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The Effect of Tibiofemoral Bony Morphological Risk Factors for ACL Injury on Knee
Mechanics
Sene Polamalu, PhD

University of Pittsburgh, 2022

Anterior cruciate ligament (ACL) tears have a high rate of occurrence, debilitating
symptoms, arduous recovery process, and economic impact that necessitate improved injury
prevention programs and clinical treatment. Patient-specific care has improved clinical outcomes
and additional individualized measures are needed. Tibiofemoral bony morphology impacts knee
mechanics by influencing knee motion through bone-to-bone articulation. Therefore, determining
tibiofemoral bony morphological risk factors for ACL injuries and their influence on knee
mechanics would provide clinicians with parameters to individualize injury prevention and
treatment. The objective of this dissertation is to provide a better understanding of tibiofemoral
bony morphological risk factors for ACL injury and their effect on knee mechanics before and
after injury and treatment.

Using statistical shape modeling, a smaller anterior-posterior length of the tibial plateau, a
greater angle between the femoral long axis and femoral condylar axis, and a more lateral
mechanical axis of the distal femur were determined to associate with ACL injuries compared to
uninjured subjects. No differences were determined between the ACL injured knee and the
contralateral knee of the ACL injured subject demonstrating their knees are at equal risk for injury.
A computational model of the knee used this data to predict that smaller anterior posterior length
of the tibial plateau and more lateral mechanical axis resulted in greater force in the ACL in
response to an anterior drawer at 30° and 60° of flexion. Functional bracing was also found to

provide additional rotatory stability to the knee and decreased the force in the ACL in response to
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a simulated pivot shift at lower flexion angles using a cadaveric model. These findings demonstrate
that functional braces can reduce ACL injury risk. Tibiofemoral bony morphological features were
also correlated with knee kinematics and kinetics before and after application of a brace and lateral
extraarticular tenodesis demonstrating that certain morphological features influence the impact of
each treatment option. Overall, tibiofemoral bony morphological features are risk factors for ACL
injury, influence knee mechanics differently after injury and treatment, and impact biomechanical
behavior of the knee. Implementing individualized programs that account for these morphological

features may result in better clinical outcomes.
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1.0 Introduction and Background

The tibiofemoral joint is often described as a hinge synovial joint comprised of the
articulation between the tibia and femur. Injuries about the tibiofemoral joint are one of the most
common patterns preventing athletes from participation in their respective sport. Ligamentous
injuries, more specifically anterior cruciate ligament (ACL) rupture, are common, especially in the
young, active population. Annually, there are up to 400,000 ACL injuries with a national economic
impact at $25.3 billion per year (Bradley, Klimkiewicz, Rytel, & Powell, 2002; L. Y. Griffin et
al., 2006; Hewett, Torg, & Boden, 2009; Luc, Gribble, & Pietrosimone, 2014; Mather et al., 2013;
Sousa et al., 2017; J. M. Uhorchak et al., 2003). Subsequent knee instability after ACL rupture
increases abnormal loading on surrounding tissues, which can lead to further injury to these
structures (Nicholls, Ingvarsson, & Briem, 2021; O’Connor, Laughlin, & Woods, 2005).
Furthermore, due to low vascularity, the healing capacity of the ACL is poor, especially in cases
of mid-substance rupture (lhara & Kawano, 2017; Murray, Martin, Martin, & Spector, 2000).
Treatment modalities of ACL injury have progressed significantly in the last forty years. Once
complicated by an 80% rate of failure (Kannus & Jarvinen, 1987), management now includes
utilization of surgical reconstruction with soft tissue grafts (Jung, Fisher, & Woo, 2009). However,
25% of ACL injured subjects still have unsatisfactory outcomes (Jung et al., 2009). Long-term
studies have shown ACL injured subjects were at an increased risk for development of knee OA,
and that even with ACL reconstruction, studies have shown that up to 90% of patients with an
ACL reconstruction had a worse grade of OA in their injured knee compared to their contralateral

(Selmi, Fithian, & Neyret, 2006).



As technology progresses, new treatment approaches may be developed to reduce failure
rates. One method of improving treatment is through a better understanding of the risk factors for
injury. ACL injury occurs after internal and valgus torquing; thus determining factors that
influence these rotational motions may increase knowledge on ACL injury prevention and
treatment (Boden, Dean, Feagin, & Garrett, 2000; Krosshaug et al., 2007; Matsumoto, 1990). A
key contributor of knee motion is the tibiofemoral bony morphology through the articulation of
the tibial plateau and femoral condyles (Hoshino, Wang, Lorenz, Fu, & Tashman, 2012a; D.
Lansdown & Ma, 2018; van Diek, Wolf, Murawski, van Eck, & Fu, 2014). Tibiofemoral bony
morphological features may exist that influence knee kinematics causing greater internal and
valgus torques and thus be risk factors for ACL injury. Therefore, the focus of this dissertation is
understanding the effect of tibiofemoral bony morphology risk factors on knee mechanics before

and after ACL treatment.

1.1 Tibiofemoral Joint Anatomy and ACL Function

The tibiofemoral joint is a load bearing joint that consists primarily of the tibia, femur,
articular cartilage, capsule, menisci, collateral ligaments, and cruciate ligaments (Figure 1.1). The
knee joint is dynamically stabilized mainly through the quadriceps and hamstring muscles. The
knee joint acts as a hinge joint in the sagittal plane allowing knee flexion-extension through
hamstring and quadriceps activation. Internal and external tibial rotation occurs in the transverse
plane and a small range of motion occurs in the coronal plane as varus and valgus rotations.

The ACL functions as the primary restraint to anterior tibial translation with respect to the

femur and contributes to rotatory stability (Branch, Siebold, Freedberg, & Jacobs, 2011; Giesche,



Niederer, Banzer, & Vogt, 2020; Kohn, Rembeck, & Rauch, 2020). Physiologically, the ACL has
been shown to have two bundles: the anteromedial (AM) and posterolateral (PL) bundles (Starman
etal., 2007). The two bundles have been described to stabilize the knee at different positions where
the AM bundle provides more stability at greater flexion angles and the PL bundle provides more
stability near full extension. Furthermore, the AM bundle has been shown to have higher modulus

and ultimate stress compared to the PL bundle (D. L. Butler et al., 1992).

Femur
PCL ACL
MCL - 4 LCL
/ \Lateral
Medial Meni
) eniscus
Meniscus
<= Fibula
Tibia =»

Figure 1.1: Depiction of the knee joint showing the femur, tibia, fibula, collateral ligaments,

cruciate ligaments, and menisci from an anterior view of the knee in 90° of flexion



1.2 ACL Injuries

Up to 400,000 ACL injuries occur annually, and approximately 70% of these injuries are
the result of non-contact mechanisms (Boden et al., 2000; Racine & Aaron, 2014). Patient reported
outcomes and video analyses have shown that non-contact ACL injuries most often occur during
deceleration or landing from jumping (Krosshaug et al., 2007; Renstrom et al., 2008). These injury
mechanics typically occur near full extension and induce internal rotation and valgus torques
which can lead to valgus collapse (Figure 1.2) (Boden et al., 2000; Krosshaug et al., 2007;
Matsumoto, 1990; Renstrom et al., 2008). Due to limited vascularity, the ACL has low propensity
to spontaneously heal, and without ACL reconstruction leaves the knee vulnerable to instability
and damage to surrounding anatomic structures(lhara & Kawano, 2017; Murray et al., 2000;
Nicholls et al., 2021; O’Connor et al., 2005). Furthermore, damage to the other structures of the
knee frequently occur concomitantly with ACL injuries (Hagino et al., 2015; Musahl et al., 2017;
Shelbourne & Porter, 1992). Specifically, anterolateral capsule injury has been shown in up to
90% of ACL injury (Andrea Ferretti, Monaco, Fabbri, Maestri, & De Carli, 2017). OA has also

been shown to develop in 90% of individuals after ACL injury (Selmi et al., 2006).
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Figure 1.2: Depiction of a valgus collapse that is a combination of a valgus and internal rotation

and is a mechanism for ACL injury.

1.3 ACL Injury Treatment Options

ACL rupture is more commonly managed operatively, especially in younger patients, given
better restoration of rotational stability. Non-operative options revolve around physical therapy
strengthening the dynamic stabilizers, adjustments to functional activity, and inclusion of
protective bracing (Paterno, 2017). Non-operative treatment has been showed to be more effective
on sedentary, less active individuals compared to their physically active counterparts (van der List,

Hagemans, Hofstee, & Jonkers, 2020).



While operative treatments for ACL injury have been shown to have greater rates of
positive outcomes compared to non-operative treatment, limitations still exist. The most common
operative treatment is an ACL reconstruction using a soft tissue graft (Figure 1.3). The most
prevalent grafts utilized are the bone-patellar-tendon-bone (BTB), semitendinosus tendon, and
quadriceps tendon. While ACL reconstruction has shown to improve stability in the knee, post-
operative complications still persist in up to 25% patients and have been described as graft site
pain, arthrofibrosis and limited flexion-extension range of motion (Mohtadi, Webster-Bogaert, &
Fowler, 1991; Niki et al., 2012; Skutek et al., 2004). Furthermore, patients after ACL
reconstruction still have much higher rates of developing OA (A Ferretti, Conteduca, De Carli,

Fontana, & Mariani, 1991; Kessler et al., 2008).
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Figure 1.3: Depiction of ACL reconstruction using a soft tissue graft
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Although ACL reconstruction has been shown to improve patient outcomes, rotatory
instability still persists in a number of patients (Biau et al., 2009). Many clinicians attribute this
persistent rotatory instability to unaddressed concomitant injury to the anterolateral capsule that
has been described as frequently concomitant with ACL injuries (Golan et al., 2019; Kernkamp,
van de Velde, Bakker, & van Arkel, 2015). However, the biomechanical behavior of the
anterolateral capsule is disputed as some research has described an anterolateral ligament existing
through the same region of the knee (Claes et al., 2013; Kennedy et al., 2015), while other research
has described the anterolateral capsule as a sheet of tissue (Guenther, Rahnemai-Azar, et al., 2017).
An operative treatment that was popular before ACL reconstructions, known as a lateral
extraarticular tenodesis (LET), has recently resurfaced as an augmentation to ACL reconstructions
(Duthon, Magnussen, Servien, & Neyret, 2013; Hewison et al., 2015; Slette et al., 2016). An LET
is an operative procedure in which a soft tissue graft is added to the lateral aspect of the knee to
address the persistent rotatory instability (Figure 1.4). While ACL reconstruction augmented with
LET has been shown to improve outcomes on rotatory stability, some clinicians have concern that
LET has no anatomical analogue and may overly constrain internal rotation, increasing contact

pressure and thus increased risk for OA (Marom et al., 2021; Novaretti, Arner, et al., 2020).
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Figure 1.4: Depiction of a lateral extraarticular tenodesis that is performed to augment an ACL

reconstruction and address persistent rotatory instability

Non-operative treatment options to ACL reconstruction are also common in clinical
practice. Strengthening of the hamstrings muscles have been shown to improve treatment
outcomes as quadriceps dominance has been shown to predispose individuals to a second ACL
injury (Dedinsky, Baker, Imbus, Bowman, & Murray, 2017; Myer, Ford, & Hewett, 2006). By
increasing the strength of the hamstrings muscles, dynamic stability improves and prevents the
quadriceps from causing harmful increased anterior translation. Another non-operative

augmentation to ACL reconstruction is inclusion of functional knee bracing (N. E. Marshall,



Keller, Dines, Bush-Joseph, & Limpisvasti, 2019; Moon, Kim, Lee, & Panday, 2018) (Figure 1.5).
Functional knee bracing is commonly prescribed to individuals after ACL reconstruction to
improve knee stability and for increased protection against internal and valgus torques

(Hanzlikova, Richards, Hébert-Losier, & Smeékal, 2019).

Figure 1.5: Depiction of the functional knee bracing applied to a knee to provide additional

stability and protection to the soft tissue structures

Functional knee bracing is frequently prescribed after ACL injury or ACL reconstruction
as a means of returning near normal stability or reducing range of motion and forces at the knee
(Cawley, France, & Paulos, 1989; Gentile et al., 2021; Marois et al., 2021; Rishiraj et al., 2009).
Clinicians have recommended functional bracing for ACL injuries with concomitant grade I-II

MCL injuries (Guenther et al., 2021). This treatment option has been shown to have good
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postoperative outcome in both short term and long-term follow up investigations (Blanke et al.,
2017; Lucidi et al., 2022). Functional bracing has also been prescribed to intact knees for
conservative treatment and preventative measures (Marois et al.,, 2021). However, the
effectiveness of functional knee bracing in response to external loads requires further investigation.
Furthermore, conflicting evidence has been shown on the effectiveness of functional knee brace
to prevent ACL injury as no systematic review has shown knee bracing to reduce risk of ACL
injury. Furthermore a previous study found that braced players trended towards having a lower
injury rate for non-skill players in football while braced players at skill positions exhibited higher

rate of injury compared to unbraced (Albright et al., 1994).

1.4 Robotic Testing System

Six degree-of freedom robotic testing systems are frequently used to perform
biomechanical research to examine joint mechanics. Robotic testing systems originally applied
external loading conditions to the joint at discrete flexion angles and recording the positions and
forces in the joint using a force/moment sensor. The force in a soft tissue structure in response to
the external loads can be determined by cutting the structure and repeating the recorded motion.
The change in force recorded by the force/moment sensor can be attributed to the cut structure
(Bell et al., 2015; Fujie, Livesay, Woo, Kashiwaguchi, & Blomstrom, 1995; Woo, Debski, Wong,
Yagi, & Tarinelli, 1999). The loading conditions that are applied to the joint are commonly chosen
to replicate clinical exams such as an anterior drawer (Kanamori et al., 2000; Leblanc et al., 2015).

Loading at discrete flexion angles has drawbacks of an inability to apply dynamic loads and can
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lead to lengthy experiments. Therefore, researchers developed robotic testing systems that apply
continuous loads through flexion (Bell et al., 2015).

Researchers utilize these 6 degree-of-freedom robotic testing system to test the effect of
dynamic loads on joints before and after various injuries and treatments (Naendrup et al., 2019;
Novaretti, Arner, et al., 2020; Novaretti et al., 2019; Patel et al., 2020; Thomas Rudolf Pfeiffer et
al., 2018). The implications drawn from the research performed in these studies can improve
clinical practice by informing clinicians of the impacts of the injuries and how well the treatments
address those impacts.

The research performed in this dissertation will utilize a unique robotic testing system
(Technology Service Ltd., Model FRS2010, Chino, Japan) that is repeatable to less than £0.015
mm and £0.01° (Figure 1.6). The long bones of the distal femur and proximal tibia is potted with
an epoxy compound (Bondo, Atlanta, GA) and then secured to the lower plate and upper end
effector of the system, respectively. The knee joint coordinate system is then defined to calculate
knee kinematics (Grood & Suntay, 1983). The motion through flexion that resulted in minimized
forces and moments in all degrees of freedom is found and called the passive path. The passive
path is repeated to eliminate the viscoelastic effects of the soft tissue at the knee joint. Relevant
dynamic loading conditions are then applied at approximately 1°/s with the kinematics and kinetics
recorded. The forces in the soft tissue structure are then determined using the principal of
superposition as previously mentioned. This robotic testing system and protocol was used for the
research laid out in this dissertation to ascertain the effect of additional treatment options for ACL

injury.
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Figure 1.6: Six degree of freedom robotic testing system utilizing a UFS with a knee mounted at

90° of flexion imaged from an anterior view.

1.5 ACL Injury Risk Factors

Risk factors for non-contact ACL injury include age, sex, ethnicity, and level of activity
(J. M. Uhorchak et al., 2003). Females have been shown to have up to eight times higher incidence
rate of ACL injury per athletic exposure compared to males (Clarke & Buckley, 1980; Sutton &
Bullock, 2013). During athletic activities and situations associated with ACL injuries, females
have been shown to have greater variability in internal-external and varus-valgus motions (Arendt
& Dick, 1995). Furthermore, quadriceps dominance relative to the hamstrings has been shown to
be a risk factor for ACL injury, affecting females more commonly (Dedinsky et al., 2017).

Given the impact that the tibiofemoral bony morphology has on the impact of the bone-to-

bone articulation at the knee, knee bony morphology became of interest as a possible risk factor
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for ACL injury. Using gross measurements and x-rays, 2-dimensional measurements of the knee
were studied and certain morphological features were found to associate with ACL injury
(Anderson, Lipscomb, Liudahl, & Addlestone, 1987; John M Uhorchak et al., 2003). Smaller
femoral notch widths have been observed in ACL injured knees compared to control knees (Figure
7A) (Andrade et al., 2016; Gormeli et al., 2015; D. C. Whitney et al., 2014), and posterior tibial
slope has been shown to be greater in ACL injured knees compared to control knees (Figure 7B)
(Todd, Lalliss, Garcia, DeBerardino, & Cameron, 2010; Zeng et al., 2016). Recently, bony
morphological studies have expanded to examine 3-dimensional bone shape at the knee utilizing
statistical shape modeling (Pedoia et al., 2015) and these studies have further confirmed femoral
notch width and posterior tibial slope as risk factors for ACL injury. However, additional bony
morphological features that are difficult to capture 2-dimensionally may still exist. Furthermore,
the effect of these tibiofemoral bony morphological features on knee kinematics have not been

examined.
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Figure 1.7: Bony morphological risk factors for ACL injury: A) Femoral notch width, B)

Posterior tibial slope.
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1.6 Evaluation of Bony Morphology Using Statistical Shape Modeling

Statistical shape modeling has been developed to analyze morphologic variation that direct
linear measurements cannot properly capture. Researchers employed statistical shape modeling to
analyze the curved surfaces of bones imaged in radiographic images to be able to quantify features
those traditional measurements did not properly capture. Recently, the use of statistical shape
modeling has expanded to analyze bony morphology 3-dimensionally captured with MRIs and
CTs (Heimann & Meinzer, 2009). Another benefit of recently developed statistical shape modeling
is analyses can be performed automatically removing human biases and errors that can occur with
direct measurements or previously used landmark-based statistical shape modeling. However,
interpretation of the results of statistical shape modeling analyses are difficult due to this bias free
nature of the analysis that prevents targeting specific 2-dimensional features.

Three-dimensional statistical shape modeling quantifies shape variation through a
correspondence-based methodology and the research in this dissertation uses Shapeworks
(https://www.sci.utah.edu/software/shapeworks.html). Correspondence points are automatically
placed on the surfaces of the inputted geometries in a manner that equally distributes them across
the surface such that the points that correspond with each other are located similarly on different
surface (Atkins et al., 2017; Cates, Elhabian, & Whitaker, 2017; Cates, Fletcher, Styner, Shenton,
& Whitaker, 2007) A principal component analysis is then performed to reduce the high
dimensionality of the corresponding point clouds into the directions of maximum variance(Abdi
& Williams, 2010). The directions of maximum variance correspond with variations in shape in
the input geometry and, in the case of the work in this dissertation, bony morphology. Each bone

surface has a scalar value for each direction of maximum variance called PCA loading values
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which can then be used to associate bony morphology with groupings (i.e., ACL injured or
uninjured).

Furthermore, the mechanical effect of morphological features determined using statistical
shape models is something that can examined, but little research has done to this end. Research
examining the influence of tibiofemoral bony morphology on knee mechanics is limited. Previous
studies have examined the connection between certain 2-dimensional measurements at the knee
with various kinematic parameters (Hoshino et al., 2012a; D. Lansdown & Ma, 2018), but
expanding this work flow to 3-dimensional measures and furthering it to connect these 3-

dimensional features with kinetic and arthrokinematic parameters are novel approaches.

1.7 Computational Modeling

The use of computational modeling is an alluring approach to determining the effect of
pathologies and treatment options on joint behavior. Models with subject specific geometry driven
by their joint kinematics lead to a better understanding of the joint behavior during motions or
loading conditions of interest. This framework is popular as the inputs match with an existing
clinical environment of a patient’s morphology and accompanying motion. However, subject-
specific geometry may result in joint mechanics that do not apply to individuals with different
bony morphology. A research protocol that incorporates varying bony morphology that are a risk
factor for injury into a computational model allows for researchers and clinicians to have a better
grasp on how those morphological features influence mechanics. Part of this dissertation aims to
do just that by creating a computational model with inputs from the results of a statistical shape

model that delineates risk factors for ACL injury.
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The biomechanical behavior of ligamentous structures have been modeled using various
computational methods (Galbusera et al., 2014; Limbert, Middleton, & Taylor, 2004; C.-H. Yu,
Walker, & Dewar, 2001). These computational methods have been used to predict the effect of
external loads on tissue and the interaction of various pathologies and treatment options. Common
types of computational analyses model ligaments as either finite element models or springs. Finite
element analyses have the advantage of analyzing the response at any location in the structure but
can be more computationally intensive. Analyzing the ligaments as springs, non-linear springs
more specifically, benefit from their simplicity while being able to model the response in soft tissue
and only depend on slack length, elongation, toe region stiffness coefficient, and linear region
stiffness as input parameters. Slack length is determined based on the difference between the
insertion sites on the tibia and femur in the reference position of full extension which can be
affected by the bony morphology. The research in part of this dissertation utilizes non-linear
springs as their simplicity allows for scenarios that isolate the effect of the varying bony
morphology on the forces in the ACL by not including superfluous parameters that may detract

from the comparison to be made.

1.8 Motivation

Anterior cruciate ligament tears are a common injury among the young, athletic population
and have a significant impact on the patient due to debilitating symptoms and on the health care
system due to the economic impact from reconstructions, physical therapy, and treatments of OA
down the line (Bradley et al., 2002; L. Y. Griffin et al., 2006; Luc et al., 2014; Sousa et al., 2017).

Determining risk factors for ACL injury and their impact on knee mechanics would improve
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clinician’s ability to individualize patient care and could help improve preventative measures for
the at-risk athletes. Currently known risk factors include sex, age, level of activity, and
tibiofemoral bony morphology (J. M. Uhorchak et al., 2003). Sex, age, and level of activity are
already accounted for in training regimens when trying to reduce risk of ACL injury, but
tibiofemoral bony morphology is often unaccounted for in these injury risk reduction efforts.

Determining the 3-dimensional bony morphological risk factors for ACL injury at the
tibiofemoral joint and their impact on joint behavior before and after injury and treatment would
allow clinicians and physical therapists to tailor treatment of individuals who are at greater risk for
injury. Combining the use of statistical shape modeling to determine risk factors for ACL injury
with computational modeling would allow researchers to determine the effect of tibiofemoral bony
morphological features that associate with ACL injury on the force in the ACL. Furthermore,
combining the use of statistical shape modeling with 6 degree-of-freedom robotic testing would
allow researchers to determine the effect of tibiofemoral bony morphology on knee kinematics and
kinetics before and after injury and treatment.

Overall, the goal of this dissertation is to establish tibiofemoral bony morphological risk
factors for ACL injury (Aim 1), their impact on the forces in the ACL (Aim 2), and their influence
on knee mechanics after injury and treatment (Aim 3). This dissertation will take a multifaceted
approach to this goal utilizing a combination of 6 degree-of-freedom robotic testing, 3-dimensional

statistical shape modeling, and computational modeling.
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2.0 Specific Aims

The specific objective of this dissertation is to better understand the effect of tibiofemoral
bony morphology on knee mechanics before and after ACL injury and ACL injury treatment.

Three specific aims were accomplished to meet the specific objectives of this dissertation:

2.1.1 Specific Aim 1

Utilize a 3-dimensional statistical shape analysis to establish bony morphological features
of the tibiofemoral joint that are associated with ACL injuries and sex.
It was hypothesized that ACL injury would associate with bony morphological features

that may increase internal and valgus torques as those are the mechanisms for ACL injury.

2.1.2 Specific Aim 2

Determine the effect of bony morphology that associates with ACL injury determined in
Aim 1 on ACL force in response to anterior displacement by modeling the ACL with non-linear
springs.

It was hypothesized that the bony morphological features that associated with ACL injury

will have greater force in the ACL.
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2.1.3 Specific Aim 3

Specific Aim 3a

It was hypothesized that 1) functional knee brace would reduce tibial rotation and valgus
rotation compared to the unbraced states and 2) functional bracing will reduce the in-situ force in
the ACL in response to combined 5Nm internal and valgus torque.

Specific Aim 3b

Analyze the effect of bony morphology with and without functional bracing.

It was hypothesized that bony morphological risk factors for ACL injury would correlate
with greater differences between braced and unbraced kinematics and ACL forces in response to
external loads.

Specific Aim 3c

Analyze the effect of bony morphology on knee kinematics, contact pressures, and contact
areas in response to external loads before and after anterolateral capsule injury and a type of LET.
It was hypothesized that bony morphologic risk factors for ACL injury would correlate
with increased knee kinematics and contact pressures and decreased contact areas in response to

external loads.
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3.0 Aim 1: Tibiofemoral Bony Morphological Risk Factors for ACL Injury

3.1 Statistical Shape Analysis of Tibiofemoral Joint of ACL Injured Subjects

3.1.1 Introduction

Anterior cruciate ligament (ACL) injuries are one of the most common and traumatic
ligamentous injuries among the active population (Letha Y Griffin et al., 2006; Hewett et al.,
2009). Even after reconstruction, individuals who have previously experienced ACL injury are at
high risk for a second ACL injury in either the same knee or the contralateral knee (Kamath et al.,
2014; Webster & Feller, 2016). Multiple studies have shown that some individuals are at more risk
for injury than others (Eduard Alentorn-Geli et al., 2009; Dai, Herman, Liu, Garrett, & Yu, 2012;
Kaeding et al., 2015; McLean, Huang, & Van Den Bogert, 2005; Myer et al., 2006). Therefore,
identifying risk factors for ACL injury would be crucial for developing preventative action.

Risk factors for non-contact ACL injury include level of activity, sex, age, and bony
morphology (Boden, Sheehan, Torg, & Hewett, 2010; J. M. Uhorchak et al., 2003). Bony
morphology of the knee dictates arthrokinematics according to bone-to-bone articulation. This
articulation then dictates function of the ACL and is thus a risk factor for ACL injury as the shape
of the bones affects articulation guiding joint motion (Zantop, Herbort, Raschke, Fu, & Petersen,
2007). As internal and valgus torques are the mechanisms for ACL injury (Matsumoto, 1990),
many clinicians are interested in determining bony morphology that affect these rotational degrees

of freedom.
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Even though males experience ACL injury due to their higher numbers participating in
sports, women are up to eight times more likely to sustain ACL injury then men during athletic
activity (Clarke & Buckley, 1980; Sutton & Bullock, 2013). Women are at greater risk for ACL
injury for a multitude of reasons including their pelvic variation that causes increased valgus angles
at the knee (Ireland, 2002). Women have also been found to have greater joint laxity than men and
have been associated with bony morphological features that predispose individuals for ACL injury
such as a smaller femoral notch width (Branch et al., 2011; Shelbourne & Kerr, 2001).

Statistical shape modeling has been employed to analyze shape characteristics of the femur
and tibia in 2D radiographs and 3D shapes for a more complete shape analysis (Baldwin,
Langenderfer, Rullkoetter, & Laz, 2010; Pedoia et al., 2015; Rao et al., 2013). Differences in bony
morphology have been found between sexes as well as ACL injured and control knees, however
most analyses have only compared the 2-dimensional geometry of the femur and tibia (Baldwin et
al., 2010; Pedoia et al., 2015; Rao et al., 2013; Shelbourne, Davis, & Klootwyk, 1998; Todd et al.,
2010). Previous 3-dimensional bony morphology studies of the tibiofemoral joint examining the
effects on ACL injuries only analyzed distinct predetermined features, utilized methods with a
priori assumptions on shape, did not include the long axes of the tibia or femur in their analysis,
or did not analyze the effect of sex on ACL injury risk with bony morphology (Muneta, Takakuda,
& Yamamoto, 1997; Simon, Everhart, Nagaraja, & Chaudhari, 2010; van Diek et al., 2014).
Therefore, the objective of this study is to utilize a 3-dimensional statistical shape analysis to
establish bony morphological features of the tibiofemoral joint that are associated with ACL
injuries and sex. It was hypothesized that ACL injury would associate with bony morphological
features that may increase internal and valgus torques as those are the mechanisms for ACL injury

(Eduard Alentorn-Geli et al., 2009; McLean et al., 2005).
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3.1.2 Methods

Subjects

Bilateral computed-tomography (CT) scans of the lower extremity (1 mm slice thickness,
1 mm spacing, 512 x 512 acquisition matrix size, 300 mA at 120 kV, GE LightSpeed 16) were
captured for 20 patients with complete ACL injuries 6 months after ACL reconstruction including
a mix of acute and delayed ACL procedures (age = 22.4 + 8.5, 10 female) and 20 control subjects
with no history of knee injuries (age = 30.4 + 6.7, 10 females). Bilateral CT scans allow for capture
of the contralateral knees of the ACL injured subjects to provide the third group for analysis. The
study received approval from the institutional review board at the University of Pittsburgh.
Preprocessing

The distal femurs and proximal tibiae were semi-automatically segmented to include a
uniform amount of their long axis using Mimics 21 (Materialise NV, Leuven, Belgium). The distal
femurs were segmented so that the largest medial-lateral dimension is equal to the distance from
the inferior most point to the cut on the long axis of the femur (Figure 3.1). The proximal tibiae
were segmented from the most proximal point to a point distally along the long axis 90% of the
largest medial-lateral dimension of the tibial plateau. Including the entire long axis of the tibia
would add unwanted variability into the statistical shape model and shift the focus of the analysis.
Utilizing Mimics 21 Automatic 3D Calculation function, 3-Dimensional surface models of the
distal femur and proximal tibia were created. Anti-aliasing was then performed utilizing a
Laplacian filter with a smoothing factor of 0.7 for three iterations. The 3-dimensional models were
then exported to 3D Slicer (3D Slicer, 4.10.2, slicer.org). The femur surface models were rotated
so the distal most points were in the same plane for alignment purposes of the bounding boxes.

The femur and tibia surface models were then exported as binary segmentations to Seg3D (Seg3D
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2.2.1, https://lwww.sci.utah.edu/cibc-software/seg3d.html) to create uniform bounding boxes.

Lastly all right femurs and tibiae were reflected as left femurs and tibiae for uniformity.

A) B)

Medial
72 mm
Lateral
Lateral
80 mm
Medial

80 mm 80 mm
Figure 3.1: A) Uniform dimensions of the tibia were maintained by trimming the inferior-
superior dimension to 90% of the medial lateral dimension (Anterior View). B) Uniform
dimensions of the femur were maintained by trimming the inferior-superior dimension to 100%

of the medial lateral dimension (Posterior View).

Statistical Shape Analysis

Two statistical shape models were developed to analyze the variability in shape: one for
the femurs and one for the tibiae. The 3-dimensional surface models were imported into
Shapeworks  (https://www.sci.utah.edu/cibc-software/shapeworks.html)  which employs a
correspondence method to analyze the variation in 3-dimensional shape (Hoshino et al., 20123;
Hoshino, Wang, Lorenz, Fu, & Tashman, 2012b). One difficulty of statistical shape modeling is
limiting the bias when using bony landmarks to determine particle placement (Atkins et al., 2017;
Cates et al., 2007; Chan, Farnsworth, Koziol, Hosalkar, & Sah, 2013). This limitation is avoided

through an automatic particle placement using a splitting strategy that randomly chooses a surface
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location for the first particle which is then split into two particles and repel each other along the
surface until a steady state is achieved (Atkins et al., 2017). This splitting process was repeated
until 2,048 particles were uniformly placed on each bone in the analysis. The uniformity was
optimally achieved using a gradient descent approach with a cost function while simultaneously
creating a compact distribution of the correspondence of particles on the surface models (Atkins
et al., 2017; Cates et al., 2007). A generalized Procrustes analysis was performed throughout to
optimize alignment and normalize with respect to scale (Gower, 1975).

The shape configurations were divided into three groups: knees of control subjects, knees
with ACL injury, and uninjured contralateral knees of ACL injured subjects A principal
component analysis (PCA) was performed to analyze the variability of the correspondence particle
placement in each configuration. The PCA reduces the dimensionality of the correspondence of
particles to orthogonal descriptions of the data set while extracting information about independent
bony morphological features that describe the cohort of bone shapes. From the PCA, bony
morphological features can be projected or mapped onto shape variability spectrums called
principal components or modes of variation. This mapping called PCA loading values provides a
quantitative assessment of the distal femur or proximal tibiae configurations onto each mode of
variation. Each mode of variation represents an independent shape feature. The total variation in
the data set is described by combining each mode of variation. The largest modes of variation that
additively describe 80% of the variation among all the distal femurs or proximal tibiae were
analyzed for statistical significance between injury states and sex.

The modes of variation can be visualized by modeling the movement of each particle from
one end of the spectrum to the other (£2 SD) as vectors on top of the mean distal femur or proximal

tibia surface models (Figure 3.2). Two orthopaedic sports medicine fellows performed an
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independent analysis to examine these 3-D models and interpret physical representations which
were then reviewed by the researchers of this study. Two dimensional parameters matching the
bony morphological feature interpreted by the orthopaedic surgery fellows were then measured

and analyzed for statistical differences.

Anterior
Posterior

PC1-2S.D. Mean Shape PC1 +2 S.D.
Figure 3.2: Visualization from a medial view demonstrating the variation of the second tibial

principal component from -2 S.D. to +2 S.D. with the mean shape in the middle.

Direct Measurement Analysis

The anatomical axis was defined as the line between two centroids of the long axis of the
femur (Cherian et al., 2014).The anatomical axis was extended inferiorly to the point halfway
between the distal most points on the femoral condyles. The anatomical axis was then rotated 6°
about the distal most point in the coronal plane to form the mechanical axis (Cherian et al., 2014)
(Figure 3.3). The superficial MCL insertion site was visually identified on each knee by an
orthopaedic surgeon on the 3-dimensional surface models created from the segmentations of the
CT scans. The perceived center of the LCL insertion site was identified based on Blumensaat’s
line determined in the sagittal view on the CT scans because it was found to be a more accurate

determination (Thomas R Pfeiffer et al., 2018). The orthogonal distance between the established
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insertion sites and mechanical axis were calculated and then normalized by the largest medial
lateral width in an axial plane of the respective femur. The directional components of each
orthogonal distance between the mechanical axis and the insertion sites were calculated and

normalized by their respective widths (i.e., the anterior-posterior component scaled by the anterior-

posterior width).

Medial
Lateral

Figure 3.3: Centroids of the femoral long axis are determined in the coronal plane and denoted
by the black points inside the red ovals. The anatomical axis is determined by the line connecting
those two points. To determine the mechanical axis (dotted line), the anatomical axis is rotated

6° about the distal most point (red dot).

Statistical Analysis

Normality was assessed using a Shapiro Wilk W Test. The standard deviations (S.D.) of
the modes of variation for each group were determined not be different to establish
homoscedasticity. Two-way analysis of variance (ANOVA) was performed to compare the PCA
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loading values of shape between ACL injured and control knees as well as ACL injured knees and
contralateral knees with sex being the other main factor in both analyses. Two-way ANOVAS were
then performed on the 2D measurements that match the physical representations determined.

Significance was set at p < 0.05.

3.1.3 Results

The ACL injured group consisted of ten males and ten females with an average age of 22.4
years while the uninjured control group consisted of ten males and ten females with an average
age of 30.4 years. The first modes of variation that describe over 80% of the total variation were
included in our analysis (Figure 3.4). The first five principal components represented 85% of the

variation among the data set of distal femurs.
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Figure 3.4: Cumulative percent of variation encompassed in the tibial and femoral principal

components.
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The two-way ANOVA demonstrated statistically significant differences between male and
female knees in the second and third femoral principal components. The 3D models were created
for modes of variation that were determined to be different between ACL injured knees and control
knees and between male and female knees (Figures 3.5-3.7). The second femoral principal
component demonstrated males having a more anterior medial trochlear ridge (Figure 3.5), and the
third mode of variation demonstrated that female knees have a more lateral mechanical axis than
male knees (Table 1). Significant differences between the distal femurs of ACL injured and control
knees were found in the first and third femoral principal components. The ACL injured knees
demonstrated a smaller angle between the long axis and the condylar axis of the femur (Figure
3.6a and 3.6b) and a more lateral femoral mechanical axis than the control knees (Figure 3.6¢ and
3.6d). No statistically significant differences were found in the bony morphology between the ACL

injured and contralateral knees.
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A)

I
Figure 3.5: Visualizations of second principal component of the distal femurs utilizing 3D
distance topography plots imaging the distance between +2 SD and -2 SD of the second principal
component where red represents outward distance and blue represents inward distance. A)
Superior view and B) anterior view showing males having a more anterior medial trochlear ridge
than females where males had significantly greater PC1 loading values. (M: Medial, L: Lateral,

P: Posterior, A: Anterior, I: Inferior, S: Superior).
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Table 1: Distances from the mechanical axis to the MCL and LCL and the directional

components scaled by the directional widths of their respective knee. Three-dimensional

distances are scaled by the medial-lateral widths. (* p<0.05) (Mean £S.D.)

ACL Injured Knees Control Knees p value
1. Distance from 47 + 2% 43 £ 3% p = 0.0004
Mechanical Axis to MCL
a. Medial-lateral 45.4 + 2% 42.5+3% p =0.01
component
b. Anterior-posterior 14 £ 5% 7+5% p =0.007
component
2. Distance from 55+2% 55+3% p =0.90
Mechanical Axis to LCL
a. Medial-lateral 50+ 3% 50 +3% p=0.85
component
b. Anterior-posterior 26 +4% 26+7% p=0.79
component
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Figure 3.6: Visualizations of first and third principal components of the distal femurs utilizing

=g

3D distance topography plots imaging the distance between +2 SD and -2 SD of the first and
third principal components where red represents outward distance and blue represents inward
distance. A) Posterior view and B) medial view showing view showing control knees have a
smaller angle between the long axis and the condylar axis than ACL injured knees as ACL
injured knees have significantly greater PCO Loading values. C) Lateral view and D) Superior
view demonstrating a more lateral mechanical axis among ACL injured knees and female knees
compared to control knees male knees, respectively as ACL injured and female knees had

significantly greater PC2 loading values.

32



The first ten modes of variation represented 80% of the variation among the data set of
proximal tibiae. The two-way ANOVA demonstrated statistically significant differences in the
second tibial principal component between ACL injured and control knees as well as male and
female knees. The ACL injured and female tibiae were found to have a smaller anteroposterior

dimension of the lateral tibial plateau compared to control and male tibiae (Figure 3.7).

A) B)

Anterior
Posterior

Lateral

Medial

Figure 3.7: Visualizations of first and third principal components of the distal femurs utilizing
3D distance topography plots imaging the distance between +2SD and —2SD of the first and third
principal components where red represents outward distance and blue represents inward distance.

(A) Lateral view and (B) posterior view showing ACL injured and female knees have a smaller

anterior-posterior aspect of the tibial plateau compared to control and male knees.

Mechanical Axis Analysis

The distance from the MCL insertion sites to the mechanical axis was found to be
statistically significantly different between the ACL injured group and the control group as the
ACL injured knees had MCL insertion sites of the injured knees were 4% further away from the

mechanical axis than the MCL insertion sites of the control knee and 3% more lateral (p=0.0004
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and p=0.01). The post hoc analysis determined a significant interaction effect exists between injury
state and sex in the measurement between the mechanical axis and the MCL insertion site. The
MCL insertion site of the injured knees were 7% more anterior than that of the control knees when
referenced to the mechanical axis (p=0.03). No significance differences existed between the ACL
injured and control knees with regard to the distance from the mechanical axis to the LCL nor any

of the directional components.

3.1.4 Discussion

Statistical shape modeling was used to determine modes of variation that were interpreted
as bony morphological features associated with ACL injuries when compared to control knees.
Significant differences were determined between distal femurs of male and female knees in the
second and third modes of variation (anterior medial trochlear ridge and mechanical axis location),
and between the distal femurs of ACL injured and control knees in the first and third modes of
variation (angle between long axis and condylar axis and mechanical axis location). The first mode
of variation demonstrated that ACL injured knees have a greater angle between the long axis and
the condylar axis compared to control knees. Variation in this angle may affect the area of
articulation between the femoral condyles and tibial plateau. A smaller angle between the long
axis and the condylar axis may allow for a larger contact area between the femur and tibia as the
condylar axis is more parallel with the tibial plateau. A larger contact area would thus allow for
greater stability and a decreased risk for ACL injury. Furthermore, a greater angle may result in
hyperextension of the knee and increased laxity which is a risk factor for ACL injury.

Female knees had a less anterior medial trochlear ridge than male knees. This less anterior
ridge may allow for greater Q angles as the patella can be aligned more laterally. This finding is
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similar to a previous study that found female knees have greater Q angles than male knees (Medina
McKeon & Hertel, 2009).

The MCL insertion sites on the distal femurs of the ACL injured knees and female knees
were further away from the mechanical axis than that of the control knees and male knees. Thus,
the location of the mechanical axis was identified as more lateral on the ACL injured and female
knees compared to control and male knees. However, this assumes that the tibial plateau is parallel
to the ground. If the tibial plateau is angled such that the lateral plateau was elevated differently
than the medial plateau so that the tibial plateau is not parallel to the ground, the variation in
mechanical axis may have implications in valgus angles and moments. However, one limitation of
our mechanical axis analysis is the assumed 6° difference between the anatomical axis and
mechanical axis as 6° is based on an average of femurs from the published literature. The
mechanical axis was estimated instead utilizing the anatomical axis as it is more clinically relevant
for the mechanical effect of the bony morphology on the knee. The MCL insertion site was also
found to be more anterior on the ACL injured distal femurs. A more posterior mechanical axis may
put more force on the posterior horn of the medial meniscus which may be why medial meniscus
injuries are more common with chronically ACL deficiency (Hagino et al., 2015). A more lateral
mechanical axis may cause more force to be exerted on the lateral tibial plateau during axial
compression. This difference in force location may predispose knees to ACL injuries due to
increased valgus and internal rotations near full extension, which is a mechanism for ACL injury
(Matsumoto, 1990). Moreover, variation in the orthogonal distances between the mechanical axis
and the insertion sites of the secondary stabilizers would change their moment arms possibly
affecting load sharing. A more anterior MCL insertion site may result in less load sharing between

the MCL and ACL in response to an internal torque causing the ACL to experience larger forces.
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However, the interpretation that this bony morphological feature affects load sharing between the
ACL and MCL is affected by multiple factors including limb alignment, dynamic stability, and
joint loading. Therefore, further research must be performed to assess the effect of these factors.

ACL injured and female knees were found to have a smaller anterior-posterior dimension
in the lateral tibial plateau compared to control and male knees, respectively. A smaller anterior-
posterior dimension of the lateral tibial plateau would decrease the amount of articulation between
the distal femur and proximal tibia. This decreased articulation may decrease stability, increasing
risk for ACL injury. Furthermore, a smaller anterior-posterior dimension may cause ACL injured
knees to be at greater risk for subluxation and thus ACL injuries and other concomitant knee
injuries.

No differences were found between the ACL injured and contralateral knees suggesting
that both knees of individuals predisposed to ACL injury are at equal risk of injury due to their
bony morphology. This is supported by previous findings that suggest a high occurrence rate of a
second ACL injury in the same knee or contralateral knee (Kamath et al., 2014; Webster & Feller,
2016). Furthermore, no difference was found between the left and right knees of the ACL injured
subjects.

Determining bony morphological features that are associated with ACL injuries would be
invaluable to clinicians, physical therapists, and athletic trainers as it would assist with the
development of individualized prevention and treatment protocols for ACL injury. These
individualized protocols would be able to reduce ACL injury risk by increasing dynamic
stabilizations through quadriceps and hamstring strengthening. Furthermore, orthopaedic surgeons

can account for individualized bony morphological parameters to improve injury recovery rates.
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An interaction effect between injury state and sex was found during the post hoc analysis
of the distance between the MCL insertion site and the mechanical axis. This may be due to female
knees having naturally greater valgus angles (Ireland, 2002). A main limitation of our study is
collection of control knees, which were comprised of individuals who have never had an ACL
injury. However, they could still be at risk for ACL injury. Another limitation is that the CT scans
were 6 months after reconstruction where some were delayed procedures so bony remodeling
could have occurred before or after surgery prior to the CT scans. In our study, distal femurs and
proximal tibiae were analyzed independently for bony morphological differences leading to many
future directions. The distal femurs and proximal tibiae can be analyzed together for paired
differences between ACL injured and control knees. Furthermore, most bony morphological
features are considered to be innate shapes that do not change. However, data exist showing that
repeated loading from training and sport or after ACL reconstruction can cause bone remodeling
(Crockett et al., 2002). In the future, bony morphological differences will be analyzed between
athletes in different types of sports.

In conclusion, more bony morphological differences exist between ACL injured and
control knees than described in previous literature. Specifically, ACL injured knees have a more
lateral mechanical axis of the femur resulting in greater genu valgum possibly altering the forces
in the soft tissue structures at the knee demonstrating a reason for it be a risk factor for ACL injury
(Brophy, Silvers, & Mandelbaum, 2010). Furthermore, a smaller anterior-posterior dimension of
the lateral tibial plateau increasing the risk of subluxation. Furthermore, female knees have similar
bony morphology as ACL injured knees. This information would be valuable to clinicians and
patients to understand their increased risk, treatment options, and injury prevention strategies.

Variation between males and females was found supporting previous studies while describing new
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differences. The framework of this study can be applied to future research investigating bony

morphological risk factors for ACL injury at the knee as well as other injuries for different joints.
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4.0 Aim 2: The Effect of Tibiofemoral Bony Morphological Risk Factors for ACL Injury on

ACL Forces

4.1 Non-Linear Spring Model of ACL of Tibiofemoral Bony Morphological Risk Factors

for ACL Injury

4.1.1 Introduction

Anterior cruciate ligament (ACL) injuries are prevalent in the young athletic population
(Mather et al., 2013). These injuries are immediately debilitating with long term effects including
early onset posttraumatic osteoarthritis (Kessler et al., 2008) and require an arduous recovery even
if treated surgically (A Ferretti et al., 1991; Friel & Chu, 2013; Racine & Aaron, 2014; Selmi et
al., 2006). The primary function of the ACL is to prevent anterior tibial translation with respect to
the femur so an anterior drawer is often performed to assess the state of the ACL (J. Marshall,
Wang, Furman, Girgis, & Warren, 1975; Takeda, Xerogeanes, Livesay, Fu, & Woo, 1994).
Furthermore, second ACL injury, contralateral or ipsilateral, after ACL reconstruction has been
found to be 15 times greater than control subjects (Paterno, Rauh, Schmitt, Ford, & Hewett, 2012).
While ACL injury treatment has progressed significantly over the last few decades, individualized
treatment options can still be improved.

The biomechanical behavior of the ACL has been modeled previously through a various
computational methods (Checa, Taylor, & New, 2008; Galbusera et al., 2014; C.-H. Yu et al.,
2001). The use of modeling has become common to predict the effect of various pathologies and

treatment options as it allows researchers to control the inputs of a research question and adjust
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those inputs in a manner that in-vivo or in-situ experiments do not allow. However little research
has been shown on the effect of risk factors for pathology even though certain risk factors could
be a part of those controlled inputs.

Determining risk factors for ACL injuries is a critical step for improving patient care on an
individualized basis as studies have shown that some people are at greater risk of ACL injury than
others. Known risk factors for ACL injury include sex, age, level of activity, and bony morphology.
The results from Aim 1 show that 3-dimensional bony morphological features of the tibia and
femur associate with ACL injury. These features being a smaller anterior-posterior length of the
tibial plateau, a greater angle between the femoral long axis and the femoral condylar axis, and a
more lateral mechanical axis of the distal femur (S. K. Polamalu, Musahl, & Debski, 2020).

Certain bony morphological features such as posterior tibial slope and femoral notch shape
have been shown to associate with ACL injury and have been shown to influence knee kinematics
(D. Lansdown & Ma, 2018). Bony morphology dictates the function of the ACL by influencing
knee motion through the tibiofemoral arthrokinematics. Furthermore, this motion in combination
with the bony morphology determine the force in the ACL. However, the effect of bony
morphological risk factors for ACL injury on the force in the ACL in response to knee motion has
not been shown. Therefore, the objective of this study is to determine the effect of bony
morphology that associates with ACL injury determined in Aim 1 on ACL force in response to

anterior displacement by modeling the ACL with non-linear springs.
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4.1.2 Methods

Two 3-dimensional statistical shape models, one for the femoral bony morphology and one
for tibial morphology, were created from CT scans of the knees of 20 ACL injured subjects and
twenty control subjects with no history of new injury as described in Aim 1. The proximal tibia
and the distal femur were segmented for each subject from each CT scan and 3-dimensional surface
models were created for each bone. Correspondence particles were automatically and optimally
place on the bone surface models. Utilizing a principal component analysis, the independent,
orthogonal axes of variation in the high-dimensional space called principal components were
determined that corresponded with shape features the describe the cohort of surfaces. This process
was performed using ShapeWorks (https://www.sci.utah.edu/software/shapeworks.html). The
outcomes of the statistical shape model were surface models £2 standard deviations along the
principal components that significantly differed between ACL injured and control subjects (Figure
3.2).

Two femoral bony morphological features and one tibial bony morphological feature
associated with ACL injury: a greater angle between the femoral long axis and the femoral
condylar axis, a more lateral mechanical axis of the distal femur, and a smaller anterior-posterior
length of the tibial plateau. Eight 3-dimensional models were created from the statistical shape
model: the mean femur, the mean tibia, the femur model that associated with ACL injury with the
greater angle between the femoral long axis and the femoral condylar axis, the femur model that
associated with uninjured subjects with the smaller angle between the femoral long axis and the
femoral condylar axis, the femoral model that associated with ACL injury with a more lateral
mechanical axis, the femur model that associated with control subjects with the less lateral

mechanical axis, the tibia model that associated with ACL injury with a smaller anterior-posterior
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length of the tibial plateau, and the tibia model that associated with control subjects with a longer

incipal

anterior-posterior length of the tibial plateau (Figure 4.1). The femurs from the femoral pr
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Figure 4.1: A) medial view of the mean femur, B) lateral view of the mean tibia, C) medial view
of the femur with a greater angle between the femoral long axis and the femoral condylar axis
that associates with ACL injured subjects, D) medial view of the femur with a smaller angle
between the femoral long axis and the femoral condylar axis that associates with uninjured
subjects, E) medial view of the femur with a more lateral mechanical axis that associates with
ACL injured subjects, F) medial view of the femur with a less lateral mechanical axis that
associates with uninjured subjects, G) lateral view of the tibia with a smaller anterior-posterior
length that associates with ACL injured subjects, and H) lateral view of the tibia with a longer
anterior-posterior length that associates with uninjured subjects. Note that the unsmooth areas on
the bone models are due to noise captured within the correspondence of the statistical shape

model.
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Utilizing a custom Matlab code, the anteromedial (AM) and posterolateral (PL) bundles of
the ACL were modeled as non-linear springs using the following equation (Checa et al., 2008; C.-

H. Yuetal., 2001):

0 wheree < 0

F = K, (L — Ly)? where 0 < € < 2g;
Ky(L— (14 &)Ly, wheree = 2¢g
where € represents ACL bundle strain, €1 represents the non-linear strain parameter for the amount
of strain that transitions from the toe region to the linear region, Ky represents the stiffness
coefficient for the toe region, Kz represents the linear region stiffness coefficient, L represents the
length of the ACL bundle, and Lo represents the slack length. The slack length is determined by
the following equation:

_ L, — L
= I

&r

where & is the reference strain and L, is the length of the ACL bundle at the reference position
which is determined at full extension. The non-linear strain parameter, stiffness coefficients, and

reference strain were obtained from previous studies (Checa et al., 2008; C.-H. Yu et al., 2001)

(Table 2).
Table 2: Input parameters for non-linear spring models.
Bundle &1 (%) K1 (N/mm?) K2 (N/mm) er (%)
AM 3 22.48 83.15 0
PL 3 26.27 83.15 5.1
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The insertion sites of the ACL bundles were determined based on bony landmarks with the
help of an orthopaedic surgery resident (Petersen & Zantop, 2007; Zantop, Petersen, & Fu, 2005).
Each ACL bundle was modeled as eleven non-linear springs from the selected insertion site vertex
on the one bone surface model to the other selected insertion site vertex on the other bone surface
model and the next closest five vertices (Figure 4.2). The different insertion sites accounted for
the possible variation in forces due to location within insertion site footprint. The forces from the

AM and PL bundles in the mean knee at full extension varied within 5% (Table 3).

Table 3: Forces in the AM bundle at different points in the insertion site footprints. The first row
refers to vary position of the insertion site on the femur and the second row refers to the tibial

insertion site. The first force is the force in the spring at both initially selected insertion sites (N).

Femur 144.3 147.1 142.4 138.2 145.0 150.8
Insertion

Site

Tibial 150.9 145.6 158.5 145.0 153.2
Insertion

Site
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Figure 4.2: A) Posteriorly oblique view of the nonlinear springs, B) superior view of the ACL
insetion on the tibial plateau within the bundle footprints outlined (magneta for the AM bundle

and cyan for the PL bundle).
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The reference position was determined by aligning the distal femur and proximal tibia with
short film x-rays of knees at full extension (Figure 4.3). The femur was consistently aligned
proximally from the tibial plateau by the average meniscal width. Local coordinate systems for the
tibia and femur were defined to establish a joint coordinate system (Grood & Suntay, 1983).
Translations and rotations in response to an anterior load were prescribed to the knee at full
extension, 30°, 60°, and 90° (Gabriel, Wong, Woo, Yagi, & Debski, 2004). Passive motion of the
tibiofemoral joint through flexion was included before translations and rotations according to a
previous study (Wilson, Feikes, Zavatsky, & O'connor, 2000). Passive motion was included so
that the knee models were in the position seen clinically whereas not including these motions
would have the relative prescribed displacement, but not be the tibia would not be in the correct

place with regard to the femur affecting the distance between the insertion sites.
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Figure 4.3: Lateral and anterior view of a femur and tibia aligned with a short film x-ray of a

knee in full extension.

4.1.3 Results

Forces in the AM and PL bundles of the ACL varied in response to the displacements and
rotations due to a 134N anterior load for varying bony morphology (Table 4-9). No differences
were found in the forces in either bundle of the ACL for the bony morphologies at full extension.
Smaller anterior-posterior length in the tibial plateau, which associated with ACL injured subjects,
resulted in over 43% greater force in the AM bundle and over 76% greater force in the PL bundle
at 30°, 60°, and 90° compared to the larger anterior-posterior length of the tibial plateau, which
associated with uninjured subjects. The AM and PL bundle forces of the tibia with the smaller

anterior-posterior length of the tibial plateau increased 30° and 60° compared to full extension
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whereas the tibia with the longer anterior-posterior length of the tibial plateau had the forces

decrease through flexion.

Table 4: Forces in the AM bundle in response to the displacements and rotations due to a 134N

anterior load in tibial bony morphology with varying anterior-posterior lengths.

ACL Injured Mean Uninjured
Full extension 150 147 146
30° 185 108 104
60° 177 121 82
90° 28 12 7

Table 5: Forces in the PL bundle in response to the displacements and rotations due to a 134N

anterior load in tibial bony morphology with varying anterior-posterior lengths.

ACL Injured Mean Uninjured
Full extension 199 193 189
30° 141 67 33
60° 120 80 18
90° 73 66 11

A smaller angle between the femoral long axis and the femoral condylar axis, which
associated with uninjured subjects, resulted in over 32% greater force in the AM bundle and over
53% greater force in the PL bundle at 30°, 60°, and 90° compared to the greater angle between the

femoral long axis and the femoral condylar axis, which associated with ACL injured subjects. The
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joint with the femur with a smaller angle between the femoral long axis and the femoral condylar

axis had the forces in the AM bundle increase through 60° of flexion. The AM and PL bundle

forces of the joint with smaller angle between the femoral long axis and the femoral condylar axis

decrease through flexion.

Table 6: Forces in the AM bundle in response to the displacements and rotations due to a 134N

anterior load in femoral bony morphology with varying angles between the femoral long axis and

the femoral condylar axis.

ACL Injured Mean Uninjured
Full extension 148 147 152
30° 122 108 180
60° 123 121 189
90° 20 12 34

Table 7: Forces in the PL bundle in response to the displacements and rotations due to a 134N

anterior load in femoral bony morphology with varying angles between the femoral long axis and

the femoral condylar axis.

ACL Injured Mean Uninjured
Full extension 194 193 191
30° 74 67 160
60° 79 80 197
90° 83 66 162
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A more lateral mechanical axis, which associated with ACL injured subjects, resulted in
over 34% greater force in the AM bundle at 60° and 90° and resulted in over 42% greater force in
the PL bundle at 30°, 60°, and 90° compared to the less lateral mechanical axis, which associated
with uninjured subjects. The force of the AM bundle of femur with the more lateral mechanical

axis increases at 60° of flexion while the force in the PL bundle decreases through flexion.

Table 8: Forces in the AM bundle in response to the displacements and rotations due to a 134N

anterior load in femoral bony morphology with varying mechanical axis location.

ACL Injured Mean Uninjured
Full extension 139 147 133
30° 152 108 137
60° 201 121 131
90° 106 12 5

Table 9: Forces in the PL bundle in response to the displacements and rotations due to a 134N

anterior load in femoral bony morphology with varying mechanical axis location.

ACL Injured Mean Uninjured
Full extension 201 201 188
30° 98 98 56
60° 80 80 21
90° 77 77 0
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4.1.4 Discussion

Seven computational models of knees with varying bony morphology were created from a
statistical shape model that differentiated features of ACL injured subjects and uninjured subjects.
The displacements and rotations due to a 134N anterior load of an intact knee were prescribed to
these models and the force in the ACL was determined by modeling the AM and PL bundles as
non-linear springs. The bony morphological parameters that associated with ACL injury differed
at 30°, 60°, and 90°, however no differences were found at full extension. From 30° to 90° of
flexion, the forces in the ACL were greater for two of the bony morphological features that
associated with ACL injury and greater for one of the bony morphological features that associated
with uninjured knees.

A smaller anterior-posterior length of the tibial plateau, risk factor for ACL injury, resulted
in a greater force in this model compared to a longer anterior-posterior length. This greater force
in the ACL in this bony morphological feature supports the findings of Aim 1 that it is a risk factor
for ACL injury. However, the force was not found to be greater at full extension where knees are
at greatest risk for ACL injury (Boden et al., 2010). A smaller anterior posterior length may also
increase risks of instability due to the decreased area of potential bony contact as well increased
risk of anterior subluxation which occurs during ACL injury.

A more lateral mechanical axis of the femur resulted in greater forces in the ACL in this
model compared to the knee with less lateral mechanical axis supporting the findings of Aim 1.
Like the anterior-posterior length, no difference was found at full extension. The more lateral
mechanical axis might also have a greater effect on knee kinematics in response to external loads
based on the possibly shifted center of pressure which could occur as the mechanical axis is more

lateral and thus the force of body weight through the femur shifts laterally. This model does not
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consider that lateral shift of the force of the body weight which might add additional influence on
knee mechanics.

A greater angle between the femoral long axis and the femoral condylar axis resulted in
greater forces in this model compared to the knees with a smaller angle between the femoral long
axis and the femoral condylar axis. This differs from the other results and our hypothesis as a
smaller angle between the femoral long axis and the femoral condylar axis is a risk factor for ACL
injury. One possible explanation for this result is that the bony morphological feature may be at a
possible risk for hyperextension that is not shown in the model due to the alignment process of the
long axes. This risk of hyperextension would because of the possibility of the femur rolling forward
based on the difference in angle between the femoral condylar axis and the tibial slope.
Furthermore, the decreased area of contact due to the difference between the angle between the
femoral condylar axis and the tibial slope may also increase risk of instability.

Several limitations of this study exist. This model was displacement driven based on the
intact kinematics in response to 134N anterior load instead of a force driven model. This choice
was made to simplify the model and allow comparisons between conditions. Comparing the forces
in the ACL when the knees are in the same position would allow a comparative assessment of the
forces whereas a force driven model could be more accurate kinematically, but it would be a more
apt assessment of differences in displacements than the forces in the ACL. Another limitation is
that this model does not accurately represent the previously described relationship between the
AM and PL bundle at 90° of flexion where the AM bundle should take up more of the force
(Gabriel et al., 2004). This might adequately be explained by the lack of inclusion of the interaction
between the condylar bone and the ACL where the ACL is described as wrapping around the

condyle at higher flexion angles (Song, Debski, Musahl, Thomas, & Woo, 2004). Overall, these
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limitations are within reason when considering that this model is designed to be purely
comparative between the independent bony morphological features.

The overall magnitude of the forces determined in our model is reasonable compared to
previous studies even with the stated limitations (Galbusera et al., 2014; Song et al., 2004).
Furthermore, the strength of this research is its demonstration of how a bony morphological feature
that associates with ACL injury can influence the force in the ACL when all other factors are equal.
As a purely comparative model, this research shows that a smaller anterior-posterior length of the
tibial plateau and a more lateral mechanical axis result in greater force in the ACL when in the
same position as a longer anterior-posterior length of the tibial plateau and a less lateral mechanical
axis.

Overall, two bony morphological risk factors for ACL injury resulted in increased ACL
force when modeled as a non-linear spring in response to the displacements and rotations due to a
134N anterior load while one femoral bony morphological risk factor did not. These models show
that bony morphology can play a role in the force borne in the ACL in response to external loads
but does not completely capture the multifaceted nature of what makes the bony morphological
features risk factors for ACL injury. One future direction of this research is a force driven model
instead of a displacement driven model to see the effect of isolated tibiofemoral bony
morphological features on knee motion. Another future direction of this research would be to
model the bundles of the ACL as continuum elements instead of springs to determine the stresses

throughout different regions of the ACL.
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5.0 Aim 3: The Effect of Tibiofemoral Bony Morphology on Additional ACL Injury

Treatment Options

5.1 Aim 3a: The Effect of Functional Knee Bracing on Knee Mechanics

5.1.1 Introduction

Anterior cruciate ligament injuries are very common among the athletic population and
various treatment options and preventative measures are prescribed in order to address or reduce
the risk of these injuries (Bradley et al., 2002; Mather et al., 2013; Nessler, Denney, & Sampley,
2017; Rishiraj et al., 2009). In addition to ACL reconstruction or repair, operative and non-
operative options are often prescribed. These options include an additional exterior graft to reduce
rotatory instability (lateral extraarticular tenodesis), strengthening of the dynamic stabilizers at the
knee, and knee bracing. Knee bracing is of particular interest as there is conflicting evidence of its
effectiveness as biomechanically, functional bracing has been shown to reduce valgus angulation
in uninjured knees and increase flexion during jumping in ACL reconstructed knees, but no
systematic review has shown a reduction in injuries clinically (E. Alentorn-Geli et al., 2014; R. J.
Butler, Dai, Garrett, & Queen, 2014; Gentile et al., 2021; Marois et al., 2021; Negrin, Uribe-
Echevarria, & Reyes, 2017; Perrone et al., 2019).

Functional knee bracing is often prescribed after ACL injury and reconstruction but is also
prescribed as a preventative measure to provide added protection and often to prevent reinjury
(Gentile et al., 2021; Guenther et al., 2021). Functional knee bracing has been shown to provide

additional stability and return to ACL-deficient and ACL reconstructed to near normal knee
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kinematics (Marois et al., 2021; Rishiraj et al., 2009). These knee braces are designed to protect
the other soft tissue structures or the graft by limiting range of motion (Cawley et al., 1989). The
purpose of using the functional bracing method during conservative treatment is to provide
additional stability as much as possible against rotational and translational loads on the knee joint
(Guenther et al., 2021).

Previous biomechanical studies examined the effect of bracing on knee mechanics and
showed that hinged-knee braces, which are the most used functional bracing method, reduce
dynamic valgus angulation in the knees of healthy individuals (Gentile et al., 2021). Other studies
have shown conflicting effect of knee bracing in athletic activities (Focke et al., 2020; B. Yu et al.,
2004). Furthermore a lack of evidence exists on the effectiveness of knee bracing to reduce injury
risk in a clinical setting (Rishiraj et al., 2009; Silvers & Mandelbaum, 2011). Therefore, the effect
of functional bracing as preventative measure and a conservative treatment option for ACL injury
against these external loads is of interest.

The aim of this study is to determine the effect of functional knee bracing on knee
kinematics and in situ forces in the ACL. It was hypothesized that 1) functional knee brace would
reduce tibial rotation and valgus rotation compared to the unbraced states and 2) functional bracing
will reduce the in-situ force in the ACL in response to combined 5Nm internal and valgus torque

but not in response to the anterior load or combined external and valgus torque.

5.1.2 Methods

The study used eight fresh-frozen cadaveric knees (mean age of 66.4 years; four females,
four males). Each specimen was examined by a fellowship-trained sports medicine orthopaedic
surgeon to exclude specimens with (1) any bony deformities, (2) any ligamentous injuries, (3) any
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meniscal injuries, (4) osteoarthritis greater than grade 2 as determined by the Kellgren-Lawrence
grading scale (Katakura et al., 2019; Novaretti, Herbst, Chan, Debski, & Musahl, 2021), or (5)
chondral injuries greater than grade 2 according to the International Cartilage Repair Society
grading system. The femur and the tibia were cut 20 cm from the joint line, and the fibula was
fixed to the tibia using a bicortical screw to maintain its anatomic position to allow proper function
of the lateral collateral ligament during testing. The femur and the tibia were potted in an epoxy

compound (Bondo; 3M, St Paul, MN) and secured within custom-made aluminum clamps.

A 6 degree-of-freedom robotic testing system that was designed for assessment of knee
joint biomechanics (MJT model FRS2010) applied loads to the knee during continuous flexion
and allowed unconstrained knee motion (Figure 5.1). To provide feedback to the controller, a
universal force-moment sensor (UFS) (ATI Delta IP60, SI-660-60) was used. A LabView Program
(Technology Services Inc) was used to control the robotic testing system. The position
repeatability of the robotic manipulator was determined to be less than £0.015 mm and +0.01°,
whereas the measurement uncertainty of the UFS was approximately 1% of full scale (accuracy)

(Bell et al., 2015).
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Figure 5.1: Six degree-of-freedom robotic testing system utilizing a universal force/moment

sensor viewing the mounted knee flexed to 90° of flexion from an anterior view.

The knees were mounted in the robotic testing system and the path of passive flexion—
extension of the intact knee was then determined from full extension to 90° of flexion while the
forces and moments were continuously minimized. This passive path was then repeated five times
to precondition the knee prior mechanical loading (Bell et al., 2015). Three loading conditions
were applied to each knee at full extension, 30°, 60°, and 90° of flexion and the resulting
kinematics which were defined using the Grood-Suntay joint coordinate system were recorded
(Grood & Suntay, 1983). The three loading conditions were (1) 134-N of anterior tibial load, to
simulate and anterior drawer, (2) 5-Nm internal tibial torque combined with 5-Nm of valgus
torque, to simulate a pivot shift, and (3) 5-Nm external tibial torque combined with 5-Nm valgus
torque at rates of 1.5 mm/s or 1.5 deg/s. To remove the viscoelastic effects of the soft tissue, the

specimens were cycled through the loads five times and the fifth cycle was used for the analysis.
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The knees were tested at the native state and with a functional brace. The ACL was transected
arthroscopically so that the in-situ force of the ACL was determined in each state using the
principal of superposition.
Brace Attachment

A DonJoy Playmaker 1l was modified for use within the constraints of the robotic testing
system for this research. The main constraining factor was the distance between the inferior edge
of the femoral clamp and the superior edge of the tibial clamp. Since the length of the brace was
less than the distance between the clamps the brace arms were cut and modified to allow for a rigid
attachment between the brace arms and the robotic clamps which rigidly clamped to the knee
(Figure 5.2). This attachment methodology replicated an “ideal” functional knee brace as a rigid
connection between the brace and the leg would be the optimal function of a knee brace according
to the collaborating physical therapists and orthotic specialists. The flexion axis of the functional
knee brace was aligned with the flexion axis of the knee to replicate the way the braces were
implemented clinically with the help of orthotists and a physical therapist. To achieve this the
femoral insertion sites of the MCL and the LCL were marked and the center of the hinges of the

braced were set to the same height.
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Figure 5.2: A) lateral and B) medial oblique views of the modified functional knee brace rigidly

connected to the robotic clamps simulating the “ideal” knee brace.

Misalignment of the flexion axis of the knee brace with the flexion of the axis has been
shown to not detrimentally alter gait mechanics (Singer & Lamontagne, 2008). However, to make
conclusions from results of this study, the repeatability of the brace placement and the effect of
possible misalignment is important to determine. A preliminary analysis was performed to assess
the effect of the inferior-superior alignment of the knee flexion axis with the knee brace flexion
axis. The alignment of the knee brace was set in three configurations: in line with the knee flexion
axis, 5 mm superior of the knee flexion axis, and 5 mm inferior of the knee flexion axis. The
alteration distance was chosen from a repeatability analysis on the placement of the knee brace on
the experimental set up where the maximum deviation from one set position to another was 5 mm
when trying to align the brace with the flexion axis of the knee. An isolated 5-Nm valgus torque
was applied to the three configurations to determine the effect of the misalignment on knee

kinematics.
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Statistical Analysis

Shapiro-Wilk normality tests were performed to each distribution of data to test for
normality which found that the distributions were not normal and thus non-parametric statistical
analyses were required. Wilcoxon sign-ranked tests were performed at each flexion angle to
compare kinematic outcomes and in-situ force in the ACL in response to the external load between

the native, unbraced state and the braced state.

5.1.3 Results

Alignment Analysis
In response to the isolated 5-Nm valgus torque, the root mean squared deviations of the
kinematic curves of the correctly applied brace to kinematic curves of the misaligned brace were

less than 1 mm and less than 1 degree (Table 10).

Table 10: The root mean squared deviations from the kinematic response of the configuration
with the knee brace in line and the configurations with the knee brace misaligned in each degree

of freedom in response to an isolated 5-Nm valgus torque.

Root Mean Squared Deviation

Degree of Freedom | Misaligned Superior 5 mm | Misaligned Inferior 5 mm
ML 0.1 0.1
A" 0.3 0.1
AP 0.9 0.5
IE 0.8 0.3
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Effect of Brace Analysis

The application of a functional brace significantly increased the resultant anterior
translation in the native knee at full extension by 0.9 mm (p < 0.05) (Figure 5.3a). At 60° of flexion,
the application of a functional knee brace significantly decreased anterior translation by 1.0 mm
(p < 0.05). The functional brace had no significant effect on lateral translation in response to the
134-N anterior load (Figure 5.3b). No significant effect of functional bracing was found in the
internal and varus/valgus rotations (Figure 5.3c and 5.3d). Furthermore, no significant differences
were found in the in-situ ACL force in response to the 134-N anterior load between the braced

state and the braced state (Figure 5.4).
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Figure 5.3: Kinematic responses to a 134-N anterior load at each knee state at full extension,
30°, and 60° of flexion: A) anterior-posterior translation, B) medial-lateral translation, C)
internal-external rotation, D) varus-valgus rotation. * denotes significantly different from the

native state.
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Figure 5.4: In-situ force in the ACL in response to a 134N anterior load at full extension, 30°,

and 60° of flexion. * denotes significantly different from the native state.
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In response to a 5-Nm internal valgus torques simulating a pivot shift, functional knee
brace had no significant effect on anterior translation or lateral translation (Figure 5.5a and 5.5b).
In response to the simulated pivot shift, functional knee bracing significantly decreased internal
rotation at full extension, 30°, and 60° by 9.3°, 16.7°, and 20.2°, respectively (p < 0.05) (Figure
5.5¢). The functional knee brace significantly decreased valgus rotation at this loading condition
at 60° of flexion by 2.8° (p < 0.05) (Figure 5.5d). At full extension and 30° of flexion, the
functional knee brace significantly decreased ACL force in response to the simulated pivot shift

by 40.2 and 31.8 N, respectively (p < 0.05) (Figure 5.6).
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Figure 5.5: Kinematic responses to 5-Nm internal and valgus torques at each knee state at full
extension, 30°, and 60° of flexion: A) anterior-posterior translation, B) medial-lateral translation,
C) internal-external rotation, D) varus-valgus rotation. * denotes significantly different from the

native state.
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Figure 5.6: In-situ force in the ACL in response to 5-Nm internal and valgus torques at full

extension, 30°, and 60° of flexion. * denotes significantly different from the native state.

In response to the 5-Nm external and valgus torque, the functional knee brace had no
significant effect on anterior-posterior, medial-lateral translation, and varus/valgus rotation
(Figure 5.7a, 5.7b and 5.7d). The functional knee brace significantly decreased external rotation at
full extension, 30°, and 60° of flexion by 7.6°, 9.8°, and 9.0°, respectively (p < 0.05) (Figure 5.7¢c).
The application of the functional brace significantly decreased the in-situ force in the ACL at full

extension by 16.4 N (p < 0.05) (Figure 5.8).
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Figure 5.7: Kinematic responses to 5-Nm external and valgus torques at each knee state at full
extension, 30°, and 60° of flexion: A) anterior-posterior translation, B) medial-lateral translation,
C) internal-external rotation, D) varus-valgus rotation. * denotes significantly different from the

native state.
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Figure 5.8: In-situ force in the ACL in response to 5-Nm external and valgus torques at full

extension, 30°, and 60° of flexion. * denotes significantly different from the native state.
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5.1.4 Discussion

The preliminary analysis on brace alignment demonstrated that misalignment of the brace
by 5 mm superiorly or inferiorly resulted in deviations less than 1 mm and less than 1 degree which
is not clinically significant and thus within acceptable parameters for the research protocol. The
primary function of the ACL is to prevent anterior tibial translation, so an anterior drawer is often
performed clinically to test the injury status of the ACL. Therefore, a simulated anterior drawer
without and without functional bracing was performed on each knee to determine the effectiveness
of the brace to prevent anterior translation. The results of this research show that the functional
knee brace provides little to no prevention of anterior translation. The statistical analysis of the
data determined that the functional brace had a significant effect on anterior translation at full
extension and 60° of flexion; however the differences in anterior translation between those braced
and unbraced states was less than 2 mm and thus likely not clinically relevant as 3 mm is the side-
by-side difference between uninjured contralateral knees that indicates stable knees (Myrer,
Schulthies, & Fellingham, 1996). Furthermore, no differences were found in the in-situ forces in
the ACL in response to the 134-N anterior load demonstrating that the functional brace had
minimal effect on the knee in response to loads in the anterior direction.

A common injury mechanism for ACL injury is a combination of internal and valgus
rotation matching the pivot shift, a clinical exam for ACL injuries setting the premise for the
second loading condition (Kobayashi et al., 2010; Tanaka et al., 2012). In response to the simulated
pivot shift, the functional knee brace provided additional rotatory knee stability. This added
stability shows that functional bracing may address the persistent rotatory instability found after
ACL injury and subsequent reconstruction. Furthermore, in response to the simulated pivot shift

at full extension and 30° of flexion, the functional brace reduced the in-situ force in the ACL up
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to 66.8%. These results show that while the functional knee brace may do little to prevent anterior
translation and possibly anterior subluxation, the added rotatory stability may reduce risk for ACL
injury in response to the most common mechanism of injury and also prevent the knee from being
in the provocative position that leads to the anterior subluxation that occurs with ACL injury
(Boden et al., 2010).

Since MCL injuries are commonly concomitant with ACL injuries and a common
mechanism for MCL injury is a combination of valgus and external rotations (Phisitkul, James,
Wolf, & Amendola, 2006), a combination of 5-Nm valgus and external torques were applied to
the knees with and without functional bracing to determine the effectiveness of the bracing in the
injury mechanism. The results of our study show that functional bracing provides additional
rotatory stability by reducing the external rotation up to 53.3%. However no significant reduction
in the valgus rotation due to the knee brace was determine. Therefore, while the functional knee
brace may provide additional rotatory stability in response to external rotation, it may not provide
the intended protective effect to the MCL.

The effect of functional knee bracing after superficial MCL injury was originally part of
the testing protocol. A 4 cm skin and subcutaneous incision was made distally from the tibia-
femoral joint line, in the midline of the posteromedial edge of the tibia and the tibial tubercle. Pes
anserinus was found 4-6 cm distal to the tibia-femoral joint line. The interval where the bursa is
located between the pes anserinus and the tibia was entered from the superior border of the pes
anserinus with the help of surgical scissors. The pes anserinus was preserved with the help of an
army-navy retractor and retracted anteriorly. A transverse incision was made 4-5 cm distal to the
tibia-femoral joint line. Valgus stress test was performed, and instability was observed.

Unfortunately, this injury model failed to create an injury to the superficial MCL in a repeatable
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manner. Therefore, future research following the workflow laid out in this research with a more
consistent injury model would be a substantial contribution to the current body of literature as it
would determine the effect of functional knee bracing on the MCL and on the knee after MCL
injury as this aim originally aimed to achieve.

The superficial MCL was transected in the correct manner in two of the specimens as well
as twice more in pretests. In these pretests, the injury to the superficial MCL resulted in increases
in internal and external rotations in response to the combined internal and valgus torques and
external and valgus torques, respectively. Little increase in valgus rotation was demonstrated after
the superficial MCL injury though. The deep MCL may play a greater role in valgus stability. The
functional brace reduced internal and external rotations in our experiment; therefore, a superficial
MCL injury may benefit from the added stability of the knee brace.

Several limitations of this research exist. Primarily, the rigid connection between the
functional knee brace and the knee does not aptly represent what occurs clinically. However, given
that a stiffer connection between the knee brace is desirable as it would theoretically provide more
stability than what occurs clinically, the results of this research can be treated as the effect of the
“ideal” knee brace which would most likely perform better than experienced in clinical practice.
Another limitation of this study is the lack of dynamic loading from the muscles as increasing
stabilizing muscle strength is often sought after with conservative injury treatment. The results of
this study demonstrate the effect of the functional knee brace on the passive stabilizers in response
to external loads and the effect of the dynamic stabilizers on the multifactorial problem that is knee
injury treatment should be considered.

The results of this study show that functional knee bracing provides additional rotatory

stability in response to rotatory loading conditions. Furthermore, the application of functional knee
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bracing may reduce the risk of ACL injury through this added rotatory stability and by reducing
the force in the ACL in response to a pivot shift motion. However, the effectiveness of the bracing
may vary from knee to knee. The results of this research show that the data often had high standard
deviations where many comparisons were close to significantly different. These high standard
deviations may be explained by the effect of varying tibiofemoral bony morphology that existed
in the cohort of knees tested. Two-dimensional features of tibiofemoral bony morphology have
already been shown to influence the magnitude of the pivot shift (Musahl et al., 2010). Bony
morphology when analyzed 3-dimensionally may reveal more on that influence and the effect of

injury and functional bracing.
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5.2 Aim 3b: The Effect of Tibiofemoral Bony Morphology on The Effectiveness of

Functional Knee Bracing

5.2.1 Introduction

Knee motion is primarily dependent on the bony morphology of the distal femur and
proximal tibia (Hoshino et al., 2012a; Ingham, de Carvalho, Abdalla, Fu, & Lovejoy, 2017; D.
Lansdown & Ma, 2018). Furthermore, the function of the anterior cruciate ligament (ACL) is
dictated by the motion at the knee and thus influenced by the bony morphology. Recently, bony
morphology has been shown to contribute to a higher pivot shift grade, which is a clinical exam
for ACL injury (Matsumoto, 1990; Musahl et al., 2010). As this dissertation has shown,
tibiofemoral morphology influences native knee mechanics. It follows that tibiofemoral bony
morphology would influence knee mechanics after injury and treatment. However high standard
deviation in kinematics and kinetics after treatment have been shown to occur previously as well
as in Aim 3a (Novaretti, Arner, et al., 2020). Variation in bony morphology may help explain these
variations and thus help clinicians know which patients might be more receptive to treatment
options. However, little is known about the effects of bony morphology on knee kinematics after
injury and repair, even though ACL injuries are prevalent among the young athletic population
(Hewett et al., 2009).

Non-operatively, functional knee bracing is prescribed to add additional stability (Smith,
LaPrade, Jansson, Argen, & Wijdicks, 2014). Functional knee bracing has been prescribed to
provide stability preoperatively to prevent further injury (Logerstedt, Lynch, Axe, & Snyder-
Mackler, 2013), postoperatively, to provide additional stability to improve healing environment
for the ACL (Beynnon et al., 1992), and as a treatment option to provide mechanical stability
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without surgery (Kocher, Sterett, Zurakowski, & Steadman, 2003). However, limited research
exists showing the mechanical effect of functional bracing on knee function and ligamentous
forces. Furthermore, the existing research on knee bracing has shown conflicting results on its
effectiveness as no systematic review has shown bracing to reduce risk of ACL injury (E. Alentorn-
Geli et al., 2014; Marois et al., 2021). Previous studies have shown with bony morphology
affecting pivot shift grades (Musahl et al., 2010); these variations in results may also be influenced
by variations in bony morphology.

Therefore, the objective of this aim was to analyze the effect of bony morphology with and
without functional bracing on knee kinematics and in-situ forces in the ACL. It was hypothesized
that bony morphological risk factors for ACL injury would correlate with greater differences

between braced and unbraced kinematics and ligamentous forces in response to external loads.

5.2.2 Methods

The study used eight fresh-frozen cadaveric knees (mean age of 66.4 years; four females,
four males) and was tested with a 6 degree-of-freedom robotic testing system that was designed
for assessment of knee joint biomechanics (MJT model FRS2010). To provide feedback to the
controller, a UFS was used to record the forces the knee joint experiences. External loads were
applied to the knee during continuous flexion and allowed unconstrained knee motion utilizing the
robotic testing system as described in Aim 3a.

The knees were mounted in the robotic testing system and three loading conditions were
applied to each knee at full extension, 30°, 60°, and 90° of flexion and the resulting kinematics
which were defined using the Grood-Suntay joint coordinate system were recorded (Grood &
Suntay, 1983). The path of passive flexion—extension of the intact knee was then determined from
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full extension to 90° of flexion while the forces and moments were continuously minimized. The
three loading conditions were (1) 134-N of anterior tibial load to simulate an anterior drawer, (2)
combined 5-Nm internal and valgus torques to simulate a pivot shift, and (3) combined 5-Nm
external and valgus torques at rates of 1.5 mm/s or 1.5 deg/s. The knees were tested at the native
and native braced states. Biomechanical testing was performed in the two knee states and
kinematics and in-situ force in the ACL were recorded in response to the loading conditions.

A statistical shape model was then created of the cadaveric knees as previously described
(S. K. Polamalu et al., 2020). High resolution lower extremity computed tomography (CT) scans
(0.625 mm slice thickness, 0.625 mm spacing, 512 x 512 acquisition matrix size, 300 mA at 120
kV, GE LightSpeed 16) were captured for each cadaveric knee. The distal femurs and proximal
tibiae were semi-automatically segmented to include a uniform amount of their long axis using
Mimics 21 (Materialise NV, Leuven, Belgium). The distal femurs were segmented so that the
largest medial-lateral dimension is equal to the distance from the inferior most point to the cut on
the long axis of the femur. The proximal tibiae were segmented from the most proximal point to a
point distally along the long axis 90% of the largest medial-lateral dimension of the tibial plateau.
Including the entire long axis of the tibia would add unwanted variability into the statistical shape
model and shift the focus of the analysis. Utilizing Mimics 21 Automatic 3D Calculation function,
3-Dimensional surface models of the distal femur and proximal tibia were created. Anti-aliasing
was then performed utilizing a Laplacian filter with a smoothing factor of 0.7 for three iterations.
The 3-dimensional models were then exported to 3D Slicer (3D Slicer, 4.10.2, slicer.org). The
femur surface models were aligned and preprocessed. The femur and tibia surface models were

then exported as binary segmentations to Seg3D (Seg3D 2.2.1, https://www.sci.utah.edu/cibc-
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software/seg3d.html) to create uniform bounding boxes. Lastly all left femurs and tibiae were
reflected as right femurs and tibiae for shape uniformity.

The eight 3-dimensional surface models were imported into Shapeworks
(https://www.sci.utah.edu/cibc-software/shapeworks.html) which employs a correspondence
method to analyze the variation in 3-dimensional shape (Atkins et al., 2017; Cates et al., 2007).
One difficulty of statistical shape modeling is limiting the bias when using bony landmarks to
determine particle placement (Chan et al., 2013; Rajamani et al., 2007; Schumann, Tannast, Nolte,
& Zheng, 2010). This limitation is avoided through an automatic particle placement using a
splitting strategy that randomly chooses a surface location for the first particle which is then split
into two particles and repel each other along the surface until a steady state is achieved (Cates et
al., 2007). This splitting process was repeated until 2,048 particles were uniformly placed on each
bone in the analysis. The uniformity was optimally achieved using a gradient descent approach
with a cost function while simultaneously creating a compact distribution of the correspondence
of particles on the surface models. A generalized Procrustes analysis was performed throughout to
optimize alignment and normalize with respect to scale (Gower, 1975).

A PCA was performed to analyze the variability of the correspondence particle placement
in each configuration. The PCA reduces the dimensionality of the correspondence of particles to
orthogonal descriptions of the data set while extracting information about independent bony
morphological features that describe the cohort of bone shapes (Atkins et al., 2017; Cates et al.,
2007). From the PCA, independent bony morphology features can be projected or mapped onto
shape variability spectrums called principal components or modes of variation. This mapping
called PCA loading values provides a quantitative assessment of the distal femur or proximal tibiae

configurations onto each mode of variation. Each mode of variation represents an independent
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shape feature. The total variation in the data set is described by combining each mode of variation.
The largest modes of variation that additively describe 80% of the variation among all the distal
femurs or proximal tibiae were correlated with the kinematic and kinetic data from the robotic
testing. The modes of variation can be visualized by generating the shape models for £2 standard
deviations for each mode of variation and then creating 3-dimensional topography plots of the
differences between the distances of the surfaces when overlaid. Two orthopaedic sports medicine
fellows performed an independent analysis to examine these 3-D models through visual inspection
and interpret physical representations which were then reviewed by the researcher team. PCA
loading values representing quantitative values of shape variation for the cadaveric knee bones on
each principal component were correlated with the kinematic and kinetic parameters from the
robotic testing system using Spearman’s rank correlation coefficient. The kinematic and Kkinetic
parameters of interest were the following: anterior translation in response to the anterior load,
internal and valgus rotations in response to the combined internal and valgus torques, external and
valgus rotations in response to the combined valgus torques, the in-situ ACL force, and the
difference between the corresponding unbraced and braced states in all of the listed parameters at

each knee state. Significance was set at p < 0.05.

5.2.3 Results

The first three femoral principal components represent greater than 90% of the shape
variation in the cohort and correlated with multiple kinematic and kinetic parameters (Table 11-
13). The first principal component of the femoral statistical shape model represented normalized
medial-lateral width at the epicondyles (Figure 5.9). Note that the unsmooth areas on the bone
models are due to noise captured within the correspondence of the statistical shape model and the
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smaller sample size compared to Aim 1 results in more noise. In response to the 134-N anterior
load, this bony morphological feature positively correlated with differences in in-situ ACL force
due to the brace at full extension. Furthermore, the normalized medial-lateral width at the
epicondyle negatively correlated with anterior translation at the native state at 30° and 60° of
flexion. In response to the simulated pivot shift, the normalized medial-lateral width at the femoral
epicondyles negatively correlated with in-situ ACL force at the native braced state at full
extension. In response to the 5-Nm combined external and valgus torques, no correlations were

found.

-2S.D. Mean +2 S.D.

Figure 5.9: Posterior view of the first principal component of the statistical shape model of the
femurs represented by 2 standard deviations away from the mean in each direction. This
principal component represents variation in the normalized medial-lateral width at the femoral

epicondyles.
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Table 11: Spearman correlation coefficients between the PC scores associating with normalized

medial-lateral width at the femoral epicondyles and kinematic and kinetic parameters from the

biomechanical testing on the effect of functional bracing. ATT: anterior tibial translation.

Normalized Medial-Lateral Width at the Femoral Epicondyles

Anterior Load

Internal + Valgus Torques

External + Valgus Torques

Native braced ATT,
r=-0.86

Full Difference in ACL Native braced ACL force, N/A

extension | force from brace, r=-0.76
r=0.76

30° Native ATT, N/A N/A
r=0.76

60° Native ATT, N/A N/A
r=-0.71

The second femoral principal component associated with anterior height of the lateral

femoral condyle (Figure 5.10). In response to the simulated anterior drawer, the lateral femoral

condylar did not correlate with any parameter. In response to the simulated pivot shift, the anterior

height of the lateral femoral condyle correlated with internal rotation at the unbraced state at full

extension as well as with differences of valgus rotation due to functional bracing at full extension

and 30° of flexion. In response to the combined external and valgus torques, anterior height lateral

femoral condyle correlated with differences in external rotation at the due to the bracing at full

extension.
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Figure 5.10: Inferior view of the first principal component of the statistical shape model of the
femurs represented by 2 standard deviations away from the mean in each direction. This
principal component represents variation in the anterior height of the lateral femoral condyle as
depicted by the decreasing length from left to right of the arrow that originates parallel to

trochlear groove and ends at the lateral femoral condyle.

Table 12: Spearman correlation coefficients between the PC scores associating with lateral
femoral condyle height and kinematic and kinetic parameters from the biomechanical testing on
the effect of functional bracing. IR: internal rotation, ER: external rotation, Val.R: valgus

rotation.

Anterior Height of the Lateral Femoral Condyle

Anterior Load Internal + Valgus Torques | External + Valgus Torques
Full N/A Native IR, Difference in ER from brace,
extension r=-0.79 r=-0.74
Difference in Val.R from
brace,
r=0.83
30° N/A Difference in Val.R from N/A
brace,
r=0.81
60° N/A N/A N/A
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The third femoral principal component correlated with femoral notch width (Figure 5.11).
In response to a simulated anterior drawer, femoral notch width negatively correlated with in-situ
ACL force at the native braced state at 30° of flexion and at the native state at 60° of flexion.
Furthermore, it negatively correlated with the difference in anterior translation due to the brace at
full extension. In response to a simulated pivot shift, the femoral notch width negatively correlated
with valgus rotation at the native braced state at full extension and 60° of flexion. In response to

combined external and valgus torque, no correlations were found.

G

)
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Figure 5.11: Inferior view of the first principal component of the statistical shape model of the
femurs represented by 2 standard deviations away from the mean in each direction. This
principal component represents variation in the femoral notch width depicted by the increase in

length of the black arrow from left to right.

83



Table 13: Spearman correlation coefficients between the PC scores associating with femoral
notch width and kinematic and kinetic parameters from the biomechanical testing on the effect of

functional bracing. ATT: anterior tibial translation, Val.R: valgus rotation

Femoral Notch Width

Anterior Load Internal + Valgus Torques | External + Valgus Torques
Full Difference in ATT Native braced Val.R, N/A
extension | from brace, r=-0.83
r=-0.71
30° Native braced ACL N/A N/A
force,
r=-0.76
60° Native ACL force, Native braced Val.R, N/A
r=-0.76 r=-0.74

The first three principal components of the statistical shape model of the tibial models
represent 90% of the variation in the cohort (Table 14-16). The first tibial principal component
represented variation in the tibial plateau width (Figure 5.12). In response to a 134-N anterior load,
this width negatively correlated with the in-situ force in the ACL at the native braced state at 30°
and 60° of flexion. Furthermore, the tibial plateau width positively correlated with anterior tibial
translation at the native state at 60° of flexion. In response to combined 5-Nm internal and valgus
torques, the tibial plateau width negatively correlated with valgus rotation at the native state at full
extension and 30° of flexion. The tibial plateau width did not correlate with any kinematic or

Kinetic data from the combined external and valgus torques.
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Figure 5.12: Superior view of the first principal component of the statistical shape model
represented by 2 standard deviations away from the mean in each direction. This principal

component represents variation in the medial-lateral width of the tibial plateau.

Table 14: Spearman correlation coefficients between the PC scores associating with tibial
plateau width and kinematic and kinetic parameters from the biomechanical testing on the effect

of functional bracing. ATT: anterior tibial translation, Val.R: valgus rotation.

Tibial Plateau Width
Anterior Load Internal + Valgus Torques | External + Valgus Torques
Full N/A Native Val.R, N/A
extension r=-0.88
30° Native braced ACL Native Val.R, N/A
force, r=-0.79
r=-0.71
60° Native braced ACL N/A N/A
force,
r=-0.76
Native ATT,
r=0.83

The second principal component of the statistical shape model of the tibias represents
variation in the tibial slope in the coronal plane (Figure 5.13). In response to a 134-N anterior load,

the coronal tibial slope did not correlate with any biomechanical testing data. In response to the
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combined 5-Nm internal and valgus torques, this slope positively correlated with the force in the
ACL at the native state at 30° of flexion. Kinematically, coronal tibial slope positively correlated
with internal rotation at the native state at every flexion angle. Furthermore, the coronal tibial slope
negatively correlated with the difference in valgus rotation due to the functional brace at every
flexion angle. This slope did not correlate with any parameters due to the combined 5-Nm external

and valgus torques.

-2S.D. Mean +2 S.D.

Figure 5.13: Anterior view of the second principal component of the statistical shape model
represented by 2 standard deviations away from the mean in each direction. This principal
component represents variation in the slope of the tibial plateau in the coronal plane depicted by

the incrase in angle between the two white lines from left to right.
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Table 15: Spearman correlation coefficients between the PC scores associating with coronal
tibial slope and kinematic and kinetic parameters from the biomechanical testing on the effect of

functional bracing. IR: internal rotation, Val.R: valgus rotation

Coronal Tibial Slope
Anterior Load Internal + Valgus Torques | External + Valgus Torques
Full N/A Native IR, N/A

extension r=0.88

Difference in Val.R from
brace,
r=-0.81

30° N/A Native ACL force, N/A
r=0.81

Native IR,
r=0.90

Difference in Val.R from
brace,

r=-0.88

60° N/A Native IR, N/A
r=0.76

Difference in Val.R from
brace,
r=-0.76

The third principal component of the statistical shape model of the tibias represents variation in
the posterior tibial slope (Figure 5.14). In response to a simulated anterior drawer, the posterior
tibial slope positively correlated with the force in the ACL at the native state at full extension and
30° of flexion. In response to a simulated pivot shift, the slope positively correlated with the force
in the ACL at the native state at full extension. In response to the external and valgus torques, the

posterior tibial slope positively did not correlate with any biomechanical testing data.
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Figure 5.14: Superior view of the first principal component of the statistical shape model

represented by 2 standard deviations away from the mean in each direction. This principal

component represents variation in the medial-lateral width of the tibial plateau depicted by the

incrase in angle between the two white lines from left to right.

Table 16: Spearman correlation coefficients between the PC scores associating with posterior

tibial slope and kinematic and kinetic parameters from the biomechanical testing on the effect of

functional bracing.

Posterior Tibial Slope

Anterior Load

Internal + Valgus Torques

External + Valgus Torques

Full Native ACL force, Native ACL force, N/A

extension | r=0.83 r=0.88

30° Native ACL force, N/A N/A
r=0.86

60° N/A N/A N/A
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5.2.4 Discussion

A greater normalized medial-lateral width at the femoral epicondyles correlated with
greater decreases in the in-situ force in the ACL due to the brace in response to the simulated
anterior drawer at the native, unbraced state as well decreased ACL force in the braced at full
extension. Furthermore, a greater width correlated with less anterior translation in response to an
anterior load at the native, unbraced state and braced state at 30° and 60° of flexion. A greater
normalized medial-lateral width at the femoral epicondyle also correlated with decreased ACL
force and external rotation in response to the combined external and valgus torques at 30° of
flexion. These results demonstrate that a greater medial-lateral width at the femoral epicondyles
may have better clinical outcomes when prescribed functional bracing compared to individuals
with a smaller width. A smaller normalized medial lateral width at the femoral epicondyle has not
been previously described as a risk factor for ACL injury but may be a risk factor for unsuccessful
conservative treatment of prescribing a brace to knee injuries.

In response to a simulated anterior drawer, a greater anterior height of the lateral condyle
did not correlate with any kinematic or kinetic parameters. In response to the simulated pivot shift,
this greater height correlated with greater internal rotation at the native, unbraced state at full
extension as well as with decreases in valgus rotation due to functional bracing compared to the
smaller anterior height of the lateral femoral condyle. In response to the combined external and
valgus torques, greater height of the lateral condyle correlated with greater decreases external
rotation due to the bracing at full extension. These results suggest that the greater anterior height
of the lateral femoral condyle may have greater rotator stability with functional bracing. Trochlear

groove morphology has been shown to associate with ACL injury in skeletally immature patients

89



(Kwak et al., 2020), and the data in this dissertation suggests that trochlear groove morphology
may also influence the effectiveness of functional bracing.

In response to the simulated anterior drawer, a smaller notch width correlated with greater
in-situ ACL force at the native braced state at 30° and at the native state at 60° of flexion.
Furthermore, a smaller notch width correlated with greater decreases in anterior translation due to
the functional brace. In response to a simulated pivot shift, a smaller notch width correlated with
greater valgus rotation at the native braced state at full extension and 60° of flexion. These results
support previous studies demonstrating that a smaller notch width is a risk factor for ACL injury
(Darryl C Whitney et al., 2014), and demonstrate that functional knee bracing may not help knees
with smaller notch widths with reducing excess valgus rotation in response to a pivot shift. On the
other hand, smaller femoral notch width correlated with a greater decrease in anterior translation
due to the brace at full extension. These results demonstrate that a smaller femoral notch width
may not be helped by functional bracing, and other additional treatment options or preventative
measures should be considered.

In response to a simulated anterior drawer, the wider tibial plateau width correlated with
less force in the ACL at the native braced state at 30° and 60°. A smaller tibial width also correlated
with less anterior tibial translation at 60° of flexion. In response to a simulated pivot shift, the
smaller tibial plateau width correlated with greater valgus rotation at the unbraced state. While
previous research found no association between tibial plateau width and ACL injury (van Eck et
al., 2016), these results demonstrate that a smaller tibial width may be a risk factor for knee
injuries, and functional bracing may not reduce the risk of injury.

A greater coronal tibial slope correlated with greater force in the ACL at 30° and with a

greater internal rotation at the native state at every flexion angle in response to a simulated pivot
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shift. However, a greater coronal tibial slope correlated with less of an effect of functional bracing
on valgus rotation. This bony morphological feature did not influence knee mechanics in response
to an anterior load or combined external and valgus torques. These results demonstrate that a
greater tibial slope may be a risk factor for ACL injury, but functional bracing may not reduce
injury risk

A greater posterior tibial slope correlated with greater force in the ACL in response to a
simulated anterior drawer and a simulated pivot shift. This greater in-situ force in the ACL supports
previous findings that a greater posterior tibial slope is a risk factor for ACL injury (Todd et al.,
2010; Zeng et al., 2016). However, posterior tibial slope did not correlate with functional braced
mechanics or the effect of functional bracing so no conclusions can be drawn on the effectiveness
of functional knee bracing with this bony morphological feature.

Overall, the results of this study demonstrate that tibiofemoral bony morphology influence
the effectiveness of functional bracing to provide additional rotatory stability and to reduce the
force in the ACL. Armed with this knowledge, clinicians can improve clinical care by prescribing
functional bracing to those whose bony morphology would lead to favorable results. Patients with
bony morphological features that demonstrated to be less aided by functional bracing can be
advised not to rely heavily on the bracing and may need alternative treatment such as strengthen
the dynamic stabilizers more than typically prescribed. Furthermore, bracing developers can use
these results to try to improve current designs or design individualized bracing based on their bony

morphology.
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5.3 Aim 3c: The Effect of Tibiofemoral Bony Morphology Effectiveness of Lateral

Extraarticular Tenodesis

5.3.1 Introduction

Persistent rotatory knee instability after intra-articular ACL reconstruction may be present
in a portion of cases, and some propose that concomitant injury to the anterolateral knee structures
is a potential cause (Andrea Ferretti, Monaco, & Vadala, 2014; Hewett et al., 2009; Terry,
Norwood, Hughston, & Caldwell, 1993). Lateral extraarticular tenodesis (LET) is performed with
ACL reconstruction approximately 10% to address rotatory knee instability; however, increased
tibiofemoral contact pressure and overly reduced translations and rotations can occur due to LET
procedure (Geeslin et al., 2018; Inderhaug, Stephen, EI-Daou, Williams, & Amis, 2017; Nitri et
al., 2016; Schon et al., 2016; Sonnery-Cottet et al., 2011). In contrast, it was recently shown that
neither increased pressure nor reduced kinematics occurred (Novaretti, Arner, et al., 2020). Rather,
large variability existed amongst the data. These large standard deviations in contact pressure and
kinematics may be a result of the natural variation in bony morphology amongst the knees
examined.

Therefore, the objective of this study was to analyze the effect of bony morphology on
knee kinematics, contact pressures, and contact areas in response to external loads before and after
anterolateral capsule injury and a type of LET. It was hypothesized that bony morphologic risk
factors for ACL injury would correlate with increased knee kinematics and contact pressures and

decreased contact areas in response to external loads.
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5.3.2 Methods

The study used eight fresh-frozen cadaveric knees (mean age of 66.4 years; four females,
four males). Each specimen was examined by a fellowship-trained sports medicine orthopaedic
surgeon to exclude specimens with (1) any bony deformities, (2) any ligamentous injuries, (3) any
meniscal injuries, (4) osteoarthritis greater than grade 2 as determined by the Kellgren-Lawrence
grading scale (Katakura et al., 2019; Novaretti et al., 2021), or (5) chondral injuries greater than
grade 2 according to the International Cartilage Repair Society grading system. The femur and the
tibia were cut 20 cm from the joint line, and the fibula was fixed to the tibia using a bicortical
screw to maintain its anatomic position to allow proper function of the lateral collateral ligament
during testing. The femur and the tibia were potted in an epoxy compound (Bondo; 3M, St Paul,
MN) and secured within custom-made aluminum clamps.

A 6 degree-of-freedom robotic testing system that was designed for assessment of knee
joint biomechanics (MJT model FRS2010) applied loads to the knee during continuous flexion
and allowed unconstrained knee motion. To provide feedback to the controller, a universal force-
moment sensor (UFS) (ATI Delta IP60, SI-660-60) was used. A LabView Program (Technology
Services Inc) was used to control the robotic testing system. The position repeatability of the
robotic manipulator was determined to be less than £0.015 mm and +0.01°, whereas the
measurement uncertainty of the UFS was approximately 1% of full scale (accuracy) (Bell et al.,
2015).

The knees were mounted in the robotic testing system and two loading conditions were
applied to each knee at full extension, 30°, 60°, and 90° of flexion and the resulting kinematics
which were defined using the Grood-Suntay joint coordinate system were recorded (Grood &

Suntay, 1983). The path of passive flexion—extension of the intact knee was then determined from
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full extension to 90° of flexion while the forces and moments were continuously minimized. This
passive path was then repeated 5 times to precondition the knee prior mechanical loading (Bell et
al., 2015). The two loading conditions were (1) 134-N of anterior tibial load combined with 200-
N of axial compression, (2) 7-Nm internal tibial torque combined with 200-N of axial compression
at rates of 1.5 mm/s or 1.5 deg/s. A 200-N axial load was applied to the knees to simulate partial
weightbearing as performed in previous biomechanical studies (Giffin, Vogrin, Zantop, Woo, &
Harner, 2004; Naendrup et al., 2019; Novaretti, Arner, et al., 2020; Novaretti, Lian, et al., 2020).
To remove the viscoelastic effects of the soft tissue, the specimens were cycled through the loads
five times and the fifth cycle was used for the analysis. After loading the intact knee, anterolateral
capsule deficiency was simulated by removing a 2-cm-wide strip from anterior to the lateral
collateral ligament to proximal and lateral to the Gerdy’s tubercle (Guenther, Irarrdzaval, et al.,
2017; Guenther et al., 2021) (Figure 5.15), and the loading conditions were applied while the

kinematics were simultaneously recorded.

Figure 5.15: Surgical procedure; (A) A 2-cm-wide strip of ALC is removed to simulate ALC
deficiency; (B) Lateral extra-articular tenodesis (LET) is performed utilizing a 6-mm

semitendinosus graft.
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A type of LET was then performed utilizing a 6-mm semitendinosus graft placed according
to Kennedy et al’s anatomic description of the anterolateral ligament (Kennedy et al., 2015;
Rasmussen et al., 2016) and fixed at 30° of knee flexion with interference screws. The graft was
tensioned with 20 N as a previous biomechanical study has shown after MacIntosh LET (Inderhaug
etal., 2017). Lastly, all soft tissue was removed, and pressure sensors (Model 4000, Tekscan Inc.)
were inserted and secured to the tibia to measure tibiofemoral lateral contact pressure and area at
each knee state by replaying all previously saved kinematics. The ACL was left intact during
testing to simulate an ideal anatomic ACL reconstruction and to isolate the effect of the type of
LET procedure performed with a semitendinosus graft, as performed in previous biomechanical
studies (Inderhaug et al., 2017).

A statistical shape model was then created of the cadaveric knees as previously described
(S. K. Polamalu et al., 2020). High resolution bilateral lower extremity computed tomography (CT)
scans (0.625 mm slice thickness, 0.625 mm spacing, 512 x 512 acquisition matrix size, 300 mA at
120 kV, GE LightSpeed 16) were captured for each cadaveric knee. The distal femurs and proximal
tibiae were semi-automatically segmented to include a uniform amount of their long axis using
Mimics 21 (Materialise NV, Leuven, Belgium). The distal femurs were segmented so that the
largest medial-lateral dimension is equal to the distance from the inferior most point to the cut on
the long axis of the femur. The proximal tibiae were segmented from the most proximal point to a
point distally along the long axis 90% of the largest medial-lateral dimension of the tibial plateau.
Including the entire long axis of the tibia would add unwanted variability into the statistical shape
model and shift the focus of the analysis. Utilizing Mimics 21 Automatic 3D Calculation function,
3-Dimensional surface models of the distal femur and proximal tibia were created. Anti-aliasing

was then performed utilizing a Laplacian filter with a smoothing factor of 0.7 for three iterations.
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The 3-dimensional models were then exported to 3D Slicer (3D Slicer, 4.10.2, slicer.org). The
femur surface models were rotated so the distal most points were in the same plane for alignment
purposes of the bounding boxes. The femur and tibia surface models were then exported as binary
segmentations to Seg3D (Seg3D 2.2.1, https://www.sci.utah.edu/cibc-software/seg3d.html) to
create uniform bounding boxes. Lastly all left femurs and tibiae were reflected as right femurs and
tibiae for shape uniformity.

The  3-dimensional  surface models were imported into  Shapeworks
(https://www.sci.utah.edu/cibc-software/shapeworks.html) which employs a correspondence
method to analyze the variation in 3-dimensional shape (Atkins et al., 2017; Cates et al., 2007).
One difficulty of statistical shape modeling is limiting the bias when using bony landmarks to
determine particle placement (Chan et al., 2013; Rajamani et al., 2007; Schumann et al., 2010).
This limitation is avoided through an automatic particle placement using a splitting strategy that
randomly chooses a surface location for the first particle which is then split into two particles and
repel each other along the surface until a steady state is achieved (Cates et al., 2007). This splitting
process was repeated until 2,048 particles were uniformly placed on each bone in the analysis. The
uniformity was optimally achieved using a gradient descent approach with a cost function while
simultaneously creating a compact distribution of the correspondence of particles on the surface
models. A generalized Procrustes analysis was performed throughout to optimize alignment and
normalize with respect to scale (Gower, 1975).

A principal component analysis (PCA) was performed to analyze the variability of the
correspondence particle placement in each configuration. The PCA reduces the dimensionality of
the correspondence of particles to orthogonal descriptions of the data set while extracting

information about independent bony morphological features that describe the cohort of bone
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shapes (Atkins et al., 2017; Cates et al., 2007). From the PCA, independent bony morphology
features can be projected or mapped onto shape variability spectrums called principal components
or modes of variation. This mapping called PCA loading values provides a quantitative assessment
of the distal femur or proximal tibiae configurations onto each mode of variation. Each mode of
variation represents an independent shape feature. The total variation in the data set is described
by combining each mode of variation. The largest modes of variation that additively describe 80%
of the variation among all the distal femurs or proximal tibiae were correlated with the kinematic
and contact pressure data from the robotic testing. The modes of variation can be visualized by
generating the shape models for +2 standard deviations for each mode of variation and then
creating 3-dimensional topography plots of the differences between the distances of the surfaces
when overlaid (Figure 5.16). Two orthopaedic sports medicine fellows performed an independent
analysis to examine these 3-D models and interpret physical representations which were then

reviewed by the researcher team.

____T ‘ f /
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PC2-2S.D. Mean Shape PC2 +2 S.D.

Figure 5.16: Visualization of the tibia from an anterior view demonstrating the variation in the
elevation of the lateral tibial plateau as the third tibial principal component from -2 S.D. to +2

S.D. with the mean shape in the middle. The yellow line was added to further define the medial-

lateral tibial plateau axis to highlight the variation in the elevation of the lateral tibial plateau.
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PCA loading values representing quantitative values of shape variation for the cadaveric
knee bones on each principal component were correlated with the kinematic and contact
pressure/area parameters from the robotic testing using Pearson’s correlation coefficient.
Similarly, the PCA loading values were correlated with various direct measurements that the
orthopaedic sports medicine fellows visually determined the principal components might represent
bony morphologically. Significance was set at p < 0.05. Normality was tested using a Shapiro
Wilks W Test. The standard deviations of the modes of variation were determined not to be

different to establish homoscedasticity.

5.3.3 Results

The first three femoral principal components represent greater than 90% of the shape
variation in the cohort and correlated with multiple kinematic and contact pressure parameters
(Table 17-420. The first principal component represented variation in the angle between the
femoral long axis and the femoral condyles (Figure 5.17A). However, due to the first principal
component encapsulating the greatest amount of bony morphological variation, no relationship
was found with a 2-dimensional measurement. The first principal component correlated with mean
contact pressure after anterolateral capsule deficiency and a type of LET at full extension in
response to an anterior load as well as the difference in anterior tibial translation between the intact
state and a type of LET at full extension in response to an internal torque (p < 0.05). Furthermore,
the first femoral principal component correlated with internal rotation in response to anterior tibial
translation at 30° and 60° at only the intact state.

The second femoral principal component represented femoral notch width (Figure 5.17B)
(p < 0.05) and correlated with lateral tibial translation after anterolateral capsule deficiency and
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type of LET at every flexion angle in response to an internal torque. It also correlated with contact
area after anterolateral capsule deficiency and a type of LET at full extension, 30°, and 60° in

response to an anterior load (p < 0.05).

Figure 5.17: Visualizations of A) first and B) second principal component of the distal femur

utilizing a 3D distance topography plot showing the distance between +2 SD and -2 SD of the
first principal component where red represents outward distance and blue represents inward
distance (mm). Posterior view of the 3D visualization of the first mode of variation from the
femoral statistical shape model of the cadaveric knees representing variation in the angle
between the femoral long axis (gray line) and the femoral condyles (represented by the solid
white line, -2SD, and the dashed white line, +2 SD). The second mode of variation from the
femoral statistical shape model of the cadaveric knees represents variation in the femoral notch

width.

The third femoral principal component represented variation in the anterior medial and
lateral condyle heights (Li et al., 2014) (Figure 5.18) (p < 0.05) and correlated with anterior tibial

translation after a type of LET at full extension in response to an internal torque. It also correlated
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with the peak contact pressure and mean contact pressure differences between the intact state and
after anterolateral capsule deficiency as well as between the intact state and after a type of LET at
full extension in response to an anterior load. The third femoral principal component correlated
with the difference in internal rotation in response to an internal torque between the anterolateral

deficient and a type of LET states at 30°, 60°, and 90°.

Figure 5.18: Visualizations of third principal component of the distal femurs utilizing a 3D
distance topography plots showing the distance between +2 SD and -2 SD of the third principal
component where red represents outward distance and blue represents inward distance (mm).
Anterior view of the 3D visualization of the first mode of variation from the femoral statistical
shape model of the cadaveric knees representing variation in the anterior medial and lateral

heights of the distal femur.
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The first three tibial principal components represent greater than 90% of the shape
variation. The second and third principal components correlated with a kinematic and contact
pressure parameters (Table 21). The second tibial principal component represented variation in the
angle between the anatomical medial-lateral axis and the functional anterior-posterior axis (Figure
5.19A) (p < 0.05). The anatomical-medial lateral axis is defined by the line between the medial
most point and the lateral most point of the tibial plateau. The functional anterior-posterior axis is
defined by the line between the centroid of the long axis and the tibial tuberosity. Notably, the
second tibial principal component correlated with internal rotation at each knee state at 30°, 60°,
and 90° in response to an internal torque (p < 0.05). In response to an anterior load, the second
tibial principal component correlated with contact area in the lateral compartment at full extension,
30°, and 60° for the anterolateral deficient and a type of LET states and at 30° for the intact state.

The third tibial principal component represented variation in lateral tibial plateau elevation
(Figure 5.19B) (p < 0.05) and correlated with anterior tibial translation for all knee states at 0° and
after anterolateral capsule deficiency and a type of LET at 30°, 60°, and 90° in response to an
internal torque (p < 0.05). The third principal component correlated negatively with anterior tibial
translation and all knee states at full extension, with anterior tibial translation for anterolateral
capsule deficiency (ACLD) and a type of LET states at 30° and 60° of flexion, and with anterior
tibial translation for ALCD state at 90° of flexion. Additionally, in response to an internal torque,
the third principal component negatively correlated with internal rotation after ALCD and a type
of LET, lateral tibial translation after a type of LET, and valgus rotation for intact and ALCD states

at full extension.
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Figure 5.19: Visualizations of second and B) third principal components of the proximal tibiae
utilizing 3D distance topography plots showing the distance between +2 SD and -2 SD of the
second principal component where red represents outward distance and blue represents inward
distance (mm). A) Anterior view of the 3D visualization of the second mode of variation from
the tibial statistical shape model of the cadaveric knees representing variation in the angle
between the tibial plateau anatomical medial-lateral axis and the functional anterior-posterior
axis represented by the black and white line. B) Posterior view of the 3D visualization of the
third mode of variation from the statistical shape model of the cadaveric knees representing an

increased lateral tibial plateau elevation highlighted by the black circle and arrow.

5.3.4 Discussion

The main finding of this study was that tibiofemoral bony morphology significantly affects
knee joint kinematics in response to external loads before and after anterolateral capsule injury
and repair differently than the intact state. At full extension, more distal lateral femoral condyle
(Figure 5.18A) correlated with decreases in mean contact pressure on the lateral tibial plateau after
anterolateral capsule deficiency and a type of LET in response to an external load as well as
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increased anterior tibial translation after a type of LET in response to an internal torque. The
decreased mean contact pressure in the lateral compartment and increased anterior tibial translation
may signify that this type of LET may benefit individuals with a greater angle between the femoral
long axis and the femoral condyles laterally without the concerns of increased contact pressure
and decreased translations while addressing persistent rotatory instability.

A smaller notch width correlated with less lateral tibial translation in response to an internal
torque after anterolateral capsule deficiency and a type of LET at all flexion angles as well as
decreased contact area on the lateral tibial plateau after anterolateral capsule deficiency and a type
of LET at full extension, 30°, and 60°. Less lateral tibial translation may demonstrate that a smaller
notch width risks reducing knee motion too much after a type of LET. Less contact area may be
the result of smaller and more central femoral condyles demonstrating less of a need for a
combined this type of LET and ACL reconstruction after ACL injury.

In response to an internal torque, more anterior medial and lateral condylar heights
correlated with greater anterior tibial translation after a type of LET at full extension as well as
increases in differences in response to internal rotation between a type of LET and anterolateral
capsule deficiency states. Therefore, a greater anterior condyle height may be an indicator for this
type of LET successfully returning the knee to intact kinematics after anterolateral capsule
deficiency while not being at risk for overly reducing translations after this type of LET. Anterior
condylar heights correlated with the difference in internal rotation in response to an internal torque
between the anterolateral deficient and LET states at 30° 60° and 90° of knee flexion
demonstrating this bony morphological feature impacts the effectiveness of this type of LET on
rotatory instability when anterolateral injury is present at the flexion angles when the pivot shift

occurs. As greater anterior condyle heights were not shown to correlate similarly with the intact
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knee state, further research needs to be performed to determine if greater anterior condyle heights
have a similar effect on ACL reconstruction alone.

For the tibial bony morphology, a greater angle between the anatomical medial-lateral axis
of the tibial plateau and the functional anterior-posterior axis correlated with a decreased internal
rotation in response to internal torque. As ACL injury is often due to excessive internal rotation,
this bony morphological feature may provide clinicians with knowledge on individuals who may
be at greater risk for ACL injury. Furthermore, patients with a greater angle between the
anatomical medial-lateral axis and the functional anterior-posterior axis may be at risk of over-
constraining after this type of LET.

An increased elevation of the lateral tibial plateau correlated with increases in multiple
anterior tibial translation, lateral translation, and valgus rotation at multiple flexion angles. An
increased elevation of the lateral tibial plateau correlated with an increased anterior tibial
translation in response to an internal torque with axial compression for intact, ALCD, and a type
of LET states at full extension. This increased elevation also correlated with anterior tibial
translation at 30°, 60°, and 90° flexion angles for the ALCD and a type of LET states. Increased
elevation of the lateral tibial plateau correlated with an increased valgus knee angles for intact and
ALCD states. Additionally, increased lateral tibial translation occurred in knees with greater
elevation of the lateral tibial plateau after a type of LET at full extension. These increases in
translations and valgus rotation may demonstrate that individuals with greater lateral plateau
elevation have more lax knees and may benefit from this type of LET more than others without
risk of overly reducing translations and rotations (Geeslin, et al., 2018, Inderhaug et al., 2017, Nitri

etal., 2016 Schon et al., 2016).
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For many of these bony morphological parameters, correlations were found with
kinematics after anterolateral capsule deficiency and a type of LET, but not at the intact state.
Therefore, clinicians must consider these as a parameter after anterolateral capsule injury or this
type of LET as they significantly influence kinematics in those cases. Furthermore, previous
studies that demonstrate bony morphological features effect on knee kinematics do not necessarily
impact the knee in the same manner after injury or repair (Hoshino et al., 2012a; Varadarajan, Gill,
Freiberg, Rubash, & Li, 2009). This study shows that injury and repair to the knee structures
impacts the influence that bony morphological features have on knee function.

There are limitations of this study, the age of the donor specimens (mean age: 66.4 years)
was older than the population of individuals at risk for ACL injury and those who typically receive
LET procedures. However, a thorough inspection of the tissue and bone quality of each specimen
was performed to determine there was no gross degenerative changes in the knees. The ACL was
left intact during testing to simulate an ideal anatomic ACL reconstruction and to isolate the effect
of a type of LET procedure. However, the ideal ACL reconstruction is probably not possible and
exists as a limitation of this research. Another limitation is that the axial compression performed
was less than the force generated during walking, so the contact pressures were likely lower than
that seen in vivo. Ideally, the research performed in this study would have been performed with a
wide range of bony morphology features that increase risk of ACL injury; however, that is not
something that can be accounted for before testing. While a post-hoc analysis determined that this
research achieved appropriate power, typical power analyses are often ineffective when used with
statistical shape modeling due to the high dimensionality. Therefore, the sample size of eight
specimens may be a limitation of this data. However, this is a novel methodology correlating

kinematic and contact pressure data with bony morphological features from statistical shape
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modeling and has clinical relevancy even with the possibility of a small sample size. Lastly, each
type of LET may have different correlations with tibiofemoral bony morphology and this research
may not be translatable to those procedures

The results of this study demonstrate that understanding the effect of tibiofemoral bony
morphology on knee function could impact the efficacy of this type of LET procedure.
Furthermore, the methodology of this study could lead to further investigation into the effect of
bony morphology on various knee injuries and treatment procedures as previous studies have only
analyzed the effect of bony morphology on intact knee kinematics. LET has been performed to
address persistent rotatory instability often present after treating ACL injury possibly due to injury
to the anterolateral complex but has been shown in previous literature to have varying levels of
success (Geeslin et al., 2018; Inderhaug et al., 2017; Nitri et al., 2016; Schon et al., 2016). The
results of this study demonstrate that tibial bony morphology significantly impacts knee kinematics
in response to external loads before and after anterolateral capsule injury and this type of LET

differently than the intact knee.
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5.3.5 Tables

Table 17: Significant correlation coefficients between the first 3 femoral modes of variation and
lateral tibial translation in response to an internal torque. No significant correlations were found
in response to an anterior load. Correlations that were not significant are denoted with n.s..

(ALCD: anterolateral capsule deficiency, LET: lateral extra-articular tenodesis)

Internal Torque
Flexion Intact ALCD LET
PCO 0 n.s. n.s. n.s.
30 n.s. n.s. n.s.
60 n.s. n.s. n.s.
90 n.s. n.s. n.s.
PC1 0 n.s. 0.82 0.79
30 n.s. 0.83 0.82
60 n.s. 0.72 0.79
90 n.s. 0.75 0.83
PC2 0 n.s. n.s. n.s.
30 n.s. n.s. n.s.
60 -0.72 n.s. n.s.
90 -0.74 n.s. n.s.
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Table 18: Significant correlation coefficients (bolded font) between the first femoral mode of
variation and kinematic data in response to an internal torque. Correlations that were not
significant are denoted with n. s.. The table can be read as the following: Applied load,
kinematic/contact pressure data, knee state, flexion angle. If the kinematic/contact pressure data
includes the word difference, then the correlated value is the difference between the two knee
states listed kinematic/contact pressure data. (ALCD: anterolateral capsule deficiency, ATT:

anterior tibial translation, LET: lateral extra-articular tenodesis).

Internal torque, ATT, intact, 30 degrees -0.83
Internal torque, ATT, intact, 60 degrees -0.75
Anterior load, internal rotation, intact, 90 degrees -0.92
Anterior load, mean pressure, ALCD, 0 degrees -0.78
Anterior load, mean pressure, LET, O degrees -0.72
Internal torque, ATT difference, Intact and LET, 0 degrees 0.83
Internal torque, peak pressure difference, intact and ALCD, 60 degrees 0.72
Internal torque, peak pressure difference, intact and ALCD, 90 degrees 0.73
Internal torque, mean pressure difference, intact and LET, 60 degrees 0.71
Anterior load, mean pressure difference, intact and LET, 30 degrees 0.71
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Table 19: Significant correlation coefficients (bolded font) between the second femoral mode of

variation and kinematic data in response to an internal torque. Correlations that were not

significant are denoted with n. s.. The table can be read as the following: Applied load,

kinematic/contact pressure data, knee state, flexion angle. If the kinematic/contact pressure data

includes the word difference, then the correlated value is the difference between the two knee

states listed kinematic/contact pressure data. (ALCD: anterolateral capsule deficiency, ATT:

anterior tibial translation, LET: lateral extra-articular tenodesis, LTT: lateral tibial translation).

Anterior load, contact area, ACLD, 0 degrees 0.73
Anterior load, contact area, LET, 0 degrees 0.72
Anterior load, contact area, intact, 30 degrees 0.72
Anterior load, contact area, ACLD, 30 degrees 0.78
Anterior load, contact area, LET, 30 degrees 0.78
Anterior load, contact area, ACLD, 60 degrees 0.71
Anterior load, contact area, LET, 60 degrees 0.75
Internal torque, ATT difference, ALCD and LET, 60 degrees 0.76
Internal rotation, internal rotation difference, intact and ALCD, 30 degrees -0.71
Internal torque, LTT difference, Intact and ALCD, 60 degrees 0.72
Internal torque, varus-valgus difference, intact and ALCD, 60 degrees -0.76
Internal torque, varus-valgus difference, intact and ALCD, 90 degrees -0.79
Internal torque, contact area difference, intact and LET, O degrees 0.75
Internal torque, contact area difference, intact and LET, O degrees 0.75
Anterior load, contact area difference, intact and LET, O degrees 0.73
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Table 20: Significant correlation coefficients (bolded font) between the third femoral mode of
variation and kinematic data in response to an internal torque. The table can be read as the
following: Applied load, kinematic/contact pressure data, knee state, flexion angle. If the
kinematic/contact pressure data includes the word difference, then the correlated value is the
difference between the two knee states listed kinematic/contact pressure data. (ALCD:
anterolateral capsule deficiency, ATT: anterior tibial translation, LET: lateral extra-articular

tenodesis, LTT: lateral tibial translation).

Internal torque, ATT, LET, 0 degrees -0.87
Internal torque, ATT, LET, 90 degrees -0.73
Internal torque, varus-valgus, intact, 60 degrees 0.79
Internal torque, varus-valgus, intact, 90 degrees 0.85
Anterior load, peak, pressure, intact, 0 degrees 0.76
Internal torque, internal rotation difference, ALCD and LET, 30 degrees -0.73
Internal torque, internal rotation difference, ALCD and LET, 60 degrees -0.84
Internal torque, internal rotation difference, ALCD and LET, 90 degrees -0.92
Internal torque, varus-valgus difference, ALCD and LET, 60 degrees -071
Internal torque, varus-valgus difference, ALCD and LET, 90 degrees -0.95
Anterior load, peak pressure difference, intact and ALCD, 0 degrees -0.72
Anterior load, peak pressure difference, intact and LET, 0 degrees -0.76
Anterior load, peak mean difference, intact and ALCD, 0 degrees -0.73
Anterior load, peak mean difference, intact and LET, 0 degrees -0.72
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Table 21: Significant correlation coefficients (bolded font) between the second and third tibial
modes of variation and kinematic data in response to an internal torque. Correlations that were
not significant are denoted with n. s.. (ALCD: anterolateral capsule deficiency, ATT: anterior
tibial translation, IR: internal rotation, LET: lateral extra-articular tenodesis, LTT: lateral tibial

translation, VR: valgus rotation).

PC2 PC3
Flexion Intact ALCD LET Intact ALCD LET
ATT 0 n.s. n.s. n.s. -0.78 -0.92 -0.88
30 n.s. n.s. n.s. n.s. -0.8 -0.8
60 n. s. n. s. n. s. n. s. -0.77 -0.74
90 n. s. n. s. n. s. n. s. -0.75 n. s.
IR 0 n.s. n. s. n. s. n. s. -0.78 -0.83
30 0.97 0.93 0.9 n.s. n.s. n.s.
60 0.96 0.92 0.9 n. s. n. s. n. s.
90 0.96 0.91 0.88 n.s. n.s. n.s.
LTT 0 n.s. n.s. n.s. n.s. n.s. 0.75
VR 0 n.s. n.s. n.s. -0.77 -0.77 n.s.
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6.0 Discussion

6.1.1 Relationship of Findings Between Aims

The three specific aims of this dissertation provide detailed investigations on the
intertwined relationship between tibiofemoral bony morphology, ACL injury, and ACL injury
care. Distinct 3-dimensional bony morphological features of the tibiofemoral joint associated with
ACL injury compared to uninjured controls. These morphological features include a smaller
anterior-posterior length of the tibial plateau, a greater angle between the femoral long axis and
femoral condylar axis, and a more lateral mechanical axis of the distal femur. These bony
morphological features resulted in variation in the forces in the AM and PL bundles when modeled
as non-linear springs in response to a 134-N anterior load displacement. These variations combined
with previous studies demonstrating that tibiofemoral bony morphology influences knee
kinematics (Hoshino et al., 2012a; D. Lansdown & Ma, 2018; D. A. Lansdown et al., 2017), show
that tibiofemoral bony morphology influence knee mechanics and thus influence ACL injury
mechanics. The results in this dissertation also show that tibiofemoral morphology influence is the
effectiveness of treatment options as demonstrated by a smaller coronal tibial slope having a
greater reduction in valgus rotation due to the functional brace compared to tibias with a greater
coronal tibial slope, for example. Clinicians should consider these bony morphological features
and their impact when treating patients at an individualized level.

Additionally functional knee bracing was shown to provide additional rotatory stability to
the knee by reducing tibial rotations and reducing the in-situ ACL force in response to rotatory

loads. Previous biomechanical studies have shown that knee bracing reduces valgus angulation
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and increases knee flexion angle of ACL reconstructed knees when jumping (R. J. Butler et al.,
2014; Gentile et al., 2021). However, no systematic review has shown evidence of functional
bracing reducing risk of ACL injury (E. Alentorn-Geli et al., 2014; Gentile et al., 2021;
Pietrosimone, Grindstaff, Linens, Uczekaj, & Hertel, 2008). These results conflicting between the
experimental biomechanical outcomes and the observed clinical outcomes

The biomechanical effect of functional knee bracing was previously underexplored and
conflicting results on its effectiveness to provide stability and reduce risk of injury exist (Gentile
et al., 2021; Hinterwimmer, Graichen, Baumgart, & Plitz, 2004; Yang, Feng, He, Wang, & Hu,
2019). Similarly, conflicting results regarding the effectiveness of the LET have been shown
(Geeslin et al., 2018; Novaretti, Arner, et al., 2020). Our hypothesis was that the large standard
deviations in kinematics and Kinetics after these treatment options can be attributed to variation in
tibiofemoral bony morphology. The results of Aim 3 support this hypothesis by demonstrating that
tibiofemoral bony morphology influences the impact of injury and effectiveness of these treatment
options. The results of Aim 3 expand upon this demonstrating the effect of tibiofemoral bony
morphology after injury and treatment. Bony morphology was shown to influence kinematics,
arthrokinematics, and kinetics differently after injury and additional treatment (LET and functional
bracing). A decreased lateral tibial plateau elevation correlated with greater internal rotation and
anterior tibial translation after anterolateral capsule deficiency and LET. Decreased notch width
correlated with decreased contact area after anterolateral capsule deficiency and LET
demonstrating it as a risk factor for ACL injury (Sene K Polamalu, Novaretti, Musahl, & Debski,
2021). This was further supported by decreased notch width that correlated with greater in-situ
force in the ACL. However, a smaller femoral notch width correlated with greater decreases in

forces in the ACL due the functional bracing which may indicate that patients with smaller notch
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widths may have better clinical outcomes from functional bracing compared to patients with larger
notch widths.

Previously described relationships between tibiofemoral bony morphology and uninjured
knee mechanics must be reconsidered after accounting for the changes due to injury or treatment.
Overall, tibiofemoral bony morphology plays a large role in the mechanisms behind ACL injury
and the effectiveness of ACL injury treatment options through its influence on the ACL function
due to the bone-to-bone articulation. The intertwined relationship between tibiofemoral bony
morphology on knee motion through its direct influence on arthrokinematics and thus the function
of the ACL before and after injury and treatment Figure (6.1). The impact of tibiofemoral
morphology on knee mechanics should be considered by clinicians in order to improve
individualized patient care for and to prevent these injuries by considering how the bony
morphological features investigated in this dissertation impacted knee mechanics after the two

different treatment options.
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Bony Morphology

Arthrokinematics

ACL Injury Injury Treatment
Mechanics Effectiveness

Figure 6.1: Overview of the effect of tibiofemoral bony morphology on ACL function and

subsequently ACL injury mechanics and injury treatment effectiveness.

6.1.2 Future Directions

The work in this dissertation demonstrates the influence of bony morphology on the
biomechanical factors of the complex environment of ACL injury and care. Improving the
understanding of the relationships between tibiofemoral bony morphology and the other aspects
of the multifaceted problem that is ACL injury treatment and prevention would further improve

the individualized treatment and prevention of these injuries. Furthermore, addressing several
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limitations found throughout this work should also lead to new findings, research directions, and
improved clinical care.

The workflow and protocol from Aim 1 to create statistical shape models to distinguish
bony morphological features between an injured group and an uninjured group could be expanded
to other injuries like meniscal tears or other joints like rotator cuff tears at the shoulder. This
protocol can also be used to try to determine differences between injured groups with varying
severity such as isolated ACL injuries and combined MCL and ACL injuries to determine if any
bony morphological factors could predispose individuals to greater risk for combined injury.
Furthermore, factors can be taken accounted for such as age and level of activity. Expanding the
protocol in this research to include those factors could determine how bony morphology may
change with age or due to greater levels of activity such as in high level athletes. Expanding the
protocol of this research to analyze how tibial and femoral morphological features occur in the
same patients by analyzing the paired variation across the joint utilizing a multi-surface statistical
shape model would provide even more information to clinicians. Knowing which tibial bony
morphologies frequently occur with certain femoral bony morphologies would allow clinicians to
better predict which treatment options would be optimal as well as allow for better
individualization of treatment options and possibly customization of bracing in the future by
modifying the brace to account for the influence of both the patient’s tibial and femoral
morphology.

Longitudinal studies on the effect of various levels of activity (high level running sport,
high-level non-running sport, and control) on tibiofemoral bony morphology would provide
clinicians, coaches, physical therapists, and athletes themselves pertinent information on how their

daily training regimens affect their knee joint. Bony morphology is typically considered innate and
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unmodifiable, however various studies have shown that to not be true (Crockett et al., 2002;
Reagan et al., 2002; Zhong et al., 2019). Increased humeral head retroversion has been shown
between the throwing arm of a pitcher and their contralateral arm (Crockett et al., 2002; Reagan et
al., 2002). No differences existed between the non-dominant arms of throwers and non-throwers.
Therefore, it is reasonable to assume that the repetitive loading that the throwing shoulder
undergoes, alters the bone shape over time. In addition, stress distribution was found to vary across
athletes from different sports (Zhong et al., 2019). Since athletes undergo intense training
regimens, bone shape adaptations may develop. Determining which knee bone shapes are common
among high level athletes compared to more sedentary populations would help surgeons optimize
treatment. Furthermore, longitudinal studies on the effect of ACL injury as well as ACL
reconstruction on tibiofemoral bony morphology using an animal model study would provide
valuable information as well as it could tell surgeons of possible variations that could occur if there
is a certain amount of time between injury and reconstruction.

The research of Aim 2 can be expanded upon to have better accuracy of what is occurring
at different individuals’ knees. The model was designed to be purely comparative, but
changes/additions can be made to improve the accuracy of the findings. Determining the force in
each bundle of the ACL for each subject using the same protocol would allow for correlating those
forces with the statistical shape modeling results possibly supporting the validity of Aim 2’s
protocol of using the geometries from 2 standard deviations along each principal component. A
force driven model instead of a displacement driven model may more accurately represent what
would occur at each joint by simulating the effect of the bony morphological feature on joint’s
response to external loads. Modeling the ACL as continuum elements instead of springs may

provide a better representation of the forces in the ACL and specifically may allow differentiation
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of the stresses throughout different regions of the ACL. Including contact mechanics between the
ACL and the condyle may also improve the model to allow wrapping mechanics that occur at
greater flexion angles (Song et al., 2004). Furthermore, including the mechanics and material
properties of the insertion sites may increase the accuracy of what occurs at the different bony
morphologies. Including these changes and additions may paint a better picture of the effect of
tibiofemoral bony morphology on the forces in the ACL and lead to new understandings of the
ACL injury care. However, the comparative nature of the study design in Aim 2 still demonstrates
the isolated effect of the tibiofemoral bony morphological features on the force in the ACL and
the previously noted adjustments may lead to the same conclusions.

The research performed in Aim 3 leads to various avenues of research that can be
performed. The effect of functional bracing on knee mechanics can be advanced further to
determine the effect of isolated ACL injury or to compare the effect of different braces.
Adjustments to the braces can be made and then tested to try to improve the current braces. One
aspect that could be adjusted would be the stiffness of the brace construct. The stiffness of the
brace could be determined, and adjustments could be made to make the brace stiffer in more
desirable degrees of freedom. This research has shown the brace’s ability to reduce internal and
external tibial rotation but may benefit from preventing valgus rotations and anterior translations
more to prevent ACL injuries and the results from Aim 3 demonstrate that the brace may be less
stiff in these two degrees of freedom.

The workflow combining statistical shape modeling and
kinematic/kinetic/arthrokinematics data leads to countless study designs as it can be a secondary
study for any research performed with robotic testing or even in addition to studies with in-vivo

motion capturing.
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6.1.3 Summary

The key finding from Aim 1 is that certain 3-dimensional bony morphological features
associate with ACL injured knees compared to uninjured knees. Those features are a smaller
anterior-posterior length of the tibial plateau, a greater angle between the femoral long axis and
the femoral condylar axis, and a more lateral mechanical axis of the distal femur. Furthermore, no
differences were found between the injured knee and the contralateral knee of the injured subjects
meaning that both knees are at equal risk for ACL injury. These findings expand upon the current
literature describing bony morphological risk factors ACL injury.

The key finding of Aim 2 is that the bony morphological features that associate with ACL
injury resulted in different forces in the ACL in response to an anterior load displacement
compared to the features that associated the uninjured subjects. The smaller anterior-posterior
length of the tibial plateau and the more lateral mechanical axis resulted in greater forces than their
uninjured counterparts. However, the greater angle between the femoral long axis and the femoral
condylar axis had a smaller ACL force compared to its uninjured counterpart emphasizes the
multifaceted nature of ACL injury in that alignment and kinematics play a role.

The results of Aim 3a demonstrate the impact of functional knee bracing on knee
mechanics. Functional knee bracing was shown to decrease tibial rotations and decrease the in-
situ force in the ACL in response to rotatory loads. However, the functional knee bracing did not
reduce anterior translation in response to an anterior load. These findings show that functional
knee bracing may provide additional rotatory stability and provide a protective effect on the ACL
in response to rotatory loads. The lack of anterior translation prevention should be noted though

as the functional knee brace may not help prevent anterior subluxation that commonly occurs with
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ACL injury outside of possibly preventing the knee from being in positions that are at risk
subluxation.

The results of Aim 3b underscore the connection between tibiofemoral bony morphology
and the effectiveness of functional bracing to provide additional rotatory stability and prevent
injury. Certain bony morphological features correlated with a greater effect of functional bracing.
Similarly, results of Aim 3c demonstrate that tibiofemoral bony morphology influences the effect
of anterolateral capsule injury and LET on knee mechanics. A better understanding of the effect
of tibiofemoral bony morphology on ACL function can lead to improvements in individualized
treatment and prevention of ACL injuries. Specifically knowing which bony morphological
features associate with ACL injuries and how they affect knee mechanics before and after injury
and treatment, will allow clinicians to create better injury prevention programs by knowing who
is at risk and individualize their treatment options by knowing how the patient’s bony morphology
will influence the effectiveness of each option. Ultimately, defining the parameters that of the

patient’s ACL injury environment will improve individualized care and thus clinical outcomes.
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