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Abstract

High body mass index (BMI) is consistently, and independently, linked with
elevated OA risk in uninjured and anterior cruciate ligament reconstruction (ACLR)
populations. High BMI is a national health concern and nearly 40% of patients with ACLR
are categorized as overweight or obese. Nonetheless, a lack of data has directly
assessed the potential mechanisms driving elevated risks of post-traumatic osteoarthritis
(OA) in high BMI patients with ACLR and it is plausible these patients experience
differential recovery trajectories — necessitating unique rehabilitation strategies. Altered
walking patterns are ubiquitous following ACLR which if left unresolved, may perpetuate
cartilage degradation and influence OA onset. Unfortunately, typical rehabilitation lacks
gait-specific rehabilitation tools to adequately restore walking patterns. ldentifying
clinically feasible strategies to facilitate gait recovery is essential to improving patient
function and minimizing post-traumatic OA risk. Therefore, the overarching aims of this
dissertation represents a series of cross-sectional investigations aimed at 1) assessing
modifiable risk factors (i.e., high BMI and walking biomechanics) linked with post-
traumatic OA following ACLR and 2) examining gait retraining strategies and monitoring
strategies to improve and better detect biomechanical risk factors for post-traumatic OA
after ACLR. Aim one of this dissertation explored the effects of BMI on ultrasound-based
measures of trochlear cartilage thickness and gait biomechanics after ACLR. We found

high BMI uniquely influenced cartilage thickness differences and moderated the
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relationship between walking mechanics and trochlear cartilage thickness. Aim two
further explored the impact of high BMI on joint health after ACLR by evaluating surrogate
measures of cartilage mechanical integrity. We found those with high BMI after ACLR
exhibited greater cartilage strain, larger echo-intensity (El) changes post-exercise and
larger between-limb differences in cartilage outcomes compared to normal BMI
counterparts with ACLR. Further, individuals who habitually walked with greater knee
loads, and joint range of motions exhibited lesser strains and El changes. For aim three,
we assessed the feasibility of manipulating walking cadence to improve knee motions
and load outcomes using auditory biofeedback. We found cueing individuals with ACLR
to walk at slower cadences acutely facilitated sagittal knee motions and moments.
Modifying cadence is highly translatable to the clinic given the need for minimal
equipment, but future longitudinal investigations are needed to confirm the long-term
efficacy of this biofeedback approach. Lastly, aim four investigated how acutely
manipulating walking speeds altered interlimb symmetry in gait mechanics between
ACLR individuals and uninjured controls. We observed those with ACLR experienced
differential responses to speed manipulations compared to uninjured individuals where
gait asymmetries became magnified at fast speeds and reduced at slow speeds, but only
in ACLR patients. The use of fast walking speeds could be advantageous when assessing
gait function clinically as it may aid in characterizing an individual's functional
competence. Further, increasing speed could be used as a gait retraining strategy to
increase knee loads and motions after ACLR. Overall, data from this dissertation
suggests that those with high BMI after ACLR may present with earlier OA-related

disease features and may require more aggressive rehabilitation and implementation of

XViii



disease-modifying treatments. Further, we provide initial evidence that cadence
manipulation could be an avenue for future gait intervention programs while manipulating
walking speeds may be a useful task-specific constraint that can increase (or decrease)
musculoskeletal demands — such knowledge may be of use when designing or modifying
intervention approaches or when assessing gait recovery throughout post-operative

rehabilitation.

XiX



Chapter 1 Introduction

1.1 Statement of the problem

Anterior cruciate ligament (ACL) injuries are among the most common lower
extremity joint injuries occurring in over 300,000 individuals annually with the majority
opting for reconstructive surgery (ACLR).[1] Recovery from ACL rupture typically requires
surgical reconstruction, as well as strenuous and extensive rehabilitation efforts to combat
the host of impairments that accompany injury and to ensure individuals are capable of
returning to safe physical activity. Unfortunately, traditional standard-of-care rehabilitation
is unsuccessful in ameliorating key impairments and protecting individuals from serious
long-term health consequences, as over 50% of ACL-injured/reconstructed individuals
will go on to develop post-traumatic osteoarthritis (OA) 5-14 years after injury [2, 3]. OA
is a substantially debilitating disease causing poor health-related quality of life and
increasing the risk of developing comorbidities. The rapid time-course of post-traumatic
OA development after ACL-injury/reconstruction is further troubling given that youth and
adolescents are considered most prone at risk for ACL injuries. Thus, many individuals
are susceptible to experiencing debilitating disease symptoms as early as the second or
third decade of life.[3] Furthermore, the high rates and rapid progression of post-traumatic
OA are a major public health concern as the disease is an economic burden incurring
over $11 billion in annual health care costs[4], and to date has no cure available.

Prevention strategies in those at risk for idiopathic OA are difficult to implement

given the disease often develops slowly with minimal symptomatic presentation, however



post-traumatic OA has a known “start-point” (i.e., injurious event like an ACL-tear) and
thus researchers and clinicians are uniquely positioned to implement targeted post-
traumatic OA prevention strategies. Nonetheless, the time-course of post-traumatic OA
development leading up to disease diagnosis is not fully understood and preventative
strategies have been seldom identified. Therefore, there is a critical need to expand our
knowledge on the risk factors associated with, and the underlying mechanisms for post-
traumatic OA development in order to help inform the development of intervention targets
to combat its incidence and mitigate its substantial burdens.
1.2 Justification of Research

The contributors to post-traumatic OA risk after ACL injury and reconstruction
(ACLR) are multifaceted, but a host of modifiable and non-modifiable factors have been
connected with higher odds of developing this debilitating disease. Of the numerous
factors impacting post-traumatic OA development, joint loading during walking is
modifiable factor shown to influence cartilage health [5-9] after ACLR. For example, a
wealth of research has established that impairments in gait mechanics plague those with
ACLR, and these persist despite the completion of rehabilitation. Thus, it is important to
elucidate how gait/loading characteristics may impact cartilage health and to identify
strategies that may permit the normalization of gait during rehabilitation[10, 11].

Compelling evidence suggests high BMlI is linked to a three times greater odds of
developing post-traumatic OA in patients with ACLR.[12, 13] Further, recent studies
support high BMI as one of the strongest predictors of accelerated post-traumatic OA
within five years post-ACLR.[14] Unfortunately, there is considerable lack of research

investigating the mechanisms underlying the considerably elevated risks of post-



traumatic OA in high BMI patients with ACLR. Given that BMI is highly modifiable,
elucidating which factors may be contributing to post-traumatic OA risk is critically needed
to adequately identify targets for early intervention strategies.

Given this, the overarching aims of this dissertation were to globally evaluate how
modifiable risk factors for post-traumatic OA such as altered gait mechanics and high BMI
acutely influence knee cartilage health outcomes in those with ACLR and evaluate
potential strategies to improve gait mechanics post-ACLR. We examined these questions
via four separate investigations completed between 2020-2023. Highlighted below are

the specific aims and hypotheses for each of the dedicated investigations:



1.3 Specific Aims

The Specific Aims of this dissertation are comprised of the following:

AIM 1A: To compare gait biomechanics and cartilage thickness between

individuals with high and normal BMI after ACLR.

AIM 1B: To evaluate the moderating effect of BMI on the associations between
walking biomechanics, and US-based measures of femoral trochlear cartilage

thickness (medial, lateral and medial: lateral thickness ratio).

Hypothesis 1A: We hypothesized that those with high BMI (i.e., BMI > 27.0 kg/m?) would
exhibit smaller normalized peak KFM and vertical GRFs but larger KAM and cumulative
knee load indices. Further, we hypothesized that high BMI would be associated with

thinner medial and lateral femoral trochlear cartilage bilaterally.

Hypothesis 1B: We also hypothesized that BMI would moderate the association between
knee loading mechanics and cartilage thickness in the ACLR limb, wherein a positive
association would be observed between loading and cartilage outcomes (e.g., higher
KFM/GRF/KAM linked with thicker cartilage), but this relationship would only be present

in the normal BMI group.

Significance of AIM 1: Previous research has connected high BMI with elevated risk of
post-traumatic OA after ACLR, but few studies have directly compared functional and/or
joint health outcomes between BMI groups in this population. High BMI is associated with

altered gait biomechanics and poor cartilage structural and functional properties



irrespective of ACLR and it is possible these factors are disproportionately altered when
combined with ACLR. Findings generated from this first investigation will provide critical
data comparing gait and patellofemoral cartilage structure in those with ACLR and help
determine if those with high BMI exhibit poorer knee outcomes. Such knowledge will help
fill fundamental gaps in our overall understanding of the factors contributing to the

disproportionately higher risk of post-traumatic OA after ACLR.



AIM 2: To evaluate the associations between BMI and knee biomechanics on the
acute changes in trochlear cartilage thickness (i.e., strain) and echogenicity (El)

after a 30-minute incline treadmill walk in those with ACLR.

Hypothesis 2A: We hypothesized those with high BMI after ACLR would exhibit greater
cartilage strains and changes in cartilage El following an acute walking stimulus
compared to normal BMI individuals with ACLR after controlling for sex and time post-

ACLR.

Hypothesis 2B: We also hypothesized that greater GRF loading rates, knee moments
and angles would be associated with greater and medial and lateral femoral trochlear

cartilage strain and changes in cartilage echogenicity following our walking stimulus.

Significance of AIM 2: High BMI patients with ACLR may represent a subset of patients
that are at elevated risk for a more accelerated onset of post-traumatic OA. Early signs
of OA may manifest as reduced ability to withstand mechanical loading and thus, in vivo
assessments of cartilage functional properties may help us understand if those with high
BMI after ACLR may be exhibiting poorer cartilage health outcomes. Leveraging an
exercise stress-test design, data from this second investigation will provide novel data on
cartilage strain assessments after ACLR and help identify how BMI may be impacting

cartilage health in this patient population.



AIM 3: The purpose of this investigation was to evaluate the acute effects of
modifying step length via cadence manipulations during treadmill walking (i.e.,
90%, 100%, and 110% preferred cadence) on knee joint biomechanics bilaterally in

individuals 9-12 months after ACLR.

Hypothesis 3A: We hypothesized that knee kinematics and kinetics would increase with
step-lengths (i.e., peak moments, angles and excursions would be smallest at shorter
step-conditions and greatest at longer step-conditions).

Hypothesis 3B: We also hypothesized that the magnitude of changes in biomechanical

outcomes would be similar between both ACLR and the contralateral limb.

Significance of AIM 3: Although post-traumatic OA genesis is complex, aberrant knee
mechanics, such as reduced knee moments and angles, is a risk factor for post-traumatic
OA and is a persistent finding for upwards of 10-years post-ACLR [10, 15-20].
Unfortunately, few if any gait retraining strategies have been identified to ameliorate knee
loading deficits and are seldom included in standard-of-care post-operative ACLR
rehabilitation programs[21, 22]. Therefore, identifying strategies that can improve knee
loading patterns in ACLR patients may have tremendous potential for maintaining
cartilage health and thereby preventing or mitigating early cartilage degeneration. Gait
retraining strategies that offer low-cost solutions with minimal equipment, such as
metronome biofeedback, could offer substantial clinical utility and excellent potential for
applications outside a lab setting [23, 24]. As such, data generated from this study
provides initial pilot data on potentially clinically feasible gait retraining options that can

target knee mechanics post-ACLR.



AIM 4: The primary purpose of this study was to comprehensively evaluate the
effects of manipulating walking speed (i.e., 20% above and below self-selected
speeds) on between-limb differences in limb (vertical and anterior-posterior GRF)
and joint (knee flexion moment, angle, and excursions) gait biomechanics in
individuals who were between 9-12 months post-ACLR and uninjured controls. A
secondary purpose of the study was to evaluate gait biomechanical differences

between ACLR participants and matched controls.

Hypothesis 4A: Our primary hypothesis was faster walking speeds would induce larger

between-limb differences in gait mechanics in those with ACLR but not healthy controls.

Hypothesis 4B: We also hypothesized that those with ACLR would walk with lesser
GRFs, and knee flexion moment and angles bilaterally compared to uninjured control

participants.

Significance of AIM 4: Quantifying the restoration of normal gait after ACLR can be an
important benchmark for researchers and clinicians as it offers a goal to strive towards
throughout rehabilitation. Nonetheless, some difficulties exist in gait assessments given
that bilateral impairments are observed in those with ACLR compared to controls and
thus, between-limb symmetries may overestimate knee function. We have previously
shown that manipulating walking speed is a simple, task-specific strategy that can
elucidate larger asymmetries during walking in persons early post-op (within 2-3 months),
but our findings were limited to ground reaction forces which do not fully characterize
knee-specific loads [25]. Further, it is not clear if using simple speed manipulations can

similarly magnify gait biomechanical asymmetries in individuals closer to the time of



return-to-activity, as our previous work examined patients who were approximately 9
weeks post-ACL reconstruction. Therefore, findings from this study will extend our
previous work while also providing data that can help improve gait assessment and

rehabilitation options in clinical settings.



1.4 Organization of Dissertation

The following sections of this dissertation have been structured to include a review of the
literature (Chapter 2) that provides the scientific background, rationale and justifications
for overarching dissertation aims. The core chapters of the dissertation (Chapters 3-6)
detail the four separate research aims that were conducted at the University of Michigan
between 2020-2023. We are currently submitting manuscripts for each aim for publication
in peer-reviewed journal — Chapters 5 and 6 have been accepted for publication while
Chapters 3 and 4 are in the process of submission. Finally, Chapter 7 details a summary

of the dissertation, limitations of our work and future directions for related research.
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Chapter 2 Literature Review

2.1 Overview

The purpose of this literature review is to: 1) provide background on ACL injuries,
their common treatment strategies and the burdens associated with this trauma, 2)
examine the prevalence of OA after ACL rupture and reconstruction, 3) provide an
overview of the anatomy, and function of articular cartilage while highlighting the impact
of OA on cartilage integrity 4) describe the risk factors thought to contribute to OA risk
after ACL injury, with a focus on gait biomechanics and BMI 5) examine imaging
modalities used to diagnose and monitor cartilage and OA outcomes, and 6) highlight
potential opportunities for clinically feasible rehabilitation strategies to mitigate OA risk

after ACL injury.

2.2 Anterior Cruciate Ligament Injury and Surgery: Background and Burdens

Rupture of the anterior cruciate ligament (ACL) is one of the most treated lower-
extremity traumas with approximately 250,000 ACL ruptures occurring annually in the
United States [1]. While ACL ruptures can occur in isolation, many patients present with
concomitant injuries to other knee structures such as tears to the menisci and neighboring
ligaments, as well as damage to articular cartilage and subchondral bone [26-28]. A
variety of risk factors influence one’s susceptibility for an ACL rupture, but generally, it
appears that youth and adolescents are most prone to this injury [3]. Indeed, recent work

shows increasing trends of pediatric and adolescent ACL ruptures (e.g., ages 10-19) [29,
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30] which, in part, may be attributed to the increased participation in competitive youth
sports and earlier sport-specialization of young athletes [31, 32]. As will be discussed in
following sections, the disproportionate number of ACL ruptures in this younger age group
is problematic given the lasting and profound impact of this injury on health-related quality
of life, overall physical functioning, and more serious long-term consequences such as

the accelerated onset of OA.

In those suffering an ACL rupture, non-operative and operative treatment options
exist, but surgical reconstruction is most often chosen to restore mechanical stability of
the joint and reduce the risk for subsequent meniscal injury, particularly in patients hoping
to regain a physically active lifestyle [33, 34]. While ACL reconstruction is generally
considered superior to conservative treatment due to the resolution of joint instability and
preservation of the menisci, it is important to recognize that current surgical techniques
are largely unable to restore normal joint kinematics [35-39] and do not appear to reduce
the risk of OA when compared to non-surgical management [2]. Regardless of treatment
option chosen, patients must undergo rigorous post-injury and/or post-operative
rehabilitation aimed at ameliorating the plethora of impairments that present after
injury/reconstruction [22, 40, 41]. For instance, patients with ACLR frequently present with
significant anterior knee pain, joint effusion, reduce joint range of motion and quadriceps
dysfunction amongst other functional impairments [18, 22, 40, 42-47]. Thus, rehabilitation
is generally focused on remediating these knee signs and symptoms in order to improve
patient function, facilitate safe return to physical activity, and hopefully reduce the risk for

re-injury.
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Unfortunately, current standard-of-care rehabilitation is not adequate to facilitate
optimal objective and-subjective measures of patient function after ACLR. Further, return-
to-activity criteria varies significantly and thus, the rates of passing clinical criteria are
largely variable and depend on the outcomes used clear patients (i.e., quad strength and
knee ROM symmetry, absence of effusion, symmetrical performance on hop tests etc.,)
For example, Overwhelming evidence suggests typical standard-of-care rehabilitation
does not sufficiently restore important outcomes like quadriceps function as significant
alterations in muscle (i.e., atrophy, fat infiltration, fiber type changes) [48-53] and neural
pathways (e.g., spinal and supra-spinal inhibition) [45, 51, 54-57] continue to be
uncovered in cohorts upwards of 5 years post-surgery. Further, a myriad of functional
deficiencies persist after ACL-reconstruction such as altered movement biomechanics
and poor neuromuscular control during numerous dynamic tasks (i.e., walking, running,
hopping, jump landing) [11, 16, 20, 58-69]. The inability of traditional rehabilitation to
ameliorate the wide array of impairments after surgery is troubling as these lingering
deficits carry significant consequences for the individual. Insufficient muscle strength and
poor neuromuscular control have been previously linked to increased re-injury risk [3, 70,
71] and joint-space width narrowing [72] while altered walking mechanics are thought to
influence the early development of OA after ACL-reconstruction [73-76]. Given these
lasting consequences of ACL injury and reconstruction, it is imperative that research is
conducted to help understand and identify strategies to improve these suboptimal short

(i.e., poor strength, altered walking mechanics) and long-term patient outcomes (i.e., OA).
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2.3 Osteoarthritis after Anterior Cruciate Ligament Injury and Surgery: An Overview

The Osteoarthritis Research Society defines OA as a disorder commonly affecting
load-bearing joints, such as the knee, that manifests as a culmination of anatomic and
physiological derangements in nearly all structures within the joint (i.e., cartilage,
ligaments, and bone) [77]. OA is one of the leading causes of disability globally [78-82]
and it has been estimated that over 10 million individuals are diagnosed with symptomatic
knee OA in the United States alone [83, 84]. The burdens associated with developing OA
are substantial, impacting both society and the individual themselves. The direct financial
costs of all OA cases exceed $100 billion annually, while at the individual level many who
suffer from OA experience substantial wages lost due to the severe physical limitations
associated with the disease [79, 80, 85, 86]. Persons with OA also experience significant
reductions in quality of life and are generally at risk of developing additional co-
morbidities, such as cardiovascular disease, due to the common OA-related barriers to
physical activity (i.e., pain, stiffness) [87, 88]. Given that OA rates continue to rise, it is
imperative that avenues to mitigate the risk of developing OA are identified so that

treatment options can be established, and the burdens of the disease can be reduced.

A wide array of risk factors are linked to knee OA development such as high BMI,
sex, and age as well anatomic factors like lower-extremity alignment [12, 80, 82, 89, 90].
It is also well recognized that prior knee joint injury (e.g., ACL rupture; meniscal injury) is
one of the strongest predisposing factors for OA, increasing one’s risk for the developing
the disorder four-fold [90-92]. Of all knee OA cases in the United States, approximately
10% develop secondary to joint injuries and are referred to as post-traumatic [4]. Post-

traumatic OA is highly prevalent after ACL injury [12], occurring rapidly in both
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patellofemoral and tibiofemoral compartments [14, 93-95]. Further, post-traumatic OA is
considered a more accelerated disease process compared to typical idiopathic OA
phenotypes as approximately 12% of patients are diagnosed with post-traumatic OA
within the first 5 years post-operatively [14], a number that increases to around 50% of
patients around 10-20 years post-injury/surgery [12, 91]. The premature development of
OA after knee joint injury is, thus, concerning given a high number of ACL ruptures occur
in persons between the ages of 15-25, meaning many young individuals may develop OA
symptoms as early as their third or fourth decade of life. Comparatively, the reported
prevalence of idiopathic OA does not exceed 30% until approximately 60-70 years of age
[91, 92, 96, 97] Thus, those suffering from post-traumatic OA may experience a greater
number of years lived with disability and potentially an earlier need for joint replacement
compared to their idiopathic OA counterparts [3, 91, 98]. Unfortunately, end-stage
treatment for OA (i.e., joint arthroplasty) in younger patients leads to poorer post-surgical
outcomes and a higher likelihood of requiring subsequent revision surgeries [99, 100]; a
fact that further highlights the unique challenges and consequences associated with the

accelerated disease process of post-traumatic OA.

It is well understood that OA is a highly complex and multifactorial disorder carrying
serious lifelong consequences. Currently, there is no known cure for OA and once the
disorder presents clinically, the changes occurring to the joint are often considered
irreversible [6-8, 101, 102]; underscoring the need for early disease detection and
aggressive interventions that are capable of delaying or preventing OA. However, in order
to characterize early disease alterations and adequately develop targeted interventions,

a detailed understanding of how structures within the joint (i.e., cartilage) maintain their
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function in both health and disease is paramount to fully appreciate the many factors

implicated in the OA process.

2.4 Articular Cartilage: Function, Pathology and Assessment Techniques
2.4.1 Basic Anatomy of Cartilage

Articular (hyaline) cartilage is a highly complex tissue that wraps along the
articulating surface of diarthrodial joints. The main functions of the tissue are to allow near
frictionless articulation between bones and to absorb, redistribute and dissipate forces
[103, 104]. Despite the tissue’s limited ability for self-repair, due to a lack of vascularity,
cartilage can withstand millions of loading cycles without failure. The remarkable capacity
of cartilage to maintain its vital load-bearing functions for decades can be attributed to the
tissue’s unique ultrastructure and composition [103, 105, 106]. Therefore, gaining a better
understanding of the contributions of cartilage structure and composition to the tissues
unique load-bearing abilities in a healthy state is important to fully appreciate the

breakdown of tissue health and function that occurs with disease such as osteoarthritis.

Cartilage is best described as a multiphasic tissue, containing a porous-permeable
solid matrix, a fluid phase of primarily water (approximately 80% of the tissues wet
weight), and an ion phase consisting of dissolved electrolytes [105, 106]. The tissue is
comprised of a highly organized extracellular matrix (ECM), housing a variety of
macromolecules such as type Il collagen, proteoglycans (PG) along with other non-
collagenous proteins and the interstitial fluid [102, 105-107]. Type Il collagen is the most
abundant collagen type within the tissues ECM, but several other collagen types also
exist to a lesser extent [103]. The collagen fibrils are important components of the

cartilage ECM due to their strength in tension and because the unique meshwork-like
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arrangement of fibers help restrain PG within the matrix. Together, the type Il collagen-
PG interactions form the solid matrix of articular cartilage [106-108]. Several types of PGs
also exist within cartilage with aggrecan being the most common and largest aggregating
PG. Proteoglycans consist of a core protein along with glycosaminoglycan (GAG)
sidechains (such as chondroitin and keratan sulfate) that are covalently bonded to the
protein core. Because GAG sidechains possess a high negative charge, PGs within
cartilage are primarily responsible for maintaining tissue hydration as well as the

production of swelling pressures that strongly resist compression [102, 105, 106].

The only metabolically active cell within articular cartilage is the chondrocyte which
is tasked with orchestrating the maintenance, assembly and normal turnover of the
articular cartilage’s complex ECM [103, 109]. Chondrocytes are sparsely populated
throughout the depths of articular cartilage (accounting for only 1-10% of the tissue
volume) and are surrounded by a pericellular matrix consisting of type VI collagen and
high concentrations of PG. Together, a chondrocyte and its surrounding pericellular
matrix form a chondron which generally consists of a single chondrocyte, except in the
deep zone of cartilage where several chondrocytes may inhabit a single chondron [110-
112]. Functionally, the chondron and its pericellular matrix plays an important role in
modulating the numerous biomechanical and biochemical signals occurring within the
tissue (e.g., cell deformation, changes in fixed-charge density, hydrostatic pressures,
growth factors, cytokines etc.) which in turn influences chondrocyte function [111, 113].
Overall, the ability of chondrocytes to regulate its biosynthetic activity in response to these
numerous signals is crucial to maintaining homeostasis of the tissues ECM and

preserving the normal functioning of cartilage over time [103, 109].
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2.4.2 Articular Cartilage Zonal Properties

Although macromolecules within articular cartilage such as PG, type Il collagen
and the interstitial fluid are present throughout the entire tissue, their concentration and
organization are inhomogeneous and are unique to specific “zones”. For example,
structurally, cartilage can be partitioned into four distinct regions: the superficial,
transitional, deep, and calcified cartilage zones [103, 114]. Within each zone, water
content, solid matrix structure, macromolecule content (i.e., PG and type Il collagen) and
even the number and morphology (i.e., shape) of chondrocyte cells differ drastically [103,
114]. Given this inhomogeneity of ECM components, it can be understood that each zone
possesses distinct functional properties which may uniquely contribute to the overall load-

bearing function of the tissue.

- Articular surface

Surface zone

Middle zone

Deep zone

- Tide mark

Subchondral bone

Figure 2.1 Representation of the major structural and compositional components of articular
cartilage. Depicted are the large type Il collagen fibers, proteoglycans, and the chondrocyte
which his the only metabollically active cell within the tissue. Beneath the three cartilage layers
(i.e., surface or superficial, middle and deep zones) is the unerlying subchondral bone
delineated by the tide mark where collagen anchors the tissue. Figure from Setton et al, 1999.
Reprinted with permissions (License #5139500797881)

The superficial zone of cartilage is the thinnest region of the tissue (comprising the
first 10-20% of the tissue depth), containing the highest concentrations of chondrocytes,

a dense network of type Il collagen (with fibrils orientated parallel to the articular surface),
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as well as the highest water content of all cartilage zones [109, 115, 116]. Chondrocytes
in this region are also flatter than in other tissue zones, while PG content is generally at
its lowest. The dense parallel arrangement of type Il collagen in the superficial zone
serves an important role in resisting high shear and tensile stresses occurring about the
tissue surface given the high strength of collagen in tension. In addition to providing the
tissue with tensile stiffness, the type Il collagen network in this zone also partly contributes
to the compressive properties of cartilage [107, 109, 115]. For example, although much
of the compressive stiffness of the tissue is attributed to fluid pressurization facilitated by
PG interactions [117], the superficial collagen meshwork effectively helps “confine” the
fluid flow/pressurization that occurs when loads are applied to the joint. Therefore,
degradation of the superficial zone (i.e., fibrillation, type Il collagen disorganization), as is
seen in the very early stages of OA, may have substantial effects on the functional
capacity of the tissue (i.e., reduced tensile and compressive stiffness) and place undue

stresses about deeper regions of cartilage [118].

In the transitional (or middle) zone, chondrocyte cellularity, water and type |l
collagen content are lesser when compared to the superficial zone [114, 116]. PGs are
most abundant in this area and chondrocytes in this region display a more rounded
morphology relative to superficial zone chondrocytes [109, 115]. Because of the high
concentrations of PG in this zone, the middle zone of cartilage possesses greater
compressive stiffness than superficial cartilage and thus undergoes less intratissue strain
when compressed (e.g., superficial cartilage is more compliant than middle and deep
cartilage). Type |l collagen orientation and density also differ in the transitional zone as

cartilage here is arranged somewhat randomly and is less dense than the superficial
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zone. Thus, the intrinsic tensile stiffness of this zone is lesser than superficial cartilage
which, in general, tends to decrease with increasing tissue depth [108, 114]. However,
the randomly oriented collagen fibrils of the transitional zone provide an improved
resistance to shear stresses than the superficial zone which could be partly attributed to

the oblique arrangement of some fibrils in the collagen network.

Lastly, in deep cartilage, water content is minimal, PG concentrations are high and
chondrocyte cellularity is further reduced. Chondrocyte orientation is also distinct from
other zones as cells here are aligned vertically in columns. Type Il collagen fibrils in this
region possess the largest diameters within the tissue and exist in long bundles that are
oriented perpendicular to the cartilage surface. The fibrils also cross the tide mark of the
calcified cartilage region which acts to anchor the tissue to the subchondral bone.
Functionally, deep cartilage also possesses strong compressive properties like the
transitional zone, which is attributed to the high concentration of PG in this region. As a
result, deep zone cartilage experiences the least amount of intratissue strain compared
to middle or superficial zones [119, 120]. However, while the deep layer of cartilage
possesses superior compressive properties relative to the regions above, the intrinsic
tensile and shear properties of the matrix are reduced given the perpendicular orientation

of type Il collagen fibrils [121-124].
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2.4.3 Articular Cartilage Biomechanical Function

Knowledge of the functional characteristics of healthy articular cartilage and the
underlying factors contributing to its unique load-bearing abilities is critical to
understanding the deleterious consequences that result with disease such as OA. During
normal motion of the joints (such as the knee) cartilage undergoes compressive, shear
and tensile stresses but the tissue is primarily loaded in compression. Under load,
cartilage displays time-dependent viscoelastic behavior, such as creep and stress-
relaxation, and undergoes measurable deformations (i.e., reduces in thickness) that is
reversible upon unloading [105, 106, 118]. Functionally, the deformational response of
articular cartilage to loading helps to increase joint congruence, resulting in an increased
contact area and an overall reduction in stress about the tissue. The main load-support
mechanism underlying this deformation behavior in compression is predominantly
attributed to the flow of interstitial fluid through the porous-permeable solid matrix [103,
117, 125]. Accordingly, these flow-dependent mechanisms also underlie the time-
dependent creep and stress-relaxation behaviors observed when the tissue is subjected
either to a constant stress (i.e., creep behavior), or strain (i.e., stress-relaxation

response).

Under a constant load, cartilage deformation occurs in a non-linear fashion (i.e.,
creep), characterized by a rapid initial deformation that gradually declines until reaching
an equilibrium position where no further deformation occurs [103, 105, 125]. At
equilibrium, the tissue stress is fully borne by the collagen-PG solid matrix given that
interstitial fluid flow ceases. This time-dependent deformational behavior is attributed to

the tissues strain-dependent permeability wherein initially, fluid loss is rapid but gradually
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diminishes over time with increasing strain as solid-matrix compaction serves to limit the
rate of fluid exudation from the tissue [126-129]. When the tissue is held to a constant
strain, the stress-response of articular cartilage also exhibits time-dependent variability.
For example, initially, the stress observed within cartilage is high but gradually diminishes
over time which is due to large pressures and fluid exudation occurring near the articular
surface and the severe compaction of the superficial cartilage layer [128]. As time
progresses, significant redistribution of interstitial fluid occurs, and compaction of the solid
matrix diffuses depth-wise throughout cartilage. As a result, the contact stress needed to
maintain the magnitude of tissue strain subsequently declines until reaching an

equilibrium (i.e., stress-relaxation phenomena).

Overall, the viscoelastic properties and flow-dependent mechanisms underlying
these deformational behaviors in compression provide articular cartilage with a strong
ability to dissipate energy during load-bearing while also limiting the load magnitudes
borne by the solid-matrix. Several factors such as PG concentration, water content, and
tissue permeability, amongst other load-specific factors (e.g., rate and load duration)
influence cartilage viscoelasticity and its ability to resist deformation in response to
compression [105, 106, 118]. For instance, the immediate pressurization and flow of the
interstitial fluid in response to an applied load is facilitated by PGs due to their net-
negative charge [130-133]. As fluid flows throughout the porous-permeable solid matrix,
significant interstitial drag forces are produced within the tissue that contribute to both
load support and compaction of the solid matrix. As noted above, this compaction of the
solid matrix is responsible for articular cartilage’s strain-dependent permeability, which is

critical to help regulate the rate at which fluid is exuded from the tissue [126-129]. Water
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content is an additional factor that may impact deformational behavior of cartilage given
the inverse relationship between water content, tissue permeability, and the intrinsic
compressive modulus of the solid matrix [134]. Thus, it is plausible that increases in water
content like that seen in degenerated cartilage (i.e., OA) may contribute to increased
deformation under load relative to “healthier” cartilage [134]. Similarly, PG depletion and
disorganization of the collagen matrix which are additional early signs of OA can
significantly impact the biomechanical properties of cartilage due to their impact of fluid

pressurization mechanisms and integrity of the solid matrix (i.e., collagen orientations).

While flow-dependent mechanisms are the predominate source of load-support for
cartilage in compression, interstitial fluid flow plays substantially less of a role in resisting
tensile and shear loads [108, 135, 136]. Thus, the intrinsic stiffness of solid-matrix
components and PG-collagen interactions are considered the main contributors to tensile
and shear stiffness of cartilage. In response to tensile loads, collagen fibrils realign, and
are stretched through the PG gel of the matrix about the axis of loading. The density,
arrangement, and number of cross-linking of type Il collagen fibrils as well as the frictional
resistance produced between the collagen-PG molecules contribute to the intrinsic

stiffness and viscoelasticity of cartilage in tension.

Similarly, the intrinsic stiffness of cartilage in shear is mainly attributed to the
content of collagen in the tissue as is evidenced by the strong relationship between type
Il collagen and the shear modulus [137]. Even though PG molecules themselves do not
provide direct resistant to shear loads, they indirectly contribute to the overall shear
stiffness of articular cartilage via their role in “inflating” the PG-type Il collagen solid-matrix

which places collagen fibrils in a state of pre-stress [137]. Indeed, experimental depletion
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of PG led to significantly reduced compressive and shear moduli in cartilage explants
which may suggest that fluid pressurization mechanisms play a supportive role in the

ability for collagen fibrils to resist shear stresses [137].

Collectively, articular cartilage biomechanical function under load can be attributed
to both flow-dependent and flow-independent factors that together may serve as
indicators of tissue health. For example, significant alterations in macromolecule content
(i.e., PG, water, type Il collagen) and disorganization of the ECM that occur in early stages
of OA can lead to impaired articular cartilage biomechanical function (i.e., compressive
stiffness) and a reduced ability to absorb and dissipate loads. Consequently, cartilage
may be subjected to abnormal deformations under load via reduced fluid support
mechanisms which may require the solid matrix to support a greater proportion of applied
loads. Over time, this shift in load support between fluid and solid phases may promote
matrix breakdown that further impacts the tissues functional capacity. Therefore, a decline
in articular cartilage biomechanical function (i.e., changes deformational behavior) may
be a useful indicator of overall tissue health and may offer unique insight into identifying
potentially early signs of OA in populations at-risk for developing the disease.

2.4.4 Topographical Variations in Knee Catrtilage Structure and Function:

The depth-dependent nonuniformities of ECM component concentrations and
organizations noted above endows cartilage with biomechanical properties well equipped
to handle a combination of compressive, tensile and shear loads during joint motion.
Similarly, tissue composition, morphology and biomechanical properties also vary
topographically throughout the entire joint. For instance, regions of tibial and femoral

cartilage can be categorized into weightbearing and non-weightbearing regions and
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further, into tibial regions uncovered and covered by the menisci. Because of the high
stresses and strains placed upon weight-bearing regions of cartilage, it has been shown
that these regions possess superior structural and mechanical properties compared to
less frequently loaded regions in order to adequately accommodate high mechanical
demands [138, 139]. Indeed, cartilage displays greater concentrations of PG in areas of
high weight-bearing whereas non-weightbearing regions and cartilage near the periphery
generally possess greater collagen content [139, 140]. Cartilage regions covered by the
menisci in the tibia also exhibit unique structural and biomechanical properties as
previous works have shown meniscal covered cartilage to be stiffer and thinner than
regions uncovered by menisci [138]. It has been posited that these adaptations may be
attributed to the shock absorbing role of the meniscus in transferring loads between soft-

tissue structures [138, 141].

Overall, many have suggested these observations reflect that articular cartilage is
a mechanically habituated tissue and these topographical variations in cartilage
properties are necessary adaptations to meet the load-bearing demands of the knee joint
[5, 6, 142]. These findings detailing the apparent adaptability of articular cartilage to
localized loading has driven much research to characterize under what conditions
articular cartilage health may be maintained, enhanced, or disrupted. Developing an
improved understanding of articular cartilage “adaptability” is critical as it may help
illuminate the potential contributors to OA pathogenesis which may have far reaching

implications for mitigating the numerous and severe burdens of this complex disorder.
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2.4.5 Maintenance of Cartilage Health and Function

In a healthy state, articular cartilage is capable of withstanding high magnitudes of
joint loading over decades of use without failure despite limited self-repair capabilities. To
preserve cartilage health and sustain the tissue’s unique biomechanical properties,
chondrocytes are tasked with maintaining homeostatic turnover of the tissue’s complex
ECM (i.e., a balance between breakdown and synthesis of ECM components).
Mechanical loading is considered a strong contributor to the regulation of cartilage health
and function but its role on tissue homeostasis depends on the type (i.e., static vs.
dynamic), magnitude, and rate of applied loads [6, 9, 143-149]. Numerous in vitro studies
have demonstrated that moderate levels of dynamic (cyclic) loads facilitate an anabolic
response by chondrocytes, which results in increased synthesis of key ECM components
like PGs and type Il collagen [6, 8, 9, 144, 147]. Conversely, static or sustained
compressive loads lead to diminished synthesis rates of ECM components and blunt
impact loads (i.e., high rate) can promote cartilage breakdown and induce chondrocyte

apoptosis [9, 143, 147, 150].

Although there are less data detailing the effects of loading on regulating cartilage
health in vivo, studies in both animals and humans have shown that moderate magnitudes
of loading (i.e., moderate physical activity) are beneficial for cartilage maintenance and
can even promote enhanced load-bearing properties such as increased cartilage
thickness and proteoglycan content [8, 142, 151-154]. Further, in healthy populations,
many studies have shown that individuals who walk with increased joint loads (i.e., joint
moments or contact pressures) exhibit thicker cartilage and lower T1p/T2 relaxation times

(indicative of better cartilage composition) [139, 155, 156]. Additional data from full or
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partial joint immobilization models have also underscored the importance of moderate
magnitudes of mechanical loading for maintaining joint health [157-159]. For example,
insufficient joint loading induced by immobilization partly mimics the deleterious
alterations seen in early OA stages as reduced loading promotes rapid cartilage atrophy
(i.e., thinning) and proteoglycan depletion [6, 157, 159]. Thus, the results of these
investigations provide support for the notion that routine loading of cartilage is necessary
to maintain tissue homeostasis and preservation of the ECM, whereas insufficient or

excessive/injurious loading magnitudes could be detrimental for tissue health [6].

In addition to these aforementioned mechanical factors, biochemical mediators
(i.e., pro-inflammatory cytokines) are also considered strong regulators of articular
cartilage homeostasis as the presence of a heightened pro-inflammatory environment
can lead to disordered chondrocyte function. In normal healthy conditions, the presence
of biochemical factors like pro-inflammatory cytokines are not widely present in the joint.
However, their concentrations have been shown to be upregulated with OA, associate
with disease severity, and are predictive of cartilage loss and disease progression [160-
167]. Classically, the role of inflammatory factors in OA were not strongly considered
given that the degrees of inflammation did not rival those seen with rheumatoid arthritis.
Nonetheless, evidence continues to cement the strong role of inflammation in both OA
incidence and progression given the ability of these biological factors to precipitate
derangement of multiple tissues in the joint. Pro-inflammatory cytokines like TNF-a and
members of the interleukin family, for example, stimulate production of matrix degrading
proteases (i.e., metalloproteinases, aggrecanases) while simultaneously inhibiting

synthesis of ECM macromolecules (i.e., PG, type Il collagen) [101, 168-170]. As a result,
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the increased involvement of cytokine activity on chondrocytes is thought to tip the
normally slow, balanced turnover of cartilage towards catabolism. Therefore, in order to
fully appreciate the complex mechanisms contributing to OA development, improving our
understanding of the factors that may trigger these inflammatory processes is paramount;

knowledge that may also help identify potential disease-modifying targets for intervention.

2.4.6 Early Cartilage Degeneration: Signs and Symptoms

Osteoarthritis is a relatively slow developing disorder that involves a progressive
remodeling and degradation of cartilage structure and composition [114, 115]. Although
overt cartilage loss, osteophytes, pain and joint stiffness are hallmark characteristics of
more advanced stage-OA, the initial stages of the disorder generally occur without much
“disturbance” [171, 172]. Rather, subtle alterations in cartilage composition and
ultrastructure progress and ultimately disrupt the normal function of the tissue. For
example, cartilage of the superficial zone is thought to experience the earliest changes
with disease; characterized by PG loss, increased water content and disorganization of
the type Il collagen matrix (Figure 2, Pane B) [7, 107, 173]. Additional features of early
OA can also be visualized at the surface of the tissue wherein cartilage may become
fibrillated and rough [103]. Eventually as the disease progresses, these subtle surface
fibrillations may develop into large fissures which accompany loss of the cartilage matrix,
sclerosis of subchondral bone, osteophyte formation and chondrocyte death in later
stages of OA (Figure 2). Interestingly, chondrocyte metabolism in early OA cartilage is
characterized by increased synthesis rates of PG and collagen, but these accompany
upregulation of degradative enzymes such as aggrecan- and collagen-ases [163, 164,

171, 174]. Thus, despite the attempt of chondrocytes to “repair” the tissue by increasing
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synthesis rates, the concomitant increase in enzymatic degradation generally leads to a

net loss of tissue components like PG.
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Figure 2.2. Representation of the changes in cartilage structure and composition with
advancement of OA. The extracellular matrix of healthy cartilage is rich in proteoglycan,
type Il collagen and the chondrocytes that maintain the tissues unique arrangement. As
OA initializes, proteoglycan concentrations become reduced, while the type Il collagen
meshwork becomes disorganized. The hallmark signs of late-stage OA are cartilage
loss, depletion of matrix components, and cell death. Figure from Matzat et al, 2013.
Reprinted with permissions.

Although much of these initial OA-related changes are generally compositional
alterations (i.e., decreased macromolecule/water content), cartilage structure has also
been observed to undergo a relative thickening in this disease stage [175-178]. However,
the increases in cartilage thickness in early OA is often described as a pathological
swelling partly attributed to increased tissue hydration. The mechanisms driving
observations of increased water content with early OA, however, are not fully understood.
It has been suggested that damage to the collagen fibrillar network reduces the matrix
ability to restrain PGs and internal fluid pressures which may partly influence swelling
behavior in the tissue, even in the presence of PG depletion [131, 132, 179]. Regardless,
despite the increased tissue thickness, early OA cartilage possess significantly poorer

load-bearing capacity (i.e., reduced cartilage stiffness) which can be attributed to the
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combination of altered PG/water content and disorganization of the type Il collagen
network. Together, these early compositional (i.e., PG, water) and structural alterations
(i.e., collagen matrix disorganization) have drastic consequences on cartilage
biomechanical function as early-OA cartilage has an impaired ability to pressurize fluid
(i.e., reduced PG) and the PG-collagen solid matrix is less able to retain water due to an
increased permeability [107, 180]. Therefore, early OA pathological alterations to
cartilage may manifest as increased deformation under load and it is plausible the solid
matrix may be subjected to increased stress given the reduction in fluid support

mechanisms [107, 173, 180-182].

Early OA is a difficult stage of the disease to detect given that structural changes
have not yet occurred and symptoms rarely present. However, significant metabolic,
compositional, and structural disorganizations lead to a biomechanical weakening of the
tissue as noted above. It has been posited that this weakened functional state of cartilage
in early OA may act to further exacerbate the vicious cycle of cartilage catabolism as the
increased mechanical strains may promote a disruption in normal chondrocyte
remodeling processes by increasing production of matrix degrading proteases. If these
degenerative biological processes continue unabated, the shift in chondrocyte
metabolism towards catabolism may become amplified as degraded matrix fragments
can also serve as secondary contributors to the inflammatory cascade that ultimately
leads to destruction of the tissue [102, 183, 184]. Given that articular cartilage has limited
ability for self-repair, it is imperative to understand if these initial changes in cartilage

metabolism, and early signs of tissue degeneration may be mitigated or reversible.

30



2.4.7 Is Early OA Reversible: Implications for Disease-Modifying Interventions

When cartilage is lost, and the disease presents radiographically (i.e., in late-stage
OA), the severe damage to the tissue and surrounding structures are largely considered
permanent as cartilage lacks the ability to regenerate. As a result, treatment options for
patients presenting in this stage of OA become limited to managing symptoms and
slowing disease progression (i.e., delaying inevitable joint replacements). However, it has
been posited that initial OA-related changes to cartilage may be partly reversible and
amenable to interventions. Specifically, it is suggested that the initial loss of PGs in the
early stages of OA does not reflect permanent degradation and chondrocytes may be
capable of eliciting a repair response and recover PG content [185]. For example, limb
immobilization models in animals have demonstrated that the resulting loss of PG and
thinning of cartilage with disuse is almost completely reversible upon periods of
remobilization (i.e., weeks to months) [158, 186-189]. Similarly, ex vivo data from Karsdal
et al., suggests that aggrecanase-mediated degradation of PGs via short-term catabolic
stimulation is not permanent and PG content can be replenished when chondrocytes are
treated with anabolic growth factors [190]. However, authors also observed that when the
tissue experienced MMP-mediated degradation of aggrecan and type Il collagen,
chondrocytes were not capable of producing a similar anabolic response and the recovery

potential, particularly of type Il collagen, was lost.

Although these data lend support for the potential reversibility of initial OA-related
tissue alterations, a dearth or research has translated such findings to human cohorts.
Thus, it remains unclear what methods may be useful to help facilitate the reversal of

early cartilage degeneration in those at high risk for OA development. Nonetheless, if
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early deleterious tissue alterations with OA are indeed reversible, it becomes paramount
to identify methods capable of detecting the earliest signs of tissue pathology so that
interventions could be implemented and the risk of developing the disorder can be at least

prolonged if not completely prevented.

2.4.8 Imaging Modalities to Assess Cartilage Health and Structure

A range of imaging modalities have been used to evaluate cartilage and joint health
to help characterize the OA pathology and diagnose the disease [191-195]. The current
gold-standard OA diagnostic tool is radiographs wherein bony abnormalities and joint
space width (JSW) are graded to determine the presence and severity of OA [194, 196,
197]. Most commonly, the Kellgren-Lawrence scale is used and a grade of 2, defined as
the presence of osteophytes and possible JSW narrowing, signifies OA [197].
Unfortunately, radiographs expose patients to ionizing radiation, do not allow for
visualization of important related OA pathologies of the soft tissues, and only allows for a
2-dimensional view of the joint. As such, radiographs lack the ability to track pre-clinical
OA features such as subtle changes in cartilage composition and morphology (i.e.,
surface fibrillation, fissures etc.). The ability to evaluate these initial soft-tissue
abnormalities is crucial given that they precede structural features of OA that generally
don’'t surface until late disease stages when significant degeneration is already

established (i.e., overt cartilage loss) [198, 199].

Advanced imaging approaches like magnetic resonance imaging (MRI) offers
significant advantages over standard radiographs, allowing for both compositional and
structural evaluation of articular cartilage amongst other soft-tissue structures (i.e.,

menisci, ligaments etc.) [191, 199, 200]. MRI is currently the gold-standard for direct
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evaluation of cartilage structure like thickness and volume [201]. Thus, MRI may have
improved sensitivity to detect structural changes with OA compared to radiographs given
that factors like meniscal extrusion, which confound traditional JSW measures
measurements do not impact MRI-based thickness measures [201-203]. Composition of
the cartilage ECM can also be assessed via MRI, most commonly using T1p and T2
relaxation times [200]. The use of compositional MRI metrics is valuable to evaluate early
OA-related alterations to cartilage given that these markers are sensitive to changes in
PG (T1p), water content and organization of the type Il collagen network (T2 relaxation
times) [199, 204-210]. As such, many consider MRI as a powerful imaging tool in OA
given that it provides researchers and clinicians the ability to track OA throughout its entire
disease process (i.e., from pre-clinical to end-stage OA) [192, 194, 198, 211].
Nonetheless, despite these numerous benefits, MRI scans are extremely costly, not
widely accessible, and require long scan times that can be uncomfortable for patients

which severely limit the overall practicality of using MRI routinely in standard clinical care.

Ultrasonography (US) is an additional imaging modality that can directly image soft
tissue structures in the knee like cartilage, meniscus, amongst other structures (i.e., fat
pads, bursa etc.). US continues to be recognized as a promising imaging tool for OA both
in a diagnostic and disease monitoring role given its numerous benefits over traditional
radiographs and more advanced modalities like MRI [211-213]. For example, US offers
low operating costs, is extremely portable, does not subject patients to ionizing radiation
while scan times can be performed bedside relatively quickly (i.e., approx. 5 minutes)
[192, 193]. Therefore, the use of US imaging as a supplementary OA imaging tool may

solve critical cost barriers and accessibility issues that prohibit the widespread and routine
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monitoring of cartilage health in both the clinical and research settings. Furthermore, if
US imaging is indeed capable of detecting early features of OA, this imaging tool could
help better identify at-risk patients, facilitate more effective monitoring of disease
progression and aid in evaluating the efficacy of interventions. As this dissertation will
utilize US imaging to assess femoral cartilage outcomes after ACLR, the following
sections will detail US-based assessment of articular cartilage, its use to evaluate articular
cartilage outcomes after ACLR, as well as some technical aspects of US and image

acquisition.

2.4.9 Ultrasonographic Assessments of Knee Articular Cartilage

US imaging has been established as an accurate, noninvasive tool able to
visualize articular cartilage in numerous weightbearing and non-weightbearing joints. In
the knee, a significant portion of the femoral trochlea, a region of cartilage encompassing
the patellofemoral joint, can be easily visualized via US by placing the knee at or near
maximal flexion. Qualitatively, US exhibits high specific and sensitivity to assessing
trochlear cartilage lesions and semi-quantitative measures have been moderately
correlated with histologic and arthroscopic gradings [214, 215]. Femoral trochlear
cartilage structure (i.e., thickness) has also been routinely assessed quantitatively via US.
US-based thickness measures have been validated against anatomic measures from
cadavers, are repeatable (ICCs Range: 0.76-0.96) [216-220] and are strongly correlated
to gold-standard MRI-based assessments of cartilage thickness (p > 0.80) [217, 218].
Tibiofemoral cartilage is not generally accessible to US imaging due to the inability of the
transducer beam to penetrate bony structures, which limits some applicability of this

imaging tool. However, it has become increasingly clear that OA in the patellofemoral
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compartment (isolated and concurrent with tibiofemoral OA) is highly prevalent in both
general and injured populations like those post-ACLR [94, 221-223]. Further
patellofemoral OA may be a stronger source of OA symptoms than tibiofemoral OA [224,
225]. Thus, the relative low-cost and clinic accessibility of US may offer considerable
clinical value as a diagnostic or disease monitoring tool to evaluate patellofemoral OA

outcomes in at risk populations.

In addition to structural evaluation of cartilage, US imaging may be capable of
evaluating cartilage composition, albeit indirectly. For example, it has been hypothesized
that evaluating the in vivo change in cartilage thickness/deformation in response to
loading bouts may serve as a useful surrogate of cartilage composition, given that the
biomechanical properties of cartilage (i.e., compressive stiffness) are influenced by the
composition of its ECM (i.e., PG, water, type Il collagen) [219, 226-233]. Typically, MRI
has been used to characterize cartilage deformational behavior in response to varying
activities in vivo (i.e., walking, running etc.) [227-237]. However, inherent limitations of
MRI such as long scan times, cost, and accessibility issues limit the utility of this modality
for routine serial evaluation of cartilage deformation characteristics. As such, US-based
assessments of cartilage deformation have become increasingly common in recent
research given the devices portability and relatively quick acquisition times [219, 238-
240]. Unfortunately, few studies have evaluated the sensitivity of assessing deformation
via US to differentiate between individuals with and without pathology; data critical to help
establish the overall sensitivity of US to detect OA features and strengthen its potential

usefulness as a clinical imaging tool.
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Overall, US may have value as an OA imaging tool both clinically and in the
research setting where modalities like MRI may not be easily accessed or afforded.
However, it is important to recognize some of the limitations inherent with US imaging.
Compared to other imaging modalities (i.e., MRI, CT, X-ray etc.) US is operator
dependent and thus, careful attention must be taken when acquiring images to limit image
acquisition errors and optimize image repeatability. Despite this source of variability,
previous work has shown generally good agreement between US operators and good-
excellent intra-rater reliability for femoral cartilage thickness measures. Several technical
factors can also impact the representation of soft-tissue structures on US images, such
as probe frequency, angle of insonation, device focus position, and image gain [193, 241,
242]. For imaging deep structures (i.e., the hip joint), lower probe frequencies (e.g., 8-
12MHz) are indicated so that the US beam can sufficiently travel the depth of the tissue
of interest. Alternatively, the use of higher frequencies (i.e., 12 MHz or greater) can
improve clarity when imaging superficial tissues like knee cartilage [243]. Insonation
angle, defined as the angle of the ultrasound beam relative to the tissue/structure of
interest, is also a vital component to consider when acquiring images. It is recommended
that the ultrasound probe is placed orthogonal to the tissue of interest to limit refraction
of the ultrasound beam [242]. Generally, misalignment in the insonation angle can lead
to overestimation errors when calculating metrics like cartilage thickness [241, 242].
Lastly, device-specific factors like focus position and image gain (i.e., brightness) can also
impact the overall clarity of the imaged tissue and should be adjusted according to the

type of tissues being imaged (e.g., skeletal muscle, cartilage).
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2.4.10 Ultrasonographic Assessments of Knee Articular Cartilage after ACLR

An increasing number of studies have utilized US imaging when aiming to evaluate
trochlear cartilage characteristics in both healthy and clinical populations (ACLR, OA
individuals) [212, 213, 219, 238, 239, 244-252]. After ACLR, trochlear cartilage thickness
assessed via US has been shown to be both thinner, thicker, or not different in ACLR
knees compared to contralateral and/or healthy control knees [220, 247]. In cohorts
around 3-5 years post-operatively, Pamukoff et al., observed 25% thinner cartilage in
ACLR relative to contralateral knees whereas Harkey et al., showed that ACLR knees
had 10% thicker cartilage compared to the contralateral. At more acute post-operative
phases, Lisee et al., assessed trochlear cartilage thickness bilaterally at 4- and 6-months
after ACLR, but observed no differences between limbs or changes in thickness between
time-points [248]. Interestingly, authors noticed that a portion of patients in their cohort
exhibited opposite changes in cartilage between time-points that exceeded minimal
detectable change [248]. For example, 45% of participants exhibited thickening in at least
one trochlear region while 35% of participants exhibited thinning. Although it is not clear
from these data why certain patients exhibited longitudinal thickening as opposed to
thinning, increasing evidence has highlighted the heterogeneity of cartilage structural
changes with OA [253]. As such, it is plausible these observations of unique patterns of

trochlear cartilage changes after ACLR both signify post-traumatic OA-related pathology.

To date, few investigations have utilized US imaging to evaluate trochlear cartilage
outcomes in ACLR populations and results are largely conflicting. It is difficult to
contextualize these findings with observations from studies using MRI, however, as most

have focused on tibiofemoral cartilage outcomes. Of the few studies directly evaluating
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trochlear regions after ACLR, findings generally align with results seen with US and are
similarly inconclusive [254-256]. For example, cross-sectional observations have shown
that trochlear cartilage was not different in ACLR knees relative to uninjured controls
[254]. Conversely, Frobell et al., observed that rapid thinning occurs in the femoral
trochlea in the first two years after ACLR whereas central femur cartilage displays
thickening [257]. Interestingly, recent work by Pius et al., observed that regional
thickening and thinning can occur throughout subregions of the femoral trochlea over a
four-year follow up period [95]. Authors also observed that females exhibited larger areas
of thickening in the femoral trochlea and throughout the entire cohort, cartilage thickening
was more common in all cartilage regions than thinning. As such, there is no consensus
on whether cartilage in ACLR knees follows similar patterns of thickening or thinning, but

it appears this may be region specific (i.e., patellofemoral vs. tibiofemoral).

Overall, paucity of data has sufficiently tracked cartilage structural changes
following ACLR, particularly in the patellofemoral joint. Future work is thus needed to
better characterize the trajectories of patellofemoral cartilage structural changes after
ACLR which are currently poorly understood. It is likely the limited evidence on cartilage
structural changes following ACLR can be partly attributed to the cost-prohibitive nature
of MRI. Utilizing low-cost imaging approaches like US may have some merit to solve this
critical cost-barrier of MRI and may permit more studies to serially track trochlear cartilage
outcomes in research or clinical settings in populations with ACLR. However, additional
studies, both longitudinal and cross-sectional, are needed to confirm the usefulness of

US to evaluate trochlear cartilage outcomes after ACLR; data that is currently scarce.
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While US-evaluations of trochlear cartilage thickness after ACLR have become
more common, no studies to date have evaluated indirect measures of cartilage
composition using US in ACLR populations (i.e., assessments of cartilage deformation
behavior). Strong evidence suggests alterations in cartilage composition (e.g., increased
T1p and T2 times) occur rapidly in ACLR knees, surfacing as early as 6-months post-
operatively [258-260]. Previous work has also linked higher T1p and T2 times to
reductions in cartilage stiffness which may manifest as increased deformation in response
to walking [226, 261]. Thus, it is plausible ACLR knees may exhibit increased deformation
relative to their uninjured limb which may occur prior to any structural changes like
thinning or thickening. Although evaluating cartilage thickness is a simple metric important
for tracking OA progression, structural assessments are often not sensitive to detecting
initial disease stages which are generally characterized by alterations in the content and
organization of macromolecules within the ECM. As such, future work should consider
evaluating if US can indirectly detect changes in cartilage deformation behavior as this
may be a more sensitive metric to detect the early deleterious alterations in cartilage

health that ensues after ACLR.

2.5 Risk Factors for Post-traumatic Osteoarthritis after ACL-Injury and Surgery
Currently, the direct cause of post-traumatic OA after ACL injury is not well
understood. However, a variety of factors are thought to contribute to this heightened risk
for disease development such as demographic factors (i.e., age, sex, BMI), those
occurring during the initial injury (i.e., concomitant injuries to adjacent structures) and
those developing secondarily during the recovery process (i.e., quadriceps muscle

weakness, abnormal gait biomechanics, weight gain etc.). Meniscal, chondral and
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subchondral bone lesions are frequently observed with acute ACL-rupture and have been
associated with poorer patient outcomes and in some cases increased risk for post-
traumatic OA [262, 263]. Injury to the meniscus for instance may influence future post-
traumatic OA risk by directly altering the load-distribution and contact patterns within the
knee. Importantly, these mechanical alterations in the knee may be independent of those
that occur with ACL-injury and persist after ACLR (i.e., change in normal contact
locations) [264, 265]. Although the link between chondral and subchondral injuries and
post-traumatic OA is not entirely clear, the areas surrounding subchondral bone damage
and chondral lesions show significant chondrocyte degeneration, osteocyte necrosis, and
PG loss which may impact the load-bearing capacity of the surrounding tissues [266-268].
Given that these concomitant injuries present uniquely with each individual injury,
treatment options may be limited to surgical management (i.e., meniscectomy or repair)
and may not be modifiable (i.e., concomitant injury severity). Conversely, risk factors for
post-traumatic OA that develop secondary to injury and/or surgery (i.e., muscle
weakness, gait abnormalities, weight gain) may offers researchers and clinicians the
opportunity to implement preventative strategies almost immediately following clinical
presentation. As such, if rehabilitation can be optimized to effectively ameliorate these
sequalae, it is possible that an individual’s risk for developing post-traumatic OA can be
drastically reduced. While it is recognized that a host of risk factors may ultimately
contribute to post-traumatic OA after ACL injury, the following section will be focused on
detailing modifiable risk factors relevant to this dissertation - gait dysfunction and high

body mass index.
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2.5.1 Gait Biomechanical Abnormalities after ACL-Injury and Reconstruction

It is well known that habitual, cyclic mechanical loads are a potent stimulus
necessary for maintaining cartilage homeostasis [6, 9]. As walking is the most common
source of cyclic activity, a wealth of research has aimed at identifying potential
impairments in lower-extremity gait patterns after ACL injury and ACLR as these changes
may influence one’s risk for post-traumatic OA. Anatomically, loss of the ACL results in
abnormal arthrokinematics between the femoral and tibial articular surfaces wherein the
tibia remains internally rotated with significantly increased anterior translation [35, 75,
269-271]. Such kinematic alterations have been shown to impact both tibiofemoral and
patellofemoral articular contact points by shifting locations more posteriorly and laterally
in the medial tibia [74, 75, 272] while shifting patellofemoral contacts more laterally on the
femur [273, 274]. Reconstructive techniques aim to restore normal arthrokinematics but
often fail to address rotational alterations as ACLR knees tend to display an external
rotation offset during gait that does not appear to resolve with time, persisting for several

years post-surgery [35-38].

Numerous gait alterations have been observed in those with ACLR during walking.
For instance, previous authors have observed that individuals with ACLR walk with
smaller ground reaction forces in the ACLR limb relative to contralateral and control limbs
[15, 16, 275] and may walk with greater loading rates compared to uninjured populations
[276]. Temporal-spatial characteristics have also been shown to be altered in the first
months after surgery, as smaller steps and reduced stance times have been observed in
ACLR limbs relative to the contralateral [277-279]. For example, substantial step-length

asymmetries are present within 6-12 weeks post-ACLR, but some studies have shown
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that patients are able to achieve similar step-lengths within 6-months of surgery [277,
280]. Nonetheless, it remains unclear how long these spatiotemporal alterations last after

ACLR as few investigations have examined temporal-spatial characteristics post-ACLR.

Deficits in sagittal plane knee kinematics and kinetics are also common after
ACLR particularly in early phases post-operatively. In the first year after surgery, a wealth
of studies have shown that ACLR individuals walk with reduced external knee flexion
moments (KFM), increased knee flexion angle (KFA) at heel strike, and reduced knee
flexion excursions in the first 50% of stance compared to contralateral and control limbs
[10, 16, 19, 20, 64, 281-285]. Persistent alterations in sagittal plane kinematics and
kinetics have been thought to contribute to post-traumatic OA risk after ACLR. For
example, ACLR knees often display increased KFA at heel-strike, which may shift the
contact location in the ACLR-knee towards a more posterior (and thinner) region of the
femoral cartilage [5, 286]. As a result, cartilage regions unaccustomed to the magnitude
and frequency of loads may become overloaded while previously loaded regions may
become underloaded [74]. Coupled with evidence of truncated knee flexion and extension
excursions in the ACLR-knee [64, 282, 283, 287], it is also possible that load distribution
within the joint becomes more concentrated to smaller areas of cartilage, which may

impact contact pressures and influence tissue breakdown.

Although the extent of altered sagittal plane knee mechanics have been well
defined in individuals with ACLR, less data is available detailing deficits in frontal plane
gait mechanics. During gait, knee joint loads are disproportionately greater in the medial
compared to the lateral tibiofemoral compartment and thus, it is not surprising that

tibiofemoral OA is substantially more common in the medial knee [12, 288, 289].
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Therefore, evaluating if medial knee loading characteristics are impacted after ACLR may
help better understand the role of altered gait on post-traumatic OA risk in this population.
The external knee adduction moment (KAM) is a widely used surrogate of medial knee
loading, reflecting the relative load distribution between medial and lateral knee
compartments [290-296]. A higher KAM is generally interpreted as higher medial knee
compartment joint loading. Butler et al., produced some of the earliest findings of altered
frontal plane knee mechanics in this population, as the authors observed that at 5 years
post-surgery, individuals with ACLR walked with an increased KAM compared to healthy
controls. More recent data in a cohort 10-years post-ACLR also showed an elevated KAM
in ACLR-knees versus the contralateral limb [20]. Conversely, studies in earlier time
periods post-surgery suggest ACLR individuals may walk with reduced KAM’s in the
ACLR relative to contralateral knees and controls [69, 275, 297-299]. Several studies
have also employed EMG-driven musculoskeletal models to better approximate medial
knee loads after ACLR and have produced similar findings; medial contact forces are
lower in ACLR-knees compared to the contralateral knee, in some instances for upwards
of two to three years after surgery [568, 298, 300, 301]. As such, these findings in
conjunction with consistent observations of reduced sagittal plane knee moments, at least
in the early phases after ACLR (i.e., within the first year of surgery), may suggest that
joint underloading in the involved limb could precipitate early cartilage deterioration in the

injured knee.

While it has been established that early gait changes after ACLR are generally
characterized by reduced loading in the reconstructed limb, gait alterations at later time-

points after surgery (i.e., >24 months post-ACLR) are less clear. For example, previous
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studies have shown kinetic outcomes (i.e., VGRF, KFM, KAM) are greater, lesser, or not
different between limbs [19, 67, 69, 302-304]. Several investigations have shown that
individuals with ACLR may normalize sagittal plane angles and joint excursions between
12-24 months post-surgery [568, 282, 297, 304]. However, these results must be
interpreted with caution given that comparisons to the uninvolved limb may lead to an
overestimation of gait recovery [16]. Thus, as few studies have serially evaluated gait
mechanics throughout and beyond rehabilitation, our understanding of how individuals
with ACLR evolve their gait over time is limited in part because most evaluations are
cross-sectional or do not include comparisons to control groups. As a result, it is unclear
if gait rehabilitation targets may differ depending on the time phase post-ACLR. Given
that articular cartilage may respond differently to these altered joint mechanics depending
on OA status (i.e., pre-clinical, early or end-stage OA), a clear understanding of how gait
alterations evolve depending on time frame post-surgery and how these changes may
influence cartilage health would help facilitate the development and individualization of

gait intervention strategies.

2.5.2 Altered Gait Mechanics Influence Knee Cartilage Health after ACLR:

Collectively, ACLR leads to substantial and persistent changes in the joint
mechanical environment that lead to the early onset of post-traumatic OA. These
abnormal mechanics do not appear to fully resolve with time and traditional rehabilitation
efforts are insufficient to adequately restore normal gait in a timely manner (i.e., prior to
return-to-sport). Many studies have observed that compositional alterations in articular
cartilage seem to progress rapidly in the first years after ACLR, presenting as elevated

T1p and T2 relaxation times in both tibiofemoral and patellofemoral cartilage relative to
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the uninvolved limb [260, 305-308]. Therefore, understanding if these early gait
abnormalities are implicated in the initial degenerative signs of post-traumatic OA is
critical given that walking mechanics are a modifiable factor that if resolved, may help

slow or reverse disease progression.

Some of the first longitudinal evidence linking gait and post-traumatic OA
outcomes was reported by Wellsandt and colleagues who assessed differences between
knee loading characteristics in ACLR patients who developed post-traumatic OA at five
years compared to those who did not [298]. Authors found the post-traumatic OA group
walked with lesser medial knee contact forces, KAM, and KFM in the ACLR relative to the
contralateral knee at six months post-ACLR. Conversely, those who did not develop post-
traumatic OA achieved symmetrical contact forces and moments at six months post-
ACLR. Authors speculated early knee unloading post-ACLR may have contributed to
early onset post-traumatic OA. Unfortunately, the post-traumatic OA group in this cohort
was small (n=9) and the use of radiographs prohibits the ability to link knee loading after
ACLR to early compositional alterations preceding structural loss [191, 200]. More recent
cross-sectional evidence has provided support for the link between joint underloading and
early cartilage degeneration after ACLR. Pfeiffer et al., demonstrated lesser KAM and
vertical ground reaction force (GRF) loading rates were linked to reduced proteoglycan

content assessed via T1p MRI in patients between six to 12 months after ACLR [258].

These findings provide initial evidence suggesting early underloading of the ACLR-
knee may promote changes in knee joint cartilage. While gait deficits at later time points
after ACLR are slightly less clear, it is consistently shown GRF, KFM, KAM, and medial

contact forces are reduced in the ACLR relative to both contralateral and control limbs for
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at least the first year post-ACLR [10, 16, 64, 298]. Taken together, reduced knee loading
likely alters cartilage homeostasis by evoking a “deconditioning” tissue response (i.e.
decreased proteoglycan synthesis) as cartilage experiences lesser mechanical stimuli
[73, 158]. Gradual proteoglycan depletion can have drastic impact on cartilage load-
bearing properties after ACLR by decreasing tissue resiliency and increasing permeability
of the ECM [105-107, 134]. Consequently, the cartilage solid matrix may experience
elevated stresses as the main load-bearing mechanism facilitated by proteoglycan
becomes impaired [105, 107]. However, such early changes may not reflect permanent
reductions in tissue properties as proteoglycan loss, at least induced via joint
immobilization, is partly reversible [159]. Therefore, if gait impairments can be corrected
early on during post-operative rehabilitation, early degenerative changes after ACLR may

be diminished or ameliorated.

Altered gait mechanics have long been theorized as a driver of post-traumatic OA
development ACLR, and recent animal model data has provided a mechanistic link
between aberrant sagittal plane gait characteristics and disease development [309].
However, it remains poorly understood how gait mechanics influence cartilage outcomes
(i.e., compositional/thickness changes) in humans after ACLR as evidence mostly
conflicts; particularly across the disease time-course (i.e., from pre- to post-OA
diagnosis). For instance, in vivo data from humans have shown that both excessive and
insufficient loading have been linked with deleterious cartilage outcomes. [246, 258, 298,
310-312]. Unfortunately, this lack of clear findings severely limits the ability of researchers
and clinicians to design and optimize gait retraining strategies because there is no

consensus if joint underloading, overloading or kinematic changes are main drivers of

46



post-traumatic OA after ACLR. As such, further work is needed to clarify which gait
variables are most strongly implicated in post-traumatic OA after ACLR and if increasing

or decreasing load early during rehabilitation is beneficial.

2.5.3 High Body Mass Index after ACL-Injury and ACLR Prevalence and Associations

with Post-Traumatic OA Risk

High body mass index (i.e., overweight BMI 25.0-29.9 kg/m? or obese BMI> 30.0
kg/m? individuals) is a continually growing national health problem as the number of
persons who are overweight or obese has tripled in the United States over the last four
decades [313]. In those undergoing ACLR, recent estimates have shown that nearly 40%
and 25% of patients were classified as either overweight (BMI 25.0-29.9 kg/m?) or obese
(BMI> 30.0 kg/m?), respectively [314, 315]. Given that overweight and obesity rates are
expected to increase in the next decade, it is reasonable that the number of patients
presenting with injury will similarly increase. Overall, the observed increased prevalence
of high BMI in the both the general population and in those with ACL injury presents is
problematic given that high BMI is considered a major risk factor for OA [316]. High BMI
irrespective of joint injury increases the odds of developing the disorder 2-4x [317, 318].
In patients with ACLR, previous work has also linked high BMI with increased odds of
developing post-traumatic OA [12, 13], and high BMI was one of the strongest predictors
of post-traumatic OA incidence at 5 years post-surgery [14]. As such, research
understanding the potentially negative consequences of high BMI concurrent with ACL
injury is imperative as this subset of patients may present with unique challenges
throughout the ACL-recovery process and be at risk for a more accelerated onset of post-

traumatic OA relative to their normal BMI counterparts.
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Independent of ACL-injury, extensive work has shown that gait is altered in
individuals with high BMI which may contribute to OA [291, 319-324]. Most commonly,
these individuals exhibit reduced habitual walking speeds, and walk with increased
double limb-support times, wider step widths and greater absolute joint moments, knee
contact forces, and loading rates [319-321, 323, 325, 326]. Increased joint loads and in
particular, medial compartment loading (i.e., KAM) have been shown to predict tibial
cartilage loss in knee OA individuals with high BMI [292]. Further, some authors have
observed interactions between high BMI and gait metrics like the KAM. Astephen-Wilson
et al., observed that radiographic disease severity was better predicted by the
combination of BMI and the KAM compared to either factor alone [327]. Brisson et al.,
also observed that in healthy individuals the relationship between the KAM and cartilage
thickness differed between high and low BMI groups [292]. Thus, it has been
hypothesized that BMI may have a moderating role on gait markers relevant to OA (i.e.,
the KAM) and the detrimental effect of increased joint loads may be exacerbated in those

with higher BMI.

Altered gait biomechanics are a common sequalae after ACLR [10, 11]. As
highlighted in previous sections, individuals with ACLR may adopt a joint underloading
strategy early after surgery, and joint contact locations may be shifted to regions of
cartilage that may not be habituated to the frequency and magnitude of joint loads [15,
16, 20, 328, 329]. These relatively abrupt changes in the mechanical load environment of
the knee have been posited to predispose the joint to the rapid onset of post-traumatic
OA [5, 74, 298]. Given that ACLR and high BMI independently impact knee loading

characteristics, it can be hypothesized that the combination of high BMI and ACLR may
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lead to significantly worse gait impairments. While direct support for this hypothesis is
scarce, recent data has aimed to better understand the associations between high BMI
and gait mechanics in persons with ACLR. For example, Pamukoff et al., observed that
obese individuals with ACLR walked with disproportionately larger increased external
KAMs and vertical GRFs in the involved limb while Davis-Wilson et al., showed those with
high BMI after ACLR walked slower compared to their uninjured high BMI counterparts
[330, 331]. An increased KAM in high BMI individuals with ACLR coupled with the known
alterations in normal knee contact locations resulting from injury may contribute to the
increased risk for post-traumatic OA in this subset of patients. For instance, the excess
loads attributed to high BMI may exacerbate the negative effects of altered knee contact
patterns in ACLR knees, leading to a more accelerated degenerative pathway. In fact,
data from animal models have shown that the combination of high BMI and joint injury
lead to more severe OA that progressed more rapidly than either factor in isolation [332].
Nonetheless, current evidence on the effects of high BMI after ACLR is unclear and
conflicting. Thus, future work is needed to confirm or refute these findings and further,
there is a critical need to understand if markers of early post-traumatic OA (i.e., decline
in cartilage composition) may present early in high BMI individuals with ACLR relative to

their normal BMI counterparts.

Although considerable studies have implicated high BMI as a strong risk factor for
OA in multiple joints, the mechanisms underlying obesity-induced OA are complex and
have not been fully elucidated. Originally, it was thought that the increased joint loads
associated with high body mass was the primary driver of OA in these individuals given

consistent findings of increased joint moments and contact forces observed when
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comparing high and low BMI groups. However, it has become increasingly understood
that altered biomechanics are not solely responsible for obesity-induced OA and the
influence of metabolic factors such as inflammation play a major role in OA pathogenesis
[101, 102, 169, 170, 333, 334]. For instance, high BMI has severe metabolic
consequences, promoting a pro-inflammatory environment through a chronic elevation of
systemic, low-grade inflammation [8, 316, 335, 336]. Increased adiposity associated with
high BMI leads to heightened production of both adipocytokine’s (i.e., leptin, adiponectin
etc.) and other pro-inflammatory mediators (i.e., TNF-a, IL-6 etc.,) that are present
systemically and may be produced locally in the joint (i.e., infrapatellar fat pad)[168, 170,
337]. Previous work has shown that adipocytokines can directly and synergistically
facilitate the upregulation of degradative enzymes known to disrupt normal cartilage
turnover and accelerate articular cartilage catabolism [168-170]. As such, many authors
consider the increased risk of OA in those with high BMlI is likely attributed to this unique
combination of altered biomechanical loading in the presence of a robust, pro-

inflammatory environment.

Overall, the interaction between high BMI and ACLR likely influences multiple
pathways at which cartilage degeneration is known to be facilitated. For example, it has
been well documented that a robust transient inflammatory response accompanies acute
ACL-rupture leading to increased concentrations of both pro- and anti-inflammatory
cytokines in synovial fluid [305, 338-341]. With surgery, these inflammatory mediators
may be reinvigorated, and the presence of this altered inflammatory environment may
perpetuate rapid breakdown of the cartilage ECM [338]. Given that elevated inflammation

is characteristic of high BMI, joint trauma in those with high BMI may induce a
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disproportionately greater inflammatory response at the joint level. Thus, it is plausible
post-traumatic OA may develop at an accelerated rate in patients undergoing ACLR with
a high BMI. As post-traumatic OA ensuing after ACL-injury is an already rapidly
progressing OA phenotype, this subset of patients may require significantly more
aggressive rehabilitation and preventative efforts. Nonetheless, the dearth of work directly
investigating these unique risk factors in tandem is a substantial barrier to identifying
avenues for intervention and ultimately developing individualized treatment programs.
Therefore, it is important that future research efforts aim at characterizing the potentially
unique modifiable variables that may present in high BMI individuals with ACLR in order
to improve our understanding of avenues to mitigate post-traumatic OA in this patient

population.

2.6 Gait Intervention Strategies to Improve Knee Loading after ACLR

Gait retraining (i.e., a gait-specific intervention approach) involves targeting
specific movement patterns through different modes of feedback to facilitate the adoption
of new or the restoration of pre-pathological gait patterns. The goals of modifying gait via
retraining vary by population but generally are aimed at reducing injury and/or fall risks,
promoting improvements in mobility, and minimizing the risk of disease development or
progression (i.e., knee OA). Previous work has shown gait retraining is effective at
modifying knee mechanics and reducing injury risks in runners [342, 343], improving gait
asymmetries and walking speeds post-stroke [344-349] and is capable of improving pain
and knee loading characteristics related to disease progression in populations with knee
OA [350-352]. Given that those with ACLR typically walk with marked gait asymmetries

which are linked with post-traumatic OA risk [10, 11, 20], the inclusion of gait retraining
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during post-operative rehabilitation may be integral to remediate abnormal knee
mechanics and impede the development of post-traumatic OA. Unfortunately, few gait
retraining strategies have been identified to ameliorate these abnormal knee patterns and
seldom are included in standard-of-care post-operative ACLR programs [21, 22]. The lack
of direct focus on restoring proper gait mechanics in current rehabilitation paradigms likely
contributes to the suboptimal long-term post-traumatic OA outcomes that plague those
undergoing ACLR. Therefore, an opportunity exists for future research to help identify,
and develop strategies capable of facilitating the restoration of optimal gait mechanics

after ACLR.

To date, most studies assessing potential gait retraining strategies in ACL
populations have been generally limited to acute investigations (i.e., within session
changes) with only a few studies including longitudinal follow-ups. For example, Moran et
al., evaluated the efficacy of providing functional electrical stimulation to the quadriceps
on gait and strength outcomes in the first month post-operatively [353]. The authors
observed that after 3 weeks of training (10 min session, 3x/week), those randomized into
the functional electrical stimulation group exhibited more symmetrical knee extensor
strength than the typical neuromuscular electrical stimulation protocol. However, gait
asymmetries (i.e., single-limb stance time) did not appear to be affected by this
intervention approach. Authors reasoned that the application of electrical stimulation in a
more functional manner could facilitate greater strength recovery after ACLR but whether
this translates to improved gait mechanics is not clear because only temporal measures

(i.e., stance times) were assessed in this investigation.
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More recently, two investigations utilized a similar training approach (i.e., functional
strength training) via the development of novel resistive knee braces [354, 355]. Though
the type and scalability of resistance produced by the braces differed, both studies
revealed positive gait adaptations in response to approximately 6-8 weeks of training with
the resistive devices. For example, Rocchi et al., observed that compared to groups
wearing a traditional brace, patients using the resistive brace walked with greater
posterior GRF symmetry post-training, but knee extensor strength outcomes were similar
between groups [354]. Brown et al., reported in a case study that 8-weeks of training with
a novel bi-directional resistive brace led to improvements in ACLR limb knee flexion
moments and knee flexion angles in midstance, resembling the mechanics of the
contralateral uninjured limb [355]. Overall, these studies suggest that compared to
traditional resistance/strengthening exercises, which are generally conducted in a non-
specific manner (i.e., seated knee extensions), task-specific approaches may lead to a
more optimal transfer of benefits [356-358]. Therefore, supplementing traditional
strengthening in post-operative care with functional training devices (i.e., braces,
neuromuscular electrical stimulation) may be an avenue to enhance the recovery of gait

post-ACLR.

In the studies above, gait rehabilitation was approached by investigators using
task-specific strengthening or neuromuscular training approaches during walking tasks to
facilitate transfer of training. Task-specificity or task-specific practice is considered an
important component of rehabilitation or training programs to improve motor learning,
retention and to optimize changes in intended outcomes [357, 359]. Gait patterns can

also be directly targeted via retraining approaches following similar specificity principles.
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For example, recent efforts have demonstrated that peak sagittal plane knee flexion
moments and knee excursions can be targeted by providing real-time biofeedback of the
vertical GRF in those with ACLR [360, 361]. For instance, Luc-Harkey et al., and Evans-
Pickett et al., observed that cueing an 5% increase in the first peak vertical GRF can elicit
increases in the peak KFM and in knee flexion excursions during both weight-acceptance
and mid-late stance [360, 361]. From these data, authors posited that cueing increased
vertical GRFs may be a feasible approach to facilitate a less-stiff knee strategy and
promote increased loading in the ACLR limb. Promoting greater knee flexion excursion
could lead to a more effective distribution of joint loads across the articulating surface
during the stance phase which may help preserve cartilage health after ACLR. Further,
increased loading earlier after ACLR may provide an important stimulus to maintain
cartilage health given the previous links between reduced loading characteristics and
poor cartilage composition and biochemical markers of cartilage degradation [258, 362,

363].

While real-time biofeedback paradigms like cueing vertical GRF may be effective
at changing relevant knee biomechanical variables, a current drawback of this approach
and others (i.e., split-belt paradigms) [345, 349, 364, 365] is the need for expensive
devices to provide feedback cues (i.e., force-sensing treadmill) which severely limits
clinical utility. Ideally, gait retraining strategies that are low-cost would have the highest
potential for widespread implementation in the clinical setting and thus have the greatest
impact on patient outcomes. Recently, Milner et al., demonstrated that cueing changes in
spatiotemporal parameters like step-length can effectively reduce or increase tibiofemoral

contact forces during walking and may be an attractive gait retraining option with high

54



clinical applicability [366]. For example, step-lengths can be easily modified when walking
on a standard treadmill using minimal additional equipment (only a metronome is
required) [23, 342, 343, 367]. At constrained walking speeds, increasing step length can
be achieved by cueing a slower cadence whereas smaller steps can be promoted by
cueing a higher cadence. Importantly, previous work in healthy cohorts have shown that
acutely manipulating step-lengths can directly affect knee biomechanical variables such
as knee joint contact forces, knee sagittal plane moments and joint excursions [342, 366,
368, 369]. For example, generally, taking larger steps tends to increase joint loads
(moments and contact forces) while facilitating increased knee flexion angles and
excursions during stance phase [342, 368, 369]. Conversely, smaller steps may induce

the opposite effect on gait outcomes [23, 342, 343].

In ACLR populations, Bowersock et al., showed that acutely modifying step-
lengths during running is effective at acutely decreasing several relevant knee
biomechanical outcomes in individuals approximately 4 years post-ACLR [23]. In this
study, participants running at a 5% higher cadence (regulated via metronome) achieved
step length reductions of approximately 6% compared to self-selected conditions.
Concurrently, patellofemoral, and tibiofemoral joint contact forces also were reduced
between 4-10% in the increased cadence condition compared to normal walking. While
authors only included reduced step length conditions (105/110% self-selected cadence),
these findings coupled with data from healthy cohorts [342, 366, 368, 369] may provide
support for the use of step-length manipulations to acutely