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GENERAL ABSTRACT

Objective: Patient-specific musculoskeletal models have emerged as a reliable method to study
how tibiofemoral joint (TFJ) morphology influences anterior cruciate ligament (ACL) injuries.
However, there are no such models for adolescent populations that can be scaled to
accommodate growth. To serve as the foundation for such models, the objective of this thesis
was therefore to 1) build a patient-specific model of natural knee motion in an ACL-injured
(ACLi) adolescent sample using joint congruency and ii) to attempt to reconstruct patient-

specific simplified articular contacts using principal component analysis (PCA).

Design: Twelve magnetic resonance images (MRI) of ACLi adolescents were segmented and
used to generate spheres of simplified TFJ articulations. A congruence-based optimization
algorithm was used to determine the envelope of tibiofemoral configurations that optimize joint
congruency. Descriptive statistics were used to compare model outputs to existing literature.
Combinations of marker trajectories and anthropometrics were used to determine the feasibility
of reconstructing articular sphere simplifications using PCA. Root-mean squared error (RMSE)

was used to compare predicted sphere contacts to MRI-extracted contacts.

Results: Average knee joint angles of the femur with respect to the tibia was slightly abducted
and externally rotated, with a range of motion (ROM) of 1.60° + 0.66 and 7.64 ° + 2.34 across
102° of flexion respectively. The percent elongation of the posterior cruciate ligament (PCL)
varied the most across participants (8.65+ 6.2%) compared to the ACL (2.34+ 2.1%), MCL
(1.41£ 0.5%) and LCL (1.75 £ 1.6%) respectively. The combination of femur markers and
anthropometrics was able to reconstruct simplified tibiofemoral articulations the best, but not

within 5 mm of RMSE.

XIII
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Conclusion: Inter-subject variability in passive kinematic motion derived from patient-specific
morphology highlights the need for personalized and accessible musculoskeletal models in
growing populations. Furthermore, simplified distal femur morphology can be reconstructed
from anthropometrics and marker positions, but proximal tibia morphology requires more

information.
Key Words: Adolescents, Anterior Cruciate Ligament (ACL), Knee Motion,

Joint Congruence, Patient-Specific Modelling, Principal Component Analysis (PCA), Predictive

Modelling
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CHAPTER 1: INTRODUCTION

The anterior cruciate ligament (ACL) is the most commonly injured ligament in the knee,
and its injury incidence is rising in adolescent populations (Dekker et al., 2017; L. Shaw &
Finch, 2017a; Werner et al., 2016). During puberty, the knee undergoes anatomical changes in
bone geometry and skeletal alignment (Dekker et al., 2018; Edmonds et al., 2014) which can
decrease congruency of the tibiofemoral joint (Marra et al., 2018). When joint congruency is
decreased, it can lead to more pathologic anterior tibial translation, thus increasing the risk of
obtaining an ACL injury (Cahuzac Ph. et al., 1995; Schneider et al., 2018). These injuries often
lead to long term secondary sequelae such as inactivity, obesity and knee osteoarthritis (Englund
et al., 2004; G. Myer et al., 2014). Understanding how bone geometry affects knee joint
biomechanics could lead to age-specific interventions that may improve treatments and reduce

these sequelae.

One approach to evaluating joint congruency is by using musculoskeletal modelling to
investigate internal factors of ACL injury mechanisms that are otherwise difficult to measure in
vivo (Delp et al., 2007; Rajagopal et al., 2016; Seth et al., 2018). In order to accommodate
variations in knee joint biomechanics within and between populations, musculoskeletal models
need to be tailored to patient specific parameters. This can be achieved through linear scaling
algorithms with anthropometrics and motion capture data (Schellenberg et al., 2017), or by
building patient-specific models with magnetic resonance imaging (MRI) (Brito da Luz et al.,
2017; Smale et al., 2019). However, currently available linearly scaled knee musculoskeletal
models are not a biofidelic representation of the joint, whereas MRI-based models are both labor
and time intensive, limiting their accessibility (Ding et al., 2019; Smale et al., 2019).

Furthermore, neither technique can accommodate changes in bone geometry and congruence that
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occur during puberty, as they can not be readily scaled as surface morphology is finalized

(Carsen et al., 2021).

To address this research gap, a new musculoskeletal knee model must be developed that
can be adjusted based on external anatomical measurements, such that joint congruency can be
modelled through adolescence. This way, individual morphological changes that occur through
pubertal development can be accommodated. Therefore, the purpose of this thesis is to build this
new model using existing MRIs from ACL injured (ACL1) adolescents such that an atlas of
shapes representative of an adolescent ACLi population at all stages of puberty can be created.
The model will be built by generating three-dimensional (3D) models from medical images and
by representing the patient-specific femoral and tibial condyles as spherical approximations
(Conconi et al., 2021). These spherical approximations will be used to identify the orientations
of the tibiofemoral joint (TFJ) that minimize joint pressure during knee flexion, also known as
the envelope of natural knee motion. Using a congruency optimization algorithm (Conconi et al.,
2018, 2021), the feasibility of scaling the aforementioned spheres with external measurements,
such as marker trajectories and/or anthropometrics, will be tested via principal component
analysis (PCA). This process would allow researchers to acquire partially patient-specific models
for adolescent knees, regardless of their access to medical images or labor-intensive processing

techniques.

The construction of an adolescent knee model would allow for patient-specific kinematics and
kinetics to be tracked through the entire rehabilitation period, and subsequently through each
patient’s remaining pubertal development. It is also possible that the contribution of muscles
could be added in the future, such that internal knee loading can be studied through puberty.

Idenfying these changes will help researchers understand when and why adolescent populations
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are most at risk for suffering an ACL injury, which can be used to design specific rehabilitation

guidelines and predict long-term changes in knee function and health.
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CHAPTER 2: LITERATURE REVIEW

2.1 ACL Injury Incidence

The ACL is the most commonly injured ligament in the knee (Sanders et al., 2016a) and
its rate of injury is rising in paediatric and adolescent populations (Beck et al., 2017; Herzog et
al., 2017, 2018a; L. Shaw & Finch, 2017a). According to a study conducted by Herzog et al.
(2018), adolescents between 13-17 saw a 37% increase in isolated ACL tears between 2002 and
2014. When comparing these rates to an adult population over 18 years of age, the same study
found not only lower incidence rates in adults, but consistent rates of isolated ACL injury with
increasing age post-puberty (Herzog et al., 2018b). Understanding mechanisms and risk factors
associated with ACL injury are of great interest, as ACL injuries have been associated with long
term sequelae such as knee osteoarthritis, and increased rates of obesity, inactivity and

dysfunction of adjacent limbs (Englund et al., 2004; G. Myer et al., 2014).

Numerous risk factors associated with increases in ACL injury incidence have been
examined. Increases in the number of athletes, early single-sport specialization and year-round
sport participation have all been hypothesized as reasons behind this increasing trend (Andrews
et al., 1994; Arbes et al., 2007; Kocher et al., 2002). Although ACL injuries have been studied in
paediatric and adolescent populations for years, the effects of developmental, physiological and
morphological changes associated with the onset of puberty on the risk of ACL injury is poorly

described (Edmonds et al., 2014).

Significant sex differences also exist regarding ACL injury incidence, with females
being up to four times more likely to tear their ACLs than males following pubertal development
(Flanigan et al., 2014; Joseph et al., 2013). Furthermore, females and males undergo varying

morphological changes during growth as the female skeleton shifts to a more valgus knee
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alignment (Fayad et al., 2003; Prince et al., 2005). These risk factors are considered “non-
modifiable” in nature, meaning that they are definite in nature and cannot be easily altered in any
way to reduce risk (Price et al., 2017a). The aforementioned valgus skeletal alignment has been
attributed to differences in neuromuscular activations in the lower limb (Buchanan & Lloyd,
1997; Flaxman et al., 2014) and increased valgus loading during high-risk noncontact movement
patterns (Krosshaug et al., 2007; G. D. Myer et al., 2005; Olsen et al., 2004). Additionally,
tibiofemoral joint (TFJ) morphological differences were also discovered between uninjured and
ACLi knees, including decreased intercondylar notch width(Liu et al., 2008; Zeng et al., 2013)
and increased tibial slope (Dare et al., 2015; O’Malley et al., 2015). However, there is limited
knowledge regarding how these changes in morphology affect biomechanical factors, namely
knee joint kinematics, during puberty. As such, an investigation regarding the impact of
differences in bone morphology associated with both pubertal change and sex on variables

associated with ACL injury is warranted.

2.2 Effects of Puberty and Sex on Knee Joint Anatomy

During puberty, the body undergoes a significant transition both anatomically and
physiologically, which can influence ACL injury risk. This is also not consistent between sexes,
with females being twice as likely to incur an ACL injury compared to their male counterparts
(Herzog et al., 2017; Landry et al., 2007; Sanders et al., 2016b; L. Shaw & Finch, 2017b) .
Figure 1 in Appendix A shows results from a study by Prince et al. (2005) which used magnetic
resonance images (MRIs) to evaluate characteristics of ACL injury and its relation to skeletal
maturity. The ACL injuries of the skeletally immature cohort were more likely to be sustained by
males but transitioned to female injury dominance when patients were skeletally mature (Prince

et al., 2005). Furthermore, partial tears were more prevalent amongst the skeletally immature
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group, whereas complete tears were more common as skeletal maturity progressed (Prince et al.,
2005). A possible explanation for this discrepancy is the large inundation of sex-steroid
hormones, estrogen and testosterone, that occurs during the onset of puberty (Malina et al., 2004;
Wild et al., 2012). Increased estrogen levels in females have been linked to weaker ACL
structural and mechanical integrity, such as the deformation and energy absorbed prior to failure,
and increased knee joint laxity (Woodhouse et al., 2007). From a loading perspective,
anthropometric changes that occur during the onset of puberty may also increase ACL injury
risk. The adolescent growth spurt causes increases to both the mass and length of the lower
limbs, contributing to increased variation in the moment of inertia of the segments, and changing
the alignment of the skeleton and joint load distributions (Jensen & Nassas, 1988; Prince et al.,

2005; Stein & Micheli, 2010).

Differences in anatomical structures of the knee joint specifically have been associated
with increased ACL injuries among skeletally immature adolescents (Wild et al., 2012). Dare et
al. (2015) found that ACLi children had a steeper posterior lateral tibial slope of 5.7° +2.4°
compared to a healthy control group of 3.4° = 1.7° (p <0.001). O’Malley et al. (2015) found
similar differences when examining skeletally immature adolescents, with ACLi posterior tibial
slope measuring 10.6° + 3.1° compared to slopes of 8.5° + 3.7° in an uninjured cohort (p =
0.0128). Increasing posterior tibial slope has been associated with increases in anterior tibial
translation (Giffin et al., 2004), tibial shear force (Shelburne et al., 2011), and ACL force during
functional tasks in adult populations (Todd et al., 2010). Furthermore, a controlled laboratory
study conducted by Lipps et al (2012) found that the increased lateral tibial slope of female
cadaveric knees increased peak ACL strain under dynamic loading conditions (Lipps et al.,

2012). Another anatomical structure of the knee joint that has been associated ACL injury is a
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small intercondylar notch width, which is more prevalent in females (Shaw et al., 2015). Despite
the fact that both pubertal and sex-based differences influence anatomy of the knee and ACL
injury rates, the effects of these differences on knee joint biomechanics continues to be
investigated, and an insight into how inter-patient morphological variability affects knee kinetics

and kinematics is necessary.

2.3 Anatomy and Joint Congruency on Knee Kinematics

While we are aware that anatomical differences at the knee exist between adults and
children, and that these changes occur over the course of pubertal development, the effects of
growth on knee joint biomechanics continues to be investigated. As addressed in the rationale,
researchers have successfully shown how differences in morphology can influence knee joint
biomechanics in adult populations. Due to the unique curvatures of the femoral and tibial
condyles, the contact area between the joint changes during motion, subjecting the joint to
different magnitudes of pressure. This measure of how much contact there is between two
articulating surfaces is defined as joint congruence (Conconi & Castelli, 2014). Researchers have
studied the relationship between joint congruence and pathologies such as osteoarthritis risk in
adult populations (Conconi et al., 2014; Schneider et al., 2018). Schneider et al examined
postoperative computed tomography to evaluate the tibial slopes, concavity, convexity and joint
congruency of the medial and lateral components of the tibiofemoral joint in 276 ACLi
participants. They demonstrated that in an ACLi population, medial (p <0.01) and lateral (p
<0.001) tibiofemoral compartments were more incongruent in females than in males,
while noting that anatomical factors like steeper tibial slopes may also contribute negatively
to outcomes of ACL reconstruction surgery. Marouane et al. (2015) used finite element

modelling techniques to simulate how increasing posterior tibial slope (PTS) during gait affects
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knee kinematics and ACL force. Simulated anterior tibial translation and ACL force both
increased with increasing tibial slope, with simulated ACL force increasing from 181 N to 317N
and 460 N following a 5° and 10° increase respectively (Marouane et al., 2015). Lansdown et al.
(2017) built a kinematic statistical shape (SSM) model of the knee using MRIs to simulate
standing and the initiation of a bodyweight squat to identify bone shapes associated with
abnormal knee kinematics. Increases in tibial slope, decreased medial femoral condyle
sphericity, and decreased length of the anterior aspect of the tibial plateau showed anterior side
to side differences in tibial position for pre-operative ACLi patients (D. A. Lansdown et al.,
2017). In addition, Shelburne et al. (2011) used musculoskeletal modelling techniques and
reported that increased posterior tibial slope is associated with higher shear forces on the ACL
during standing, squatting and walking. Simulated changes in tibial slope were determined by
rotating the tibial plateau about an axis 2 cm below the distal tibial plateau for a range of values

obtained through cadaveric studies (Shelburne et al., 2011).

In Section 2.2, numerous studies were referenced that highlighted the relationship
between specific knee joint anatomy and ACL injury incidence (Dare et al., 2015; O’Malley et
al., 2015; Shaw et al., 2015; Wild et al., 2012). These studies showed morphological differences
between ACLi and uninjured knees, but not between sexes. Additionally, studies that showed
sex-specific morphological variation between ACLi and uninjured patients were conducted on
older, post-pubescent subjects (Murshed et al., 2005; Siegel et al., 2012; van Diek et al., 2014).
Identifying how morphology influences knee joint biomechanics in a developing period
regardless of sex may help to improve non-modifiable ACL injury risk factor identification by
investigating how anatomical differences influence knee joint biomechanics. Therefore, there

exists a need to develop a method to visualize, interpret and measure the changes in knee
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biomechanics during puberty in a way that encompasses patient sex, anatomical differences and

various levels of skeletal maturity.

2.4 Musculoskeletal Modelling

Due to the invasiveness of certain experimental procedures (Fregly et al., 2012),
identifying how differences in anatomy can affect biomechanical factors of movement can be
challenging. Musculoskeletal modelling techniques have emerged as a method of investigating
the complexities of the skeletal system through computer simulation, and there are multiple
musculoskeletal modelling software packages that can be applied to biomechanics research. The
ergonomic optimization software AnyBody is known for it’s robust linear scaling methods and
computational prowess (Damsgaard et al., 2006; Rasmussen, 2003). Additionally, AnyBody
models can have an environmental input, which allows biomechanical simulations in
environments with specific mechanical properties, such as movement underwater (Langholz et
al., 2016). However, in order to ensure full accessibility, the modelling software must be
purchased. This limits the ability of other researchers to collaborate and even validate AnyBody

models, which is not useful for widespread academic and clinical use.

In contrast, the software OpenSim is the most commonly used musculoskeletal modelling
software, having accrued over 35000 and counting unique user downloads. (Reinbolt et al., 2011;
Seth et al., 2018). The framework of OpenSim is open sourced, providing a larger and more
collaborative environment for sharing models, techniques and code among researchers in
comparison to AnyBody’s commercial modelling platform (Damsgaard et al., 2006; Seth et al.,
2018). In both OpenSim and AnyBody, generic musculoskeletal models were built from the
combination of MRI and cadaveric data from a single subject (Arnold et al., 2010; Carbone et al.,

2015). New developments in generic OpenSim models have included muscle architecture derived



C. E Warren, 2022 Congruence Knee Model

from 21 cadavers and the medical images of 24 adult subjects, improving the model’s
generalization (Killen, 2019). OpenSim also has advanced movement simulation capabilities; its
unique interfaces allow users to perform both forward simulation to investigate neuromuscular
control and reflex pathways or inverse simulation to solve for kinetic contributions that generate
a given movement. These processes are defined by Seth et al (2018) and outlined in Figure 16-2

of Appendix A.

In order to perform kinematic and kinetic analysis in OpenSim, patient specific
anthropometrics and movement patterns must be applied to the generic model without
introducing physiologically impossible configurations of the joints, such as bone overlap (Lund
et al., 2015). Typically, this is a two-pronged process known as “scaling”, where body mass,
height and retroreflective surface markers are used to identify segment lengths (Ali et al., 2014;
Chen et al., 2014; Rasmussen et al., 2005; Schellenberg et al., 2017), then surface marker
trajectories from motion capture trials are used to identify local coordinate systems for each body
segment to compute joint angles (Schellenberg et al., 2017). The process of using body segment
parameters as inputs for equations of motion to estimate joint angles is known as inverse
kinematics, while the subsequent measurement of accompanying joint forces and moments is
known as inverse dynamics (Winter, 2009). This process can either be performed manually for
each subject by applying the same marker set used during motion capture trials to a generic
model, or by combining segment length optimization algorithms and manual scaling to automate
landmark identification for inverse dynamics (Damsgaard et al., 2006; Lund et al., 2015;

Rasmussen et al., 2005).
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2.4.1 Limitations in Musculoskeletal Modelling

Despite the benefits of musculoskeletal modelling for biomechanical analysis, there are
still limitations that must be considered when using these techniques. The first limitation is the
errors due to soft tissue artifact (STA) caused by recording markers placed on the skin rather
than registering the motion of the underlying bone itself (Benoit et al., 2006; Lund et al., 2015;
Reinbolt et al., 2005; Reinschmidt et al., 1997). Soft tissue artifact affects the inputs of kinematic
analyses during dynamic tasks resulting form skin deformation and muscle contractions which
can cause the markers to shift on a body segment relative to the underlying bone (Leardini et al.,
2005). Ensuring accurate initial parameters for kinematic analysis is critical, as inaccurate inputs

can produce compounding errors and generate unfeasible results.

Other limitations in musculoskeletal modelling include the methods by which patient-
specific anatomy are applied to generalized musculoskeletal models. To reduce potential errors,
generic musculoskeletal models are often adjusted to match specific participants through a
technique known as “linear scaling”. Linear scaling alters up to three dimensions of each bone
(anterior/posterior, medial/lateral and/or superior/inferior), which are adjusted to match the
anthropometrics of a given patient. It is an effective technique for scaling when time and cost of
modelling are a factor, as linear scaling techniques are algorithmic and not computationally
heavy. Improving the sensitivity of linear scaling processes continue to be investigated. Some
approaches that have been used to improve the fidelity of these scaling methods, as to reduce
negative effects from assumed marker positions, (Ding et al., 2019; Lund et al., 2015;
Schellenberg et al., 2017). Lund et al. (2015) incorporated both static and dynamic reference
trials to successfully reduce variation in knee joint contact forces during heel strike from 1.44

bodyweight (BW) to 1.0 BW when scaling from static reference trials and even further to 0.44

11
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BW when scaling using dynamic walking trials. Ding et al (2019) developed an anatomical atlas
from models generated based on medical imaging for scaling purposes that considers gender and
anthropometric similarity of the hip, knee and ankle joints of the lower limb. Using this
technique, joint contact forces at the ankle, knee and hip were reduced between 50 and 67%
when compared to a generic model (Ding et al., 2019). Lastly, Schellenburg et al. (2017)
determined that the use of functional centre of rotations of lower limb segments while scaling
reduced the root mean squared error between 3-8 mm from patient reference movement data and

various musculoskeletal modelling inputs.

While these processes allow patient-specific dimensions to be applied to generic
musculoskeletal models, linear scaling does not alter the morphology of the generic bones.
Unfortunately, this negates the impacts of the interpatient variability in bone geometry and
resulting effects on joint contact forces (Lerner et al., 2015), moments (Tsai et al., 2012), and
angles (Scheys et al., 2011). Therefore, a new model must be developed that both can account for
interpatient variability without compromising the open-sourced framework of musculoskeletal

modelling.

2.5 MRI Based Modelling

Musculoskeletal models built from medical images have emerged as a method to
generate reliable simulations of joint contacts (Davico et al., 2019). Imaging techniques such as
magnetic resonance images (MRI) (Clouthier et al., 2019; Smale et al., 2019; Valente et al.,
2017), computed tomography (CT) (Barzan et al., 2019), and biplanar radiography (BVR)
(Fernandez et al., 2008; Zheng et al., 2014) have been used to extract patient specific anatomy to
build more biofidelic knee musculoskeletal models in adult and paediatric populations. Despite

this, CT and BVR generated images require doses of radiation and, in addition to high costs

12
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and/or lengthy processing times, may not be the most effective method for generating patient
specific images. In contrast, MRI images do not rely on ionizing radiation, and are more suitable
for capturing high-resolution images of softer tissues, such as muscles, tendons and ligaments

(Lin, 2010).

While patient-specific imaging may improve the accuracy of biomechanical models when
compared to models that have been just been linearly scaled (Nardini et al., 2020; Smale et al.,
2019), there are limitations that affect their repeatability. Manual and semi-automatic segmenting
require access to imaging equipment, computationally and economically expensive processing
software and labour trained in image processing. All of these limit the amount of collaboration
between researchers and the reproducibility of research. (Fripp et al., 2010; Jaremko et al., 2006;
Liukkonen et al., 2017; Yu et al., 2016). Jaremko et al. (2006) reported that technicians
responsible for semi-automatic segmentation of cartilage often requires three months training,
and that the process of generating 3D models can take several hours per knee. There are also
additional limitations accessibility and repeatability. Although no exposure to radiation is
required to collect an MRI, those who have metal implants like bone screws or pacemakers must
be cautious of potential movement generated by the heavy magnetic field. Furthermore, MRI
images provide an instance of the knee at the time of imaging alone, and are not able to
accommodate changes in growth that occur over time. The feasibility of manually scaling
generalized bones and applying patient-specific morphology to perform unique kinematic
analysis for each participant has not been investigated in paediatric populations, where bone
morphology is highly variable during adolescent development. As such, a new universal
paediatric knee joint model that can account for variations in bone geometry through puberty

without requiring the use of specialized technicians or equipment is needed.
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2.6 Statistical Shape Modelling

Statistical shape modelling (SSM) techniques are used in computational biomechanics to
simplify differences in morphology by identifying a range of shapes that can best describe
variations of a population (Heitz et al., 2005; D. A. Lansdown et al., 2017). These variations can
be identified using Principal Component Analysis (PCA), with the goal of reducing the
dimensionality of the population while maintaining as much of the original variation as possible
(Jollife & Cadima, 2016). The resulting modes represent the minimum number of shapes that can
successfully describe the variation within the sample, such as comparing different cervical
vertebrae (Figure 16-3 in Appendix A illustrates what these modes may look like). This
technique has become extremely popular in medical imaging analysis as a method of quantifying
anatomical bone shape differences in both healthy (Clouthier et al., 2019) and pathological
cohorts (D. A. Lansdown et al., 2017). More specifically to the knee, SSM has been used to
identify how articular geometry affects knee kinematics during simulation (Clouthier et al., 2019;
Lansdown et al., 2017), incorporated into computer-assisted ACL reconstruction surgery
techniques (Fleute et al., 1999), and identify bone geometry differences between healthy and

osteoarthritic patients with as much as 95% accuracy (Lynch et al., 2019).

Since SSMs are able to generate an atlas of shapes to classify a given population, they
have been used in combination with linear scaling techniques to improve the biofidelity of
musculoskeletal modelling (Bahl et al., 2019; Lynch et al., 2019; Suwarganda et al., 2019). Most
notably, the development of the Musculoskeletal Atlas Project (MAP) has successfully allowed
researchers to match MRI images of the hip joint to the appropriate 3D model derived from SSM
(Zhang et al., 2014). The development of the MAP has allowed for open-sourced distribution of

patient-specific models, as researchers are not required to have access to expensive modelling
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software or technicians to have access to a biofidelic model (Bahl et al., 2019; Suwarganda et al.,
2019; Zhang et al., 2014). In addition, researchers have created similar models at the knee for
shape modelling in adult populations (Clouthier et al., 2019; Lynch et al., 2019). However, there
are no shape models specifically designed for paediatric knee anatomy, and all existing models
require access to some sort of medical images. Therefore, the development of a paediatric knee
joint model that accounts for patient-specific anatomical variability without requiring the use of

external imaging software and processing is warranted.

2.7 Validation and Verification

When developing a new musculoskeletal model, it is imperative that the outputs of the
simulation are accurate when validated against existing “gold-standard” methods of analysis
(Lund et al., 2012). The two-pronged analysis of the accuracy of model outputs in addition to its
applicability in experimental settings is known as verification and validation (V & V) (Lund et
al., 2012). V & V techniques are common in engineering practices, especially in computer aided
design (CAD), where an abundance of real-world data was available to complement predictions
from CAD models (Babuska & Oden, 2004). However, in biomechanics, namely
musculoskeletal modelling, it is strenuous to truly validate a model due to the difficulty of
acquiring experimental data, such as internal parameters of movement, non-invasively (Lund et
al., 2012). As a result, there have been limited studies on validation processes within the

biomechanics field.

Henninger et al. (2010) and Anderson et al (2012) have explored how the individual
components of V & V analyses are instrumental in the development of a successful
musculoskeletal model (Anderson et al., 2012; Henninger et al., 2010; Hicks et al., 2015). With

the verification stages, evidence is provided that shows how a proposed model is sufficient in
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generating an accurate result (Anderson et al., 2012; Henninger et al., 2010; Lund et al., 2012).
This can either be by examining the code used to calculate a solution or the mathematical
concept behind a model. With model validation, the focus of the analysis shifts to the predictive
power of a model and the assurance that any errors between experimental and simulated outputs
produce little to no consequences (Anderson et al., 2012; Henninger et al., 2010). When
considering the development of musculoskeletal models of the knee joint, experimental data for
V&V processes is scarce. As mentioned in Section 8.4, existing models have been validated
using limited cadaveric data as reference, for parameters such as ligament and tendon properties,
that are otherwise difficult to obtain non-invasively (Delp et al., 1990; Hamner et al., 2010;
Rajagopal et al., 2016). However, this does not necessarily indicate that musculoskeletal
modelling techniques cannot be validated for specific applications by applying V & V techniques
similarly to other researchers, such as validating a musculoskeletal model for human gait based
on knee forces collected via prosthetic implants (Fregly et al., 2012; Manal & Buchanan, 2013;
Moissenet et al., 2014, 2017). Therefore, in order to truly develop a model than can be applied to
any person undergoing pubertal development, it must be accessible and validated for its intended

application prior to distribution.

CHAPTER 3: OBJECTIVES AND HYPOTHESES

There are two primary research objectives relating to this thesis: I) To determine if
magnetic resonance image-based modelling is suitable for an ACLi adolescent population and II)
Use principal component analysis to determine if patient-specific articulations can be predicted
from anthropometric measurements and positions of anatomical landmarks. To achieve this, two

specific research questions will be tested.
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Q1) Can a magnetic resonance imaging-based model be developed to describe

natural knee motion kinematics in an adolescent population?

A musculoskeletal model developed and validated by Michele Conconi (2018, 2021),
used patient-specific tibiofemoral articulations and joint congruence to determine a person’s
natural knee motion while considering the viscoelastic properties of cartilage through elastic
conforming contact. (Johnson, 1985). The model was built from segmenting patient-specific
MRIs to form 3D bone models with surrounding soft tissue, and optimizing congruence such that
joint pressure is minimized during passive flexion/extension, reproducing the natural knee
motion of the adult knee. We will apply similar techniques to the adolescent male and female
knee and hypothesize that flexion/extension, abduction/adduction and internal/external rotation
angles will be within two standard deviations of literature reported passive knee joint angles

across all degrees of freedom, while maintaining ligament isometry.

Q2) Can we predict congruency measures from anthropometric and marker

position data using Principal Component Analysis for the adolescent knee?

Using positional data from six retroreflective markers attached to anatomical landmarks
of the injured lower limb in addition to anthropometric measurements of leg length and width,
principal component analysis will be used to predict the 3D positional coordinates and the radius
of the spherical approximations of articulation extracted during Study 1. The root-mean squared
error (RMSE) of the predicted outputs will then be compared to the extracted values of condyle
spheres and radii to determine if patient-specific approximations of joint articulation can be
predicted from in-vivo landmarks. It is hypothesized that the RMSE between the predicted
patient-specific spheres and the original spheres will fall within two standard deviations of MRI-

measured data (Hicks et al., 2015).
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CHAPTER 4: METHODS

4.1 General Methodology

This thesis is divided into two studies. The first study aimed to build a simplified model
of the adolescent knee by using spheres to represent articular contact surfaces that optimize joint
congruency, thus reducing joint contact pressure. This would produce an envelope of
tibiofemoral configurations that would serve as the “path of least resistance” across all degrees of
freedom. This model was originally developed by Conconi et al. (2018, 2021), then successfully
implemented by Smale et al. (2019) in an ACLi adult population. The second study objective
was to determine if partially patient-specific approximations of articular contacts could be
predicted from in-vivo markers, and anthropometric data, eliminating the need for MRIs when
building future patient-specific models. Descriptive statistics from the optimized DOF in Study
1 were compared ranges of motion ROM reported in existing literature. For study two, the 3D
position data of the sphere centroids and radii were compared to the original sphere centroid
locations and radii of each of the knee to determine the efficacy of reconstructing patient-specific
knee from anthropometric data and anatomical landmarks. A summarized workflow is identified

in Figure 4-1, while a full comprehensive workflow can be found in Appendix A.

Congruence Describe
AT o IR
‘ Algorithm Motion
How can we model kneg
joint congruence in ACLJ - - Extraui::;"l!;Fan —
adolescents?
Attempt to PCA Reconstruction Compare PCA-
—=  Reconstruct I8 Wwith Anthropometrics - MG“‘"":M
Articulations and Marker Data MRI-based

Figure 4-1 General methodology flowchart for Study 1 (Top) and Study 2 (Bottom). Articulations
refer to the interaction of the medial and lateral surfaces of the femur and tibia
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The MRI and functional movement data in these studies were adapted from previously
collected data, as part of a larger collaborative project between the University of Ottawa Clinical
Biomechanics Research Unit and the Children’s Hospital of Eastern Ontario (CHEO). The
adapted project followed a test-retest design, whereby ACLi patients completed a series of
isometric strength, functional movement tasks and endurance-based tests, defined in Appendix
B. Patients were tested prior to their surgery, approximately six months following ACL
reconstruction (ACL-R) surgery and two years following ACL-R surgery, after each participant

has been cleared for return-to-play by their attending orthopaedic surgeon

Upon arriving at the lab for testing, participants were asked to sign a consent form that
had been approved by the University of Ottawa Research Ethics Board, and given a range of
questionnaires to complete regarding their overall knee function (Pedi-IKDC) (Kocher et al.,
2011), assessment of sport exposure (Pedi-FABS) (Fabricant et al., 2013), classification of
current puberty stage (Tanner stage) (Marshall & Tanner, 1969, 1970) and activity level (Tegner
activity scale). Participants were then outfitted with retro-reflective markers and
electromyography (EMG) electrodes outfitted on major muscle groups of the lower limb. They
were then asked to complete a series of single limb isometric strength tasks, single-leg hopping
and dynamic movement tasks and an endurance-based strength test that can be found in
Appendix B. Each of these tasks are used to evaluate functional capacity in a clinical setting.
Two successful hopping and five successful dynamic movement trials must be collected before a
participant can complete the next task to preserve data quality. For the sake of this thesis, only
pre-operative ACLi participant Tanner stages, anthropometrics, and static position marker

trajectories were used in both studies.
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4.2 Study Design

Both studies in this thesis follow an observational study design, as no changes were made
to the current testing or rehabilitation protocols being implemented as a part of the larger study
outlined in Section 10.1. Due to the novelty of this proposed model, this thesis focuses on the
“proof of concept” work, therefore the highest priority of participant recruitment was chosen to
represent as many of the five Tanner stages as possible, encompassing the widest range of
pubertal development. Eight of the 12 participants were unique Tanner stage/sex combinations,
and all remaining participants were selected at random from those who had their MRIs collected

at CHEO.

4.3 _Participants

Twelve patients (five males, seven females) who were between the ages of 10 and 18
years old at the time of data collection, had a confirmed full or partial ACL rupture via MRI, and
no prior history of ACL injury were included in this study. For study one, all twelve were used in
the construction of the congruence-based musculoskeletal model. For study two, the data was
split into a group of 11 participants to build the model and one to validate prediction efficacy.
This process was repeated 12 times to ensure each participant was equally considered as either a
model development knee or a validation knee, and is explained further in Section 3.2.8.

Participant general anthropometrics are defined in Table 3.1.

Table 4-1 Averages of patient demographics used in this study

Participant Information
Age (yrs) Height (cm) Weight (kg) Tanner Stage
1542+14 165.8+ 6.5 67.35+15.6 392+1.2
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4.4 Kinematic & Kinetic Data

Each participant was fitted with a marker set of 82 retroreflective markers (Mantovani &
Lamontagne, 2017). Kinematic data were collected using a 10-camera motion capture system (6
MX and 4 T series, Vicon Oxford Metrics, UK) and Nexus software (v 1.8.5, Vicon Oxford
Metrics, UK) and sampled at a rate of 1000 Hz. Ground reaction forces (GRF) were collected
using two piezoelectric force plates at 1000 Hz (AMTI-OR6, AMTI, USA). All marker
trajectories were labelled in Nexus using a market set adapted from Mantovani and Lamontagne
(2017) and .c3d files were exported to MATLAB (2020a, Mathworks, USA) for processing. The
3D marker positions and GRF for the standing static pose (Figure 10-2) for each participant were

the only trajectories used for this thesis.

Figure 4-2 Marker configuration and execution of the static pose used in data collections
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4.5 MRI Acquisition & Segmentation

Magnetic resonance images were collected at 1.5 Tesla, with a repetition time/echo time
of 1400/17 ms, field of view of 160 mm and slice thickness of 0.8mm (Siemens Magnetom
Skyra, Siemens Healthineers AG, Germany) at CHEO in accordance with their standard of care
for ACL-R surgery. The Proton-Density Cube sequence was chosen for segmenting because it
produced clear images in all three planes (sagittal, frontal and axial), while allowing for easier
identification and segmentation of soft tissues like articular cartilage. The femur, tibia and fibula
were segmented into 3D models using an open-sourced software Workbench (Workbench
2018.10, MITK, Germany), with the knee joint centre defined as the midway point between the
medial and lateral femoral epicondyles. All long bones were segmented with the inclusion of
their respective articular cartilage, such that both the bone and cartilage could be modelled as a
single solid. Medial and lateral menisci were segmented as individual soft tissue structures.
Lastly, the femoral and tibial insertion points of the anterior and posterior cruciate ligaments, and
the medial and lateral collateral ligaments were segmented for the ligament optimization process
for identifying patient-specific knee motion described in Section 10.2.6. The lengths of these

ligaments were interpolated from the origins, which were discernable in all MRIs.

Long bones and menisci were refined by smoothing .stl files using Geomagic Studio
(Geomagic Studio 2012, 3D Systems, USA). Articular surfaces were then isolated using
Rhinoceros 3D (Version 5.0, McNeel & Associates, Seattle, USA) then decimated to ~6000
triangles for computational efficiency. Additionally, all femoral and tibial origin and insertion
sites of the anterior and posterior cruciate ligaments, and the medial and lateral collateral
ligaments were converted into point clouds on their corresponding surfaces (Figure 10-3), such

that the fibre corresponding to the most isometric ligament during passive knee flexion could be
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identified. Best-fitting spherical approximations for the femoral and tibial condyles were also
isolated in Geomagics, from the posterior femoral condyle surface and the surface of the tibial
plateau (Figure 10-4). For each participant, four smoothed models were created for the

congruence optimization: the femur, the tibia, the fibula and the tibia with both menisci.

Figure 4-3 Point clouds of ligament origins and insertions
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Figure 4-4 Four spherical approximations of the femoral articulations (red) and tibial

articulations (green) extracted from MRI

After segmentation and smoothing, anatomical coordinate systems (ACS) were defined
for both the femur and the tibia in a custom MATLAB script. Coordinate systems were derived
from anatomical landmarks of the long bones, and based on previous coordinate systems defined
by Benoit et al. (2007) and Gray et al (2019). The purpose of these systems was to define
femoral and tibial ligament orientations, spherical approximations and natural knee motion with
respect to each bone. The definition of these coordinate systems is indicated in Figure 10-5,

Table 10-2 and Table 10-3 respectively.
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Figure 4-5 Anatomical coordinate system (ACS) definition of the femur (left) and tibia (right) in

accordance with Gray et al. (2019)

Table 4-2 Femur anatomical coordinate (ACS) system axes definition

Femur

Cross product between long axis (line of best fit

through the diaphysis) axis and the Zr

Yr Cross product between Zr and Xt

Vector directed to the right, passing through the
7 centroid of the medial and lateral femoral

epicondyles
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Midpoint between the medial and lateral femoral
Or
condyles

Table 4-3 Tibia anatomical coordinate (ACS) system axes definition

Tibia & Fibula
Cross product between Ytand a vector passing

Xt

between tibial eminence centroids

Long axis vector starting from the midpoint of the
Yt
tibial eminence

7t Cross product between X and Yt
Ot Projection of Or onto Yt

4.6 _Alignment

Once the 3-D models have been constructed for each participant, they must be aligned
with generic models of the femur and tibia in order to obtain patient specific joint centres for the
hip and ankle. Scaling and aligning the patient-specific coordinates of segmented bones to a
generic model allows for the model to be transferred to OpenSim without compromising the
patient-specific anatomical differences of the cohort. This process was performed in Rhinoceros
(4.0, McNeel & Associates, USA) and OpenSim (4.0, SimTK, Stanford, USA), following the
protocol defined by Smale et al (2018, 2019). The femur and tibia obtained from the Rajagopal

lower limb model (Rajagopal et al., 2016) were used as generic bones for alignment, and scale
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factors were applied directly to the generic bones in Rhinoceros, using scale factors derived from
six retroreflective markers and previously collected anthropometric measurements (Table 10-4).
Once the OpenSim generic bones were scaled, they were aligned to the MRI-frame fully
segmented femur and tibia using the built-in function Orient3pt (Figure 10-6). The knee joint
centre was approximated as the midpoint between the medial and lateral epicondyles, and the hip
joint centre was approximated by defining a vertical plane in Rhinoceros. Vertical plane
definition was done by creating an arbitrary point in z (0,0, 250 mm), then using that point to
conduct preliminary alignment to the hip joint center. The scaled OpenSim knee joint centre, hip
joint centre and medial epicondyle markers were aligned to the MRI virtually palpated markers
using the built-in function Orient3pt. After preliminary alignment, the generic OpenSim bones
were manually adjusted to best-fit the volume of the generic bones inside the MRI bone volume
in order to obtain coordinates for the six markers in Table 3-5 in the MRI frame. These new

coordinate positions were used as features for the active shape model development in study two.
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Figure 4-6 Alignment of the OpenSim femur (green) and tibia (purple) to the patient specific
MRI (pink). White squares represent marker positions used for Orient3pt function

Table 4-4 Marker trajectories extracted from the Rajagopal OpenSim model (2016) and used in

PCA
Lower Leg Body Anatomical Landmark
Hip Markers Hip Joint Centre (HJC), Anterior Superior
Iliac Spine (ASIS)
Knee Markers Medial Epicondyle (MKNL), Lateral
Epicondyle (LKNL)
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Ankle Markers Medial Malleolus (MANL), Lateral Malleolus

(LANL)

Table 4-5 Scale factors applied to generic bone along given axis using corresponding marker

pairs
Scaled Component (direction) Marker Pairs
Total Leg Length (y) ASIS to MANL
Leg Width (z) MKNL to LKNL
Tibia Length (y) LKNL to LANL

4.7 Patient-Specific Natural Motion

A measure of joint congruency for highly conforming surfaces (i.e.: articular cartilage)
was defined by Conconi and Parenti-Castelli (2014) based on Winkler’s elastic foundation
contact model (Johnson, 1985). The ratio between peak pressure and resultant contact force can
be estimated based on the ability of a set of given articulating surfaces in any orientation to
distribute applied load (Conconi and Castelli, 2014; Johnson, 1985). As a result, joint
congruence is maximized when peak pressure is minimized (Conconi and Castelli, 2014). This
approach has been validated using in-vitro testing (Forlani et al., 2016), sensitivity analysis
(Conconi et al., 2015a) and has been successfully implemented for musculoskeletal modelling in
an adult ACL injured population (Smale et al., 2019). The simplified mathematical expression of

joint congruency is summarized using Equation 1.
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F v
—=3=CM ()

Where the congruence measure (CM) between two conforming shapes is defined as the
relationship between force (F) over peak pressure (po), or the Boolean intersection volume (V)

over the maximum indentation (A) .

Building on the work of Smale et al. (2019), natural motion of each patient was computed
in controlled increments of knee flexion. Simulated passive knee flexion was applied to the
segmented tibiofemoral joint from 10° extension to 120° flexion at 2° increments, while the
remaining five DOFs were optimized to the envelope of tibiofemoral joint configurations that
maximize joint congruency. The spheres representing the articulating surfaces were also
optimized to each participant (maximum variation: plus/minus 2mm), such that they remained in

contact with the medial and lateral condyles (Conconi et al., 2018).

Natural knee motion requires that ligament isometry be maintained (Wu et al., 2010).
Therefore, the origin and insertion of the ACL, PCL, MCL and LCL was identified in each of
their respective point clouds as the most isometric fibre during the entire flexion/extension range
of motion. Percent elongation was calculated from each’s participants initial knee position to

evaluate ligament strain during movement (Smale, 2018).

4.8 Principal Component Analysis

Once the simplified patient-specific articular contact spheres were created, the next step
was to determine if their centroid locations and radii could be predicted from external
parameters, such that MRIs would not be required to establish natural knee motion. Principal
component analysis (PCA) is a technique to reduce the dimensionality of large data sets while

still preserving as much variation within the original data as possible (Jollife & Cadima, 2016).
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Four datasets were conducted to determine the feasibility of reconstructing the articulating
contact spheres: (1) using the OpenSim coordinates of six lower-limb markers on both the femur
and tibia aligned in the MRI reference frame (Table 10-4); (2) using the OpenSim coordinates of
six OpenSim lower-limb markers on both the femur and tibia, with the inclusion of subject
anthropometrics (Table 10-6); (3) using the OpenSim coordinates of four femoral markers
aligned in the reference frame; (4) using the OpenSim coordinates of four femoral markers
aligned in the reference frame, with the inclusion of anthropometrics. For sets (3) and (4), only

the feasibility of recreating the femoral articulating contact spheres was examined.

Table 4-6 Anthropometric measurements used as features

Anthropometric Measurement Definition
Height Against wall, standing straight, measure from
top of head to ground
Knee Width Caliper measure between medial and lateral

epicondyles

Thigh Circumference Tape measure around largest portion of the

thigh
Shank Circumference Tape measure around largest portion of the
shank
Leg Length Anterior superior iliac spine to medial
malleolus
Tibia Length Lateral epicondyle to medial malleolus

The MRI-aligned OpenSim markers and the articular contact sphere centroids were
expanded, such that each unique x, y or z coordinate was its own unique feature when conducting
PCA. For sets (1) and (2), the radii of the lateral and medial components were represented as

vectors connecting the two centres, since the imposed constraints are equivalent in
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musculoskeletal modelling. Each set would produce a unique number of features, m, used in the

analysis.

Regardless of set performed, a total number of n = 11 participants were used as the
training sample for each set, with one participant excluded to validate the prediction. These
participants can be organized into a matrix, P, where the rows map the coordinates of each

marker, sphere centroid and combined femoral/tibial radii in the static position.

| I
P=|p1 pz - pn] 2)

To calculate the principal components, the eigenvectors of the covariance matrix of the mean-
subtracted data were calculated. First, the mean, u, is calculated from the rows of P and
subtracted from each column. A matrix of ones, h, allows the mean of each row to be subtracted
from P such that:

P=P—uh” 3)

Once P was obtained, we solved for the covariance matrix of P using Equation 4

1 __
C= —PP" )

The eigenvalues of our covariance matrix, C, correspond to the variance of each
component, while the eigenvectors are the principal components in the data set. The eigenvectors
are ordered by decreasing eigenvalue, meaning vl is the eigenvector corresponding to the largest
eigenvalue. To solve for these eigenvectors and eigenvalues, the independent solutions to

Equation 5 are identified:

32



C. E Warren, 2022 Congruence Knee Model

Cv; = 4v; (5)

Now, each participant p; can be represented as a linear combination of principal
components. We can solve for our coefficient matrix, A, of the static position by reformatting

using the following equation.
A =V (P —uh’) (6)

From here, we can eliminate principal components that have little variance, thus reducing
the total order of the system. To identify the ideal number of principal components associated
with this system, the variance of each component was summed to determine the cumulative
variance of the principal components, with the goal of using the fewest number of components to
predict variance (Jollife & Cadima, 2016; Moore et al., 2011). The matrix A can be reduced to a

smaller matrix, k x n, to explain your desired amount variation in the data set.

In total, we attempted to predict 14 variables from the dataset for sets (1) and (2), and
eight variables from sets (3) and (4). All variables correspond to the dimensions of the sphere,
leaving either m-14 or m-8 variables that could be used to predict the final radius and sphere
centroid. Given that there are only 11 participants that are being used as the training sample,
there were more features than participants, resulting in an overdetermined set of linear equations.
To accommodate this, the Moore-Penrose inverse was used to compute the least-squared solution
to the system of linear equations from P (Barata & Hussein, 2011). Since P is a matrix where m
> n, and the columns of the matrix are linearly independent, PP is invertible, and the

pseudoinverse is defined as follows:

33



C. E Warren, 2022 Congruence Knee Model
Pt = (PTP) “1pT (7)

The pseudoinverse of the modes of variation, Z*, multiplied by the mean-subtracted
coordinates of marker positions each knee produced a unique reconstruction coefficient, a, for
each knee. To fully reconstruct each knee, each @ must be multiplied by the original modes of
variation matrix, Z, before adding the mean. The solutions derived by computing the
pseudoinverse of the training sample were then used to predict the expected coordinates and radii
of the femur and tibial spheres by multiplying the resultant vector by the known 3D positions of

the OpenSim marker coordinates and/or anatomical measurements.

4.9 Verification and Validation

For this thesis, the goal of the verification and validation stage is to identify if partially patient
specific models are a suitable substitution to total patient specific models, as opposed to
traditional scaling techniques discussed in Section 3.5.2. Before complex kinematic motion,
specifically from functional movement tasks can be verified, the anatomical similarity of the
models generated in Section 10.2.6 must be validated against an independent training sample that

has been segmented using traditional patient-specific modelling methods.

For study one, morphological and kinematic differences in the adolescent knee
abduction/adduction angles (AAA), internal/external rotation angles (IEA) and translations in x,
y and z will be described, and compared to existing published passive kinematic data. As an
additional validation step, ligament lengths during natural knee motion will also be validated
against those generated during the two studies defined above. The process of validating output
kinematics generated through musculoskeletal modelling is defined by Hicks et. Al (2015). To
meet those requirements, kinematic outputs must fall within two standard deviations of existing

data to be deemed successful.
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For study two, a leave-one-out cross validation (LOOCV) was performed to reduce bias
caused by different knees being used to build the model. The PCA and pseudoinverse process in
Section 10.2.7 was conducted 12 times, each time with a different knee being used as the
independent training sample. Figure 10-7 highlights the workflow for verification and validation

for this thesis.

Not Acceptable: Refine articular extractions &
ligament insertions

Knee
Congruence Joint
= Cm%‘gi: :ﬁg‘"'::‘ & Optimization ~ Angles &
' (nee Algorithm Ligament
How can we model knee Extract TFJ Adolescent Knee
joint congruence in ACLi ~ A o < - - Joint Congruence

adolescents? Model

Attempt to PCA Reconstruction mvi
= Reconstruct &8 with Anthropometrics - M!Id.l;
Articulations and Marker Data

.
Not Accetable: Update data sets for PCA

Figure 4-7 Verification & Validation (V&V) flowchart for this thesis

4.10 Statistics

The mean, standard deviation, and mean absolute error for each knee model was recorded
for AA, IE and (anterior/posterior, medial/lateral and compression/distraction translations.
Additionally, the same parameters were also collected for the changes in length and strain of the
ACL, PCL, MCL and LCL. While all patients suffered an ACL tear, the origins could still be
identified in the MRIs, and was therefore included for analysis in length. Lastly, a comparison of
the original segmented to the optimized sphere radius for each of the four tibiofemoral condyles

was computed using the root-mean squared error (RMSE).
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Abstract:

Background: To understand how an individual’s joint morphology dictates their motion patterns,
researchers have developed patient-specific musculoskeletal models using medical images of the
tibiofemoral joint (TFJ). Congruence-based modelling optimizes the configuration of the
tibiofemoral joint to reduce pressure during movement, mimicking functional adaptation.
However, congruence-based models have not yet been applied to populations undergoing
pubertal development. Therefore, the purpose of this research is to build a patient-specific knee
model for modelling morphological and congruence-based knee joint kinematics of the
adolescent knee. Methods Magnetic resonance images (MRI) of 12 adolescent knees with ACL
injury (ACL1) were used to segment long bones of the tibiofemoral joint, including cartilage and
menisci. Natural knee motion was determined using a previously developed and validated
algorithm as the envelope of tibiofemoral configurations that maximize joint congruency during
motion. Knee flexion was controlled through two-degree increments from 6 to 108°. Two
rotational and three translational degrees of freedom (DOF) were optimized for maximized knee
joint congruency, while simultaneously minimizing knee joint pressure. Anatomical reference
systems (ARS) were computed by evaluating joint translations through the relative position of
ARS origin and orientation through z-y-x cardanic sequence of rotation. Rotational kinematics
were reported for all knees, in addition to average range of motion (ROM) across optimized
degrees of freedom. Ligament strain was calculated as % elongation for the ACL, PCL, MCL

and LCL respectively.

Results: Average ab-adduction and internal-external ROM were 1.05+0.38° and 6.22+1.8°,

respectively. Optimized average AP, SI and ML ROM were 2.16+0.54mm 1.84+0.54mm and
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1.84 + 0.48mm. Average ligament strain for the ACL, PCL, MCL and LCL were 2.34+ 2.1%,

8.65+ 6.2%, 1.41+ 0.5% and 1.75 £+ 1.6% respectively.

Conclusion: Kinematics of natural knee motion in ACLi adolescents can be derived from patient-
specific geometry. Femoral internal/external rotation and anterior/posterior translation varied the
most between participants, although more participants are needed. Inter-subject variability in
passive kinematic motion derived from patient-specific morphology suggests the need for

personalized musculoskeletal models in growing populations.

Key Words: Adolescents, Musculoskeletal Modelling, Principal Component Analysis, Joint
Congruence, Patient-Specific Modelling

INTRODUCTION

The anterior cruciate ligament (ACL) is the most frequently injured ligament in the knee
(Sanders et al., 2016b), with increasing incidence rates are in paediatric and adolescent
populations (Beck et al., 2017; Herzog et al., 2017; L. Shaw & Finch, 2017b). Numerous risk
factors associated with increased ACL injury risk have been identified that are both
neuromuscular (Flaxman et al., 2014; Romanchuk et al., 2020) and anatomic (Dare et al., 2015;
O’Malley et al., 2015) among ACLi deficient children and adolescents. These risk factors can be
classified as either modifiable or non-modifiable in nature (Price et al., 2017a). Modifiable
concerns the act of execution with regards to mechanisms of ACL injury, such as landing
mechanisms or muscular coactivations. These risk factors can be manipulated with movement
retraining and/or strengthening surrounding musculature of the knee (Alentorn-Geli et al., 2009;
Kristianslund et al., 2014). Non-modifiable risk factors, such as individual joint articulations and
tibiofemoral joint (TFJ) morphology, are defined within the first trimester of pregnancy (Carsen

et al., 2021) . Morphological differences at the TFJ, such as tibial slope and radius of curvature
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directly influence knee kinematics, particularly when establishing a baseline of natural knee
motion (Conconi et al., 2018; D. A. Lansdown et al., 2017; Wabhl et al., 2012a). Yet to the best of
our knowledge, differences in natural knee motion in populations undergoing pubertal

development have not been explored.

The impact of patient-specific joint articulations on natural knee motion can be studied
through the development of personalized musculoskeletal models. These modelling techniques
use medical images to build three-dimensional (3D) models of the tibiofemoral joint, and then
simulate movement through either optimization and/or marker-based approaches (Conconi et al.,
2018; Smale et al., 2019). The inclusion of magnetic resonance images (MRI) in musculoskeletal
models has been successfully implemented in adult populations and mitigated kinematic error
while maintaining physiological constraints (Brito da Luz et al., 2017; Jaremko et al., 2006;
Nardini et al., 2020; Schmid et al., 2009; Smale et al., 2019). These images are particularly
useful for this type of modelling, as soft tissue, like articular cartilage, and ligament insertions
can be identified from the images in addition to bone from MRI (Gill et al., 2014). Moreover,
radiation exposure is minimal when collecting MRIs, making it a suitable technology to collect
data from adolescent populations (Lin, 2010). However, MRI-based modelling provides an
instantaneous representation of the joint, and it is unclear whether it would produce
physiologically representative kinematics in a growing population. Furthermore, the execution
of MRI-based simulation is both labor and time intensive, and simplified approaches are needed

that can encompass the effects of morphology on movement in an efficient manner.

One method of simplifying MRI-based modelling is through the optimization of joint
congruence, an approach developed by Conconi et al (2014). Joint congruency describes how

well two articulating surfaces mate together (Schneider et al., 2018). The larger the congruency
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of a joint, the larger the surface area shared between the two articulating structures (Conconi &
Castelli, 2014). This increase in surface area leads to a decrease in overall joint pressure,
mimicking the mechanotransduction properties of articular cartilage (Caravaggi et al., 2021;
Conconi & Castelli, 2014). With respect to the knee joint, congruence algorithms have been
validated using sensitivity analyses (Forlani et al., 2016), and can be applied to 3D tibiofemoral
joint contact models to determine the path of unloaded natural knee motion that puts the least
amount of pressure on the joint (Conconi et al., 2019, 2021). These models generate a baseline of
movement, from which soft tissue deformation of cartilage and ligaments occur after load is
applied (Conconi et al., 2021). Furthermore, congruence-based models have been applied to
ACL deficient adult populations to decrease kinematic error and improve biofidelity (Smale et
al., 2019). However, this modelling has not been conducted on adolescent populations, and it is
unknown if natural knee motion can be derived from a congruency model in a growing

population.

Therefore, the purpose of this research was to develop a congruence-based knee model
that could describe morphological and kinematic differences in the adolescent knee. Knee
models were constructed from the MRIs of 12 ACLi adolescents. Congruence was determined
using an algorithm developed by Conconi et al. (2018), and ab/adduction, internal/external
rotation, anteroposterior, mediolateral and proximodistal translations were optimized to
minimize knee joint pressure. Resultant kinematics and changes in ligament length for the ACL,
PCL, MCL and LCL were compared to reported literature values to determine physiological
validity. It is hypothesized that the average resultant kinematics and ligament lengths will fall
within two standard deviations of reported trajectories for passive knee motion (Hicks et al.,

2015).
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METHODS
Participants

The images of twelve ACL injured participants were recruited from the Children’s Hospital of
Eastern Ontario (CHEO). This study was approved by both the CHEO and University of Ottawa
ethics committees. Inclusion criteria included primary ACL injury, no history of other major
lower limb injury prior to study enrolment, and that their MR images were collected at CHEO.
Participants were chosen using the Tanner stages of pubertal development (Marshall & Tanner,
1969, 1970) with one male and one female participant from each stage wherever possible, such
that a wide range of adolescence was encompassed during model development. Mean values of

participant age, height, weight and Tanner stage are summarized in Table 11-1.

Table 5-1 Summary of patient information for those used in the development of the adolescent
knee congruency model

Participant Information
Age (yrs) Height (cm) Weight (kg) Tanner Stage
1542+ 1.4 165.8+6.5 67.35+15.6 392+1.2

MRI Imaging and Segmentation

A multiplanar sequence of MR images was collected from each participant at 1.5 Tesla,
repetition time/echo time 1400/17 ms, field of view: 160 mm and slice thickness 0.8mm
(Siemens Magnetom Skyra, Siemens Healthineers AG, Germany) as part of their standard
clinical visit following ACL injury. Sagittal, coronal and axial views of proton density cube
weighted scans were used to segment the long bones of the lower limb (femur, tibia and fibula)
and the medial and lateral menisci (Workbench 2018.04.2, MITK, Germany). The femur, tibia

and fibula were segmented to include their respective cartilage, such that the joint could be
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represented as a single solid with an elastic surface. Femoral and tibial insertion sites of the
anterior and posterior cruciate ligaments and medial and lateral collateral ligaments were
designated as point clouds on their respective surfaces (Conconi et al., 2018; Smale et al., 2019).
Segmented bones and menisci were then smoothed and decimated in Geomagic Studio
(Geomagic Studio 2012, 3D Systems, USA) and articular surfaces were isolated using

Rhinoceros 3D (Version 5.0, McNeel & Associates, Seattle, USA).
Anatomical Coordinate Systems

Anatomical coordinate systems (ACS) for the femur, tibia and fibula were defined on the
MRI-based bone surfaces using virtual palpation. Axes were constructed using a custom-
MATLAB script (2021a, MathWorks, Natick, MA) and were registered to each bone. Coordinate
systems were based on the works of Gray et al (2019) and Benoit et al (2006) and summarized in
Tables 11-2 and 11-3 respectively. Orientation of the femur (Sr) with respect to the tibia (St) was
expressed using a ZY X cardanic sequence of rotation. Flexion (+)/extension (-), adduction
(+)/abduction (-) and internal (+)/external (-) rotation angles occur about the z, x and y axes of St
respectively. Translations of the St with respect to St were expressed in relation to the origin on
St (Of), where anterior (+)/posterior (-), proximal (+)/distal(-), and lateral (+)/medial (-)

translations take place along the x, y and z axes of Sr.

Table 5-2 Femoral ACS axes and origin summary based on Gray et al (2019) and Benoit et al

(2006)

Femur
Xr Cross product between Long axis and the Zr¢
Yr Cross product between Zr and Xt
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Vector directed to the right, passing through the centroid of the
Zs .
medial and lateral femoral condyles
Or Midpoint between the medial and lateral femoral condyles

Table 5-3 Tibial ACS axes and origin based on Gray et al (2019) and Benoit et al (2006)

Tibia & Fibula
X Cross product between Ytand the vector between the tibial plateau
‘ vector
Y Long axis vector starting from the midpoint of the tibial eminence
7 Cross product between X and Y
O Projection of onto Y

Joint Congruency and Optimization

Natural knee motion was determined using an algorithm developed by Conconi et al
(2021) as the envelope of tibiofemoral configurations that maximize joint congruency. A
measure of joint congruency for highly conforming surfaces (i.e., articular cartilage) was defined
by Conconi and Parenti-Castelli (2014) based on Winkler’s elastic foundation contact model
(Johnson, 1985). The ratio between peak pressure and resultant contact force can be estimated
based on the ability of a set of given articulating surfaces in any orientation to distribute applied
load (Conconi & Castelli, 2014; Johnson, 1985). As a result, joint congruence is maximized
when peak pressure is minimized (Conconi & Castelli, 2014). This approach has been validated

using in-vitro testing (Forlani et al., 2016), sensitivity analysis (Conconi et al., 2015a) and has
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been successfully implemented for musculoskeletal modelling in an adult ACL injured

population (Smale et al., 2019). It is summarized below for clarity:

Assume a rigid body is indenting a “mattress” of springs of constant stiffness & (N/m?)
resting on a rigid surface. There is no interaction between the adjacent springs of the model

(Conconi et al., 2015b; Johnson, 1985).

As reported by Conconi et al. (2014) from Johnson et al. (1985), we can define the
displacement of the spring at a position of (x, y) as d (X, y), the contact pressure, p, at the same

point can be written as

p(x,y) = kd(x,y) (1)

Then we can also confirm that peak pressure, po, occurs at the point of maximum

displacement, A, such that
po = k4 (2)

Allow A to represent the contact surface area projected onto a plane orthogonal to z, and
dA to represent the surface area covered by a single spring, which is infinitesimally small. It

follows that the resultant force generated by the pressure distribution becomes
F = f p(x,y)dA = f k&(x,y)dA =k f 5(x,y)dA=kV (3)
A A A

Where V' is the Boolean intersection between the two surfaces, represented by the dashed area in

Figure 11-1 (Conconi et al., 2021).

The resulting equation allows for the ratio of resultant force and peak contact pressure to be

expressed solely in geometric terms, giving us an empirical measure of joint congruence, i.e.:
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Figure 5-1 A simplified sketch of joint congruency of the femur (Vy) and tibia (V). The
intersection volume (V) represents the volume of the femur with a fixed offset (4) applied.
Congruence is the Boolean intersection of Ve and V;

Image From: Conconi et al. (2021), IEEE Trans. Bio. Eng, 68(3),1084-1092

The ratio in Equation 4 provides us with the following information: as this ratio
increases, so too does joint congruency, inherently minimizing joint contact pressure. Therefore,
for any given configuration, it is possible to measure the congruency of the mating surfaces as
the volume intersection between undeformed surfaces and maximum indentation. Equation 4 can
also be used as a numerical model, by using a constant A and optimizing the configurations of

the tibiofemoral envelope that will maximize V.

The coupled orientation and position of the femur with respect to the tibia was computed
via optimization across individual flexion/extension range of motion originally defined as -10°-
134°. Not all participants were able to generate data points over the full range of motion, but
coupled positions were able to be identified between 6° and 108° across all participants. Under

the condition of a constant value for the offset threshold A, the larger the intersection volume, the
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more congruent the joint will be. Building on the work of Conconi et al (2015), A was set at 6
mm to ensure other bone features did not affect the congruence measure, and to maximize the
section of articular surface contained within the control volume (Conconi & Castelli, 2014).
Following these steps, the most isometric fibre of the ACL, PCL, MCL and LCL were isolated
from their respective point clouds, as ligament isometry is preserved during passive knee motion.
Ligament length changes during passive knee motion were also recorded at each position of knee

flexion, and used to calculate resulting ligament strain.
Statistics

Descriptive statistics of the MRI and optimized simplified articular spheres, optimized
DOFs and ligament lengths were calculated over knee flexion angle using MATLAB (MATLAB
R2021a. Natick, Massachusetts: The MathWorks Inc.). Individual rotational range of motion
(ROM) of ab-adduction angles (AAA) and internal-external rotation angles IEA were computed
for all participants. Means and standard deviations of resultant kinematic outputs were compared
for physiological accuracy to literature describing the behavior of the knee during natural knee

motion.
RESULTS

The lateral tibia (TL) sphere had the largest average radius approximation, both prior to
and following optimization (Table 11-5). The average MRI-generated TL was 76.58 mm (+
13.6), while the average optimized TL radius was 75.61 mm (£ 14.9). The average medial tibia
sphere was larger than both femoral sphere articulations (Table 11-5), with an MRI-generated
radius of 38.34 mm (£ 6.8) and an optimized radius of 39.91 mm (+ 6.31). Both the lateral and
medial femur spheres had the smallest radii and less inter-subject variability. The MRI lateral

and medial spheres had radii of 23.38 mm (£ 5.3) and 22.34 mm (£1.8) respectively (Table 11-
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5). Following optimization, the average radii of the lateral and medial femoral condyle spheres

decreased to 23.15 mm (+ 4.0) and 20.88 mm (+ 3.6) respectively (Table 11-5).

Optimized passive knee joint kinematics of the femur relative to the tibia for all 12 knees
were plotted against knee flexion and extension angle for each knee including
adduction/abduction angle (AAA; Figure 11-2) and interna/external rotation angle (IEA, Figure
11-3), average knee AAA and IEA (Figure 11-4) and translations. The mean AAA total ROM
was 1.60° abduction + 0.7 while mean I[EA total ROM was 7.64 ° £ 2.3 external rotation.
Average translations were the largest in the x direction, calculated as 2.16 mm anteriorly = 3.4,
followed by the z direction at -2.05 mm superiorly £+ 1.7 then y, at 0.114 mm laterally = 0.47
(Figure 11-5). Changes in ligament strain (% elongation) over knee flexion angle were defined
for the ACL, PCL, MCL and LCL as 2.34+ 2.1%, 8.65+ 6.2%, 1.41+ 0.5% and 1.75 + 1.6%

respectively (Figure 11-6).
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Table 5-4 Coordinates of the four spherical approximation centroids derived from MRI

Lateral Femur

MRI-Measured Sphere Centroid Coordinates

Medial Femur

Cx [mm] Cy [mm] Cz[mm] Cx [mm] Cy[mm] Cz[mm] Cx[mm] Cy[mm] Cz[mm] Cx[mm] Cy[mm] Cz[mm]

Knee01
Knee(2
Knee03
Knee04
Knee05
Knee06
Knee07
Knee(8
Knee(9
Kneel0

Kneell
Kneel2

81.66
-90.82
-91.40
-89.60
-85.40
-97.97
100.61
-92.09
-94.26
-93.62

-96.19
-86.55

-20.98
-10.97
-19.20
-6.31
-19.75
-4.01
-16.19
-2.67
-5.92
-14.08

21.69
-26.44

-4.27
1.98
-4.62
30.06
34.13
-0.32
-11.49
32.50
51.82
15.29

19.72
18.90

30.45
-38.92
-44.03
-41.34
-39.89
-47.42

51.40
-46.02
-38.76
-45.95

-46.83
-41.43

-23.97
-30.64
-12.27

-8.05
-33.07
-15.75
-22.85

-9.12
-16.73
-25.58

2.61
-31.25

-4.22
-6.44
-6.85
24.62
36.36
-4.50
-11.63
30.63
43.64
14.95

14.46
14.26

Lateral Tibia Medial Tibia

85.82 -23.14 34.36 30.76 -30.32
-87.01 -12.09 48.69 -36.45 -37.73
-93.83 -21.23 -95.22 -37.81 -14.29
-89.61 -17.41 -70.87 -38.13 -12.90
-85.59 -32.63 -77.06 -39.77 -39.37
-109.87 -8.57 -115.66 -45.33 -22.11
101.69 -3.31 -97.84 47.79 -24.95
-97.54 -17.50 -85.68 -46.05 -14.66
-96.58 -8.41 -38.49 -35.99 -25.46
-98.19 -11.43 -92.76 -42.62 -31.92
-109.01 -2.67 -75.46 -48.55 -4.80
-88.37 -24.23 -54.59 -38.31 -36.23

20.00
-0.80
18.38
40.35
45.94
10.15

8.55
38.85
59.91
31.92

29.88
18.49
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Table 5-5 Radii of the four spherical approximations derived from MRI

MRI Measured Sphere Radii

Lateral | Medial | Lateral | Medial
Femur | Femur | Tibia Tibia
Radius | Radius | Radius | Radius
[mm)] [mm] [mm)] [mm]

Knee01  22.35 21.30 60.76 47.21
Knee02  25.04 24.65 72.02 32.75
Knee03  21.73 22.78 69.50 48.95
Knee04  21.78 21.93 79.60 39.31
Knee0S  21.84 23.36 90.10 34.80
Knee06  21.65 23.02 94.33 38.91
Knee07  39.82 23.86 67.82 43.66
Knee08  20.25 23.07 98.64 32.59
Knee09 21.72 19.43 69.52 37.52
Kneel0  22.94 24.62 85.91 42.85
Kneell  21.96 19.93 76.42 36.99
Kneel2  19.46 20.12 54.41 24.50
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Table 5-6 Coordinates of the four spherical approximation centroids derived via congruence optimization

Lateral Femur

Optimized Sphere Centroid Coordinates
Medial Femur Lateral Tibia

Cx [mm] Cy [mm] Cz[mm] Cx [mm] Cy[mm] Cz [mm] Cx [mm] Cy[mm] Cz[mm] Cx [mm] Cy [mm] Cz[mm]

Knee01
Knee(2
Knee03
Knee(4
Knee05
Knee06
Knee07
Knee(8
Knee(9
Kneel0
Kneell
Kneel2

-0.71 -0.09  -20.65
0.98 0.40 23.07
-0.58 -0.37 25.85
-0.21 -0.94 29.59
-0.45 -0.28 19.09
0.44 -0.12 21.03
3.08 1.78  -19.83
-2.06 -1.33 20.77
-0.60 -0.37 23.63
-0.49 -0.30 19.52
-3.07 -2.94 30.74
0.26 0.34 22.28

-3.24 -0.39 26.04 11.52 39.09 -17.20
-4.15 -1.91  -26.24 8.17 46.70 22.41
-4.90 -1.51  -28.97 1292 -86.16 20.74
-0.15 0.11  -27.05 10.33  -94.95 21.38
-2.45 -0.32  -22.60 6.79 -112.53 29.00
-5.00 -035  -21.05 -12.69 -107.42 43.29
-5.00 -0.87 29.83 14.19  -87.04 -38.22
-0.55 -0.59  -20.49 26.03 -119.82 18.22
-1.34 1.10  -30.59 -1.64  -87.77 31.97
-3.12 -0.61  -23.13 4.87 -104.53 41.95
-3.42 -0.89  -21.88 16.25  -92.80 22.85
-0.98 0.16 -17.81 7.29  -70.92 21.45

Medial Tibia
12.52 15.79
-3.88 7.92

-11.41 17.34
-3.85 13.54
5.22 9.88
9.25 11.85
-5.20 10.57
2.05 10.89
941 13.87
1.98 15.02
2.64 15.07
2.40 5.39

26.74
-33.53
-37.31
-32.42
-29.07
-28.01

30.98
-24.99
-30.16
-27.90
-25.53
-27.22
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Table 5.7 Optimized spherical approximation radii derived via optimization

Optimized Sphere Radii

Lateral | Medial | Lateral | Medial

Femur | Femur | Tibia Tibia

Radius | Radius | Radius | Radius

[mm] [mm] [mm] [mm]
Knee01 21.16 20.77 60.63 46.58
Knee02  21.58 20.44 67.03 34.30
Knee03  22.92 21.10 68.76 46.99
Knee04 2231 22.20 78.65 39.16
Knee05  21.57 18.36 94.59 35.50
Knee06  24.46 21.06 89.33 43.07
Knee07  34.82 25.54 62.82 44.23
Knee08  21.57 21.79 102.23  36.03
Knee09 24.97 21.72 66.65 42.52
Kneel0  21.58 27.47 87.64 47.83
Kneell  21.88 14.95 74.74 35.42
Kneel2  19.00 15.12 54.29 27.31
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Table 5.8 Average sphere radii for MRI-based and optimized spheres

Angle [°]

+ Abduction
& S
= l = l
3343
2228

-11

-12
10 20

Sphere Radius (mm) MRI Measured Optimized
Lateral Femoral 23.82+5.3 23.15+4.0
Medial Femoral 22.34+1.8 20.88 +£3.6

Lateral Tibia 76.58 £13.6 75.61 £14.9
Medial Tibia 38.34+6.8 3991 +6.3
Knee Abduction Angle

\ \
1

40 50 60 70 80 90 100
Knee Flexion/Extension Angle [°]

Figure 5-2 Knee ab/adduction angles for all participants during natural knee motion
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Figure 5-3 Knee internal/external rotation angles for all participants during natural knee
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Figure 5-4 Average knee ab/adduction and internal/external rotation angles
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Figure 5-5 Displacement of femur relative to tibia through controlled flexion angle
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Figure 5-6 Ligament strains of four knee ligaments during controlled knee flexion

DISCUSSION

The purpose of this study was to develop congruence-based knee modelling

techniques and build a congruence-based knee model to describe morphological and passive
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knee kinematic differences in ACLi adolescents. To achieve this MRIs were used to identify
and simplify TFJ articulations and ligament insertions, such that TFJ configurations that
minimized joint contact pressure could be identified. The resulting tibiofemoral orientations
were then used to compute passive knee and ligament kinematics. Of the simplified articular
contacts, the TL sphere radius varied the most between participants. Additionally, most
participants presented more externally rotated kinematics with a large inter-subject

variability, with an average ROM of 7.64 © + 2.3.

Of the four simplified articular contacts, there was more inter-subject variability
between medial and lateral tibial spheres than femoral spheres. The sphere representing the
lateral tibial plateau was the largest in radius and exhibited the most variation between
participants (76.58 mm = 13.6). There is significant evidence in adult populations to support
that lateral tibial plateau morphology varies substantially between individuals, particularly
those who have suffered an ACL injury (Hashemi et al., 2008; D. Lansdown & Ma, 2018;
Matsuda et al., 1999). Hashemi et al. (2008) described variations in concavity and convexity
of the medial and lateral tibial slopes through magnetic resonance imaging, noting that while
the lateral tibial plateau maintains an overall convex shape, the actual region of articulation
can at times be quite flat. Fitting a sphere to a flatter articulation would then require a larger
sphere to fit the curvature of the plateau, as is supported by Table 11-8. The variation in the
condylar contacts is similar to literature on lateral tibial plateau morphology in ACLi adult
knees by Wahl et al. (2012). They found that lateral tibial plateau curvature of 33.9 + 8.89
mm between participants, and a shorter, more convex lateral tibial plateau is conducive with
ACL injury risk (Wahl et al., 2012a). It should be noted however that the lower magnitudes
of condyle radii could be caused by the method of measurement, as their measurements were
made on the magnetic resonance image directly while excluding cartilaginous surfaces. In

contrast, our measurements were defined on a segmented bone derived from MRIs, and with
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the inclusion of articular cartilage. However, the higher variation in lateral tibial plateau
curvature when compared to other condylar contacts follows similar trends in adults,
suggesting that simplified curvatures of articular contacts may be feasible for defining

abnormal knee geometry (Wahl et al., 2012a).

The offset in initial AAA and IEA angles varies across all participants. This offset is
due to the ACS alignment between the femur and the tibia prior to optimization. The angle of
knee flexion at which the original MRI was collected, the amount of visible diaphysis length
in the segmentation and the surface morphological features of the femur and the tibia
influence the initial pose prior to optimization. This initial aligned position of femur relative
to tibia is therefore unique for each participant. Future studies can mitigate this error by
collecting MRIs at a fixed flexion angle (Barzan et al., 2019). Despite this, the trends of each
curve for AAA and IEA are similar amongst participants, with the femur transitioning from

an abducted and externally rotated position to an adducted and internally rotated position.

The variation in knee ROM between participants was smaller in AAA rather than
IEA, as evidenced in Figure 11-2 and 11-3 respectively. Similarly, Benoit et al. (2007) found
that similar profiles in AAA/IEA exist during gait analysis. Using in-vivo bone pin data, they
also found more variance in knee rotation angles, having computed mean joint excursions of

6.0 £ 2.5° for AAA, and 11.0 + 5.9° for IEA.

Studies have shown how tibiofemoral surface geometry influences knee joint
kinematics in ACL injured patients. Mahfouz et al. (2004) demonstrated that lower IEA
ROM is present in ACL-deficient knees at higher values of knee flexion when compared to
normal knees. Additionally, tibiofemoral surface morphology, such as the tibial slope,
influences knee kinematics by increasing femoral rollback. Furthermore, Shelburne et al.
(2011) used musculoskeletal modelling to explore how anterior tibial translation is related to

tibial slope and found that increasing slopes lead to increases in anterior tibial translation
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(Zelle et al., 2010). Since the simplifications of articular contact are defined from the radii of
curvature for all four compartments of the TFJ, and since those simplifications are fit to the
point of articulation directly, it follows that the tibial slope would be encompassed in the
optimization. Those variations in surface structure would elicit differences in kinematics. The
convexity of the lateral tibial plateau can increase lateral translational motion in ACL injured
knees (Tat et al., 2021), which is in agreement with the z-axis plot of Figure 11-5.
Furthermore, the variations in kinematics amongst adolescents could be attributed to the
onset of pubertal development. During pubertal development, rapid changes in stature, such
as height, mass, skeletal alignment (Hewett et al., 2007) coupled with changes in hormone
levels attribute to greater levels in joint laxity (Alentorn-Geli et al., 2009; Price et al., 2017b;
Wild et al., 2012). Sample participants range from the peripubertal stage (Tanner stage 2-3)
to late-stage pubertal development (Tanner stage 5), which could contribute to the variability

in joint angle ROM across participants as well.

The average knee AAA amongst all participants was slightly abducted, with an
average of 1.60 ° abduction + 0.6. It was also more externally rotated with a total [IEA ROM
of 7.64 ° £+ 2.3. These findings are in agreement with numerous studies, both on knee
kinematics of the ACL injured and the “screw-home” mechanism of the knee. Firstly, a more
abducted knee has been associated with increased ACL injury and re-injury risks by various
researchers (Hewett et al., 2007; Larwa et al., 2021; Paterno et al., 2017). Physiologically, the
average rotation of the femur is consistent with behaviours from published literature, where
the femur rotates externally during early to mid-flexion, then internally rotates back to its
original position as full flexion is reached (Kothari et al., 2012). The asymmetry between the
femoral and tibial condyles causes the lateral femoral condyle to roll posteriorly, while the

medial condyle remains fixed (Pinskerova et al., 2004).
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Variability of the PCL strain was the largest amongst the four ligaments, with a %
elongation of 8.65+ 6.2%. Additionally, variation in PCL strain values across participants
increased towards the end of knee flexion. During passive knee motion, the femur continues
to follow the path of femoral rollback, which can increase the strain on the PCL (M. R.
Mahfouz et al., 2004; Zelle et al., 2010). These strain rates for passive knee flexion were also
in agreement with existing models of passive knee flexion ligament strain in adults.
Marieswaran et al. (2018) found that an adult musculoskeletal knee model constructed with
articular cartilage, menisci and additional soft tissue capsules would produce ligament strains
greater than 10% during knee flexion. Additionally, the average ACL percent elongation was
2.34 + 2.1%, with similar trends in ACL strain data to Beynnon et al. (1992) through passive
range of motion. There are differences in magnitude, with Beynnon et al. (1992) reporting
negative values for ACL strain. However, these differences can be attributed to differences in
starting point, with Beynnon et al. (1992) starting from 0 ° of knee flexion, and our model
using the initial orientation of each knee model as the starting position (Beynnon et al., 1992).
Figure 11-6 also shows the ACL strain decreases through flexion before increasing at roughly
50 degrees, which is in agreement with the aforementioned findings. This falls within the
limits of validity defined by Hicks et al. (2015) and suggests that modelling ligaments as rigid
links using properties of isometry during passive knee flexion is an accurate representation of

knee joint constraints.

Furthermore, it indicates that segmenting origins and insertions from MRIs of torn
ligaments allows researchers to make estimates of ligament lengths during motion, and that
fully constrained motion (four ligaments and simplified articular contacts) can be simulated

for those missing elements of structural stability (Xu et al., 2015).

Several assumptions were made during the construction of this model. Firstly, the

kinematics were computed based on joint congruence, while relying on the traced surfaces of
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the MRI. While the spheres were determined as those that optimally maintain contacts, it is
possible that co-penetration and/or separation determined by the model may take place when
applying in-vivo captured motion. Too much co-penetration in not physiologically possible,
as it indicates non-negligible deformation work is consistently taking place (Conconi &
Castelli, 2012). However, simplifying articular contacts in this manner has been shown to
successfully replicate kinematic constraints due to condylar contacts, and has been validated
in adult populations for both simulating passive motion and functional movement tasks
(Conconi et al., 2021; Ottoboni et al., 2010) in ACLi (Smale et al., 2019) and cadaveric knees
(Conconi et al., 2021). It was also assumed that both medial and lateral contacts were rigid, to
allow for rigid body mechanics modelling through the congruence optimization

algorithm(Wilson & O’Connor, 1997).

There are certain limitations regarding the construction of the model as well. Firstly,
the registration at the anatomical coordinate system required the virtual palpation of
anatomical coordinates and extraction of patient-specific geometry unique to each patient,
and the length of the diaphysis available to fit the long axis varied between participants. To
accommodate this, a unique function was created to make slices of a defined width of the
diaphysis and calculate the centroid of each slice. A line of best-fit was then fit through the
centroids to define the long axis. Additionally, although following a standardized procedure,
alignment of the participant within the coil during MRI acquisition varied between patients,
as differences in anatomy would dictate the required flexion of the knee within the coil. This
meant that each knee would be expressed in slightly different reference systems, which could
attribute to differences in alignment, and/or in abduction-adduction and rotation angles.
Furthermore, the model is dependent on the quality of the articular surface segmentation,
which was conducted manually following a training procedure. Despite this, manual

segmentation is still commonplace for segmenting MRIs of the knee (Barzan et al., 2019;

59



C. E Warren, 2022 Congruence Knee Model

Brito da Luz et al., 2017; Clouthier et al., 2019; Conconi et al., 2021; Smale et al., 2019),
particularly where knowledge regarding more complex details of the image is unknown
(Aprovitola & Gallo, 2016). Additionally, this method is particularly suitable when the bone
cartilage interface does not need to be isolated (Aprovitola & Gallo, 2016; Dalvi et al., 2007).
Modelling the bone as a single solid allows for less robust segmentation methods to be
applied rather than more complex automatic and semi-automatic algorithms (Aprovitola &
Gallo, 2016). As such, manual segmentation of bone and soft tissue was appropriate for this

study.

The successful construction of patient-specific knee models built using a congruence-
based approach has several implications for future research of ACL injuries in adolescents.
Firstly, using patient-specific geometry to optimize motion is six DOF provides a more
biofidelic representation of the joint as opposed to using a standard hinge, and can be used as
a unique baseline of kinematics when calculating joint angles during dynamic tasks. Secondly
morphological changes to the joint are finalized during the onset of puberty (Carsen et al.,
2021). Simplifying articular contacts to a spherical representation would allow passive knee
motion to be modelled as puberty progresses by altering the dimensions of the sphere. This
would allow researchers to obtain patient-specific models through the onset of growth or

rehabilitation periods without requiring future images.

CONCLUSIONS

Congruence-based modelling produces a unique baseline motion for each participant
dictated by their TFJ articulations. Inter-subject variability in passive kinematic motion
derived from patient-specific morphology highlights the need for personalized
musculoskeletal models in growing populations. Resulting motion follows expected
movement patterns while highlighting that individual differences in geometry impact

kinematics, and can be used to study pathological deviations in kinematics while considering
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the effects of TFJ articulation on movement patterns. This leads to more comprehensive

research on ACL injury and re-injury mechanisms, particularly throughout adolescence
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ABSTRACT:

Background: Patient-specific modelling through incorporating magnetic resonance imaging
(MRI) improves biofidelity with respect to articulations, particularly at the knee. However,
these models can be both labour and time intensive, and access to MRI is not possible for all
researchers. The purpose of this research was to determine if patient-specific articulations of
the tibiofemoral joint (TFJ) could be approximated from skin surface-based marker positions

and anthropometrics in paediatric knees.

Methods: Magnetic resonance images (MRI) of 12 ACL-injured (ACL1) knees were
segmented using MITK Workbench. Articular surfaces of the femur and tibia were simplified
as best-fitting spheres. Six OpenSim markers of the lower limb were scaled to patient
anthropometrics and extracted. OpenSim marker positions were aligned to the MRI reference
frame in Rhinoceros using Orient3pt and visual inspection. Principal component analysis
(PCA) was performed to enable reconstruction of the positions and radii of the best fitting
spheres from marker trajectories and anthropometric measurements of the leg. Four sets of
observations were tested: (1) MRI-Aligned markers of the femur and tibia; (2) MRI-aligned
markers of the femur and tibia and anthropometric measurements; (3) MRI-Aligned femur
markers only (reconstruct femur only); and (4) MRI-aligned femur markers and
anthropometric measurements related to the femur. Average root mean squared error (RMSE)

was calculated for all sets.

Results: Of the four sets of features used to run PCA, the combination of markers and
anthropometrics related to the femur only (set 4) performed the best. RMSE were under Imm
for reconstructed lateral femoral radii and 5 mm for all reconstructed medial femoral radii.

Reconstructed sphere centroids had a RMSE of 9.86 + 8.8 mm or lower.

Conclusion: This research shows that simplifications of articular contacts can be

reconstructed without the requiring use of medical images; however, tibial reconstruction
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remains a challenge. Eliminating the need for medical images to generate simplifications of
articular contacts would make patient-specific modelling accessible to all researchers,
regardless of equipment; however, more work is needed to achieve this goal.

Key Words: Adolescents, Musculoskeletal Modelling, Principal Component Analysis, Joint

Congruence, Patient-Specific Modelling
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INTRODUCTION

Musculoskeletal modelling (MM) techniques have emerged as a method of
investigating the complexities of movement through computer simulation (Reinbolt, Seth, &
Delp, 2011; Seth et al., 2018). The contribution of individual variables (e.g., kinematics,
muscle parameters, etc.) can be modified non-invasively to explore cause-and-effect
relationships, define pathological movement patterns, and determine muscle force
contributions (De Groote & Falisse, 2021; Sylvester, Lautzenheiser, & Kramer, 2021). With
regards to the knee, these models can range in complexity, with the simplest models
employing a hinge knee joint to characterize motion (Rajagopal et al., 2016). However,
hinge-based knee models can not accurately estimate ab/adduction and rotation angles.
Moreover, these models are primarily based on cadaveric studies, and lead to generalities in
muscle architecture, joint articulations and surface morphology (Walker, Rovick, &
Robertson, 1988).

The inclusion of magnetic resonance images (MRI) in MM at the knee has allowed
researchers to study the contributions of individual joint articulations to movement patterns
(Barzan et al., 2019; Brito da Luz et al., 2017; Smale et al., 2019). For example, Smale et al.
(2019) compared the effects of MRI-based models on knee kinematics during functional
movement tasks to models with varying degrees of freedom (DOF) but generic articulations.
They found that MRI-generated models produced more physiological solutions to inverse
kinematics and ligament strain calculations than generic modelling. MRI-based models also
reduced kinematic error from anatomically inaccurate articulations and soft tissue artifact
(Smale et al., 2019). In addition to improving biofidelity, MRIs are also a safe method to
obtain patient-specific joint articulations in comparison to imaging techniques that require
radiation exposure or more invasive techniques (Lin, 2010). However, MRI-based modelling

is both labour and time-intensive, and its advantages in physiological accuracy are limited by
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its issues in accessibility on a global scale. As such, a method that could leverage the use of a
smaller number of MRI-based images as the basis for a scalable, yet anatomically
customizable and accessible, model would be ideal.

Principal component analysis (PCA) has been used predict outcomes from sparse
datasets (Clouthier et al., 2019; Lynch et al., 2019; Saliba, Clouthier, Brandon, Rainbow, &
Deluzio, 2018). Clouthier et al. (2019) used PCA to reconstruct articular cartilage
morphology and identify variations in particular surface geometry at the knee for the
patellofemoral joint (PFJ) and tibiofemoral joint (TFJ). Saliba et al. (2018) used PCA to
predict knee joint contact forces from external methods during gait retraining. However, to
the best of our knowledge, PCA has not been used to reconstruct joint articulations solely
from external measurements. Moreover, it is unclear whether PCA reconstruction of joint
articulations is possible in a population undergoing changes in morphology due to pubertal
development.

Therefore, the purpose of this research was to determine if patient-specific joint
articulations could be reconstructed from external measurements in an adolescent population.
To realise this, four simplified spherical representations of articular contact were generated
from adolescent MRIs for the medial/lateral components of the femur and tibia. Following
extraction, four combinations of marker trajectories and/or anthropometric measurements
were used as features to reconstruct centroid and radii measurements of these simplified
spheres. It was hypothesized that the root mean square error (RMSE) between the MRI-
extracted and predicted articular contacts would be below Smm for sets including both
anthropometric and marker-based data, similar to existing morphological reconstruction
studies (Bahl et al., 2019; Suwarganda et al., 2019).

METHODS
Participants
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The images of twelve ACL injured participants were selected from a larger database
of participants involved in a collaborative study between the Children’s Hospital of Eastern
Ontario (CHEO) and the University of Ottawa. Inclusion criteria were primary ACL injury,
no other history of major lower limb injury prior to enrolment, and MRI collection at the
CHEQO institute. Participants were chosen to ensure the five Tanner stages of pubertal
development (Marshall and Tanner, 1970, 1969) were represented in model development.
Anthropometric measures of the lower limb used in the analysis can be found in Table 1-A of
the Appendix. Mean values of participant age, height, weight and Tanner stage are
summarized in Table 12-1. This study was approved by both the CHEO and University of

Ottawa ethics committees (H09-17-10).

Table 6-1 Patient demographics of the 12 ACLi subjects

Participant Information
Age (yrs) Height (cm) Weight (kg) Tanner Stage
1542+1.4 165.8+6.5 67.35+15.6 392+1.2

MRI Imaging and Segmentation

A multiplanar sequence of MR images was collected at 1.5 Tesla, repetition time/echo
time of 1400/17 ms, field of view of 160 mm and slice thickness of 0.8mm (Siemens
Magnetom Skyra, Siemens Healthineers AG, Germany). Sagittal, coronal and axial views of
proton density (PD) cube weighted scans were used to segment the distal third of the femur,
the proximal third of the tibia and fibula and the medial and lateral menisci (Workbench
2018.04.2, MITK, Germany). The femur, tibia and fibula were segmented to include their
respective cartilage, such that the joint could be represented as a single solid with an elastic,
highly deformable surface (Conconi et al., 2021; Johnson, 1985). Femoral and tibial insertion
sites of the anterior and posterior cruciate ligaments and medial and lateral collateral

ligaments were designated as point clouds on their respective surfaces (Conconi et al., 2018;
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Smale et al., 2019). Segmented bones and menisci were then smoothed using Geomagic
Studio (Geomagic Studio 2012, 3D Systems, USA) and articular surfaces were isolated and
clipped using Rhinoceros 3D (Version 5.0, McNeel & Associates, Seattle, USA). The
anatomical coordinate system (ACS) of the MRI frame was based on the work of Gray et al

(2019) and Benoit et al (2006) and is defined in Tables 12-2 and 12-3 respectively.

Table 6-2 Femoral anatomical coordinate system (ACS) axes and origin summary based on
Gray et al (2019) and Benoit et al (2006)

Femur
Xt Cross product between Long axis and the Zr
Y Cross product between Zr and X

Vector directed to the right, passing through the centroid of the

Zi medial and lateral femoral condyles

Or Midpoint between the medial and lateral femoral condyles

Table 6-3 Tibial anatomical coordinate system (ACS) axes and origin based on Gray et al
(2019) and Benoit et al (2006)

Tibia & Fibula
X Cross product between Ytand the vector between the tibial plateau
¢ vector
Y Long axis vector starting from the midpoint of the tibial eminence
7t Cross product between X and Yt
Ot Projection of Or onto Yt
MRI Frame Alignment
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Segmented long bones were imported into Rhinoceros 3D, along with full-length
generic femur and tibia model taken from the Rajagopal lower limb model (Rajagopal et al.,
2016) developed for OpenSim (Smale et al., 2019). The full-length generic bones were then
aligned to the MRI bones using knee joint centre, medial epicondyle and hip joint centre
markers, with the goal of expressing anatomical landmarks from the OpenSim reference
frame in a common MRI reference frame. For each set of MRI bones, the medial and lateral
epicondyles of the knee were obtained through virtual palpation. The knee joint centre was
defined as the midpoint between the two epicondyles in the frontal plane, and a planar
approximation of the hip joint centre was defined for the deprecated MRI femur (Smale,
2018; Smale et al., 2019). From OpenSim, markers of the anterior superior iliac spine, hip
joint centre, medial and lateral epicondyles and medial and lateral malleoli were exported in
both the femur and the tibia reference frames respectively. The markers in the femoral
reference frame were matched to a generic femur (Rajagopal et al., 2016) and then scaled
using anthropometric measurements of leg length, tibia length and knee width that had been
measured at the University of Ottawa. Leg length was measured with a measuring tape from
the anterior superior iliac spine (ASIS) to the medial malleolus, while tibia length was
measured from the lateral epicondyle to the lateral malleolus. Knee width was measured with
calipers between the medial and lateral epicondyles.

This process was repeated for markers in the tibial reference frame using the generic
tibia and was scaled using the same scale factors from anthropometric measures used in the
femoral reference frame (Smale et al., 2019). The set of markers used in alignment, in
addition to the set of scaling factors used, were defined in Tables 12-4 and 12-5 respectively.
The generic bones and their corresponding marker set then underwent a two-part alignment:
firstly, using the built-in Rhino function Orient3pt (Figure 12-1), markers for the medial

epicondyles of the knee, the knee joint centre and an approximation of the hip joint centre
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were used to align the orientation of the generic bones to the MRI bones. Then, using visual

inspection, the generic bone was manually adjusted if needed to maximize the volume shared

between the MRI bones and the generic bones.

Table 6-4 Lower limb reflective surface markers used in alignment

Congruence Knee Model

Lower Leg Body Anatomical Landmark
Hip Markers Hip Joint Centre él:lJ ri),( ﬁéli[gr)lor Superior Iliac
Knee Markers Medial Epicondyle (E\I/fIIéI:IHIj, Lateral Epicondyle
Ankle Markers Medial Malleolus ((%II:EB’ Lateral Malleolus

Table 6-5 Scaling factors applied to generic bones using marker pairs

Scaled.Con.lponent Marker Pairs
(direction)
Total Leg Length (y) ASIS to MANL
Leg Width (2) MKNL to LKNL
Tibia Length (y) LKNL to LANL
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Figure 6-1 Alignment of MRI bones (pink) and generic OpenSim femur (green) and tibia
(purple). White squares at the end of each solid line represent scaled OpenSim marker
trajectories.

Patient Specific Sphere Definition

An approximation of both the femoral and tibial condyles was created from the
contours of the segmented bones using Geomagics (Geomagic Studio 2012, 3D Systems,
USA). These spheres are simplified representations of the articulating surfaces of the femur
and tibia and were used to define patient specific natural knee motion, as defined by Conconi
et al (2014). The centre of each medial and lateral sphere and its radius were extracted and
optimized (maximum allowable variation: +2 mm), to ensure medial and lateral contact over
the entire range of motion. Additionally, the concave and convex natures of the medial and
lateral tibial plateaus produced proximal medial and distal lateral contact spheres

respectively.
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Principal Component Analysis

Principal component analysis (PCA) was performed to identify features to be used in
reconstructing patient-specific spheres from aligned marker trajectories and anthropometric
measurements (see Table 12-6 for the measurements evaluated as PCA features). In total,
four sets of features were used to build the PCA matrix, P, as described by Moore et al.
(2011) to reconstruct articular contacts. The sets were: (1) the OpenSim coordinates of six
lower-limb markers on both the femur and tibia aligned in the MRI reference frame (Table
12-4); (2) the OpenSim coordinates of six OpenSim lower-limb markers on both the femur
and tibia, with the inclusion of subject anthropometrics (Table 12-6); (3) the OpenSim
coordinates of four femoral markers aligned in the reference frame; (4) the OpenSim
coordinates of four femoral markers aligned in the reference frame, with the inclusion of
anthropometrics. For sets (3) and (4), only the feasibility of recreating the femoral

articulating contact spheres was examined.

Table 6-6 Anthropometric measurements used in PCA sets (2) and (4)

Anthropometric Measurement Definition
Heicht Against wall, standing straight, measure
& from top of head to ground
Knee Width Caliper measure b@tween medial and lateral
epicondyles
Thigh Circumference Tape measure arounq largest portion of the
thigh
Shank Circumference Tape measure around largest portion of the
shank
Leg Length Anterior superior iliac spine to medial
malleolus
Tibia Length Lateral epicondyle to medial malleolus

The MRI-aligned OpenSim markers and the articular contact sphere centroids were
expanded, such that each unique x, y or z coordinate was its own unique feature when
conducting PCA. For sets (1) and (2), the radii of the lateral and medial components were

represented as a rigid link connecting the two centres, since the imposed constraints are
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equivalent in musculoskeletal modelling. Since the number of markers and the inclusion of
anthropometric measures varied between sets, the number of features, m, was also unique to
each set. It total, there were 31 features in set (1), 38 in set (2), 19 in set (3) and 23 in set (4).
Regardless of data set used, a total number of 11 (n) participants were included as the
training sample for each set, with one participant excluded to validate the prediction. Features
corresponding to the marker trajectories and anthropometrics (when applicable) were used to
predict the centroid x, y and z coordinates and radii of the patient-specific spheres. The
pseudoinverse of the modes of variation multiplied by the mean-subtracted coordinates of
marker positions each knee produced a unique reconstruction coefficient for each knee. To
fully reconstruct each knee, each coefficient must be multiplied by the original modes of
variation matrix before adding the mean. A leave-one-out cross-validation (LOOCV) was
performed to ensure each knee was equally considered as part of the training sample or the
validation sample (Cheng et al., 2017). The root mean squared error (RMSE) between the
predicted marker and sphere location to the original patient-specific location was calculated
at each iteration of the cross-validation. Resulting RMSEs were averaged to determine the

effectiveness of the predictive model.

RESULTS

Ten principal components were identified from the PCA analysis and used to
reconstruct the centroid positions and radii of each of the articular contact spheres in each of
the four sets. A LOOCYV was performed to ensure each knee was equally considered as part
of the sample used to build the PCA matrix and to conduct the predictions. The original
centroid positions and radii of all four articulation simplifications are presented in Table 12-7,
while the average root means squared error (RMSE) after LOOCYV between the predicted

sphere geometry is presented in Table 12-8.
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The lateral tibia (TL) sphere had the largest mean radius and inter-subject variation,
measuring 76.58 = 13.6 mm across all knees. The medial tibia, TM, followed in size and
variation, with an average radius of 38.38 + 6.8 mm. Both average tibial spheres were larger
than average lateral femur (FL) and medial femur (FM) articulations, which measured 23.15
+ 4.0 mm and 20.88 & 3.6 mm respectively.

For set one, using all marker positions to predict both tibial and femoral condyle
positions and radii, there were large errors between the expected and predicted results across
all metrics. The largest centroid position error occurred when predicting the z-coordinate of
the TL condyle (RMSE = 173.92 + 135.30 mm), and the predicted lateral and medial
combined radii had errors of 39.07 £ 35.11 and 20.38 + 26.98 mm respectively. These errors
decreased in set two, with the addition of anthropometric measurements of the lower limb
and total height. The largest centroid position error occurred once again at z-coordinate of the
TL, with RMSE of 51.87 = 31.35 mm. Combined radii of the lateral and medial contacts
decreased to 22.76 +20.20 mm and 21.20 + 17.84 mm respectively.

Sets three and four focused on recreating solely the femoral articular contact spheres.
Set three used only marker positions related to the hip and knee to predict FL and FM
respectively. The largest centroid position error occurred this time at the z-coordinate of FM,
measuring 31.80 £ 47.24 mm. Predicted FL radii error were much lower than predicted FM
radii errors. Average RMSE of the FL radii was calculated as 1.77 + 2.66 mm, while average
FM RMSE measured 17.28 +£26.11 mm in comparison.

Set four used the combination of hip and knee markers in combination with
anthropometric measurements related to the femur to predict FL and FM centroids and radii.
It also showed the best results with cross-validation, with all RMSEs following prediction

measuring less than 10mm. The x-coordinate of the lateral femur produced the largest errors,
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with average RMSE calculated as 9.68 + 8.83mm. Reconstructed radii of FL. and FM

produced errors of 0.44 + 0.31 mm and 4.89 + 4.94 mm respectively.
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Knee01
Knee02
Knee03
Knee 04
Knee05
Knee 06
Knee(7
Knee (8
Knee(9
Kneel0
Kneell
Kneel2

Table 6-7 MRI measured centroid position and sphere radii date for simplified articular contacts

Lateral Femur

MRI Measured

Cx [mm] Cy [mm] C [mm] r [mm]

81.66
-90.82
-91.40
-89.60
-85.40
-97.97
100.61
-92.09
-94.26
-93.62
-96.19
-86.55

-20.98 -4.27
-10.97 1.98
-19.20 -4.62
-6.31 30.06
-19.75 34.13
-4.01 -0.32
-16.19  -11.49
-2.67 32.50
-5.92 51.82
-14.08 1529
21.69 19.72
-26.44 18.90

22.35
25.04
21.73
21.78
21.84
21.65
39.82
20.25
21-72
22.94
21.96
19.46

21.30 Knee01
24.65 Knee02
22.78 Knee03
21.93 Knee04
23.36 Knee05
23.02 Knee06
23.86 Knee07
23.07 Knee08
19.43 Knee09
24.62 Kneel0
19.93 Kneell

Medial Femur
Cx [mm] Cy [mm] C; [mmj] r [mm]

30.45 -23.97 -4.22
-38.92  -30.64 -6.44
-44.03  -12.27 -6.85
-41.34 -8.05 24.62
-39.89  -33.07 36.36
-47.42  -15.75 -4.50
5140 -22.85 -11.63
-46.02 -9.12 30.63
-38.76  -16.73 43.64
-45.95 -25.58 14.95
-46.83 2.61 14.46
-41.43  -31.25 14.26

20.12 Kneel2
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Cx [mm] Cy [mm] C [mm] r [mm]

Cx [mm] Cy [mm] C [mm] r [mm]

85.82
-87.01
-93.83
-89.61
-85.59
109.87
101.69
-97.54
-96.58
-98.19
109.01
-88.37

Lateral Tibia
-23.14 34.36
-12.09 48.69
-21.23 -95.22
-17.41  -70.87
-32.63 -77.06
-8.57 -115.66
-331 -97.84
-17.50 -85.68
-8.41 -38.49
-11.43  -92.76
-2.67 -75.46
-24.23  -54.59

60.76
72.02
69.50
79.60
90.10
9433
67.82
98.64
69.52
8591
76.42
5441

30.76
-36.45
-37.81
-38.13
-39.77
-45.33

47.79
-46.05
-35.99
-42.62
-48.55
-38.31

Medial Tibia
-30.32  20.00
-37.73 -0.80
-14.29 18.38
-1290 4035
-3937 4594
-22.11 10.15
-24.95 8.55
-1466 3885
-2546 5991
-3192 3192
-480 29388
-36.23 18.49

4721
32.75
48.95
3931
34.80
3891
43.66
3259
3752
42.85
36.99
2450
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Table 6-8 RMSE between MRI predicted sphere parameters and PCA generated sphere parameters

RMSE of Articular Contact Sphere Reconstruction

All Markers

All Markers, All
Anthropometrics

Femur Markers Only

Femur Markers &
Anthropometrics
Only

Feature [mm]

TLX
TLy
TLz
TMx
TMy
TMz
FLx
FLy
FLz
FMx
FMy
FMz
Radius TL+FL
Radius TM-FM
Radius FL
Radius FM

RMSE [mm] | SD [mm]

40.18 34.23
63.61 42.65
173.92 135.30
20.13 13.12
21.76 14.75
6.65 7.49
10.33 15.65
4.54 4.77
7.66 8.31
17.77 15.66
12.72 11.95
15.11 13.38
39.07 35.11
20.38 26.98

RMSE [mm]|SD [mm]

18.03 13.23
20.31 17.31
51.87 31.35
8.67 8.20

11.68 10.49
5.57 4.03

12.16 10.78
12.98 12.80
6.82 5.28

10.68 8.01

13.45 14.49
12.13 10.43
22.76 20.20
21.20 17.84

RMSE [mm] |SD [mm]

25.15 37.82
4.54 6.76
9.15 14.29

25.83 38.56

25.72 38.19

31.80 47.24
177 2.66
17.28 26.11

RMSE [mm] | SD [mm]

9.68 8.83
5.07 4.66
5.52 4.14
7.20 8.98
6.64 8.88
4.37 4.25
0.44 0.31
4.89 4.94
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DISCUSSION

The purpose of this research was to determine if patient-specific joint articulations could
be reconstructed from external measurements in an adolescent population. To achieve this we
used PCA to predict the centroid positions and radii for simplified articular contacts obtained
from external marker locations and anthropometric measurements. Four combinations of
different features were used to build the prediction matrices and the RMSE between the MRI-
extracted (Warren et al., 2022) and predicted articular contacts were compared. It was
hypothesized that the root mean square error (RMSE) between the MRI-extracted and predicted
articular contacts would be below 5 mm for data sets including both anthropometric and marker-
based data. This hypothesis was rejected since all approaches produced errors above 5 mm. Set 4
performed the best, with a largest mean RMSE of 9.86 + 8.8 mm and predicted radii of 0.44 +
0.31 mm and 4.89 + 4.9 mm for the FL and FM respectively.

Average radii size varied for each of the four approximations of medial and lateral
tibiofemoral articulations. The lateral tibial condyle, TL was the largest in size and varied the
most between participants, with a condyle radius of 76.58 + 13.6 mm. The asymmetry of the
tibial plateau, specifically the individual variation of the lateral tibial plateau, has been studied
extensively by others. Quintens et al. (2019) used PCA to study tibia asymmetry in adults,
finding that five principal components contributed to 98.8% of the total variation between
subjects with tibia fractures. While total tibia length and width was the largest principal
component, the second largest contributor to variation was identified as medial tibial plateau
size. More valgus tibias were linked to smaller medial tibial plateaus, and also exhibited steeper
posterior tibial slopes. Wahl et al. (2012) and Tat et al. (2021) also determined that increases in

convexity and lateral tibial slope correlated with ACL injury. Furthermore, Wahl et al. (2012)
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added that the anterior-posterior length of the lateral tibial plateau is shorter in ACLI patients,
measuring 33.9 mm in ACLi adolescents compared to 37.5 in healthy ones. Hashemi et al.
(2008) described the lateral tibial plateau as convex overall in nature, but relatively flat at the
point of articulation, which would explain the variations in size of the simplified contacts. Fitting
a sphere to a flat articulation point would increase the size of the radius that would best-fit TL, as
the spheres were created based on said region and not the radius of curvature of the entire
plateau. These variations in TL and TM centroid positions and radii also translated into poor
results when attempting to reconstruct the tibial spheres for sets one and two, with RMSE
measuring above 17mm when attempting to reconstruct certain position trajectories. However,
the aforementioned variation caused by tibial plateau asymmetry is likely the cause of these
errors. With high variability across the TL (SD = 13.6 mm) and a small sample size, recreating
specific morphology would require more information when conducting PCA. Additionally,
significant differences in tibial plateau slope (Dare et al., 2015; Todd, Lalliss, Garcia,
DeBerardino, & Cameron, 2010), radius of curvature (Hashemi et al., 2008) and overall shape
(Clouthier et al., 2019; Lansdown & Ma, 2018) have been reported between sexes (Wahl,
Westermann, Blaisdell, & Cizik, 2012) and across various ethnicities (Mahfouz, Fatah, Bowers,
& Scuderi, 2012). It is possible that there is too much variation in the tibia to classify from
external markers alone. Future studies should consider reconstructing these articulations with the
addition of morphological measurements taken from medical images directly, or from a larger
data of ACLi adolescents.

By comparison, PCA performed better when attempting to reconstruct FL and FM only in
sets three and four. Specifically, RMSE was the lowest when including only femoral marker

trajectories and anthropometrics. It follows that PCA performance improved with the addition of
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anthropometrics, as they provided additional dimensions to the size and shape of the spheres.
The success of set four in particular is the most interesting, as all reported RMSE were below
values of 10 mm (1cm) and all reconstructed radii had errors below Smm. This can be attributed
to both the simplicity of the distal femur morphology, but also its evolutionary progression since
the discovery of a protoknee in tetrapods (Dye, 1987). Simple geometry, specifically 2-
dimensional circles, have been successfully used to define variations in distal femur geometry
from MRIs for modelling purposes (Monk, Choji, O’ Connor, Goodfellow, & Murray, 2014).
Furthermore, while there is morphological variation between the lateral and medial femoral
condyles, the shape of the distal femur has remained relatively static since the Devonian period
(Dye, 2003). It therefore falls within reason that the model would have success predicting
simplified femoral geometry.

There are some limitations that should be considered. Firstly, alignment angle of the MRI
was dictated by the anatomy of the participant to ensure that they fit into the coil, and not
collected at a controlled angle. This does not impact the ability to extract simplified articular
contacts; however, it would produce differences in alignment of the tibiofemoral joint. As a
result, the alignment of the marker positions to the MRI segmented bones would reflect these
differences in alignment. This was addressed by using OpenSim markers fit with patient-specific
anthropometrics for the alignment in lieu of Vicon markers. This ensured all markers were scaled
to the same location and would all fall along the same axes during alignment in Rhino.
Furthermore, there were few participants selected for this study, but this was addressed through
the LOOCV, assuring that the variation between participants was responsible for errors
produced, not the selection of participants for each group. Increasing the number of participants

would likely lead to improved results. Nevertheless, the sample encompassed a wide range of
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knee sizes at several different pubertal stages, showing that this model is able to predict patient-
specific contacts from external measurements in a developing population.

The successful development of this model has several benefits for clinical practice.
Firstly, it shows that it is possible to predict patient-specific articulations from external
measurements alone, provided the population used in development is diverse enough to capture
variation in bone morphology due to sex and puberty level. An improved model would eliminate
the need for medical images to generate biofidelic models of tibiofemoral contact, which could
be used to derive natural knee motion. This would make patient-specific imaging more
accessible on a global scale. Furthermore, using only external measurements allows the model to
be easily scaled to accommodate rapid changes in growth, like when pubertal development and
ACL injury rehabilitation occur simultaneously. Future directions should explore adding
additional measures to the model that could better quantify the variation in tibial plateau
morphology. For example, rather than trying to predict both femoral and tibial geometry from
external skin measurements, a robust range of shapes of the femur and tibia through adolescence
could be used to build a shape model to improve predictions. This model could be used in
conjunction with weighting existing scale factors to improve PCA predictions. Additionally,
future model users could use this approach to estimate patient-specific articular geometry, as
variations in tibial plateau radius of curvature are difficult to account for using solely external
measurements. Knee motion derived from predicted articular contacts should be compared
against motion generated by its true geometry, to validate generation of patient-specific
kinematic data without patient-specific articulations.

CONCLUSION
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This proof of concept study predicted patient-specific approximations of articular contact
from various combinations of marker trajectories and anthropometrics. When compared to MRI-
extracted articular contacts, set (4) performed the best (i.e., RMSE between MRI and predicted
articular contacts were the lowest) and yielded similar results, however above our hypothesised
Smm error. Additionally, we discovered that femoral simplifications of articular contacts were
easier to predict from skin-surface markers and anthropometrics than tibial simplifications. This
work contributes to a future where the construction of patient-specific models does not require
access to medical imaging that can considers various differences in personalized tibiofemoral
morphology while accommodating periods of growth.
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APPENDIX A: Anthropometrics

Table 1-A Anthropometrics measurements used for PCA

Height Against wall, standing straight, measure
& from top of head to ground
Knee Width Caliper measure bgtween medial and lateral
epicondyles
Thigh Circumference Tape measure arounq largest portion of the
thigh
Shank Circumference Tape measure around largest portion of the
shank
Leg Length Anterior superior iliac spine to medial
malleolus
Tibia Length Lateral epicondyle to medial malleolus
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CHAPTER 7: GENERAL DISCUSSION

The aim of my Master’s thesis was two-fold: Firstly, we sought to determine if
congruence-based modelling could be applied to an adolescent population of various Tanner
stages and produce kinematic outputs (Q1). Secondly, we attempted to simplify representations
of articular contact to determine if tibio-femoral joint morphology could be predicted from

external measurements using principal component analysis (Q2).

Q1) Can a congruence-based model be applied to an adolescent population of various

Tanner stages and produce physiological kinematic outputs?

We hypothesized that congruence-based modelling can be applied to developing
populations, and that kinematic outputs would mimic physiological mechanisms of the knee. We
determined that congruence-based modelling techniques are able to be applied to a population of
varying levels of pubertal development, producing passive rotational kinematics of AA and IE
that are consistent with ACL injured knees (Hewett et al., 2007; Kothari et al., 2012; Larwa et
al., 2021; Paterno et al., 2017; Pinskerova et al., 2004). Furthermore, our study found that the TL
condyle varied the most between participants, suggesting variations in convexity (Hashemi et al.,
2008; Wahl et al., 2012b) and/or tibial slope (Dare et al., 2015; O’Malley et al., 2015) amongst
participants. Future studies should investigate the impacts of these morphological features on

natural knee motion.

Q2) Can simplified representations of articular contact be reconstructed from external

measurements using principal component analysis?

We hypothesized that we would be able to predict articular surface approximations from
marker locations and/or anthropometrics measurements within Smm of error from the MRI-

generated articular contacts. Four sets were used for the analysis: 1) femur and tibia marker
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positions only to predict the femoral/tibial condyle approximations; 2) femur and tibia marker
positions and anthropometrics to predict femoral/tibial condyle approximations; 3) femur marker
positions to predict femoral approximations and 4) femur marker positions and anthropometrics
to predict femoral approximations. Set 4) performed the best and was able to get radii of both
condyle spheres to within Smm of error for all subjects. This was likely due to the simplicity of
modelling the distal femoral condyles as spheres that is possible given its relatively little change

in its development over 300 million years (Dye, 1987, 2003; Monk et al., 2014)

7.1 Variations in Articular Contact Sphere Radii

Of the average radii pertaining to the four simplified articular contact spheres, the lateral
tibial plateau, TL, had the largest radius and variability amongst participants. There was a
44.23mm difference between the largest and smallest approximation of articular contact for TL,
yet even the smallest TL radius was greater than any TM, FL or FM radius across all subjects.
Both subjects at either ends of the extreme were female, yet the subject with the largest TL was
less skeletally mature and had a smaller knee width (Tanner stage 4, 99 mm) than the participant
with the smallest TL sphere (Tanner stage 4, 106 mm). There are multiple possibilities that could
explain these phenomena. Firstly, concave vs. convex nature of the regions of articulation for the
medial and the tibial plateaus influenced the size of the articular contact spheres. This is
confirmed by Hashemi et al. (2008), who reported differences in tibial plateau geometry using
the MRIs of 33 female and 22 male subjects. They found that with respect to the tibial plateau,
the subchondral bone on the lateral aspect is mostly flat, while the medial tibial plateau has a
more pronounced depth, measuring 2.7 + 0.76 mm amongst females and 3.1 £ 0.99 mm amongst

males (Hashemi et al., 2008). The radius of the sphere pertaining to the flatter surface must be
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larger to accommodate a smaller arc, rather than a sphere fit to condyle with a more rounded
curvature. Furthermore, the anterior-posterior width of the tibial plateau would also influence the
size of the TL sphere, as a shorter tibial plateau would reduce the arc of the convex surface,
inherently needing a smaller sphere. These differences in curvature in addition to the large
variability between subjects explain why the RMSE between the PCA-predicted and MRI-
extracted articular contacts was large (study 2). In order to dictate the size of the spheres to
represent the tibial plateau, measurements taken directly from the medical images are needed,
namely radius of curvature, anteroposterior tibial length and tibial slope. Future studies are
needed to investigate the addition of such parameters on the ability to reconstruct patient-specific

contacts.

7.2 Kinematics & Ligament Strain

Kinematics and changes in ligament length were successfully obtained via optimization
of orientation through passive knee flexion. Variations in knee ROM were apparent across all
participants, and average AA and IE ROM were calculated as 1.60° + 0.6 and 7.64 °+ 2.3
respectively. A more abducted knee has been identified as a risk factor for ACL injury by
previous researchers and has been studied through a variety of functional movements (Hewett et
al., 2007; Larwa et al., 2021; Paterno et al., 2017). Since all participants were ACLi, it is
plausible that they would exhibit a more abducted movement pattern solely from surface
geometry. With respect to rotation, the congruence optimizer calculates the rotation of the femur
with respect to the tibia, and the resulting rotations follow the patterns of the “screw-home”
mechanism, with the femur rotating externally in lower flexion angles, then internally to support
the internal rotation of the tibia (Kothari et al., 2012; Pinskerova et al., 2004). When examining

the IEA of all knees, the model agreed with published literature from an interventional MRI
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based study from Johal et al. (2005), finding that the femur externally rotates about 14°, with

most of the rotation occurring after 45° flexion (Johal et al., 2005).

Of the four ligaments, the PCL varied the most amongst participants, and there was
greater strain variation at higher values of knee flexion. This could be attributed to several
possibilities relating to the increased laxity at the knee joint near pubertal development (Wild et
al., 2012). Firstly, with regards to the ACL, changes in hormone levels coupled with rapid
developmental changes in stature could all increase changes in knee ligament length
(Woodhouse et al., 2007). The sample of participants used to construct the model consists of
peri-pubertal (Tanner stage 2-3) and late pubertal (Tanner stage 5) adolescents, and it follows

that hormone levels would vary across the sample.

7.3 Success of PCA Model

The PCA model used to predict femoral simplifications of contact from marker positions
and anthropometric measurements of the femur only (set 4) performed the best. Root mean
squared error between MRI-extracted articular contacts and predicted values had a maximum of
9.86 + 8.83 mm, and predicted radii of FL and FM were 0.44 + 0.31 mm and 4.89 = 4.94
respectively. Across all participants, FL and FM spheres were similar in radii, and exhibited a
smaller inter-subject variability than coincident tibial spheres. Variability in distal femur
morphology has been studied previously, and differences in medial and lateral femoral condyles
between sexes and different ethnicities (M. Mahfouz et al., 2012; Yang et al., 2014). Gillespie et
al. (2011) reported that females exhibit a significantly smaller aspect ratio, defined as the
mediolateral distance of the distal femur in relation to the anteroposterior distance, than males.
Furthermore, Mahfouz et al. (2012) determined that females have a more curved distal femur,

regardless of ethnicity. While these differences exist, the classification of these geometric
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features and their influence on total distal femur shape has successfully been simplified (Everhart
et al., 2016; Monk et al., 2014). Monk et al. (2014) successfully used circular representations of
the radii of curvature on multiplanar MRIs. This explains why the PCA model could only predict
femoral geometry with good agreement, as the morphology of the distal femur can be
generalized regardless of race, age or sex. This can be further explained when considering the
evolution of the knee, as morphology and overall shape of tibiofemoral articulation has remained

relatively static since the discovery of asymmetric knee geometry in tetrapods (Dye, 1987, 2003).

7.4 Limitations

There are certain limitations that must be considered with regards to the work of this
thesis. Firstly, the sample size for both studies was rather small at only 12 participants. It should
be noted that originally, there were 15 participants enrolled at this study, but three had to be
omitted. Two omissions were due to data sharing issues between CHEO and the University of
Ottawa, while the third was due to a build-up of edema that made soft-tissue contours impossible
to distinguish in the MRI. However, we attempted to capture a large amount of variation within
the data set to highlight the effectiveness of congruence-based modelling for diverse populations.
Furthermore, few participants were needed to define a workflow, and the implemented model
produced physiologically correct outputs despite the variations in size and shape across all knees.
Future studies should aim to recruit a minimum of 25 participants, in order to adequately

encompass each Tanner stage.

Another limitation is that the angle of knee flexion at the time of MRI collection was not
consistent between participants. Given the differences in anthropometrics, the leg had to be
adjusted to fit the coil, with larger participants requiring more knee flexion. This would alter the

marker alignment of the OpenSim reference frame to the MRI frame and would influence the
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final position of the markers extracted. However, PCA was still able to predict simplified
femoral articular contacts from the marker positions with RMSEs under 10mm, indicating results
with good agreement are achievable despite these limitations. Individual anatomical differences
also influenced the ACS used to define the congruence model for each subject. Coordinate
systems were built using landmarks obtained through virtual palpation, and by fitting an axis
through the diaphysis. However, the length of the diaphysis that could be used to build the
coordinate system varied amongst participants. As a result, reference systems had to be
individually tailored to each knee, which could have introduced differences in alignment and/or
generated kinematics. This error was mitigated as best as possible by having an independent

researcher visually inspect each subject’s ACS.

7.5 Future Considrations:

The completion of this thesis brings forward new ideas for improving the workflow and
the results of this research. Firstly, ensuring the MRIs of each participant were collected at the
same angle would improve the creation of anatomical coordinate systems. This would have made
joint alignment and extracting the range of natural knee motion available more consistent
between participants. Additionally, with more participants encompassing a larger pubertal
development range, we could determine a range of tibial plateau sizes generated through PCA.
We could also use the simplified articulations we reconstructed using principal components to
determine how much these variations in surface morphology influence kinematics in ACL
injured groups. This research has the potential to improve ACL injury research from a clinical
and modelling perspective. By eliminating the need for medical images to generate
simplifications of articular contacts, we can make patient-specific modelling accessible to all

researchers, regardless of equipment. Additionally, relying on external markers and
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anthropometrics for model construction allows them to be scaled to accommodate growth, for

example during adolescence or through a knee rehabilitation protocol.

A thorough validation of this procedure, similar to Figure 5-A in Appendix A, is needed
before future studies can take place. The lack of reference data, particularly for the adolescent
population, was a limiting factor in this endeavour. This modelling was able to be validated for
adult knees and ankles using data collected from bone pins in a custom-built cadaveric
rig(Conconi et al., 2015a, 2018; Forlani et al., 2016). Using the same rig with paediatric and
adolescent cadavers to compute passive knee joint motion would give a baseline of natural
motion for a developing population. The methods outlined in Study 1 of this thesis could be re-
applied to segment and extract articulations of the cadaveric knee, providing proof of validation
for this demographic. It would be extremely beneficial to be able to collect in-vitro and in-silico

data for future validation.

CHAPTER 8: CONCLUSION

The overall objective of this thesis was to develop a patient-specific model of the ACLi
knee in adolescents across various levels of pubertal development, then to reconstruct said model
solely from external measurements so that it can be used regardless of user access to research.
Firstly, we were able to successfully apply congruence-based modelling techniques to ACLi
adolescent populations. Using MRIs, TFJ articulations were segmented and approximated as
spheres, and used to determine the envelope that put the least amount of pressure on the joint, or
natural knee motion. The success of this application will allow for a baseline of natural
movement to be applied to musculoskeletal models, that consider the impact of articulations,
ligament insertions, and joint configurations. This will lead to more biofidelic representations of

knee movement, particularly in future studies where more complex movements are performed.
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Secondly, we were able to reconstruct the aforementioned articulations at the femur using

anthropometric measures and marker position data through PCA.

This research has the potential to lead to more robust modelling of ACL injuries through
adolescence. The ability to reconstruct patient-specific extracted data from external
measurements means we are one step closer to building accessible, personalized musculoskeletal
models for adolescents. Additionally, the fact this could be applied to a growing population
indicates that personalized models have the potential to be scaled to accommodate changes in

stature.
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CHAPTER 10: APPENDIX A (FIGURES)

TABLE |: Anterior Cruciate Ligament (ACL) Injuries Detected on MRI

Congruence Knee Model

Patient Characteristics Group 1 Group 2 Group 3 Tatal

Ma., of knees a1 27 24 B2
Age (yr}

Range =17 12-17 15-18 -14

Mean 124 156 16.6 14.7
Sex

Male 27 11 B 46

Female 4 16 16 36
ACL injury (% of cases)

Complate tear 48 a1 it 71

Partial tear 26 15 B 17

Tibial spine avulsion fracture 26 4 4 12

Figure 10-1 Results from a study by Prince et al (2005) comparing ACL injury types in skeletally

immature (Group 1), partially mature (Group 2) and skeletally mature (Group 3) subjects
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Velocities
Excitations Muscle forces Moments Accelerations  Angles

Neural Musculotendon Musculoskeletal Multibody
command dynamics geometry dynamics

Movement

Figure 10-2 Functional capabilities of the musculoskeletal modelling software OpenSim (Seth et

al, 2018
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Figure 10-3 Shape model generated modes of variation for a cervical vertebra (Heitz et al.,
2005)
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(Questions to be answered )
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imulati | input— :
Simulation <€—Model input et
Quantitative i
> comparison
Uncertainty
quantification
Not acceptable: Not acceptable:
Update or Validation result

Improve experimental

calibrate model design or add parameters

Apply Model

Figure 10-4 The Verification and Validation (V&V) Process defined by Lund et al (2015)
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Figure 10-5 Workflow of this thesis and outline for reproducibility checks
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Task Name

Description

Maximum Voluntary Isometric Contraction —

Knee Flexion

Participant seated in isokinetic dynamometer,
with knee at 60 degrees, flexes knee as hard

as possible for 5 seconds

Maximum Voluntary Isometric Contraction —

Knee Extension

Participant seated in isokinetic dynamometer,
with knee at 60 degrees, extends knee as hard

as possible for 5 seconds

Maximum Voluntary Isometric Contraction —

Plantar Flexion

Participant seated in isokinetic dynamometer,
with knee at 0 degrees, plantarflexes as hard

as possible for 5 seconds

Maximum Voluntary Isometric Contraction —

Participant stood with leg rested against pad

Hip Abduction of isokinetic dynamometer, between 0-10
degrees, extends leg as hard as possible for 5
seconds

Max Anterior Hop Participants are instructed to hop as far as
they can on one foot facing forward

Max Lateral Hop participants are instructed to hop as far as

they can on one foot to the side, facing
perpendicular to the direction of the marked

line on the laboratory floor
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Timed 6m Hop

Participants are instructed to hop on one foot
as fast as they can to cover a distance of 6

meters

Triple Hops

participants are instructed to hop on one foot

three times in a row for maximum distance

Cross Hop

participants are instructed to hop on one foot
back and forth three times across two marked
lines separated by 15c¢m on the laboratory
floor, while attempting to cover maximum

distance

Squat

Participants standing with feet shoulder width
apart on separate force plates with hands on
head to account for arm motion variability,
and will be instructed to squat as low as

comfortable and return to standing

Counter Movement Jump (CMJ)

participants standing with feet shoulder-width
apart on separate force plates, with their
hands on their head to account for arm motion
variability, and will be instructed to squat
down in order to help them jump as high as

possible
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Single Leg Lunge

Participants standing facing force plates with
hands on head. Will be instructed to step onto
a force plate and descend into a lunge and
then return to standing, while keeping hands

on head.

Side Cut

A side-cut trial will be deemed successful if
the participant plants and cuts with the
appropriate foot, plants their entire foot on the
force platform, and accelerates out of the
foot-plant at a 450 angle (pylons in the lab

will provide a £100 target area)

Drop Vertical Jump (DVJ)

Participants stand on a box positioned at knee
height with their hands on their head. They’re
instructed to step off the box landing with
both feet on the force platforms in front of

them, then jump as high as they can.

Isokinetic Test — Flexion-Extension

At a fixed speed of 60 rad/s, participant must
complete 40 knee flexions and extension at an
ROM between 20-100 degrees of flexion. The
participant must produce as large of a torque

as possible and sustain it as best as possible
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