loosening. Sagittal alignment targets have
been motivated by adverse effects on stability, range of motion, wear and ligament
stress, with changes in the preoperative vs. postoperative tibial slope (Ahmad et al.
2016).

More recently, parameters describing bone relative position have been discussed in the
context of TKA (Hochreiter et al. 2019). Those “interbone” parameters include for
example the TT-TG distance and the patellar height. In the literature, the assessment of
patellar height was motivated e.g., by a relationship with the OKS (Rassir et al. 2021).
The TT-TG distance is expected to influence patellofemoral kinematics, such as patellar
tilt after TKA (Nakamura et al. 2019). Interbone parameters are often influenced by many
factors, such as the effective TT-TG distance by the position of the TT point, the ASIS,
the trochlea shape and orientation, and the patella shape. In TKA, an altered trochlea
shape or orientation can thus potentially be compensated by an adjusted patella
component geometry, and thus also maintain a physiological TT-TG distance
(= functional compatibility). This functional compatibility with the patient’'s anatomy can
thus be partially captured by interbone parameters. In conclusion, the relevance of
alignment criteria has been motivated by impact on pain, function and implant
survivorship and exemplary targets were identified. The list of interbone (alignment)
criteria is limited, and should be extended, due to their potential as indicators for

functional compatibility.
Other criteria

Other fit criteria reported in the literature include femoral notching and the bone cut
volume. Notching represents an over-resection of the anterior femoral shield and is
classified regarding severity, depending on the depth of the resection cut in the femoral
diaphysis (Gujarathi et al. 2009). Several authors have reported a relationship between
the presence of femoral notching and of periprosthetic fractures (Culp et al. 1987; Aaron
and Scott 1987), which has been attributed to a weakening of the anterior cortex (Lesh
et al. 2000). A recent meta-analysis has found an increased risk for supracondylar
periprosthetic femoral fractures after TKA with an anterior femoral notching of =2 3 mm.
In contrast, other studies have found no relationship between notching and fractures

(Gujarathi et al. 2009). As periprosthetic fractures are dramatic and require complex
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revision surgeries (Kuzyk et al. 2017), any potential risk factor should be avoided,

including femoral notching.

The bone cut volume (Kurtz et al. 2016; Pugh et al. 2013) is an outcome measure in
itself, as bone preservation is of relevance for revision surgeries. A normalization is to

be aimed at, to adequately compare the individual amounts of bone cut volume.

4.2.3 Evaluation and weighting of the criteria

Introduction

Several objective criteria for implant fit assessment in TKA have been identified in the
previous chapter. To allow for a fast comparison of different implant systems with respect
to the criteria analyzed, the combination of all criteria into a single score is favorable. To
the best of the author’s knowledge, no equivalent scoring system for TKA planning has
been presented in the literature to date. However, several scores for biomechanical

evaluation of THA planning have been presented.

Elkins et al. (Elkins et al. 2015) developed a score, incorporating both criteria for wear
and component stability. Respective criteria are based on parameter measurements
mapped to a scoring system. For example, the inverse average femoral subluxation was
normalized to result in a score between 0 (maximum instability) and 100 (minimum
instability), with interpolation of intermediate score values. The two sub-scores for
stability and wear were added with equal weighting to define the final “THA Performance
Score”. Babisch et al. (Babisch et al. 2001) presented a scoring system which includes
six biomechanical parameters of the hip derived from a 2D biomechanical model
presented by Blumentritt (Blumentritt 1988). The parameters are calculated both
preoperatively and for the surgical planning. The results are evaluated with regard to
standard and limit ranges or “safe zones”. Per parameter 0-2 points are given, resulting

in an overall score of 0-12 points.

As a first step to combining all knee implant fit criteria identified into one score, the
method for criteria evaluation and the factors to be considered with respect to weighting
of the knee implant fit criteria are described in the following. In addition, an initial
weighting for each parameter (0-1) is defined.
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Evaluation of criteria

To enable the scoring of individual criteria, for each criterion and respective parameter
measure, a start, end, and threshold value are set. On the basis of the actual parameter
values as well as the start and end value, an individual score is calculated as a rating
between 0-1. Start values are theoretical, ideal target values, for example a maximum
overhang of 0 mm (2 no overhang). End values are defined as the percentiles from the
database analysis. The threshold values are inspired by the approach of Babisch et al.
(Babisch et al. 2001), which penalizes values outside specific ranges. In the framework
presented, if the threshold is exceeded, the respective score value is halved and the
implant analyzed is rated to have an inadequate fit in the context of the respective
criterion. As different thresholds are reported in the literature, the surgeon can select
those thresholds, which are listed together with the respective literature reference, or
define individual thresholds based on her/his clinical experience. An overview of the
start, end and threshold values, including respective literature references, is given in
Table 4-6. The combined score is calculated as a mean, while considering the individual

weighting of the criteria, which is discussed in the following.
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Table 4-6: Start, end, and threshold values for the individual fit criteria, listed with the respective sources.
Values for the morphological parameters are given as preop vs. postop deviation. Values for the alignment
parameters are given as deviation from target alignment. Abbreviations: P95: 95% percentile, calculated
for the database analyzed. (*) Patellar thickness analyzed, translated to over-/ understuffing and hence to
the trochlear parameters. The selected threshold values used in Chapter 6 are highlighted in blue.

Category |Parameter |Start |[End |Threshold |Explanation Threshold Sources
Interface |Overhang |Omm [P95 (3 mm Increased risk for clinically |[(Mahoney and Kinsey
significant pain at 2 years |2010)
postoperative.
4 mm Decreased flexion range of |(Chung et al. 2015)
motion
0 mm Negative impact on function |(Bonnin et al. 2013)
and pain scores
Morpho-  [J-Curve Omm |P95 |0.5-1.2 mm |Relationship with increased |(Delport et al. 2013)
logy distance ligament tension and
measures resultant forces
1-2 mm Theoretical relationship with |(Grothues and
increased ligament tension |Radermacher 2021)
and resultant forces, as well
as negative impact on
proprioception.
Trochlea [Omm [P95 (8 mm Decreased passive knee  |(Bracey et al. 2015)*
distance flexion after TKA (-1.2° per
measures 2 mm increase) (stat. sign.)
4 mm Increased stretch and (Ghosh et al. 2009)*
tension of the MPFL and
the ITB-patellar band
Alignment |Femoral 0° 15° 3.5° Increased risk for mild (Lustig et al. 2012)
Sagittal flexion contracture, 1 year
Alignment postop
3.0° Increased risk for failure/ (Kim et al. 2014)
revision
Femoral 0° 15° Range: 0°- |Increased risk for implant  |(Slevin et al. 2022)
Coronal 7° valgus) (failure
Alignment Range: 2°- |Increased risk for failure/ (Kim et al. 2014)
8.0° valgus |revision
Tibial 0° 15° 0° Increased risk for failure/ (Kim et al. 2014)
Coronal revision
Alignment 3.0° (range: |Increased risk for medial _|(Slevin et al. 2022)
3° varus — |bone collapse/ Increased
3° valgus) |wear/ Implant failure
Femoral 0° 15° 5° (range: |Increased risk for failure/ (Kim et al. 2014)
Rotational 2-5° ext.) |revision
Alignment 3° (abs: 3° [Risk for: patellar (Slevin et al. 2022)
int-6° ext.) |subluxation, Abnormal
stress on the patellar
implant, Anterior knee pain,
Implant failure
Tibial 0° 15° Range: 2-5°|Increased risk for failure/ (Kim et al. 2014)
Rotational external revision
Alignment Range: 0°- |Risk for: Patellar tracking |(Slevin et al. 2022)
7° external |complications, Anterior
knee pain, Decreased
ROM, Implant failure
Other Notching Omm |Gr4 |3 mm Increased risk for (Stamiris et al. 2022)
(distance to (50% supracondylar Grade 4:
cortex) depth) periprosthetic fracture (Gujarathi et al. 2009)
Bone Cut |P5 P95 P50 / /
Volume
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Weighting of fit criteria

Apart from a scoring system for evaluation, a system for weighting of the criteria is
required. In this context, various patient-specific factors, surgeon preferences, and

general ranking of the criteria’s relevance for clinical outcome should be considered.

A reasonable start for the criteria weighting would be a general ranking depending on
the clinical relevance (i.e., influence on clinical scores), which can later on be adjusted
based on more individual factors. However, the comparison of different clinical scores
used in the literature is difficult and especially for the PROMs scores, various modifiers
have to be considered and accounted for. For respective analysis, larger PROM
databases including comprehensive information about modifiers are required. The
impact of fit criteria on CROMs and especially on measurements such as range of
motion, is less affected by modifiers. In addition, the functional impact of the criteria may
also be assessed by (patient-specific) morpho-functional simulation analyses. Previous
simulation studies on the relationship between TKA shape and function reported the
highest impact for the femoral sagittal radii, the tibial slopes and the lateral trochlear
elevation (Asseln et al. 2021; Fitzpatrick et al. 2012b). Similarly for alignment
parameters, their functional consequences can be compared, based on in silico
(Innocenti et al. 2016), in vitro or in vivo analyses (Lee et al. 2018). Innocenti et al.
(Innocenti et al. 2016) identified a higher relevance of adequate tibial compared to
femoral component alignment. Consequently, parameters that show high relevance in
sensitivity analyses and in terms of functional scores should be ranked and weighted

highest, while the remaining may be weighted lower.

Starting from this general criterion ranking, patient-specific factors should be considered
to individualize the weighting. One example criterion for individualization is the bone cut
volume. As bone preservation is of relevance for revision surgeries, this criterion should
be weighted higher in younger patients, which may require several TKA revision
surgeries in their lifetime (Klug et al. 2021; Kurtz et al. 2009). In contrast, the weighting
could be reduced in older patients in whom revision surgery is not expected in view of
the durability of the implant. Regarding morphological criteria, the ability for adaption of

the muscular and ligamentous apparatus should be considered. Hence, in older patients
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with focus on pain relief, the restoration of all morphological parameters may be

weighted highest and further the deformity correction performed cautiously.

Likewise, the surgeon may choose to increase the weighting of individual criteria, based
on her/his clinical experience together with information on the individual patient e.g.,
from anamnesis and functional tests. For example, she/he may increase the weighting
of all trochlear parameters (after deformity correction) in the case of a preoperatively
unstable patella, to ensure adequate bony guidance. In contrast, when an ACL retaining
implant is used, the surgeon may prioritize the morphological parameters linked to ACL
rupture (Pfeiffer et al. 2018; Pfeiffer et al. 2019). An exemplary initial weighting of the
different criteria is given in Table 4-7 based on the factors discussed, to be adapted for

the individual patient.

Table 4-7: Exemplary initial weighting of the fit criteria, to be adapted for the individual patient. Criteria
with broader indication for individualization are highlighted in blue.

Category |[Criteria Weighting |Explanation

Interface Overhang 1 Relationship with pain and function outcome scores
(Bonnin et al. 2013; Mahoney and Kinsey 2010;
Chung et al. 2015).

Underhang 0.75 Relationship with the tibial bone resorption (Gu et al.

Coverage 075 2019; Liu et al. 2021).

Cort. Rim Coverage 0.75 Potential relevance for avoiding implant subsidence.
Morphology [Size parameters 0.75 Functional relevance of the AP size. Relationships

with other morphological parameters (Mensch and
Amstutz 1975).

J-Curve parameters 1 Relevance for tibiofemoral kinematics (Asseln et al.
2021; Ardestani et al. 2015; Kessler et al. 2007).

Trochlea parameters 1 Relevance for patellofemoral kinematics (Leichtle et
al. 2017; Asseln et al. 2021; Itou et al. 2021).

Notch 0-1 Relevance for cruciate ligament preservation

(Kizilgoz et al. 2018). Relevance depending on the
implant system used (CR/PS).

—_

Alignment |Tibial Sagittal Alignment Relevance for physiological knee kinematics and
resulting stability, for the extensor mechanism
function, and to prevent tibial component subsidence

(Ahmad et al. 2016).

Femoral Sagittal 1 Flexed component positions were associated with
Alignment increased risk for persistent flexion contracture
(Okamoto et al. 2019)

N

Tibial Coronal Alignment Relevance for implant survivorship in the context of

aseptic loosening (Ritter et al. 2011) and scores

Zﬁ&(:;%ln?oronal 0.75 (Rassir et al. 2021). Higher functional relevance of
tibial compared to femoral alignment (Innocenti et al.
2016).

Tibial Axial Alignment 1 Relationship with pain outcome scores (Nicoll and

Femoral Axial Alignment |0.75 Rowley 2010; Barrack et al. 2001).

Other Bone Cut Volume 0-1 Preservation of bone stock. Relevance depending on

age.

Notching 1 (Potential) relationship with periprosthetic fractures.
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4.2.4 Discussion

To date, the focus of implant fit evaluation in the literature is the assessment of the
bone-implant interface. However, many other criteria regarding morphology or alignment
are coming into focus. The majority of the studies evaluated implant fit based on
intraoperative measurements or postoperative imaging. However, several authors
showed that an evaluation based on preoperative data is possible (Riviére et al. 2018a;
Dai et al. 2014a; Itou et al. 2021). In addition, with a standardized, virtual positioning of
the implant components, the evaluation of the implant size and design is independent of
the surgical technique or potential errors (Dai et al. 2014a). In most of the studies, the
measurements were performed manually, which is time-consuming and adds variability
(intra-/ interrater). Automation could solve this limitation and also enable the processing
of large databases. To easily compare the fit of different implant designs, a combined
score is aimed at. Factors for evaluation and weighting of the sub-scores as well was for

the interpretation of the combined score have been identified and discussed.

In conclusion, the research question addressed in this chapter can be answered as

follows:

There are objective criteria for the assessment of implant fit in TKA, of which a
relevant share is directly linked to outcome measures. The criteria were classified
into the categories interface, morphology, alignment, and other. Relevant interface
parameters include implant over-/ underhang as well as bony or cortical rim
coverage. Morphological parameters considered for knee implant fit evaluation
describe the overall size, the trochlea, as well as the J-Curve. A link with the
postoperative range of motion was found for the posterior condylar offset.
Alignment criteria linked to the clinical outcome describe the sagittal, axial, and
coronal rotational alignment of both tibia and femur. Other criteria include the bone
cut volume and femoral notching. An initial weighting can be defined based on the
criteria’s impact on function and pain (scores), patient-specific factors, and surgeon
preferences. As the morphological criteria identified are defined for the healthy
knee, a method for deformity checks and optional correction has to be applied.
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4.3 Correction of morphologic deformities

Work in this chapter has been presented in parts in:

S. Grothues, A.-K. Becker, B. Hohimann & K. Radermacher: Parameter-based patient-
specific restoration of physiological knee morphology for optimized implant design and
matching. Biomedical Engineering / Biomedizinische Technik, 2023, 68(5), pp. 537-544
[DOI: 10.1515/bmt-2023-0017]

4.3.1 Introduction

Various morphological criteria for implant fit evaluation were presented in the previous
chapter. Prior to their assessment, the presence of bony deformities such as trochlear
dysplasia has to be evaluated for the individual patient. Such deformities would be
reproduced, if the implant for TKA is designed solely on the basis of native knee
morphology. Many current OTS implant systems feature a dysplastic trochlear shape
(Dejour et al. 2014) and thereby a clinically relevant deformity. Hence, instead of a
patient’'s native, deformed knee morphology, the equivalent (reconstructed)
physiological knee morphology should be used for detailed three-dimensional
preoperative planning and the implant design process. This is especially the case for the
patient-specific implant design process, which provides more flexibility to adapt to
patient-specific correction needs (Slamin and Parsley 2012; Zingde and Slamin 2017).
In addition, the knowledge and correction of deformities is also of relevance with regard
to implant component alignment as surgical reference axes may be affected (Matsuda
et al. 2004).

Related research

To the best of the author’s knowledge, there is only one study presenting a method for
identifying equivalent physiological parameter values for a set of pathological parameter
values, using an unsupervised neural network, by van den Heever et al. (van den Heever
et al. 2011). The respective self-organizing map was trained with data from 35
physiological knee joints. Nine morphologic parameters were evaluated for every knee.
They were categorized depending on whether or not they are affected by OA. Those

parameters affected were defined as the lateral and medial condyle radius, the posterior
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medial and lateral radius, and the resected posterior condyle. Remaining, unaffected
parameters were the AP and ML size, the AP box and the sulcus length. Limitations of
the study include the small set of morphological parameters considered, and both a small
training and test dataset. In addition, the neural network was not compared to other
prediction methods, such as regression. Finally, the method for the classification of

“affected” parameters was not specified.

To enable a parametric deformity correction, the following chapter covers the analysis
of parametric deformity definition. Further chapters cover the development, evaluation
and comparison of methods for:
1. The classification of (un)affected morphologic parameters of the knee for a
specific deformity.

2. The parameter-based deformity correction of respective affected parameters.
The research question addressed in this chapter is the following:

RQ5: In the case of deformities, can those be clearly identified and adequately
corrected by a parameter-based, data-driven approach?

4.3.2 Parametric deformity definition

Bony deformities in the knee can originate from genetic factors, trauma, or diseases
such as OA. This section presents relevant knee deformities along with their
corresponding parameter definitions. Additionally, the parameters used to quantify these
deformities are listed, including any available cut-off values, hereafter referred to as

“deformity parameters”.

Osteoarthritis-related deformities

OA may be associated with several knee deformities. First, there are deformities which
may predispose a patient to developing OA. As discussed in Chapter 2.1.2, OA is
presumed to result from an imbalance of load and repair processes, with various risk
factors contributing to its development and progression (Doherty 2001). One prominent
risk factor for OA progression is pathological lower limb alignment (Sharma et al. 2001).
In addition, specific features of knee morphology, such as the small medial femoral
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condyle knee morphotype, have been linked to a higher risk of medial compartment OA

(Grammens et al. 2021).

Second, OA itself can alter the shape of the knee through the formation of osteophytes
or deformities of the subchondral bone in late stages of OA (Kellgren-Lawrence Scale:
4, (Kellgren and Lawrence 1957)). Osteophytes typically form at the outer boundaries of
the knee’s articulating surfaces, in random distribution (Pap and Meinecke 2011).
Because of their complex shape, osteophytes affect various morphological parameters
and hence should be removed prior to 3D TKA planning. Existing SSM-based
approaches can be applied for this purpose (Hanisch and Radermacher 2016) or the
osteophytes can be directly excluded during segmentation. Other OA-related defects
mostly are located in the contact area of the affected compartment including the plateaus
and condyles, and generally involve the flattening of the respective surfaces (Buckland-
Wright 2004). Analyzing and comparing these deformities in varus, valgus and control

knees allows to establish reference ranges and cut-off-values.

Several studies have compared varus and valgus knees and found, for example,
statistically significant differences for the angle between the posterior condylar line and
the transepicondylar axis (Cohen et al. 2019; Choi et al. 2022). Others have compared
valgus and/or varus against control knees (Matsuda et al. 2004; Lee et al. 2021; Chang
et al. 2018). Matsuda et al. (Matsuda et al. 2004) evaluated 30 varus, 30 valgus and 30
control knees and found significant distortion and hypoplasia of the lateral condyle in
valgus knees. These studies identified statistically significant differences in the lateral
condylar depth and in the angles of the transepicondylar axis and transverse axis with
the posterior condylar tangent. In addition, respective studies highlight more extensive

parameter effects in valgus knees than in varus knees.

Correcting these deformities benefits both cases: The OA-predisposing deformities
should be corrected, to achieve adequate loading and thereby minimizing wear.
Deformities developed during OA, such as the flattening of condyles, should be
corrected to achieve native, pre-arthritic joint kinematics. As a first step to the correction,
those knees with OA-related deformities need to be identified, for example, on the basis
of parameter cut-off values. To date, literature lacks established parameter cut-off values
to differentiate between varus, valgus and physiological knee morphology. To address
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this knowledge gap, a parameter analysis of a database with over 800 knees was
performed. For this purpose, an existing framework for bone-specific morphological
parameter analysis (Asseln et al. 2018; Asseln 2019) was extended to include interbone
parameters such as the hip-knee-ankle-angle (HKA) (Grothues et al. 2022). On the basis
of the respective HKA, the individual knee parameter sets were classified as neutral
(HKA: 177°-183°), varus (HKA: <177°), or valgus (HKA: >183°). After normalization, the
varus, valgus and neutral group were evaluated regarding equal means using the t-test
or welch test, depending on the results of the Levene test performed (significance level:
5%). In case of statistically significant differences in the normalized mean with relevant
effect sizes, which are also supported by the literature, the parameter was classified as
a deformity parameter. Cut-off values were defined by the 5% and 95% percentiles of
the neutrally aligned knees. Although a previous study by our group presented by Asseln
et al. (Asseln et al. 2018) found minimal sex differences after appropriate normalization,
we provide gender-specific boundaries here because the distance measures analyzed
were not part of the previous study. A more detailed description of the methodology and
the respective verification can be found in Appendix B) and of the database analysis in

Appendix C).

Table 4-8: Parameters with statistically different normalized mean values in the individual varus and
valgus in comparison with the neutrally aligned sub-populations, by paired t-test or welch test analysis.
Effect sizes are highlighted and the color code is given below. The given upper and lower cut-off values
are defined by the 5% and 95% percentiles of the neutral sub-population (not normalized).

Bone Aspect |Parameter name Varus | Valgus |[Upper Cut-Off|Lower Cut-Off
Vs. Vs. value value

neutral | neutral [Female] Male [Female| Male

Femur |J-Curve |Distal Condylar Offset 0.57 0.83 7.01 | 7.01 | 0.81 1.18
PCO Lateral 0.14 0.91 28.11 [30.00 | 21.81 | 22.16

Alignment |Posterior Condylar Angle 1.52 2.05 3.69 | 3.04 | -0.99 | -1.83

Tibia Alignment |Coronal Tibial Slope 1.41 1.34 5.87 | 6.34 | -0.42 | -0.11
Interbone|Alignment [TT-TG 0.91 0.61 21.21 ({2325 | 7.21 | 548

Color code: Medium effect size= 0.5-0.8: I | Large effect size > 0.8: @ (Cohen 1988)

Congenital deformities

Apart from OA-related deformities, one must consider bony congenital deformities with
functional relevance. Examples include, trochlear dysplasia, which is associated with
symptomatic patellar instability (Dejour et al. 1994) and patellofemoral OA (Jungmann

et al. 2013). Further reported risk factors for these symptoms include patella alta and an
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increased TT-TG distance (Steensen et al. 2015). Morphological risk factors for
(anterior) cruciate ligament injuries include a reduced notch width (van Diek et al. 2014;
van Kuijk et al. 2019), an increased lateral condylar offset ratio (Pfeiffer et al. 2018) and
an increased medial tibial sagittal slope (Bayer et al. 2020). Those deformities of course
are primarily relevant for CR implant systems and can be neglected in posterior-

stabilized PS systems.

Even preoperatively asymptomatic congenital deformities may lead to complications
after TKA. For instance, patellar bony guidance may decrease dramatically, when using
an undersized femoral implant component implanted in slight external rotation (as
previously recommended (Anouchi et al. 1993; Rhoads et al. 1990)), combined with
implant designs often featuring a dysplastic trochlear shape (Dejour et al. 2014).
Additional aspects of TKA which may worsen patellar tracking and stability, include
changes in tibiofemoral internal-external rotation due to J-Curve changes and ligament
mal-balancing based on passive kinematics. In cases where patellar stability was
already limited prior to TKA, this preoperative situation could result in clinically significant
instability and/or (anterior) knee pain postoperatively. The exemplary congenital
deformities discussed are listed in Table 4-10 (risk factors for patellar instability) and in
Table 4-10 (risk factors for ACL injury), together with respective deformity parameters

and cut-off values.

Table 4-9: Congenital deformities associated with patellar instability, respective deformity parameters and
cut-off values from the literature.

Deformities Deformity parameters Cut-off values |Imaging Source

trochlear dysplasia |Trochlear depth <3 mm MRI (Pfirrmann et al. 2000)
Trochlear Facet Asymmetry [<40%

Patella alta Insall Salvati Index IS Index > 1.3 |Lateral Xray |(Steensen et al. 2015)

Pathological TT-TG distance > 20 mm MRI (Steensen et al. 2015)

TT-TG dist.

Table 4-10: Congenital deformities associated with ACL injury, respective deformity parameters and cut-
off values from the literature. Of note, the relevance of the respective deformity correction depends on
the implant system used (CR vs. PS).

Deformities Deformity parameters Cut-off values Imaging |Source

Reduced notch |Intercondylar Notch Width |females < 18 mm MRI (Kizilgoz et al. 2018)
width males < 20 mm

Pathological Medial Sagittal Tibial Slope |males > 4.3 mm MRI (Kizilgoz et al. 2018)
tibial slope females > 4.5 mm

Increased lateral |Lateral Condylar Offset > 63% Lateral (Pfeiffer et al. 2018)
condyle ratio Ratio Xray
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4.3.3 Concept for parametric deformity correction

With the parametric deformity definition and cut-off derived, a parameter-based
deformity correction can be addressed. First the parameters used for prediction have to
be identified, meaning the distinction between affected (i.e., pathologic/ deformed) and
unaffected (i.e., “healthy”’/undeformed) parameters. Second, the methods for prediction
have to be determined and applied. Third, the model variants have to be evaluated and

compared, to identify the one best-suited for the deformity considered.

Classification of (un)affected parameters

The deformities considered are characterized not only by the defining parameters (Table
4-9-Table 4-10) but also by various others, which are, hence, also “affected” by the
respective deformity and must, therefore, be taken into account for the correction.
Trochlear dysplasia, for example, is characterized not only by a low trochlear depth, but
also by a high sulcus angle. In addition, when correcting the sulcus angle to a
physiological value, other parameters of the femoral trochlea, such as the trochlear
elevations, also need to be adapted. The trochlear shape before and after
trochlearplasty and the corresponding morphological parameters are schematically
shown in Figure 4-4. In this figure, it becomes apparent that an isolated change of a
specific deformity parameter is not possible, but that several other parameters are
always changed as well (affected). The physiological equivalents of those affected
parameters have to be predicted by the unaffected parameters. Therefore, a method to
distinguish between parameters affected or unaffected by a specific deformity
(correction) is required. Consequently, a trade-off may be involved between prediction
accuracy and a sufficient parameter correction. The prediction accuracy will potentially
increase with a high number of predicting (unaffected) parameters. However, the
parameters may not be corrected to a physiological range when too many parameters
are used for the prediction. In this case, affected parameters may falsely be classified

as unaffected parameters.
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Figure 4-4: Femoral trochlear dysplasia both before and after correction surgery (trochlearplasty
according to the Lyon’s procedure (Dejour and Saggin 2010)). Left: Femoral anterior region with trochlear
dysplasia and denoted parameter values. Right: Femoral trochlea after trochlearplasty.

Both a “clinical” and a “mathematical” classification approach for defining the parameters
as affected or unaffected were considered (Figure 4-5 Step 2). Using the clinical
classification approach, those parameters which are changed in a respective correction
surgery (e.g., trochlearplasty or notchplasty) were defined as affected. For the
notchplasty (deformity parameter: notch width) these include the medial and lateral
condylar width. It has to be noted that the knee’s shape in a conventional trochlearplasty
or notchplasty is changed according to generic targets and not in an individualized
approach as proposed here. Taking the mathematical classification approach, the
parameters were sorted according to their correlation with the deformity parameter.
Parameters with the highest correlations were defined as affected. Instead of defining a
limit for the correlation coefficient, the number of affected parameters for every deformity
parameter was varied, depending on the model’s capability of predicting physiological
parameter values. The minimum was set to 95 % of the pathological data points
corrected to physiological parameter values (Figure 4-5 Step 8). For the example of the
notch width, these parameters included again the medial and lateral condylar width, as

well as several parameters of the distal and posterior condylar shape.

Model variants

Three different methods were used to predict physiological parameter values:
regression, nearest neighbor search and neural networks. Different model variants were
considered for each method, which are listed in Table 4-11. Regarding the nearest

neighbor search, different variants of the Minkowski distance measure were used to
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identify a physiological data point with the closest parameter values to the respective
pathological data point analyzed. On the basis of the performance in a previous study
(Chomboon et al. 2015), the Euclidian, Chebyshev and Cityblock distance measures
were chosen. The regression model predicts the affected parameters through a linear
combination of the unaffected (predicting) parameters. The following regression model
variants were considered: the ordinary least squares regression and different types of
regularizations which optimize regression coefficients and aim to remove irrelevant or
redundant predictors (Zou and Hastie 2005). As regularizations, the ridge (Hoerl and
Kennard 1970), lasso (Tibshirani 1996) and elastic nets regularization were considered
(Zou and Hastie 2005). A neural network is inspired by the learning behavior of the
human brain. After training (Figure 4-5 Step 5), the network predicts the affected
parameters based on adapted node weights. In contrast to regression models, nonlinear
relationships can be represented with neural networks. The networks were built and
trained using the built-in MATLAB functions fitnet and train (MathWorks, Inc., Natick,
MA, US). The optimal network architectures were defined empirically. Hence, model
variants of the neural networks were defined by different architectures: the number of
hidden layers and the number of neurons per layer. A frequent problem is overfitting,
which describes the effect that the model has been trained to a point where it learns the
output desired by memory (Uzair and Jamil 2020). In order to counteract overfitting, it is
recommended to reduce the quantity of neurons in each layer to a minimum. Dogan et
al. (Dogan et al. 2009) identified an optimal network architecture of one hidden layer with
three neurons for the prediction of one output by eight input parameters with eleven data
points. Because of a (slightly) higher number of input parameters and a higher number
of data points in the present study, architectures with one to two hidden layers and two

to four neurons per layer were chosen. The number of epochs was set to 100.
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Table 4-11: Model variants of the methods for prediction of physiological parameter values for given
pathological parameter values, including the nearest neighbor search, regression and neural networks.

Nearest Neighbor | A | Euclidean
Search (p=2)
k=number of
unaffected parameters B | Chebyshev
x;j=value of the (p=%)
unaffected parameter
j of the data point i
x¢; =value of the C | Cityblock
unaffected parameter j (p=1) k
of the neighbor t dy = Z'xij = X¢j
j=1
Regression A | OLS .
n
k=number of B = argminZ(}’i —Bo — Z xi;B;)*
unaffected parameters Pob = j=1
n=number of data B | Ridge
points i 1w i : ,
x;;=value of the preet = argnéun(EZ(yi ~ho- Z xijBj)* + AZ Bi)
0 — — r
unaffected parameter =t =1 =t
j of the data point i C Elastic
y;=affected parameter nets . n X
I f th R 5 .
va.ues of the data C1: 0=0.25 ZEN = argmin (Z_Z(yi — By — Z xiiB;)?
point i C2: a=0.5 BoB n& =
C3: a=0.75 k
l1-a ,
+2) S+ alg)
j=1
D | Lasso
1 n k k
Bl = argminG > (vi = fo = ) xyf)* +2 ) |6
pop 2T : :
i=1 j=1 j=1
Neural networks Hidden Neurons each layer
(architecture) layers
MATLARB (fitnet) Alh=1 k=5
B|h=1 k=10
Clh=2 k=2
D|h=2 k=5
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Evaluation of model variants

An important aspect of this topic is the prediction accuracy required. Such accuracy
would have to be determined individually per parameter, for example, based on morpho
functional in vitro/in silico studies. The deviation in notch width represents over-/
underhang in the intercondylar area, therefore, existing limits for the clinical significance
of ML over-/ underhang could be considered. Those limits range from 0 mm (Bonnin et
al. 2013) to 3 mm (Mahoney and Kinsey 2010). Morpho-functional studies on the
trochlear elevations could be considered for the trochlear depth. The study by Leichtle
et al. (Leichtle et al. 2017) e.g. reports on the statistically significant impact on
patellofemoral kinematics and contact pressure with combined changes of medial and

lateral trochlear height of 1 to 2 mm.

The combined methodology, with the clinical/mathematical classification approach and
the different model variants, was evaluated using both pathological and physiological
datasets. Regarding the test dataset (only physiological data points), the accuracy of
prediction was evaluated by calculating the mean squared error (MSE) over all affected
parameters, the mean absolute error (MAE) and the coefficient of determination (R?) for
the specific deformity parameter (Figure 4-5 Step 6). The MSE was used to identify the
best-fitting model variant for the individual deformity. Concerning the pathological
dataset, the correction to physiological parameter values was assessed. Hence, whether
or not the corrected value is above the cut-off value from the literature. The workflow

describing the methodology developed is displayed in Figure 4-5.
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Figure 4-5: Workflow for training and evaluation of the different model variants. AP = Affected Parameter,
UAP = Unaffected Parameter, DC = Deformity Correction.

4.3.4 Concept evaluation

The concept developed is subsequently applied to a large database, to evaluate and
compare the methods developed. For the present concept evaluation, the congenital
deformities trochlear dysplasia, characterized by a low Trochlear Depth and low

Trochlear Facet Asymmetry (Diederichs and Scheffler 2013; Pfirrmann et al. 2000), as
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well as a reduced notch width were focused on. Those parameters are denoted as

deformity parameter from hereon.

Database

A parametric database of 673 knees, each described by 36 femoral parameter values,
was used for the study. According to the common nomenclature of machine learning
applications (Badillo et al. 2020; Greener et al. 2022), each knee in the database is
referred to as a “data point” in the following. The parameter values were determined
using a framework for automated morphological analysis, presented by Asseln et al.
(Asseln et al. 2018). In addition to the existing parameters, the deformity parameters
Trochlear depth and Trochlear Facet Asymmetry were integrated (Diederichs and
Scheffler 2013; Pfirrmann et al. 2000). The sex distribution was 318 female and 355
male knees. The surface models were derived from computed tomography. The
segmentation and an osteophyte removal were performed semi-automatically. For each
deformity, all data points were classified as pathological (deformed) or physiological,
based on the cut-off values derived from literature (Table 4-10) or based on the
physiological boundaries derived in a database analysis (Table 4-8). Applying the cut-
off values to the database led to 17 pathological data points for Trochlear Depth, 52 for
Trochlear Facet Asymmetry, and 135 for the Notch Width. A total of 486 data points were
without any deformity and, therefore, defined as physiological data points. Normalized
values were used, to overcome the impact height- and gender-related factors have on
the morphology of the knee joint (Asseln et al. 2018). Data points used for machine
learning pipelines need to be standardized, so that all parameters have an equivalent
impact on the distance measure, independent of their mean and variance. Hence, a z
score normalization was performed as a first step of the workflow (Figure 4-5). The
physiological data points were split into training and test dataset, with a data split of
70:30, respectively (Figure 4-5 Step 4). The pathological data points could not be used
as training or test data because no physiological values for the deformity parameter and,
accordingly, no ground truth are available for them. Therefore, the training and test
dataset consisted solely of physiological data points. The physiological values for the
affected parameters represent the ground truth. Because of the limited size of the

dataset and the focus on the comparison of different methods, no hyperparameter
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optimization with a validation dataset was performed (e.g., number of epochs) but

instead the test dataset was applied directly.

Results: Classification of (un)affected parameters

Utilizing the clinical classification approach, an average of only half of the pathological
parameter values were corrected to physiological values. This limitation can be seen in
Figure 4-6 in the example of the correction of the deformity parameter trochlear facet
asymmetry using the lasso regression model variant. Half of the new parameter values
defined by the clinical classification approach (blue) are below the cut-off-value. It can
be seen in the example case (highlighted by circles) that the parameter is corrected in
the direction of the cut-off value. However, the amount of correction is insufficient. Taking
the mathematical classification approach, the percentage of cases corrected to
physiological parameter values increased with the number of affected parameters,
however, with a decreasing gradient. As described in the methods section, boundaries
were set such that 95% of the pathological data points were corrected to physiological
parameter values. This threshold led to a number of four to nine affected parameters,
depending on the deformity parameter. It can be seen in Figure 4-6 that the majority of
pathological data points are corrected to a physiological trochlear facet asymmetry. As
this target and, therefore, the aim of this study could not be reached with the clinical
classification approach, only the mathematical classification approach was considered

from here on.

96



Concepts for detailed implant fit evaluation

pathological €«——1——» physiological

40

1

1

! &)

o 04 00°° , % oo
! [ ] ® ® [ ]
[ [
S e o E * 9 Ay :. $ ¢
) ° ®
T o %o iwe® oo ° o o3 ® e
£ I e ° e o
T30 —0O0—0
o 1
L € ! .
Q2 o ! ®
g o °
g . . E . . @ Clinical Approach
o °. e ! ®e @ Mathematical Approach
o - ; . °
20 | 1 1 | J
20 30 40 50 60 70

Parameter: TFA (corrected) [%]

Figure 4-6: Comparison of the clinical and the mathematical approach for selection of (un)affected
parameters as a basis for deformity correction, in the example of the Trochlear Facet Asymmetry using
the lasso regression model variant. The number of affected parameters was six for the clinical and nine
for the mathematical classification approach. It can be seen for the highlighted example case that using
the clinical classification approach, the parameter value is corrected towards the physiological area, but
is still below the cut-off value. Utilizing the mathematical classification approach, the parameter value is
corrected to above the cut-off value.

Results: Evaluation of model variants

The resulting MSE for the different model variants is given in Table 4-12. For all
methods, the chosen model variant resulted in a prediction error below the parameters’
standard deviation, while the regression yielded the lowest errors. The following results
on prediction (accuracy) were found: MAE = 0.78 mm (Trochlear depth)/ 8.07 %
(Trochlear Facet Asymmetry)/ 1.17 mm (Notch Width); R? = 0.32 (Trochlear depth)/ 0.41
(Trochlear Facet Asymmetry)/ 0.19 (Notch Width).
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Table 4-12: Evaluation of the model variants with the test dataset (only physiological data points) using
the mathematical classification approach. Mean squared errors (MSE) are displayed in a standardized
form. The best-performing model variants, which are selected for the prediction, are highlighted in green.
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ep
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Froet o' | 1.04 [ 119 | 110 | 032 | 0.31 | 0.28 | 0.28 | 0.28 | 0.28 | 0.47 | 0.31 | 0.47 | 0.32
Asymmetry
Notch Width | 1:56 | 1.81 | 1.66 | 0.82 | 0.77 | 0.79 | 0.79 | 0.79 | 0.79 | 0.91 | 1.13 | 0.91 | 1.13

4.3.5 Verification

The deformities considered for verification were selected according to their individual
functional relevance (Table 4-10). Hence, different goals are pursued with the individual
deformity corrections. With the correction of trochlear dysplasia, the aim is an improved
bony guidance of the patella in the femoral trochlea, which is reflected in enhanced
patella tracking and reduced risk of dislocation or subluxation (Ntagiopoulos et al. 2013).
To verify whether the aim of the deformity correction is achieved, a multi-body simulation

study is performed. Respective analyses are described in the following.

Materials and methods

The patient-specific simulation model used for the verification study was based on a
model of TKA, previously presented by Asseln et al. (Asseln 2019). The model was
written in the AnyBody Modeling System™ (AnyBody Technology A/S, Aalborg,
Denmark). A validation with both in vitro and in vivo data was performed for the kinematic
and kinetic simulation results (Asseln 2019; Asseln et al. 2021). The model was thus
adopted to enable the simulation of the native knee joint. The model includes the
femoral, tibial and patellar segment, incorporating the patient-specific bony surface
models, the major extensor (quadriceps femoris) and flexor (biceps femoris &
semimembranosus) muscles of the knee, and the main ligamentous structures including

collateral and cruciate ligaments. A visualization of the model is displayed in Table 4-7.
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Figure 4-7: Exemplary, patient-specific, native knee model used for the verification study in (A) medial,

(B) anterior, and (C) posterior view. The model is individualized using the surface models of the respective
patients, individual landmarks derived using an atlas-method, and the patient’s weight.

For the verification of the deformity correction approach, a random subset of ten knees
was selected from the cases with trochlear dysplasia classified by a trochlear depth
below 3 mm. The subset consisted of four right and six left knees, from eight female and
two male patients. The surface models of the bones were adjusted according to the
corrected parameter values. The corrections of the three different approaches
(regression, neural networks, twin search) were considered. Subsequently, an existing
tool for parameter-based surface modification, specific to the distal femur (Asseln et al.
2015; Asseln 2019), was applied. Thereby the parameterized data were transformed
into surface models. Subsequently, two individualized models were built for each patient,
one prior and one after the deformity correction, using the newly generated surfaces. A
deep knee bend simulation was performed with both models and the resulting kinematics

were compared for each patient.

Results

Distinct differences between the simulation results for the model prior and the model
after deformity correction were seen for the patellar medial-lateral tilt and the patellar
anterior-posterior translation. After deformity correction, a more central tilt position and
a more posterior position of the patella with respect to the femur was found for all cases

analyzed. Figure 4-8 displays respective results for an example case.
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Figure 4-8: Exemplary simulation results of the verification study of deformity correction: Patellofemoral
kinematics before (red) and after deformity corrections, using twin search (beige), regression (green) and
neural networks (turquoise). (A) Patellofemoral anterior-posterior translation. (B) Patellofemoral medial-
lateral tilt.

Discussion

The results of the functional analyses show a deeper and more central tilt position of the
patella in the femoral trochlea after correction of trochlear dysplasia by deepening the
femoral trochlea. These differences suggest a better guidance of the patella by the
femoral trochlea. It can thus be concluded, that the parameter-based deformity
correction of trochlear dysplasia demonstrated the desired enhanced bony guidance of

the patella in a multi-body simulation analysis of ten example knees.

4.3.6 Discussion and conclusion

The methodology for deformity corrections including the parameter classification, the
model variants, as well as the respective evaluation and verification studies are

discussed in the following.

Classification of (un)affected parameters

The clinical classification approach could not achieve sufficient correction of the
pathological parameter values in the present application. While this approach was
originally favored because of its compact and conservative parameter selection, it
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proved to be inadequate. This can be illustrated using the example of the notch width.
With the clinical approach, only the medial and lateral condylar widths are classified as
affected, as these are potentially adjusted during a corrective surgery (notchplasty). In
contrast, the mathematical approach also includes parameters such as the distal and
posterior mediolateral condylar width as affected parameters. This is reasonable, as
femora with a larger notch width are expected to have a correspondingly different

condylar shape.

Therefore, the mathematical classification approach was used in the following. With this
approach, the parameters with the highest linear correlation and, thus, the best
predictors for the deformity parameter are classified as affected. A selection based on
high correlation may often be reasonable, because of an actual link to the deformity.
However, the affected parameters should always be reviewed to prevent parameters
with high predictive power and no direct link to the deformity being included in the
prediction. Regarding the deformities studied, the parameters determined by the clinical
classification approach were mainly a subset of those determined by the mathematical
classification approach, which already represents a partial verification of the two
approaches. A weak and indirect relationship with the deformity was identified for the
remaining (additional) affected parameters of the mathematical classification approach.
In the future, for other deformities, such a verification should be integrated, representing

a combination of the mathematical and the clinical classification approach.
Model variants

No clear superiority of one model variant was found for the regression models and the
neural networks. By contrast, the Chebyshev distance measure led to the highest MSE
for all deformity parameters for the twin search. One possible explanation is that the
Chebyshev distance only considers the highest error and neglects all others. In the
present application, the minimal MSE regarding all affected parameters was used to
identify the best model variant. Therefore, prioritizing the highest error proved to be

unsuitable.

Evaluation of model variants
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A relevant limitation of the present study is the absence of a validation dataset, which
was not included because of the comparably small database and the focus on method
comparison. A validation dataset would be required with which to optimize, for example,
the number of epochs, and for an accurate assessment of the prediction accuracy.
Nevertheless, all prediction models developed estimate equivalent physiological
parameter values for given unaffected parameters with a mean error below one standard
deviation. The accuracy is comparable with a previous study using a neural network (van
den Heever et al. 2011), while the regression models outperformed the neural networks
in the present study. Some of the predicted parameters in this study are geometrically
related, thus, their compatibility must be checked or subsequently established. The
percentage of variance accounted for by the models is comparably low, which could be
due to various possible reasons. In the context of machine learning, the database
presented is considered small. Larger databases are expected to improve the prediction,
especially for the nearest neighbor search. In addition, knee morphology is highly
individual. No clusters could be found after normalization based on the ML and AP size
in a previous study on knee morphotypes (Hohlmann et al. 2022). Hence, high
interindividual differences may explain the comparably low share of parameter variance

explained by the data-based models.

The MAE of 0.78 mm regarding the Trochlear depth is below changes in trochlear
elevations of 1 to 2 mm analyzed in in vitro/in silico studies (Leichtle et al. 2017; Asseln
et al. 2021). When assuming a linear morpho-functional relationship, maximum
deviations are assumed to be below 1° and 1 mm even for the kinematic parameters
most-affected (Leichtle et al. 2017; Asseln et al. 2021). Regarding the Notch Width, an
MAE of 1.17 mm was found, which is below the limit of 3 mm for overhang defined by
Mahoney et al. (Mahoney and Kinsey 2010). However, Bonnin et al. (Bonnin et al. 2013)
have found all errors above 0 mm to have a negative influence on outcome scores.
Hence, an increase in the prediction accuracy would be favorable (for example: a
maximum error < 1 mm). To the best of the author’'s knowledge, there are no morpho-
functional analyses of the Trochlear Facet Asymmetry. When applying the predictions
to the (patient-specific) implant design, the influence of the local cartilage thickness on
the morphological parameters must be taken into account. However, patient-specific
implant design is regularly based on computed tomography imaging. Therefore, the
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cartilage impact must be considered by default. Average cartilage maps of physiological
(control) subjects are available (Favre et al. 2017; Ldsch et al. 1997; Carballido-Gamio
et al. 2008) and can be used for this task.

As an outlook, the analyses should be repeated for a larger database and include a
validation dataset. Subsequently, the effects on the prediction accuracy should be
quantified. Finally, similar studies could be performed for other deformities, and

additionally for the tibia and patella.

Verification

In addition to the parameter-based deformity correction, an evaluation of the respective
functional consequences was performed, using a multi-body simulation. With the
simulation model, an improved patellar tracking was demonstrated after correction of the
trochlear depth to a physiological parameter range. It was thus shown that the desired
functional effects of deformity correction were achieved with the parameter-based

approach.
The research question addressed in this chapter can be answered as follows:

Morphological knee deformities can be corrected by a data-driven approach, with
an estimated error below one standard deviation for the morphological parameters
analyzed. When considering available in silico and/or in vitro analyses, the
respective error is expected to have no clinically relevant impact on knee
kinematics. In the example of trochlear dysplasia correction, respective surface
modifications for pathological cases have the desired consequences of a more
Stable patellar tracking in a multi-body simulation.
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5. Proposed workflow and implementation

Work in this chapter has been presented in parts in:

S. Grothues & K. Radermacher: X-ray based morphological analysis of the knee - a
review. In: F. Rodriguez Y Baena, J.W. Giles & E. Stindel (ed.): Proceedings of The 20th
Annual Meeting of the International Society for Computer Assisted Orthopaedic Surgery,
5, 2022, pp. 89-98 [DOI: 10.29007/sqcb]

S. Grothues & K. Radermacher: Automated analysis of femoral over-/underhang and
bone coverage of OTS TKA implants. In: J.W. Giles (ed.): Proceedings of The 22nd
Annual Meeting of the International Society for Computer Assisted Orthopaedic Surgery,
2023, pp. 26-30 [DOI: 10.29007/5636]

5.1 General workflow

In the previous chapters, the concept for an implant fit evaluation has been presented,
including specific criteria and methods for their evaluation and weighting. The
implementation of the current concept of the implant fit evaluation with available imaging
technology is presented below, using MATLAB. The implantation is restricted to femur
and tibia. This is because no fit criteria have been found for the patella and also because
the patella is regularly not resurfaced in Germany (Lutzner et al. 2023). Depending on
the accessibility of the parameters the following criteria are evaluated, which were
identified as relevant for function and/or outcome in Chapter 4.2. Interface: implant
overhang, implant underhang, bone coverage, cortical rim coverage. Morphology:
femoral size, femoral J-Curve, femoral trochlea, femoral notch, tibial size, tibial slope.
Alignment: coronal, sagittal and transverse alignment, as well as interbone parameters.

Other: bone cut volume, (notching).

The implementation and subsequent evaluation are performed in two levels, according
to the concepts developed in Chapter 4.1 (concept 1 (current), concept 2 (future)). First
a fit assessment based on biplanar X-ray images is performed (2D). Afterwards the

optional, comprehensive evaluation based on CT data (3D) is presented, which in the
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future can be applied to data for example from 3D freehand/robotic US imaging. Both
assessments include the following steps:
1) Pre-processing of the bone data

Transformation to a bone-specific coordinate system

)

3) Positioning of implant contours/ meshes
) Evaluation of interface and other criteria
)

Evaluation of morphological and alignment parameters, with potential deformity
correction and consideration of cartilage
6) Comparison of implant and (corrected) bone measures

7) Visualization of the results, with the option to adapt each sub-score weighting.

The respective workflow is depicted in Figure 5-1. Detailed steps for both the 2D and

the 3D assessment are presented in the following.
The research question addressed in this chapter is the following:

Can the proposed implant fit evaluation be integrated in the clinical workflow?
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Figure 5-1: General workflow of the implant fit assessment, for both the basic 2D fit assessment and the
detailed 3D fit assessment.

5.2 Preliminary fit assessment

After standard TKA imaging, the biplanar radiographs are processed to derive the bone
contours required. This step can be automated, for example using a convolutional neural
network, while several options are available (Wu and Mahfouz 2016; Dong and Zheng
2008; Chen et al. 2014; Lindner et al. 2013). The labels should be osteophyte-free. A
differentiation between the medial and lateral condylar contour is required, such as
implemented by Serrurier et al. (Serrurier et al. 2012), to enable an assessment of both
structures. Before further processing, all data points including the contours are scaled

based on the known dimensions of the scaling object in the radiograph.

Bone- and alignment-specific coordinate system
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Bony landmarks are required for bone contour orientation, for the implant positioning as
well as for the morphological analysis. To derive respective landmarks, both the frontal
and lateral bone contours are repositioned. The mechanical axis of femur and tibia are
identified in the lateral view by using a PCA. The first mode of shape variation represents
the respective mechanical axis, while for the tibial contours a refinement based on the
proximal and distal diaphysis points is required. After orientation of the bone contours
along their mechanical axis, further landmarks can be determined. In the frontal view,
the same procedure can be applied to the tibia. For the femoral frontal contour, the
mechanical axis can only roughly be identified by PCA. For this reason, the actual
mechanical axis has subsequently to be defined, by identification of the femoral head

center and the distal condylar points.

The femoral head center is determined using a method similar to the one presented by
Kuiper et al. (Kuiper et al. 2023) for 3D analysis. Relevant landmarks in the proximal
femur region are used to define the femoral head points, which are the input for a circle
fit analysis (Circle Fit (Pratt method), MATLAB Central File Exchange, Nikolai Chernov,
version 1.0). The mean between medial and lateral most distal condylar point defines

the center of the frontal femoral coordinate system. The process is depicted in Figure

2 - :

o )
femur femur
® centroid distal contour for 2D analysis
® lateral reference ® |[ateral reference
PC1 ® femoral head top ® femoral head top
points for circle fit distal knee center
distal knee center ® femoral head center
° ® femoral head center lateral epicondyle
PC2 medial epicondyle
(A) (B) (C)

Figure 5-2: Pre-processing of the femoral frontal contour information. (A) Femoral contour with principal
components 1-2. (B) Femoral contour oriented along principal components 1-2, with landmarks. (C)
Femoral contour oriented along mechanical axis, with further landmarks and the distal contour for 2D fit
analysis.
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Size selection and planning

The bone contours are transformed according to the alignment selected by the surgeon.
In the case of mechanical alignment, no further transformation is required. Afterwards,
a morphological analysis is performed. For this purpose, further landmarks are identified
based on geometrical relations. The overall size of the bone in ML and AP direction is
measured. On the basis of respective measurements, the closest matching implant size
is selected, analogue to the size selection in Chapter 3.1. Hence the AP fit is prioritized,
under consideration of 2 mm estimated cartilage thickness (Table 5-4). For the ML fit,
only a maximum deviation of 6 mm is defined. The tibial components are rotated
according to the slope selected by the surgeon, which may either be generic or
personalized. The centroid of the respective bone contour is chosen as an initial position
for the contours of the selected implant components. Afterwards the implant contours
are shifted with respect to the bone contours, based on previously defined reference
landmarks. For the femoral lateral contour, those landmarks include a reference point
on the anterior cortex and the most distal and most posterior condylar points. The
positioning landmarks for the frontal contour include the medial and lateral most distal
condylar points as well as the medial and lateral outer contour points at half of the notch
depth in proximodistal direction. For the tibial lateral contour, those landmarks include
the most anterior and most posterior plateau points. For the tibial frontal contour, those
landmarks include the most medial and most lateral plateau points and the intercondylar
eminentia. Afterwards the contours are combined, to define the postoperative knee

contours.

Parameter evaluation

Consecutively, accessible (morphological) parameters are evaluated for the native knee
and for the individual TKA planning. The accessibility and accuracy of the morphological
parameters has been reviewed in Chapter 4.1.1 and the ones selected for evaluation
are listed in Table 5-1. A visualization of the preoperative morphological analysis for the
sagittal femoral contour is given in Figure 5-3. Afterwards a plausibility check of the
parameter values is performed, using values from the literature as described by Asseln
et al. (Asseln et al. 2018). For plausible parameter values, the boundaries for

physiological parameter values from Chapter 4.3.2 are applied. The previously
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presented methodology for deformity correction can be applied, however, respectively
large databases of 2D radiographs would be required. Hence, for the given
implementation, deformed cases are highlighted and respective morphological fit criteria
are excluded from the fit score evaluation. Subsequently, a mean cartilage thickness is

added to specific parameters, for which details are given in Table 5-4.

Table 5-1: Femoral and tibial morphological parameters to be evaluated in 2D on Frontal and Lateral
radiographs. (*) image requirements of the original source. (+) originally defined only for the combined
contour. (x) originally defined as the mean between both medial and lateral measurements.

Bone |Image |Aspect |Parameter Description
Femur |Frontal |Size Condylar Mediolateral Width (Mahfouz et al. 2007) (projected)
Mediolateral Spacing (Kurosawa et al. 1985)

Alignment [Anatomical lateral distal femur angle |(Springer et al. 2020)
Mechanical lateral distal femur angle |(Springer et al. 2020)

J-Curve |Distal Condylar Offset (Meier et al. 2019) (projected)
Lateral |Size Anteroposterior Size (Pfeiffer et al. 2018)*
J-Curve |Posterior Condylar Offset Lateral (2%?Ilze)mans et al. 2002; Johal et al.
*+
Posterior Condylar Offset Medial (2%?Ilze)mans et al. 2002; Johal et al.
*+
Posterior Condylar Offset Ratio Lateral |(Johal et al. 2012)*+
Posterior Condylar Offset Ratio Medial |(Johal et al. 2012)*+
Condyle Ratio Lateral (Pfeiffer et al. 2018)*+
Condyle Ratio Medial (Pfeiffer et al. 2018)*+
Posterior Sagittal Radius Lateral (Li et al. 2010) (projected)
Posterior Sagittal Radius Medial (Li et al. 2010) (projected)
Tibia |Lateral |Size Anteroposterior depth (Zhang et al. 2018)
Alignment |Posterior slope (Zhang et al. 2018)
Frontal |Size Mediolateral width (Zhang et al. 2018)
Alignment |Medial proximal tibial angle (Springer et al. 2020)
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Figure 5-3: Overview of the morphological parameters evaluated in lateral view for the native femur.

The morphological analysis is repeated with the postoperative knee shapes. Finally, all

plausible, non-deformed and cartilage-corrected morphological parameter values of the

bones are compared with those of the implant, and deviations are reported. The

comparison is visualized in form of a bar chart, for which an example can be found in

Figure 5-4. In addition, a detailed comparison of the preoperative and postoperative

J-Curve contour regarding over-/ undersizing is performed, for which an exemplary

visualization is given Figure 5-5.
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Figure 5-4: Visualization of the patient-specific femoral implant fit with regard to the frontal and sagittal
morphological and alignment parameters as well as the projected ML implant over-/ underhang from the
2D analysis. For the morphological parameters, the patient's individual parameter values are given as
bars, with the amount of undersize (blue) or oversize (orange) caused by the implant.
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Figure 5-5: Results of the preoperative to postoperative J-Curve comparison. (A) Native medial and
lateral sagittal bone contours, with estimated cartilage thickness in the functionally relevant J-Curve area.
(B) Comparison of the native and the postoperative J-Curve shape in the functionally relevant J-Curve
area. Offsets are highlighted in blue for undersizing and in yellow for oversizing.

In addition to the morphological and alignment criteria, the projected implant
over-/ underhang is assessed. The projection represents an extensive restriction,

compared to a comprehensive contour evaluation in 3D. In 2D only the local offset
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between bone contour cut, and implant contour in one specific plane including errors
through projection is evaluated. Nevertheless, the 2D evaluation may give early insight
into the general extent of the full implant over-/ underhang. For the respective evaluation,
the ML distance of the virtually resected bone contour and implant contour is calculated
on the frontal image. Implant over-/ underhang at the medial and lateral side are reported

separately.

Score

For the score calculation, the evaluation and weighting of the morphological parameters
and of the projected implant over-/ underhang is performed as described in Chapter
4.2.3. In this step, the surgeon can select from different thresholds from the literature or
define own thresholds, and also individualize the weighting based on his/her experience
or based on patient-specific factors (age, ligament status, etc.). Subsequently, for each
case and each implant component analyzed, a summary of the individual implant fit
rating is provided in form of a spider plot. An exemplary spider plot with highlighting of
the individual scoring, the start and threshold values, as well as the risk and safe zone(s)
can be found in Figure 5-6. An assignment of the presented criteria or (sub-)scores to

the categories interface, morphology, alignment and other can be found in Figure 5-7.

‘Mean Femoral Size Fit [mm]|

Mean JCurve Fit [mm]l 0 |Mean Projected Tibial Overhang [mm]

‘Mean JCurve RMSE Fit [mml‘ ‘Mean Projected Femoral Overhang

Start values
(Optimum value to be achieved)

Risk zone(s), example values
based on the literature. To be
selected/ adjusted by the surgeon.

Threshold values

(not met 2> score value -50%)

Safe zone(s), example values
S based on the literature. To be
selected/ adjusted by the surgeon

Scoring of the individual patient

Mean Tibial Size Fit [mm]| Mean Tibial Slopes Fit [

|Mean Femoral Alignment Fit [°] Mean Tibial Alignment Fit [°]

Figure 5-6: Exemplary spider plot visualization of the basic, initial 2D fit evaluation. The individual scoring,
start and threshold values as well as exemplary risk and safe zones(s) are highlighted.
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Figure 5-7: Exemplary spider plot visualization of the basic, initial 2D fit evaluation. The correspondence
of individual scores to the different categories of criteria is given.

As described in Chapter 4.1.5 (Figure 4-5), the interpretation of the score depends on
the dimensionality of assessment, with the 2D evaluation providing a preliminary, basic
fit assessment. With the visualizations and the combined score resulting from the 2D
evaluation, an initial evaluation and comparison of the best-matching sizes of implant
systems from different manufacturers are possible. A subsequent detailed 3D fit analysis
may be recommended in the following cases:

1. The surgeon wants to analyze further fit criteria (e.g., the posterolateral tibial
posterolateral overhang or interbone parameters such as the TT-TG distance)

2. Remaining uncertainty about the adequacy of the fit (e.g., based on the X-ray
analysis it is unclear whether the mediolateral overhang exceeds the
recommended 3 mm threshold and/or if the tibial coverage is sufficient)

3. The surgeon deems the achieved fit inadequate (hence a detailed evaluation

and potentially a comparison with a customized implant is indicated)
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5.3 Detailed 3D fit assessment

The first step of the detailed fit assessment is 3D imaging (CT/MRI). Afterwards,
segmentation and osteophyte removal are required. Both can be performed
semi-automatically. CNN-based tools are available for the segmentation process
(Minnema et al. 2018), including ones specifically designed for image segmentation of
osteoarthritic knees (Marsilio et al. 2022). Ideally, the bones are segmented without
osteophytes. Alternatively, the osteophyte removal can be performed afterwards, for
example based on an SSM (Hanisch and Radermacher 2016). A pre-processing
including uniform mesh resampling and shape preserving smoothing (Taubin Smooth,
Meshlab, Visual Computing Lab, ISTI-CNR) (Cignoni et al. 2008) is performed.

5.3.1 3D TKA Planning

The 3D TKA planning is described exemplarily for the Sigma PFC implant system
(Depuy Synthes, Raynham, MA, US). For the exemplary description and subsequent
database analysis the femoral size 5 and the tibial tray size 4 (revision system) (D'Lima
et al. 2006) were used, which were provided in the scope of the fourth grand challenge
competition, presented by Fregly et al. (Fregly et al. 2012). The implant surface models
were processed and analyzed regarding respective cutting planes, and the outer contour
was determined. The description of the automated virtual implantation is given in the
following, individually for the femur and tibia. An exemplary documentation of the

respective 3D TKA planning results is provided in Appendix D).

Femur

As a first step of 3D TKA planning, the surface model of the distal femur is roughly
oriented in the CT coordinate system (RAS) and then transformed into a unified sagittal
plane as described by Li et al. (Li et al. 2010). Subsequently, the femoral epicondyles
are identified. Depending on the selected alignment technique, bone and implant
meshes are transformed accordingly. For the mechanical alignment, the femur is
transformed so that the z-Axis coincides with the bone’s mechanical axis. The x- and y-
axes are defined by using the femoral epicondyles (Figure 5-8). The sizing is performed

as described for the cadaver knees in Chapter 3.1.2, by measuring the bone’s AP height
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and condylar ML width. To measure the AP height, the distance between the anterior
cortex and the most posterior point in AP direction is determined (Du et al. 2017; Dai et
al. 2014b). For the sizing, two millimeters of estimated cartilage thickness at the posterior
condyles are added (Omoumi et al. 2015; Wernecke et al. 2016) with the goal of
recreating the physiological articulating morphology. The condylar ML width is measured
10 mm above the most distal point of the condyles, as an estimate for the distal femoral
resection cut. The with was then defined as the distance of the most medial and most
lateral condylar point in ML direction. The bone’s size is then compared with the implant
size information. The AP size fit is prioritized, because of its high functional relevance.
Maximum deviation in AP is set to 3 mm overall. With regard to ML fit, solely a maximum
deviation of 6 mm is set, to limit maximum overhang on each side to 3 mm, as suggested
by Mahoney et al. (Mahoney and Kinsey 2010). Maximum deviation in AP is set to 3 mm
overall. For the analysis of the bone-implant interface match, the implant is first
translated and rotated to match the positioning landmarks on implant and femur,
resulting in imitation of an anterior referencing technique. Respective landmarks include
the anterior cortex point as well as the distal condylar points. After positioning, the femur

is virtually resected following the implant’s cutting planes.

z

r 3

hipC ¢

epiM

©®E

epiC °
epiL

Figure 5-8: Definition of the femoral coordinate system for mechanical alignment. The numbers represent
the order of steps with respect to the bone transformations. Legend: hipC= hip joint center, epiL= lateral
epicondyle, epiM= medial epicondyle, epiC= midpoint between epiM and epil.

Tibia

As for the femur, the segmented surface model of the proximal tibia is roughly oriented

in the CT coordinate system (RAS). The plateau centers are determined and iteratively
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optimized according to the definition by Cobb et al. (Cobb et al. 2008) and the
implementation by Asseln et al. (Asseln et al. 2017). For the final COS, the tibia is rotated
so that the z-axis coincides with the bone’s mechanical axis. The y-axis is defined
perpendicular to the z-axis and the connecting line of the final (optimized) tibial plateau
centers. The x-axis is defined as orthogonal to the y- and z-axis. The resection cut is set
at 15 mm below the lowest plateau point. The resection is adjusted to the example
implant system used, which has a tray plateau height of 14 mm and an insert contact
point height of ~3 mm (above the tray’s outer rim). With an estimated cartilage thickness
of 2 mm at the tibial articulating surface, a cut depth of 15 mm is required (174 mm (tray
plateau) + 3 mm (insert) - 2 mm (cartilage) = 15 mm). Recommendations for the posterior
slope range from 0-7° (Dai et al. 2014a; Kim et al. 2014). Slopes from 5-7° lead to an
inadequate stem position with penetration of the tibial diaphysis surface. Hence, a
posterior slope of 4° is used. Then, the ML width and AP height are measured at the
resection cut level (Dai et al. 2014a). The ML width is defined as the distance of the most
medial to the most lateral point in x-direction. The AP height is defined as the distance
of the most anterior to the most posterior point in the z-y-plane. The measurements are
compared with those of the implant systems’ tibial trays. For the size choice, AP and ML
are equally weighted. With regard to both, a maximum deviation of 6 mm is set, to avoid
clinically relevant overhang. Subsequently, the implant is positioned with regard to the
tibia based on bony landmarks and the implant equivalents. Those include the most

anterior and posterior as well as most medial and lateral plateau points.

5.3.2 Interface criteria

For the evaluation of interface criteria, the outer contour of bone and implant at the
interface level are determined. Respective data points are identified on the basis of the
normal vectors of the cutting planes. The assignment to the individual cutting planes is
saved. The contours are post-processed, including interpolation with equal distances.
Exemplary contours are given in Figure 5-9, with a color code for the five cutting planes
of the respective implant component. The contours are also displayed in a developed
view in 2D, which provides a better overview of the implant over-/ underhang along the

entire bone contouir.
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Bone contour (resection planes) Implant contour (resection planes)

®  anterior cut

®  anterior chamfer cut ®  anterior cut
distal cut ®  anterior chamfer cut
®  posterior chamfer cut distal cut
®  posterior cut ®  posterior chamfer cut
® posterior cut
\
(A) (B)

Figure 5-9: Processed contours of (A) an exemplary femoral bone and (B) the femoral implant component
analyzed. The assignment to specific cutting planes is visualized.

First, implant over-/ underhang is evaluated over the entire interface area, however,
excluding the posterior notch analogous to Schroeder et al. (Schroeder and Martin 2019)
and Dai et al. (Dai et al. 2014a). Over-/ underhang is calculated as point-to-line error,
normal to the implant contour. Second, over-/ underhang is evaluated in specific zones,
defined by Bonnin et al. (Bonnin et al. 2013) and by Dai et al. (Dai et al. 2014b). Thereby,
a literature-based verification of the results is enabled. In addition, bony coverage is
evaluated over the entire interface and at the cortical rim, defined by a 1.5 mm thick area
from the outer contour, according to Fitzpatrick et al. (Fitzpatrick et al. 2007) and
Carpenter et al. (Carpenter et al. 2014). Visualizations of an example case are given in

Figure 5-10-Figure 5-11 for the femur and in Figure 5-12 for the tibia.
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Figure 5-10: Results of the femoral interface fit evaluation. Femoral over-/ underhang evaluation in 3D,
together with the implant and bone surface models (A) in anteromedial-posterolateral view and (B) in
posteromedial-anterolateral view. (C) Femoral over-/ underhang and (D) coverage evaluation in
developed view. Overhang is visualized in red, underhang is visualized in green. The covered bony
surface at the interface level is highlighted in green, the uncovered are is highlighted in yellow. The
coverage is given in percentage.
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Figure 5-11: Anatomical zones defined in the literature for over-/ underhang evaluation. (A) 3D view. (B)
Projected contours.
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Figure 5-12: Results of the tibial interface fit evaluation (all images in superior view). (A) Tibial
over-/ underhang evaluation. Implant overhang is visualized in red, underhang is visualized in green. (B)
Tibial coverage evaluation. The covered bony surface at the interface level is highlighted in green, the
uncovered area is highlighted in yellow. (C) Implant cortical bone coverage evaluation according to
Fitzpatrick et al. (Fitzpatrick et al. 2007). The outer implant contour points at the interface level are
highlighted in green, if located in the cortical rim area. In addition, the cortical rim coverage of the bone is
given in percentage. (D) Anatomical zones defined in the literature for over-/ underhang and coverage
evaluation according to Dai et al. (Dai et al. 2014a) and Bonnin et al. (Bonnin et al. 2013).

5.3.3 Morphological and alignment criteria

A morphological analysis of both surface models of the native knee and those of the

merged postoperative shape of implant and bone is performed, to evaluate

morphological and alignment criteria. The consequences of implant component
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(mal-) alignment can be assessed both by the corresponding angular measures,
including the tibial sagittal slopes, the tibial coronal slope and the mechanical LDFA, as
well as by the resulting impact on morphological parameters. For example, external
rotation of the femoral component rotation regularly decreases lateral trochlear height
and shifts the trochlea groove laterally (Dejour et al. 2014), leading to changes in TT-TG

distance, patellar shift, and others.

To evaluate respective parameters, the framework for morphological analysis developed
by Asseln et al. (Asseln et al. 2018; Asseln 2019) was adapted to also allow for the
analysis of the postoperative shape. In addition to the existing parameters, the analysis
of specifically listed morphological fit parameters (Chapter 4.2.2), of interbone
parameters (Appendix B)) as well as of the 3D J-Curve RMSE (preoperative compared
to postoperative) was integrated in the framework. The list of morphological parameters

considered for fit evaluation is given in Table 5-2.
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Table 5-2: Femoral and tibial morphological parameters to be evaluated on 3D bone models. (*) originally
defined for 2D analyses. (x) originally defined for manual measurement. (+) adapted, using the mechanical
axis instead of the cortex or anatomical axis lines as reference lines.

Bone |Aspect |Parameter Literature reference

Femur |Sizing Condylar ML Width (Mahfouz et al. 2007)

Overall AP Length (Mahfouz et al. 2007)

Lateral Condylar Depth (Mahfouz et al. 2007)

Medial Condylar Depth (Mahfouz et al. 2007)

Trochlea |Anterior ML Width (Mahfouz et al. 2007)

Lateral Trochlear Elevation (Varadarajan et al. 2011)

Medial Trochlear Elevation (Varadarajan et al. 2011)

Central Trochlear Elevation (Varadarajan et al. 2011)

Trochlear Depth (Pfirrmann et al. 2000)

Mediolateral Sulcus Displacement |(Varadarajan et al. 2011)

J-Curve |Mediolateral Spacing (Bellemans et al. 2005)

Posterior Mediolateral Width (Mahfouz et al. 2007)

Distal Condylar Offset (Meier et al. 2019)

PCO Lateral (Bellemans et al. 2002; Johal et al. 2012)*+

PCO Medial (Bellemans et al. 2002; Johal et al. 2012)*+

Lateral Distal Sagittal Radius (Ardestani et al. 2015)

Medial Distal Sagittal Radius (Ardestani et al. 2015)

Lateral Posterior Sagittal Radius (Li et al. 2010)
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

Medial Posterior Sagittal Radius Li et al. 2010)

PCO Ratio Lateral Johal et al. 2012)*+
PCO Ratio Medial Johal et al. 2012)*+
Condyle Ratio Pfeiffer et al. 2018)*
Alignment [Mechanical LDFA Springer et al. 2020)*
Posterior Condylar Angle Berger et al. 1993)
Tibia |[Sizing ML Width Zhang et al. 2018)
AP Height Zhang et al. 2018)
Alignment [Medial Sagittal Tibial Slope Zhang et al. 2018)
Lateral Sagittal Tibial Slope Springer et al. 2020)
Coronal Tibial Slope Hashemi et al. 2008)
Tuberositas Tibiae Angle Mahfouz et al. 2012)
Inter- |Alignment |Patella Tilt Davies et al. 2000)
bone Patella Shift Chia et al. 2009)
TTTG Distance Schoettle et al. 2006)
Joint Rotation Seitlinger et al. 2012)
Insall Salvati Index 3D Insall and Salvati 1971; Furmetz et al. 2021)

As a first step, the preoperative morphology is analyzed with the framework for
morphological analysis described. Subsequently, both a plausibility (Asseln et al. 2018)
and a deformity check are performed for the preoperative parameter values. If a
parameter value is identified as “deformed”, an equivalent healthy parameter value is
estimated by using regression models. The regression models were defined according
to the methods developed in Chapter 4.3. The accuracy in this case is significantly

higher as in the 2D evaluation, as more parameters from the 3D evaluation can be used

122



Proposed workflow and implementation

for prediction. Information about the prediction models used for the specific deformity
parameters and related affected parameters are given in Table 5-3. If the share of 95%
of case correction was not reached, instead of applying the regression model, the
gender-specific mean value of the physiological cases was used for the individual
deformity parameter. In this context, the medial tibial slope’s cut-off values reported in
the literature were identified to be incompatible with the parametric database used, as
the mean values of the healthy population exceeded these boundaries. Hence, this
parameter was not considered as a deformity parameter in the implementation

presented.

Table 5-3: Prediction models used for individual deformity parameters. The number (n) of not affected
parameters (NAP) was empirically defined. Note: Only regression models were considered as prediction
models in this exemplary implementation. Err: Regression model did not yield 95% corrected cases.
Hence the minimum number of AP yielding the maximum percentage of corrected cases is provided.
Respective parameters are highlighted in grey. Note: The training and test data split is randomized, hence
when repeating the data preparation and using the new datasets for training, differences in the required
NAP, the prediction models and the resulting accuracy can occur.

Origin |Bone Aspect |Deformity parameter Nr AP Preddiclztion Specifics Max
mode
Con- Femur |Trochlea |Trochlear depth 13 Regression |Elastic Nets a=.25
genital Trochlear Facet Asymmetry |20 Regression |Elastic Nets a=.25
Notch Intercondylar Width 14 Regression |Ridge
Tibia Slopes Medial Sagittal Tibial Slope |1 Regression |Ridge 3.4%
OA- Femur |J-Curve |Distal Condylar Offset 9 Regression |Elastic Nets a=.25
related PCO Lateral 25  |Regression |Lasso 94%
Alignment |Posterior Condylar Angle 31 Regression |Elastic Nets a=.25
Tibia Alignment |Coronal Tibial Slope 7 Regression |Elastic Nets a=.25
Interbone|Alignment |TT-TG 1 Regression |Ridge

In addition to the parameter-based deformity correction, an estimated cartilage thickness
is considered with specific parameters (see Table 5-4). Of note, individual cartilage
defects or the general severity of the cartilage degeneration of the patient are irrelevant

because the pre-arthritic, healthy shape of the articulating surfaces is targeted.
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Table 5-4: Estimated cartilage thickness added to individual femoral parameters.

Aspect |Parameter ACartilage Source(s)
Sizing  |Overall AP Length 4.5 mm (Favre et al. 2017; Wernecke et al.
Lateral Condylar Depth 4.5 mm 2016; Omoumi et al. 2015)
Medial Condylar Depth 4.5 mm
J-Curve |Posterior Condylar Offset 2 mm (Favre et al. 2017; Wernecke et al.
Posterior Condylar Offset 2 mm 2016; Omoumi et al. 2015)
Lateral Distal Sagittal Radius 2 mm (Favre et al. 2017)
Medial Distal Sagittal Radius 2mm
Lateral Posterior Sagittal Radius 2 mm (Wernecke et al. 2016; Omoumi et al.
Medial Posterior Sagittal Radius 2mm 2015)
Trochlea |Central Trochlear Elevation 4 mm (Favre et al. 2017)
Medial Trochlear Elevation 2.5 mm
Lateral Trochlear Elevation 2.5 mm
Trochlear depth -1.5 mm

As a next step the postoperative morphology is analyzed. For this purpose, the shape
of the implant components and that of the resected bones are merged and a combined
surface is generated by using the gptoolbox from the MATLAB Central File Exchange
(gptoolbox, MATLAB Central File Exchange, Alec Jacobson, version 1.0.0.0). In this
way, all aspects of the planning process, including the alignment and referencing, are
taken into account. The previously identified bone-specific coordinate system is used to
orient the merged meshes. The relative orientation of the bones is approximated by
joining the estimated contact areas of the articulating surfaces in extension. For patella
positioning, medial and lateral contact with the implant’s trochlea is targeted, with a
distance of 4.0 mm, to account for patellar cartilage (Sittek et al. 1996; Draper et al.
2006). An exemplary visualization of the postoperative mesh orientation process is given
in Figure 5-13, with which the morphological analysis is repeated. Respective
measurements are then compared with the native bone’s parameter values, after the

previously described correction of potential deformities and consideration of cartilage.
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(A) (B)

Figure 5-13: Orientation of the bone and implant merged surfaces for interbone morphological analyses.
(A) Merged meshes of femur and tibia with the native patella before alignment and (B) after alignment via
joining estimated contact points.

An exemplary visualization of the morphological and alignment fit results are given in
Figure 5-16 A-B. In the bar charts, the parameter values of the native knee are given,
and the amount of undersizing (oversizing) by the implant is highlighted in blue (orange).
Because of the high relevance of the J-Curve, an additional detailed RMSE calculation
is performed and the respective plot is provided, for which an example can be found in
Figure 5-16 C-D. Further, shape deviations are visualized over the whole surface in
Figure 5-15, similar as presented by Akbari Shandiz et al. (Akbari Shandiz et al. 2018).
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Figure 5-14: Results of the detailed morphological and alignment fit evaluation for an exemplary case.
(A) Bar chart of femoral morphological/ alignment parameters. (B) Bar chart of tibial morphological/
alignment parameters. (E) Native medial and lateral sagittal bone contours, with estimated cartilage
thickness in the functionally relevant J-Curve area. (F) Comparison of the native and the postoperative
J-Curve shape in the functionally relevant J-Curve area. Offsets are highlighted in blue for undersizing
and in yellow for oversizing.
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Figure 5-15: Results of the detailed fit evaluation for an exemplary cadaver case for which the available
implant size was selected. (A) Surface deviation visualized in anterior-posterior view and (B) in distal-
proximal view. Note: in the case of deformities in the articulating areas, a deformity correction and
subsequent surface modification by methods for surface parametrization is required, such as presented
by Asseln et al. (Asseln et al. 2015; Asseln et al. 2017; Asseln 2019). Implant surface model: Sigma
femoral component size 5 (Depuy Synthes, Raynham, MA, US) (Fregly et al. 2012).

5.3.4 Other criteria

The bone cut volume is calculated using the meshboolean function from the gptoolbox
of the MATLAB Central File Exchange (gptoolbox, MATLAB Central File Exchange, Alec
Jacobson, version 1.0.0.0). The visualization of the femoral and tibial bone cut volume

for an exemplary case is given in Figure 5-16.

Notching is ruled out in this workflow by using anterior referencing, whereas it should be
considered when using posterior referencing or other referencing techniques. A grading
based on existing classification systems (Gujarathi et al. 2009) or cut-off values (Stamiris

et al. 2022) could directly be used as a fit score component.
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(A) (B) ()

Figure 5-16: Visualization of the bone cut volume in black of the femur and tibia of one example case, in
(A) medial-lateral view, (B) inferior-superior view, and (C) anterolateral-posteromedial view.

5.3.5 Score and visualization

For the score calculation, the evaluation and weighting of the individual parameters is
performed as described in Chapter 4.2.3. For the evaluation, the surgeon selects from
the provided thresholds derived from the literature, or defines individual thresholds
her/him-self. The surgeon can adapt all weights, both of the individual criteria as well as
of the sub-score rating e.g., based on patient-specific factors. For each implant
component analyzed, visualizations are given. The combined score is visualized in a
spider plot, whereby the surgeon can easily assess the fit regarding the individual
sub-scores of the categories developed (interface, morphology, alignment, other). An
exemplary spider plot with highlighting of the individual scoring, the start and threshold
values, as well as the risk and safe zone(s) can be found in Figure 5-17. An assignment
of the presented criteria or (sub-)scores to the categories interface, morphology,

alignment and other can be found in Figure 5-18.
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Figure 5-17: Exemplary spider plot visualization of the (patient-specific) detailed 3D fit evaluation. The
individual scoring, start and threshold values, and exemplary risk and safe zones(s) are highlighted.
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Figure 5-18: Exemplary spider plot visualization of the (patient-specific) detailed 3D fit evaluation. The
correspondence of individual scores to the different categories of criteria is given.

Score Interpretation

With the 3D evaluation, a recommendation regarding the surgical planning and/or the

implant choice is aimed at. In the study of Elkins et al. (Elkins et al. 2015), the definition
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of an adequate score (“landing zone”) has been theoretically proposed as a trade-off
between highest performance and realistically achievable clinical targets and arbitrarily
defined to above 90 points (out of 100). In the framework presented, the surgeon decides
about the suitability of the score on an individual level. The final score evaluates the
overall 3D TKA planning which is dependent on patient-specific factors, surgical
parameters, and implant sizing or design. Consequently, the surgeon decides which
aspects to address. If the surgeon deems some of the surgical parameters as modifiable,
he/she may vary those to explore the influence on the score. In the case of an
inadequate 3D score and fixed surgical parameters, a change in the implant system or

the use of a customized implant would be recommended.

5.4 Database analyses

In the following, the framework presented in the previous chapter is applied to a large
database of 3D surface models of the knee. The results are described individually for

the different categories of criteria.

Materials and methods

The proposed workflow has been implemented semi-automatedly. Hence, the
processing of large databases is possible. A respective database of 3D data was
available for testing of the workflow. Surface data, coordinates of hip and ankle joint
center as well as side information were available for 421 cadaver knees. The data was
provided by Conformis (Conformis Inc., Billerica, MA, USA). The same implant data was
used, as for the exemplary 3D TKA planning described in Chapter 5.3.1. Additionally,

the sizing of other implant sizes from the implant system was considered.

The previously described framework for implant fit evaluation was applied to the
database. First step was the virtual implantation, including bone resection and implant
positioning (Chapter 5.3.1). Second, the detailed interface fit evaluation was performed
as described in Chapter 5.3.2. After the analysis, a visual inspection of the automated
implant size determination, implant positioning and over-/ underhang evaluation of all

processed cases was performed. The documentation of an exemplary virtual
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implantation is provided in Appendix D). The workflow for detailed morphological and
alignment fit evaluation described in Chapter 5.3.3 was subsequently applied to the
database. As with the interface fit assessment, a visual inspection of the results for each
morphological parameter was performed. The use of anterior referencing in the
presented workflow prevents the occurrence of notching. Hence, with regard to other
criteria solely the bone cut volume is evaluated. Therefore, the process described in

Chapter 5.4.3 is applied to the database.

5.4.1 Results on interface criteria

For 118 femora (28.0%), and for 125 tibiae (29.7%), the implant size with surface data
available was selected. The virtual implantation was successful for all femora and for all
tibiae. Three femora were excluded based on visual inspection. The interface fit analysis
was successful for 109 femora and 121 tibiae. For those cases, implant positioning, bone
resection and interface fit assessment were approved by an expert. Quantitative results
of the over-/ underhang analysis are given in Table 5-5. The mean contour deviation of
the entire contour was 0.2 mm overhang for the femur and 1.0 mm of underhang for the
tibia. The mean absolute contour deviation for the entire contour was 3.7 mm for the
femur and 2.0 mm for the tibia. Maximum femoral underhang in the zones ranged from
7.8 mm to 15.9 mm. Maximum femoral overhang ranged from 6.3 mm to 11.8 mm. For
the tibia, a maximum overhang of 2.3 mm and a maximum underhang of 5.6 mm was
found in the zone defined by Bonnin et al. (Bonnin et al. 2013). A mean femoral bone
coverage of 87.3% (range: 75.8% -98.3%) was found. For the tibia it was 87.6% (range:
78.4% - 95.5%). The mean tibial rim coverage was 39.6% (range: 10.3% - 74.0%).
Regarding tibial anatomical zones, the anterolateral and posteromedial areas showed

the lowest implant coverage.
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Table 5-5: Quantitative results of the automated over-/ underhang analysis. A visualization of the zones

can be found in Figure 5-11.

Zone 1 Zone 2 Zone 3 Zone 4 Zone
Bonnin2013 |Bonnin2013 |Bonnin2013 (Bonnin2013 |Dai2014
Overall mean contour deviation 0.4 mm 5.7 mm 5.0 mm 1.2 mm 4.7 mm
overhang| underhang underhang| underhang underhang
Range: maximum underhang 7.8 mm 13.0 mm 15.9 mm 5.6 mm 12.1 mm
Range: maximum overhang 11.8 mm 6.3 mm 8.2 mm 2.3 mm 8.2 mm
Values from literature (manual measurements)
Overall mean contour deviation 2.2 mm 2.2 mm 3.2 mm 0.9 mm ~4.0 mm
overhang| underhang underhang overhang underhang
Range: maximum underhang 13-14 mm 13-14 mm 13-14 mm 8-9 mm ~12.0 mm
Range: maximum overhang 12-13 mm 8-9 mm 6-7 mm 7-8 mm ~3.0 mm

5.4.2 Results on morphological and alignment criteria

A preoperative and postoperative shape analysis was performed for all cases, for which
the available implant sizes were selected, which are described above. The success rates
of the analysis of morphology and alignment parameters, as well as proportions of non-

plausible and deformed bone values are displayed in Table 5-6.

Table 5-6: Success rates of the analysis of morphology and alignment parameters, as well as proportions
of non-plausible and deformed bone values. Note: No fit evaluation is performed for the patella, hence
also no deformity correction and plausibility check are performed for the patella. Interbone parameters
were only evaluated, if the bone-specific analysis results were evaluated as plausible. No further
plausibility check was incorporated afterwards.

Preoperative Shape Postoperative Shape
Femur Tibia Interbone  |Femur Tibia Interbone
(n=421) (n=421) (417) (115) (125) (57)
Failed Cases (%) 0.0% 1.0% 0.0% 0.0% 1.0% 0.0%
Failed Cases (n) 0 4 0 0 2 0
Implausible Cases (%) [10.2% 11.0% 7.0% 6.5%
Implausible Cases (n) |43 46 8 8
Deformed Cases (%) [51.3% 14.4% 14.6%
Deformed Cases (n) |216 60 61
Excluded Cases (%) |23.3% 0.7% 0.5%
Excluded Cases (n) 97 3 2

The deviations of the cartilage- and deformity-corrected preoperative parameter values
with the postoperative parameter are presented in Table 5-7 in terms of mean values
and standard deviations. In addition, the result of the t-test/ Welch test and the effect

sizes are given.

Of the 34 parameters analyzed, 30 parameters showed statistically significant
differences in the preoperative compared to the postoperative mean values, evaluated

in a paired t-test analysis or welch test analysis. Effect sizes were rated as high for 24
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parameters, as moderate for 6 parameters, and as low for 2 parameters (Cohen 1988).
Parameters solely influenced by implantation technique and/or implant design showed
none to minimal variability in the postop measures, which is plausible. The minimal
standard deviations observed (< 0.2 mm/0.5°) may be explained by minimal inaccuracies
of the implant landmark estimation. With the mechanical alignment and fixed tibial slope,
those parameters solely defined by implantation technique and/or implant design
included the following:

- Condylar mediolateral width

- Overall anteroposterior length

- Medial and lateral condylar depth

- Trochlear depth

- Mediolateral spacing

- Posterior mediolateral width

- Mechanical lateral distal femoral angle

- Posterior condylar angle

- Medial and lateral tibial slopes

- Coronal tibial slope

Those values would vary with different alignment techniques, such as with kinematic or

anatomical alignment, as well as with different (asymmetric) implant design.
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Table 5-7: Comparison of preoperative with postoperative morphological and alignment parameter values.
Preoperative values were checked for plausibility and deformities, optionally corrected, and estimated
cartilage thickness was added. Medium and large effect sizes according to Cohen et al. (Cohen 1988) are
highlighted (color code below). Statistically significant differences in the means according to the results of
the paired t-tests or welch test are highlighted in bold font. LDFA= lateral distal femoral angle. PCO=
posterior condylar offset. ML= Mediolateral. AO= Anteroposterior.

Bone |Aspect |Parameter preop postop mean mean
(deformity |(bone and |deviation |absolute
& cartilage |implant deviation | §
corrected) |merged) o
j:
mean |sd mean sd mean|sd |mean(sd | O
Femur |Sizing Condylar ML Width 80.8| 2.7 (731 O 7.7 |2.7| 7.7 |2.7 |41
Overall AP Length 742 | 1.7 ([69.7| O 45 (17| 45 |1.7|3.9
Lateral Condylar Depth 73.5| 1.7 |69.7| 0 3.7 ([1.7| 3.7 |1.7|3.6
Medial Condylar Depth 724 | 24 (711 01 | 14 (24| 21 |1.7|1.3
Trochlea |Anterior ML Width 389| 22 (29.7]| 03 | 9.2 |22 9.2 |2.2|6.2
Lateral Trochlear Elevation 46.6 | 2.2 [419| 1.8 | 48 (1.7| 4.8 |1.7 | 2.5
Medial Trochlear Elevation 43.3 | 26 {419 18 |14 |[1.7| 1.8 |1.2|0.8
Central Trochlear Elevation 40.5| 2.8 | 38.5| 1.8 2 2 | 24 (15|12
Trochlear depth 45 | 11 | 34 0 11 (11| 1.2 |09 (1.5
ML Sulcus Displacement 21 2 75 | 13 | -54 (23| 54 (23|44
J-Curve |Mediolateral Spacing 56.6 | 45 |44.2| 0.2 |124 ([45(12.4 |45 4.4
Posterior Mediolateral Width 55.7| 3.9 (442 0.2 [11.5|39(11.5(|3.9|1.9
Distal Condylar Offset 44 |11 | 08 | 14 | 36 (15| 3.6 |1.5|0.1
PCO Lateral 286| 16 (28317 | 03 |15| 1.3 |{0.8]|0.3
PCO Medial 293 | 2 (283 1.7 1 |[16| 1.5 |1.0]|1.8
Lateral Distal Sagittal Rad. 456 | 6.5 [381| 04 | 75 |6.5| 7.5 |6.5]|1.8
Medial Distal Sagittal Rad. 376 | 2.8 (33.6| 1.8 4 (34| 44 (29|13
Lateral Posterior Sagittal Rad. |{23.2 | 1.5 {21.8| 0.8 | 14 (14| 16 |1.1|2.0
Medial Posterior Sagittal Rad. |22.6 | 1.2 |{20.2| 09 | 23 (14| 24 (1.3 (0.5
PCO Ratio Lateral 426 | 2.3 [43.7| 26 |12 17| 16 |1.2]|0.3
PCO Ratio Medial 43.2| 25 [438| 26 |-06 |15 1.3 |09]1.3
Condyle Ratio 63.6| 27 | 66 | 1.6 | -25|26| 3.1 |1.8]|2.3
Alignment |Mechanical LDFA 86.6 | 1.7 | 90 0 [-34 (17| 3.4 |[1.7]|0.5
Posterior Condylar Angle 07 |12 |01 (02|06 12|11 |08|1.3
Tibia |[Sizing ML Width 75.7| 19 |[73.5| 1 23 |22| 25 (19|07
AP Height 45 2 47 | 36 | -2 |[35| 2.8 [28|0.5
Alignment |Medial Sagittal Tibial Slope 69 | 33 8202|1334 3 |2013
Lateral Sagittal Tibial Slope 5 28 | 82 | 0.2 |-3.2 |28| 3.5 |2.3|3.8
Coronal Tibial Slope 38 |14 |-01|05 |39 |[14| 39 |14|0.2
Inter-  |Alignment |Patellar Tilt 104 | 54 |114| 85 |-11|8.7| 6.6 |56|0.9
bone Patellar Shift 13 | 68 |47 | 57 | 56 |3.3| 56 [3.3|15
TT-TG Distance 15.7| 4.2 | 84 4 73 |[36| 74 (35|15
Joint Rotation 36 |41 |16 | 23 2 (45| 3.7 [31|04
Insall Salvati Index 3D 11 1 03 |13 | 02 |-0.2|0.2| 0.3 [0.2|0.4

Color code: medium effect size= 0.5-0.8: I | Large effect size > 0.8: B
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5.4.3 Results on other criteria

The bone cut volume was successfully calculated for all tibiae and femora with prior
successful virtual implantation. Quantitative results are given in Table 5-8. The tibial size
available was selected only for male knees. This fact can be explained by the
comparably larger implant size which matches the larger knees in the male patient
population. The mean femoral (tibial) bone cut volume in the database was
29.6 cm® £ 4.7 cm? (67.9 cm?® £ 7.3 cm?®). The mean normalized femoral (tibial) bone cut
volume in the database was 16.3 + 1.7 (56.2 + 8.4).

Table 5-8: Quantitative results of the bone cut volume evaluation.

Femur, combined |[Femur, female |[Femur, male |Tibia, male

(n=115) (n=12) (n=103) (n=125)
Mean bone cut volume 29.6 cm? 23.0cm? 30.3cm? 67.9 cm?
(Standard deviation) (4.7 cm?) (1.8 cm?) (4.3 cm?) (7.3 cm?)
Normalized mean bone cut volume [16.3 (£1.7) 16.3 (£1.1) 16.2 (£1.7) 56.2 (+8.4)
(Standard deviation)

5.5 Discussion and conclusion

In the following chapters, the individual aspects of the proposed workflow and exemplary

implementation of the knee fit score concept are discussed.

5.5.1 Preliminary fit assessment

The preliminary fit assessment enables the assessment of 16 femoral and 4 tibial
morphological parameters both pre- and postoperatively. The morphological parameters
evaluated were selected based on intra- and interobserver reliability. In terms of
interface criteria, the local, projected over-/ underhang is calculated in the framework.
The results of the morphological and interface assessment are combined in an initial fit
score, which can be compared against scores of previous planning or if available against
scores from research databases. Previous studies on implant fit evaluation in 2D have
considered less parameters and were mostly based on manual measurements in the
TKA planning software used (Liu et al. 2021; Gu et al. 2019; Clarke and Hentz 2008).
The assessment presented provides a more comprehensive evaluation of the patient-
specific 2D implant fit, an increased automation, and a consolidation in one score.
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5.5.2 Detailed fit assessment

The detailed, 3D fit assessment presented enables a complex assessment of the implant
fit, regarding interface, morphological, alignment, and other criteria. In contrast to
previous studies evaluating partial aspects of implant fit (Dai et al. 2014a; Dai et al.
2014b; Chen et al. 2017a; Du et al. 2017), the virtual implantation in the framework
presented is completely automated. The interface fit evaluation incorporated includes
the assessment of the entire bone contour, whereas previous studies have focused
solely on specific zones (Dai et al. 2014b; Bonnin et al. 2013). The morphological and
alignment implant fit evaluation includes 24 femoral, 5 tibial and 5 interbone parameters.
If a deformity is detected, respective affected parameters are identified and an individual
prediction model is used to identify equivalent physiological parameter values. In
addition, the impact of cartilage on morphological parameters is compensated.
Furthermore, both the tibial and femoral bone cut volume are evaluated. Similar as for
the 2D assessment, in comparison to previous studies, an increase in the number of
parameters assessed, an increase in process automation, and a consolidation in one

score was realized.

In the clinical scenario, the surgeon receives a comprehensive visualization of the fit
score evaluation as well as a ranking of the current planning in relation to all preoperative
planning of a representative database. In addition, if available, the clinical outcomes of
age- and gender-matched patients receiving a respectively rated fit score can be
integrated. Thereby, the surgeon is supported in interpreting the results and in the

subsequent informed decision-making.

The prediction of TKA outcomes based on a priori information has previously been
applied to patient selection. An example is the probabilistic prediction tool of TKA
outcome, presented by Twiggs et al. (Twiggs et al. 2019). The predictions are based on
preoperative variables such as demographic data and preoperative scores, but the
model does not consider individual knee shape or the preoperative planning. The model
has been validated in a retrospective analysis and was able to identify patients at risk
for poor outcomes, with those showing a 27% chance of not improving after TKA
compared to a 1.4% chance in the improvement group. Hence the tool showed potential
for risk assessment and patient selection, however, it does not provide indications of
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possible surgical or implant-related causes of the risk and therefore also no support for
an individual adjustment of the preoperative planning. This restriction to patient selection
is also the case for other outcome prediction tools (Houserman et al. 2022; Greiwe et al.
2019). In contrast, the framework presented in this study provides an indication of the
source(s) of incompatibility and thus of the factors that need to be addressed to resolve
it.

5.5.3 Database analyses

Interface criteria

In the present database analysis on the knee interface fit, wide ranges of contour
deviation per zone were seen, ranging from 15.9 mm underhang to 11.8 mm overhang.
These results are in agreement with the literature, reporting exemplary ranges of 14 mm
underhang to 13 mm overhang (Bonnin et al. 2013) and of ~15 mm underhang to ~7 mm
overhang (Dai et al. 2014b). Bonnin et al. (Bonnin et al. 2013) reported a mean contour
deviation of 2.2 mm and 0.9 mm overhang in zone 1 and 4 and of 2.2 and 3.2 mm
underhang in zone 2 and 3. In the analysis presented, slightly lower mean overhang in
zone 1 (0.4 mm), and higher levels of underhang in zone 2 (5.7 mm), zone 3 (5.0 mm)
and zone 4 (1.2 mm) were found. The differences may be explained by the different
aspect ratio of the two implant systems used. Bonnin et al. used the HLS Noetos implant
components (Tornier SA, Montbonnot, France) whereas in the analysis presented
surface information from the Sigma implant system (Depuy Synthes, Raynham, MA, US)
(Fregly et al. 2012) was used. The HLS Noetos femoral component has a mean aspect
ratio (ML/AP) of 1.11, whereas for the Sigma it is 1.05. This difference in design seems
to have led to higher underhang in the present study. Dai et al. (Dai et al. 2014b)
analyzed different implant systems and found that the Sigma and the Triathlon implant
systems exhibited the highest amounts of underhang. For the size, which was also
analyzed in the present study, a mean contour deviation of ~4 mm underhang and a
range of ~12 mm underhang to ~3 mm overhang was reported by the authors. Similar
results however with higher maximum overhang were seen in the present study (mean:

4.7 mm underhang, range: 12.1 mm underhang to 8.2 mm overhang).
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In the interface fit study presented in this thesis, on average, more than 10% of the
femoral and tibial bone surface was not covered by the implant, although adequate
sizing was ensured with a maximum deviation of 3 mm in AP and of 6 mm in ML. Even
slightly lower tibial coverage was found in the literature (Clary et al. 2014; Shao et al.
2020). Shao et al. (Shao et al. 2020), performed virtual TKA planning for 103 knees of
healthy volunteers and analyzed tibial coverage for four different baseplate designs.
They reported a mean tibial bone coverage of 85.62%, across subjects and implants.
Clary et al. (Clary et al. 2014) found coverage ranging from 80.2% to 83.8%, for two
different designs in the same population. To the best of the author’'s knowledge, there

are no studies reporting femoral bone coverage in TKA.

Fitzpatrick et al. (Fitzpatrick et al. 2007) investigated different uni-compartmental tibial
implant design based on morphological data of 34 tibiae. They targeted the cortical bone
coverage and reached 66.7% with a theoretical, symmetric implant system with five
sizes (simple scaling). In the present study, the mean cortical rim coverage was lower
(39.6%). The deviation is plausible, as the results of Fitzpatrick et al. represent a
theoretical optimum for the 34 tibiae analyzed, which does not account for the large

variability in the patient population as well as for technical restrictions in implant design.

In conclusion, the results of the database analyses are in agreement with the literature.
With regard to the interface fit of the implant design analyzed, an inadequate relation of
the femoral aspect ratios in anterior, distal and posterior region was found with respect
to the study population. To address ML underhang, an increase of the aspect ratio in
zone 2-3 of the femoral component could be considered. For the tibia, an increase in
anterolateral and posteromedial plateau coverage could be targeted with a more

asymmetric design.

Morphological and alignment criteria

Statistically significant differences in preoperative versus postoperative mean were
found for 88% of the morphological and alignment parameters analyzed. For femoral
implant sizing, the AP cortex length was targeted as proposed in literature (Du et al.
2017; Dai et al. 2014b), leading to a minimal mean deviation of 0.2 mm with regard to

this measure. The deviation of 4.5 mm with respect to the overall AP length (high effect
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size) may be explained by a change in lateral trochlear elevation, which is of similar
extent (4.8 mm). During the size selection, the femoral ML fit was only restricted with
respect to a maximum overhang of 3 mm on each side (overall 6 mm oversizing), which
led to a decrease in condylar ML width by 7.7 mm after TKA (high effect size). For tibial
sizing, ML and AP mismatch were not differentiated, resulting in almost the same
magnitude of deviation with a mean undersizing of 2.3 mm in ML and a mean oversizing
of 2.0 mm in AP. These results are in agreement with those of the interface fit evaluation,
regarding an inadequate aspect ratio of the implant system analyzed with respect to the

study population.

Furthermore, high effect sizes (d>0.8) were seen for the following trochlear
parameters: lateral trochlear elevation, central trochlear elevation, anterior ML width,
trochlear depth, mediolateral sulcus displacement. The decrease in lateral trochlear
elevation and trochlear depth are consistent with the literature, as several implant
systems have been reported to feature a shallow, dysplastic trochlea shape (Dejour et
al. 2014). A decrease in the lateral trochlear elevation with TKA was also reported by
Akbari-Shandiz (Akbari Shandiz et al. 2018), who compared the preoperative and
postoperative knee shape in 9 TKA patients. The change in mediolateral sulcus
displacement, with a lateralization of the trochlear groove, may partially explain the
statistically significant decrease in TT-TG distance, which is of similar extent. The
comprehensive changes in preoperative to postoperative trochlear shape, may have
induced the changes in patellar shift (high effect size). Further, in the present study,
several high effect sizes were seen for parameters of the femoral J-Curve. This is in
agreement with the high variability in J-Curve shape identified in Chapter 3.2, which is
not reflected by standard OTS implants, especially for the example with symmetric
condyles. Akbari Shandiz et al. (Akbari Shandiz et al. 2018) also analyzed changes in
knee condylar shape and reported on prosthesis-bone distances in the full posterior
condylar region of 2.7 mm medially and 0.6 mm laterally. Taking into account an
estimated cartilage thickness of 2 mm (= medial: 4.7 mm, lateral: 2.6 mm), the reported
lateral prosthesis-bone distances are in a comparable range to the mean absolute
deviations in PCO found in the present study. However, the medial deviations found by
Akbari Shandiz et al. are notably higher (A=3.2 mm). This deviation may be due to
different segmentation and post-processing. In the present study osteophyte-free labels
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were used and a deformity correction was performed if required. In contrast, the
preoperative surface models of Akbari Shandiz et al. showed significant osteophytes,
often located in the posterior region of the medial condyle, which should not be restored
by TKA. Hence, the presence of osteophytes may explain the higher prosthesis-bone
distances in the study of Akbari Shandiz et al. compared to the present study. Regarding
alignment, the generic tibial slope of four degrees in combination with the built-in slope
of the tibial insert led to significant deviations with regard to the lateral tibial slope (high
effect size). Further, the mechanical alignment caused relevant deviations with high
effect sizes in the coronal tibial slope and mechanical LDFA. In the literature, a
phenomenon of (pseudo-) patella baja after TKA has been reported (Lum et al. 2020;
Bugelli et al. 2018), with different explanations including an elevation of the joint line
(Grelsamer 2002). In contrast, in the present study, a slight increase in patellar height in

terms of Insall Salvati Index was found after virtual TKA.

In conclusion, the automated analysis of morphological and alignment parameter
enabled a comprehensive comparison of the preoperative with the postoperative knee
shape. The mean parameter differences represent potential changes in standard implant
shape required for this specific population, after consideration of technical restrictions in
knee implant design. The mean deviations show a wide range both for distances
(-5.4 mm - 12.4 mm) and angular measurements (-3.2° - 3.9°). In general, the observed
standard deviations also showed a wide range. This observation supports the hypothesis
of individual differences to represent a relevant source for implant-bone shape mismatch

and further motivates the patient-specific fit evaluation.

Bone cut volume

Several authors have reported on the bone resection volume in the intercondylar area
with posterior-stabilized implant systems, ranging from 3.6 cm? to 13.5 cm? depending
on the implant size and design (Bozkurt et al. 2017; Haas et al. 2000; Pugh et al. 2013).
However, to the author’s knowledge, the full bone cut volume has not been reported in

the literature so far. Hence only the plausibility of the results can be discussed.

The higher tibial compared to the femoral resection volume, both in absolute and

normalized measures, is reasonable as only one cut is performed. Increasing the
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number of bone cuts may be desirable to limit the bone cut volume both for tibia and
femur. An example for an implant system with additional femoral cuts represents the
iTotal implant system from Conformis Inc. (Conformis Inc, Billerica, MA, US). Kurtz et al.
reported on 12-49% more bone cut volume in TKA with standard OTS implant

components compared to with the iTotal implant system (Kurtz et al. 2016).
Limitations

The study involved limitations. For the initial fit assessment, the 2D implant contours
were derived from images of a TKA planning software (mediCAD Hectec, Altdorf,
Germany). Deviations may be involved in the display accuracy and in the contour
derivation by thresholding. However, size measurements of the implant components
match well with those reported by the manufacturers. Hence, the deviations are

expected to be minimal and of no relevance.

For the detailed 3D fit assessment, a 3D surface model of the OTS implant was only
available for one implant size. This meant that only the knees that fitted this size could
be analyzed, resulting in a smaller database. Further, the robustness of the method with

regard to other sizes and implant systems could not be tested.

Further, surgical plans are not always exactly met, for example, because of required
intraoperative adjustments. Hence, the virtual planning is theoretical. Actual implant
position and resulting over-/ underhang and coverage may slightly differ from the one
calculated during planning. However, for an objective evaluation of different implant
system designs, an automated virtual planning has the advantage of being more time-
saving and having less unknown variation. Finally, the automated planning was only

reviewed by the author.

Limitations in the assessment of morphological and alignment criteria can be found with
regard to the measurement of interbone parameters. Preoperative measurements were
based on CT imaging taken in supine position and not in an active weight-bearing
position. This limitation however is present in most of the previous studies on interbone
parameters (FUrmetz et al. 2021; Hochreiter et al. 2019). Further, an automated
positioning of the postoperative shapes was performed. The native patella was

positioned with respect to the femoral trochlear groove based on a medial and lateral
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reference point, neglecting the restriction of the patellar tendon. This estimation may
have led to the contrasting results regarding patellar height, in comparison with the
literature. This limitation may be addressed in the future, by 3D-2D matching with EOS
images, if respective imaging is part of the clinical routine. A corresponding 3D-2D
matching has been presented by Akbari Shandiz et al. (Akbari Shandiz et al. 2018) for

estimating the actual postoperative joint line.

Overall, the database analyses demonstrated the robustness of the semi-automated
workflow based on standard clinical imaging. The results for the different categories of

fit criteria are consistent and give insight into optimization potential for implant design.
The research question addressed in this chapter can be answered as follows:

The proposed fit evaluation can potentially be integrated in the clinical workflow
when 2D bone contours and adequate 3D surface data of the knee and of the
respective implant components are available. The implementation was
demonstrated exemplarily using MATLAB. To support an informed
decision-making of the surgeon, a comprehensive visualization of the patient-
specific fit assessment is provided. A subsequent evaluation of a large database
showed the robustness of the approach and demonstrates its suitability for
identifying optimization potential in existing implant systems. For a final positive
assessment, an evaluation of the workflow together with clinicians (ideally in the
clinical routine) is required.
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6. Discussion and outlook

6.1 Discussion

The aim of this thesis was to optimize the morpho-functional fit of OTS implants for each
individual patient by developing methods for implant sizing as well as for detailed
implant fit evaluation in TKA. This goal was motivated both by design limitations of
existing implant systems and by increasing demands on TKA. Limitations of existing
implant design include among others overall size and morphological mismatch, as well
as pathological design features, such as a dysplastic trochlea. Increasing demands on
TKA are placed by the increasing volume of primary and revision TKA, the broader
indication to younger and more active patients, in combination with an increasing life
expectancy. These developments necessitate increased implant functionality and

survivorship, which can be addressed by implant design optimization.

Particle swarm optimization was successfully applied for an exemplary optimization of
femoral implant sizing for TKA. The database used consisted of the sizes of over
85,000 patient-specific implants, which were found to be representative of the native
knee size when compared with the sizes of 1049 patients and 386 cadaver knees. To
the best of the author’'s knowledge, this database represents the largest database on
knee size information presented in the literature to date. The database demonstrated a
mixed-gaussian distribution with primarily small and narrow female knees and large and
wide male knees. This observation is consistent with previous analyses of knee size
distributions (Conley et al. 2007; Bellemans et al. 2010; Hitt et al. 2003). The resulting
optimized sizing complies with the recommendation of Bellemans et al. (Bellemans et
al. 2010) to offer wide large implants (male design) and small narrow implants (female
design), instead of offering a comprehensive number of narrow and wide variants for
each implant size. The numerical optimization proved to be better suited for the definition
of implant sizing than the previously applied regression models, increasing patient
population coverage by 19% to 26% compared to previous (regression) sizing. A
logarithmic relationship of the patient population coverage with both sizing error bounds
and the number of implant sizes was observed. This led to “saturation” effects when
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increasing the number of implant sizes and suggests the use of customized implants for

the remaining, uncovered cases.

The requirement for detailed fit evaluation apart from the first-addressed size fit was
evaluated by analyzing inter-individual variation in knee morphology. The variability was
demonstrated in the example of the femoral 2D and 3D J-Curves, by building an SSM
and subsequently applying PCA. Several shape variations apart from size were
observed, both for the 2D and 3D J-Curves. For the 3D J-Curves, the variation of size
was primarily restricted to the first and third mode, accounting for 52.0% of shape
variation, which is consistent with the literature (Fitzpatrick et al. 2008). Because of the
missing shape variation observed in existing implant systems, implant-bone mismatch

is expected and should be evaluated on an individual level.

The targeted fit evaluation requires knee imaging data, with several modalities showing
potential for this application. On this basis, two concepts for implant fit evaluation were
developed: The current concept involves a two-step procedure, with an initial basic fit
assessment based on conventional radiographs (2D analysis) and - only if indicated - a
subsequent analysis with CT (3D analysis). In contrast, with the future concept, a 3D
analysis is performed directly based on radiation-free, 3D freehand/ robotic US imaging.
The current concept is therefore motivated by cost, availability, and ease of integration
into clinical routine. The future concept already provides an outlook for future setups.
The two fit assessment approaches also take into account the different technical

equipment of individual clinics, for example in low-resource environments.

As a basis for the implant fit evaluation, fit criteria presented in the literature were
reviewed and summarized. Most of the studies considered focused on describing the
femoral implant component fit, whereas only few criteria were defined for tibia and
patella, especially regarding the morphological fit. Further, a discrepancy between the
recommended 3D assessment and available 2D imaging in regular TKA planning was
observed. In addition, the high number of studies relying on manual measurements do
not coincide with the decreasing time available for TKA planning and decreasing
reimbursement to clinics. With adequate imaging and the semi-automated framework
presented, those issues can be overcome and fit criteria can be routinely evaluated. An
initial weighting of the criteria identified was defined, which may be refined in the future
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based on larger clinical studies enabling a systematic comparison of the individual

criteria’s impact on outcomes.

For an adequate assessment of the morphological fit criteria identified, a
parameter-based deformity correction was developed and verified by multi-body
simulation. The accuracy of the methodology was comparable to that of the only previous
study (van den Heever et al. 2011) and is expected to improve with larger training
datasets. The importance of deformity correction extends beyond the implant design
process, as OA-related deformities often affect surgically relevant axes such as the
posterior condylar line. Therefore, pre-operative planning in the orthopedic treatment of

knees with severe OA will benefit greatly from an automated deformity correction.

The parameter-based deformity correction was integrated into the conceptualized
workflow. Afterwards, the current concept for implant fit assessment was implemented
exemplarily in MATLAB, including both the initial basic fit assessment as well as the
detailed fit evaluation. In contrast to previous studies, the presented workflow and
implementation shows a high level of automation. The interface fit assessment
involves coverage and over/ underhang along the whole bone contours, as well as in
specific (anatomical) zones reported in literature. Further advances, include the check
and correction for osteophytes and potential congenital or OA-related deformities. The
comparison of respectively corrected preoperative morphological parameters (target
shape) with the equivalent postoperative parameters, enables an adequate evaluation
of morphological and alignment fit criteria. Finally, the (normalized) femoral and tibial
bone cut volume is assessed. Because of the high level of automation, analyses of large

databases are enabled.

Implant fit analyses were performed with a representative implant model (Sigma PFC)
for a database of 421 cadaver knees. Optimization potential of the implant design
analyzed was found regarding all fit categories. For the interface fit of the femoral
component, this included a change in aspect ratio, a wider notch and changes in
condylar shape, especially on the medial side. For the tibia, the database analysis
suggested a more asymmetric design for better coverage of the anterolateral and
posteromedial areas. The morphological and alignment fit evaluation revealed high
statistically significant deviations for ~90% of the parameters analyzed. High effect sizes
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were found for parameters of the overall size, trochlea, J-Curves, coronal and sagittal
alignment, and interbone parameters. Apart from the results of the patellar height, the
results are consistent with the literature (Dejour et al. 2014; Akbari Shandiz et al. 2018).
Limitations including the landmark-based positioning of the postoperative shapes have
to be considered, and should be addressed with adequate databases including long leg
radiographs or EOS imaging. Nevertheless, the deviations in TT-TG distance and
patellar shift are plausible and of relevance for postoperative function and pain. In
general, respective deviations in interbone parameters are an indication for missing
compatibility with the patient’s anatomy, as they describe changes in the relative position
of the bones and hence also in ligament, tendon, and muscle paths and strains, as well
as resulting alterations in terms of proprioception. The bone cut volume analysis showed
higher bone resection at the tibia, both absolute and relative. For this reason, the addition
of further resection levels and a corresponding change in tray design should be
investigated. Apart from the indications for design optimization, the framework
developed provides an objective assessment of the need for a customized implant at an

individual level using thresholds derived from the literature.

For the individual patient, a detailed report on the fit assessment including a score
ranking is provided for the surgeon to enable an informed decision-making regarding
treatment. This data-driven approach enables the integration of a priori information
of the clinic as well of research databases. In contrast to previous prediction models of
TKA outcome (Twiggs et al. 2019; Greiwe et al. 2019; Houserman et al. 2022), the
framework presented in this thesis gives detailed insight into potential morpho-functional
causes of poor outcome predictions and identifies factors to be addressed with regard

to implant positioning and/or design.

6.2 Outlook

An adequate patient specific design fit in TKA is expected to significantly increase the
cost-effectiveness of the treatment. The optimized femoral sizing has significantly
increased the proportion of patients who can be provided with an appropriately sized

standard implant compared to existing implant systems. In an exemplary setup of
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optimized sizes, only 15% of the patients would require a customized implant, compared
to 27%-48% for existing implant systems. Hence, less patients would require the more
expensive customized implant, reducing the overall costs. In addition, a correct
allocation of standard and customized implants can be supported by the implant fit
evaluation presented. Further potential for enhanced cost-effectiveness may be

realized, when addressing specific conclusions from the analyses performed.

One example would be the offering of different implant versions based on modes of
shape variation, presented exemplarily for the 3D J-Curve. These included different
circularity, partially reflected in single- or multi-radius design of the femoral component,
but not available in the scope of one implant system. In addition, differences in relative
position of the medial and lateral J-Curve with respect to anatomical axes were seen.
Most of the available implant systems offer a symmetric condyle design and hence do
not account for the variability in offsets. In the light of requirements with regard to
inventory management and shelf live, a modularization of the femoral component could
be considered. With a junction of two modules at the intercondylar area, the fit of the
medial and lateral condyle shape could be addressed and improved individually. A
similar vision for modularization was proposed by Riviere et al. (Riviére et al. 2020), for
the femoral trochlea. An industry example for such modularization are the individual
lateral and medial tibial inserts in the iTotal implant system (Conformis Inc, Billerica, MA,
US). Similarly, uni- or bicompartmental implant systems represent “modularization”, as
artificial knee compartment replacements are combined with the preserved native joint
compartments. With a combination of both tibial insert and femoral component trochlear
and medial/lateral compartment modularization, the high individuality of knee
morphology can be better accommodated while maintaining a limited number of implant
components. Thereby, trade-offs between e.g., an adequate trochlear and medial/lateral
condyle fit, could be avoided. The framework developed may further be used to verify
the effectiveness of respective design changes addressing the optimization potential
identified.

The fit assessment can also be extended to include individualized biomechanical
simulation analyses, such as those performed in the deformity correction verification

study. However, individual targets for kinematics and loading would be required. These
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targets may be based on comprehensive analyses of native knee kinematics as well as
ligament loading and contact force estimations from in vitro/ in silico sensitivity analyses
of healthy control subjects. The simulated kinematics could further be used as an input
for a collision detection, identifying possible bone-implant and implant-implant

impingement.

In conclusion, the implant size optimization demonstrated the possibility for a significant
increase in population coverage. A comprehensive set of methods for the assessment
of knee implant fit was developed, enabling adequate implant allocation on an individual
level. In addition, implant design changes with respect to a representative database were
investigated. When implemented, such advances in implant sizing, design, and matching
are expected to significantly increase the cost-effectiveness of TKA. Finally, because of
similar targets in joint replacement surgeries, the methods for sizing optimization and
the framework for fit evaluation could be applied to the prosthetic treatment of other

joints.
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A) Error metrics for surface reconstruction

Work in this chapter has been presented in parts in:

S. Grothues & K. Radermacher: X-ray based morphological analysis of the knee - a
review. In: F. Rodriguez Y Baena, J.W. Giles & E. Stindel (ed.): Proceedings of The 20th
Annual Meeting of the International Society for Computer Assisted Orthopaedic Surgery,
5, 2022, pp. 89-98 [DOI: 10.29007/sqcb]

There are a wide range of error metrics used for the evaluation of the surface
reconstruction accuracy. With regard to surface reconstruction of the knee, there are
several studies reporting on methods for 2D-3D reconstruction and the accuracy
achieved. The characteristics of the different error metrics (MAE/ RMSE /Hausdorff) and
calculation methods used (P2P/P2S, uni/bidirectional) have to be considered when
comparing the reported accuracies, thus they are visualized exemplarily in Figure 6-1
and discussed in the following.

Unidirectional errors measure distances either from the reconstructed mesh to the
ground truth or vice versa. Hence the focus of the former is to quantify offsets and of the
latter to evaluate for missing surface areas. Bidirectional errors are the combined
unidirectional errors, both from and to the reconstructed mesh. A unidirectional P2P error
is defined as the distance between a mesh point and its nearest neighbor in the
respective other mesh (reconstruction/ ground truth). In contrast, a unidirectional P2S
error is defined as the minimal distance between a mesh point to the surface of the
respective other mesh (Dumic et al. 2018). Hence, a P2S is lower compared to a P2P
error for the same reconstruction. Furthermore, one has to differentiate normal absolute
errors or projected errors. Those quantify the length of a projection of the error along the
normal direction, hence resulting again in lower errors. The Hausdorff distance
measures the overall highest distance between two point sets bidirectional, and is

therefore equivalent to the maximum bidirectional absolute error. Consequently, the
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One-Sided Hausdorff distance is equivalent to the maximum unidirectional absolute

error.
Vertices
Edge
P2P Errors Unidirectional
(Unidirectional) (P2P Errors)
Hausdorff distance P2S Errors Bidirectional
(Unidirectional) (Unidirectional) (P2P Errors)

Figure 6-1: Differences in error metrics complicating the assessment and comparison of study results
on 2D 3D reconstruction accuracy of the knee surfaces. P2P: point-to-point, P2S: point-to-surface.

B) Interbone morphological analysis and verification
Work in this chapter has been presented in parts in:

S. Grothues, L. Berger & K. Radermacher: Automated analysis of morpho-functional
interbone parameters of the knee based on three-dimensional (3D) surface data. In: F.
Rodriguez Y Baena, J.W. Giles & E. Stindel (ed.): Proceedings of The 20th Annual
Meeting of the International Society for Computer Assisted Orthopaedic Surgery, 5,
2022, pp. 81-88 [DOI: 10.29007/8nb5]

Introduction

In this chapter, the extension of an existing framework for morphological analysis of the
distal femur, the proximal tibia, and the patella (Asseln et al. 2018; Asseln 2019) is
extended by the analysis of interbone parameters is presented. In addition, a
literature-based verification is performed.
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Interbone parameters of the knee, such as the tibial tuberosity to trochlear groove
(TT-TG) distance, are frequently used in clinical practice in order to assess the functional
anatomy of the individual patient. They can also be used as indicators for functional
disorders, such as patellar instability (Dejour et al. 1994; Steensen et al. 2015). With 3D
surface data of the knee, derived e.g., from CT, a comprehensive analysis regarding
various interbone parameters is possible (Furmetz et al. 2021). However, the
identification of landmarks is mostly done manually and the parameter calculation is
often not automated, which leads to a time-consuming process. To enable
comprehensive database analyses, an automation of the interbone parameter analysis

with 3D surface models is aimed at.

Materials and methods

A dataset of 414 knees from patients scheduled for TKA was available for the analysis,
of which 164 were male and 248 were female. For two knees, no gender information
was present. The database was provided by Conformis (Conformis Inc., Billerica, MA,
USA). For each case, surface models of femur, tibia and patella and the coordinates of
the hip and ankle joint center were available. The surface models were derived
previously from CT images, with the patient in supine position. This is a relevant
limitation, since the relative position of the bones may differ significantly between the
weight-bearing and non-weight-bearing situation. However, CT is the gold standard for
the measurement of bone morphology and some authors question whether the limitation
of a non-weight-bearing measurement is of clinical relevance (Hirschmann et al. 2019a).
In the future, the impact of weight-bearing on knee interbone parameter measurements
should be evaluated e.g., through 3D2D referencing of the surface models with EOS
images. The presented automated interbone analysis can be applied either way, both

with and without prior referencing.

In a literature research, 8 interbone parameters of the knee were identified, which can
be evaluated based on CT data: the patellar tilt and shift, the congruence angle, the TT
TG distance both absolute and relative, the joint rotation, the hip knee angle and the

Insall Salvati index.
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The existing framework for the evaluation of individual bone morphology of femur, tibia
and patella was extended for the calculation of respective interbone parameters. The
workflow is initialized with meta-information about the patient before the morphological
analysis. First, the morphology of each bone is analyzed individually as described in
previous studies (Asseln et al. 2018; Asseln et al. 2015). During the process, the bone’s
polygon mesh is imported and transformed into a bone specific coordinate system (COS)
and morphologic parameters are derived. Relevant landmarks as well as the
transformations from the CT to the bone-specific COS are saved. After completion of the
bone-specific morphological analyses, the interbone analysis is performed, as this
meant that already defined landmarks of the bones could be used. Since the meshes
and landmarks are stored in their specific COS, for the calculation of each interbone
parameter the meshes and landmarks required must be transformed into a specific COS.
For example, the femoral COS is selected for the TT-TG distance calculation, so the
tibial mesh and the coordinates of the tibial tuberosity are transformed from the tibial
COS to the femoral COS. Reference points and reference lines used for the calculation

of the interbone parameters are presented Figure 6-2.

The plausibility of the bone-specific parameters is evaluated based on values from
literature, as described in a previous study (Asseln et al. 2018). Since the interbone
parameters depend on landmarks derived in the bone-specific morphological analyses,
they are also evaluated as implausible if any of the bone-specific parameter sets is
evaluated as such. In addition, the plausibility of the interbone parameters is evaluated,

based on a box plot outlier assessment.
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Figure 6-2: Reference points (1) and reference lines (2) for the calculation of interbone parameters as
implemented in the automated morphological analysis. (A) Patellar tilt. (B) Congruence angle. (C) Patellar
shift. (D) TT-TG distance. (E) Joint rotation. (F) Hip knee angle. (G) Insall Salvati index.
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Results

411 (99.3%) femora, 409 (98.8%) tibiae and all patellae (100%) could be processed
without error. The interbone workflow succeeded for 405 (98.3%) cases. 380 (92.5%)
femora, 347 (84.8%) tibiae and 410 (99.0%) patellae passed the plausibility check. After
the exclusion of implausible cases, either because of exceeding of bone specific
parameter ranges or because of classification as outliers in the box plot assessment,
373 cases remained (225 female, 147 male, 1 without gender information), which were

used for statistical evaluation. Respective results are listed in Table 1.

Table 6-1: Results of the statistical analysis of interbone parameters from 373 cases.

Parameter Mean t SD

Combined Female Male
Patellar tilt 4.82° +£6.50° 4.80° £6.90° 4.85° £ 5.90°
Patellar shift 3.72mm £ 3.11 mm 3.39 mm = 3.03 mm 4.25 mm £ 3.17 mm
Congruence angle 20.21° £ 18.82° 19.69° £ 20.28° 21.13° £ 16.36°
TT-TG 12.19 mm £ 5.46 mm 11.91 mm £ 5.31 mm 12.64 mm £ 5.70 mm
Relative TT-TG 0.15+0.07 0.15+0.07 0.14 £ 0.07
Joint rotation 2.67°+3.91° 2.71° £ 3.764° 2.63° +4.15°
Hip knee angle 175.7°+5.1° 176.5° £ 5.0° 174.4° £ 5.0°
Insall Salvati index (3D) 1.35+£0.22 1.34 £0.22 1.36 £ 0.23
Discussion

The workflow demonstrated to be feasible for the automated analysis of a large dataset
of knee surface models. For verification purposes, the results of the analysis presented
are compared with those of studies with a similar patient population (OA/TKA patients),

imaging technique (CT) and parameter definition, if available.

Alemparte et al. (Alemparte et al. 2007) analyzed asymptomatic knees regarding the
patellar tilt according to the definition of Laurin et al. (Laurin et al. 1978)/ Davies et al.
(Davies et al. 2000) and found a mean value of 8.1° £ 14.5° for CT data. The mean value
in the present study was smaller (combined: 4.82°) and the standard deviation was much
reduced (combined: 6.50°). The difference in mean value and standard deviation could
be due to the different study populations (control vs. OA). In the case of isolated lateral
patellofemoral OA, the patellar tilt could be reduced. This could explain the lower mean

patellar tilt in the present study of OA patients. A second explanation for the difference
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in standard deviation could be the difference in landmark detection, which was
automated in the presented workflow and manual in the study of Alemparte et al.
(Alemparte et al. 2007).

In the study presented, the patellar shift definition described by Chia et al. (Chia et al.
2009) was applied, which was also used by Zhang et al. (Zhang et al. 2017). Zhang et
al. found a mean patellar tilt of 3.2 mm + 3.8 mm for knees with patellofemoral OA based
on radiographs. Chia et al. (Chia et al. 2009) found a mean patellar shift of 5.7 mm + 4.6
mm in patients scheduled for TKA measured on radiographs. In the present study, a
patellar shift of 3.72 mm £ 3.11 mm was found for the combined population, which is in

agreement with the previous studies.

Zhang et al. (Zhang et al. 2017) investigated the congruence angle of OA patients and
found a mean value of 27.9° + 29.9°. In the analysis presented, a mean congruence
angle of 20.21° + 18.82° was found. An explanation for this difference may be found in
the imaging technique. Zhang et al. (Zhang et al. 2017) used standard radiographs for
their evaluation, while the analysis presented was based on surface models derived from
CT. In the patella skyline view, the deepest point of the sulcus may be obscured due to
projection (Figure 6-2-B1), whereby the deepest point would be estimated to be closer
to the patellar ridge. For the same anatomy, this would lead to the higher congruence

angle.

Various groups have reported mean values for the TT-TG distance (Balcarek et al. 2011;
Dejour et al. 1994). Hochreiter et al. (Hochreiter et al. 2019) also analyzed patients
scheduled for TKA and found a mean TT-TG of 12.9 mm £ 5.6 mm based on CT data.
In the study presented, a mean value of 12.19 mm = 5.46 mm was found, which is in
good agreement with the results of Hochreiter et al., regarding both mean value and

standard deviation.

Balcarek et al. (Balcarek et al. 2011) calculated the relative TT-TG distance in a control
group, and found a mean value of 0.14 * 0.05. In this thesis, a mean value for the
combined population of 0.15 + 0.07 was found, which is in agreement with the results of
Balcarek et al. (Balcarek et al. 2011).
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Tensho et al. (Tensho et al. 2015) found a mean joint rotation of 4.0° £ 3.7° in a control
group analyzed by CT. Seitlinger et al. (Seitlinger et al. 2012) also analyzed a control
group in their study, and found a mean joint rotation of 2.632° £ 3.143° based on MRI
images. The results of the present study regarding the joint rotation are comparable

(combined: 2.67° + 3.91°), despite the different study populations.

Flrmetz et al. (Firmetz et al. 2021) evaluated the Insall Salvati index in 3D based on
CT data from healthy subjects. They determined a reference range of 1.0 - 1.4. The
mean values found in the present study are within the given reference range, however,

at its upper limit.

The mean leg alignment of patients undergoing TKA is reported to be slightly varus (HKA
< 180°) (Hirschmann et al. 2019a; Seitlinger et al. 2012). With a mean HKA below 180°
for all groups, this was supported by the results of the present study. In the present
study, the hip knee angle was higher for female compared to male cases, which is also
consistent with the literature (Hirschmann et al. 2019a). Summarizing the comparison
with the literature, similar interbone parameter values were derived in the scope of this
study, especially for studies on TKA patients. In conclusion, the interbone analysis was

successfully verified by manual measurements from the literature.

C) Database analysis for parametric definition of osteoarthritis
Work in this chapter has been presented in parts in:

S. Grothues, L. Berger & K. Radermacher: Automated analysis of morpho-functional
interbone parameters of the knee based on three dimensional (3D) surface data. In: F.
Rodriguez Y Baena, J.W. Giles & E. Stindel (ed.): Proceedings of The 20th Annual
Meeting of the International Society for Computer Assisted Orthopaedic Surgery, 5,
2022, pp. 81-88 [DOI: 10.29007/8nb5]

Introduction

This chapter describes the parametric definition of osteoarthritis, to be used for a

parameter-based deformity correction in the context of TKA implant design. With the
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parameter-based deformity correction, the definition of the pre-arthritic, healthy native
knee morphology is aimed at, which would enable an adequate assessment of the

implant morphological fit.

Materials and methods

The identification of deformity parameters of osteoarthritis was based on a database
analysis. A dataset of 414 knees from patients scheduled for TKA was used, which has
been the basis for the verification study in Appendix B). The gender distribution was
164 were male, 248 were female, and for two knees, no gender information was present.
In addition, an equivalent dataset of 421 cadaver knees was used. Of those 146 were
female, 273 were male and for two no gender information was available. The database
was provided by Conformis (Conformis Inc., Billerica, MA, USA).

An existing framework for the evaluation of individual bone morphology of femur, tibia
and patella was applied, which has been extended for the calculation of interbone
parameters as described in Appendix B). As subchondral bone degeneration is
expected to be related to the degree of varus or valgus mal-alignment, the database
analyzed is differentiated based on the hip-knee-ankle-angle (HKA). The knees were
classified as neutrally aligned with an HKA between 177°-183°, varus aligned with an
HKA below 174°, or valgus aligned with an HKA above 186°. The ranges in between
were excluded to achieve a clear differentiation between varus, valgus, and
physiological knee morphology.

To overcome the impact of height and gender on the morphological parameters,
respective values were normalized depending on their direction of measurement. The
normalized morphological parameter values of the varus and valgus groups were then
compared against those of the neutral group. Statistical significance of the deviations in
means was assessed using t-tests at a significance level of 5%. In addition, effect sizes

were determined.
Results

The morphological analysis was successful for all femur and interbone parameters, and
for over 99% of the tibiae and patellae. Of all cases, 26.0% were classified as neutral,

9.4% as valgus, and 64.6% as varus.
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In the database analysis, statistically significant differences in mean were found for 10
morphological or alignment parameter of the distal femur, for one parameter of the
proximal tibia, and for four interbone parameters. Several effects were present both for
the valgus/ neutral and varus/ neutral comparison, suggesting a relationship of the HKA
with the respective morphological parameter. Respective quantitative results of the

analysis can be found in Table 6-2.
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Table 6-2: Results of the statistical analysis of morphological parameters, comparing varus, valgus and
neutral patient groups. The sub-populations were differentiated by their hip knee angle. Medium and large
effect sizes according to Cohen et al. (Cohen 1988) are highlighted (color code below). Parameters were
considered as deformity parameters, when there was a medium or large effect size for both the
varus/neutral or valgus/neutral comparison.

Bone |Aspect |Parameter Varus compared to Valgus compared to
neutral neural
Levene [T test/ |Effect |Levene |T test/ |Effect
test Welch |size test Welch |size
Femur |Sizing Condylar ML Width 0 1 0.27 1 0 0.88
Overall AP Length 0 0 0.16 0 0 0.15
Lateral Condylar Depth 1 1 0.47 0 1 0.79
Medial Condylar Depth 1 0 0.12 0 0 0.04
Trochlea [Anterior ML Width 0 0 0.17 1 1 1.00
Lateral Elevation 0 1 0.25 1 1 0.94
Medial Elevation 0 0 0.05 0 1 1.04
Central Elevation 0 0 0.03 0 1 0.57
Trochlear depth 0 1 0.29 0 1 0.69
ML Sulcus Displacement 0 1 0.20 0 0 0.35
J-Curve |Mediolateral Spacing 0 0 0.18 0 0 0.37
Posterior Mediolateral Width 1 0 0.03 0 0 0.09
Distal Condylar Offset 0 1 0.57 0 1 0.83
PCO Lateral 1 0 0.14 0 1 0.91
PCO Medial 1 0 0.19 0 0 0.34
Lateral Distal Sagittal Radius 0 0 0.18 1 0 0.64
Medial Distal Sagittal Radius 1 1 0.96 0 0 0.11
Lateral Posterior Sagittal Radius 0 0 0.06 0 0 0.33
Medial Posterior Sagittal Radius 1 1 0.26 0 0 0.20
PCO Ratio Lateral 1 0 0.03 0 1 0.88
PCO Ratio Medial 1 0 0.18 0 0 0.46
Condyle Ratio 0 0 0.18 0 0 0.47
Alignment [Mechanical LDFA 0 0 0.07 0 0 0.05
Posterior Condylar Angle 1 1 1.52 0 1 2.05
Tibia |Sizing ML Width 0 0 0.11 0 0 0.29
AP Height 0 0 0.10 0 0 0.10
Alignment [Medial Sagittal Tibial Slope 1 0 0.09 0 0 0.13
Lateral Sagittal Tibial Slope 0 0 0.15 0 0 0.15
Coronal Tibial Slope 0 1 1.41 0 1 1.34
Inter-  |Alignment |Patella Tilt 0 1 0.23 0 0 0.15
bone Patella Shift 0 1 0.25 0 1 0.90
Congruence Angle 1 0 0.15 0 1 0.75
TTTG 0 1 0.91 0 1 0.61
Joint Rotation 0 0 0.01 0 0 0.14
Insall Salvati 3D 1 1 0.46 0 1 0.86

Color code: Parameters with at least one medium (large) effect size are highlighted as followed: medium
effect sizes= 0.5-0.8: U | Large effect sizes > 0.8: E

Discussion
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Several studies investigated changes in knee shape with varus and valgus
mal-alignment, by comparing varus and valgus knees (Cohen et al. 2019; Choi et al.
2022) or by comparison of varus and/or valgus knees against control knees (Chang et
al. 2018; Lee et al. 2021; Matsuda et al. 2004). A relevant limitation of respective studies
are the small sample sizes, which has been addressed by the presented analysis of 835

knees.

Femur shape changes with OA

The most frequently mentioned femoral morphological parameter, with statistically
significant differences in mean between varus, valgus, and control knees, is the posterior
condylar angle (Cohen et al. 2019; Chang et al. 2018; Matsuda et al. 2004). In addition,
the lateral condylar depth (Matsuda et al. 2004) and the lateral distal femoral angle were
listed as influenced by varus and/or valgus malalignment (Lee et al. 2021). These results
are in agreement with the results of the present study, with statistically significant
relationships identified for the normalized lateral condylar depth and the posterior
condylar angle, both in the varus/neutral and valgus/neutral comparison. Also, the same
direction of the relationship as reported in literature was found in the present study, with
a decrease in the normalized lateral condylar depth with HKA and an increase of the
posterior condylar angle with HKA.

Further statistically significant differences, consistent both in the varus/neutral and
valgus/neutral comparison, were found for the lateral trochlear elevation, trochlear
depth, and distal condylar offset in the present study. Additional mal-alignment specific,
statistically significant parameter differences were found. For varus knees, those
included changes in the condylar ML width, ML sulcus displacement, and medial sagittal
radii. The impact on the medial sagittal radii is highly plausible, as OA in general is
associated with a flattening of the femoral condyles, especially in the distal area (Neogi
et al. 2013). An increase in ML width and in the dimensions of the posterior condylar
region in the OA incidence group compared to the control group were also reported by
Bedbrenner et al. (Bredbenner et al. 2010). Similarly, Neogi et al. (Neogi et al. 2013)
reported wider femoral condyles in the OA incidence group of the OA initiative. While
there was no information about the leg alignment in the incidence group, due to the
generally higher prevalence of varus OA in the patient population, the agreement of the

results with those of the varus/neutral comparison can be considered plausible. For
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valgus knees, additional mal-alignment specific deviations included the anterior ML
width, medial and central trochlear elevation, as well as the lateral PCO and lateral PCO

ratio.

Tibia shape changes with OA

In the present study, there was a statically significant change in the coronal tibial slope,
with a high effect size both for the varus/neutral and valgus/neutral comparison. A
decrease in coronal tibial slope with the HKA was seen, with highest values in the varus
group. This effect is plausible, as a degeneration of the medial (lateral) compartment is
expected with severe cases of varus (valgus) OA (Kellgren-Lawrence grade 3-4
(Kellgren and Lawrence 1957)), resulting in an increase (decrease) of the coronal slope.
Neogi et al. (Neogi et al. 2013), found a widening and flattening of the tibial
compartments with OA. Similarly in the present database analysis, an increase in the
ML width of the varus and compared to the control group was found. However, the

difference was not statistically significant and the effect sizes was low.

Interbone parameter changes with OA

In the present study, an increase in TT-TG distance was seen with increasing HKA, both
absolute and relative. This observations suggests valgus aligned knees to be of higher
risk for a pathological TT-TG distance of over 20 mm (Dejour et al. 1994) or a
pathological TT-TG Index of over 0.23 (Hingelbaum et al. 2014). These results are in
agreement with the literature, reporting statistically significant positive correlations of the
HKA with the TT-TG distance (Hochreiter et al. 2019; Chen et al. 2022). Further, in the
present study an increase in Insall-Salvati Index (3D) was found in the varus and valgus
compared to the control group. To the best of the author's knowledge, there are no

studies reporting on both this relationship.

Conclusion

In conclusion, the results of the present study are in agreement with the available
literature on effects of leg mal-alignment on knee morphological parameters. With a
much more extensive data basis and comprehensive parameter list, the results
represent a valuable basis for identifying cut-off values in the context of automated

deformity correction as well as for other orthopedic applications.
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D) Exemplary documentation of the virtual TKA implantation
Introduction

In this thesis, an automated virtual TKA implantation was implemented and applied to a
representative database. The respective workflow and process is described in detail in
Chapter 5.3.1. This chapter documents the virtual TKA for an exemplary case, which
was selected from the database analyzed in Chapter 5.4. For each step of the process,

visualizations are provided below.

Femur Workflow

1) Defining a bone-specific coordinate system
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2) Identifying relevant bony reference points for implant positioning

Femur

Lateral Distal Condyle Point, +2mm Cartilage
Medial Distal Condyle Point, +2mm Cartilage
Anterior Cortex Point

proximal-distal direction
proximal-distal direction
-

lateral-medial direction anterior-posterior direction lateral-medial direction

anterior-posterior direction

3) Positioning of the implant relative to the point based on reference points
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4) Performing the resection cuts defined by the implant backside information
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Tibia Workflow
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3) Positioning of the implant relative to the point based on reference points
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4) Performing the resection cuts defined by the implant backside information
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