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Abstract

One of the primary targets of post-operative rehabilitation following anterior cruciate ligament
reconstruction (ACLR) is quadriceps weakness, in part, given its association with a host of
biomechanical strategies that are adopted after ACLR. Together, quadriceps weakness and altered
biomechanics contribute to the development of early onset post-traumatic osteoarthritis (PTOA),
which has been reported on average in 50% of patients within 10-15 years following ACLR. One
predominant theory of PTOA development suggests that quadriceps weakness diminishes the
muscle’s ability to attenuate shock, leading to altered joint biomechanics and load distribution on
articular cartilage. Although quadriceps weakness has been largely attributed to neurological
impairments and whole muscle atrophy, these factors do not capture the intrinsic properties of
muscle that govern its ability to generate force. Recent studies have started to acknowledge that
muscle weakness is part of a multifaceted profile of global muscle dysfunction, encompassing
intrinsic properties of muscle such as tissue quality (i.e., composition) and a muscle’s mechanical
behavior (i.e., fascicle mechanics). However, research on tissue quality and muscle mechanics
post-ACLR, is limited, resulting in fundamental gaps in our understanding of their prevalence and
functional impact. Thus, the primary goal of this dissertation is to investigate muscle and joint
factors that may contribute to early onset PTOA following ACL injury and ACLR. The first study
examined the relationships between knee mechanics and subchondral bone architecture in a rodent
model with non-invasive ACL injury. The results demonstrated a correlation between knee flexion
angle and subchondral bone plate porosity, providing direct evidence linking knee mechanics to

early indicators of PTOA development. The second study focused on factors underlying muscle

XiX



dysfunction in a chronic cohort of patients with ACLR. Despite having smaller muscles, ACLR
patients exhibited between-limb strength, intramuscular fat, and fascicle mechanics (length and
angle excursions) that resembled healthy controls. A smaller fascicle angle at peak knee extension
moment was also observed in the ACLR limb, which was associated with reduced joint loading,
suggesting an inefficiency of the muscle to mechanically adapt to peak loading events. The third
study investigated the relationship between muscle size, strength, intramuscular fat and cartilage
degeneration using T1, and T2 quantitative imaging. While ACLR patients exhibited comparable
between-limb strength and intramuscular fat to healthy controls, muscle size remained smaller in
the ACLR knee. In the context of cartilage degeneration, both ACLR and Control groups exhibited
between limb differences for various Ti, and T> regions. These differences were not related to
quadriceps strength, size, or composition thereby suggesting, other intrinsic properties such as
fibrotic tissue development of muscle may be underlying quadriceps dysfunction and contributing
to changes in the cartilage matrix following ACLR. In summary, the dissertation findings indicate
that altered knee mechanics are related to changes in subchondral bone following ACL injury and
that muscle dysfunction may not be fully captured by size and strength assessments alone,
emphasizing the important of considering intrinsic muscle properties. While we identified
between-limb differences in cartilage matrix, these changes were not related to muscle size,
composition, or strength. Future investigations should focus on advancing our understanding of
subchondral bone changes in relation to PTOA development and exploring the relationship
between muscle’s intrinsic properties and function to identify modifiable factors directly linked to

the increased risk of early-onset PTOA following ACLR.
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1.1

1 Introduction & Specific aims

Statement of the Problem

The current standard of care following an anterior cruciate ligament (ACL) injury is to
undergo surgical reconstruction (ACLR) to repair the torn ligament followed by rigorous
rehabilitation efforts. While surgery improves joint stability and therapy can enhance
physical function, only 20% of patients achieve sufficient quadriceps strength upon
completing rehabilitation.! Importantly, this strength deficit persists in the long term, even
in the absence of direct muscle damage. Quadriceps strength deficits are highly problematic,
as they have been linked to alterations in biomechanics, the risk of reinjury,> and the
development of early onset post-traumatic osteoarthritis (PTOA).> Given that the
predominant age of injury is young teens* and the primary treatment for end-stage PTOA is
joint replacement,’> much work has revolved around understanding the underlying factors
contributing to muscle strength deficits following ACLR. Early research has started to
uncover that muscle strength is merely one aspect of muscle function, while other intrinsic
properties at the biochemical, compositional, and architectural levels may impede muscle
recovery following ACLR and be related to early indicators of PTOA development including
changes in subchondral bone remodeling and changes in the articular cartilage matrix. These

findings emphasize the need for additional investigation in this area.



1.2 Justification of Research

Quadriceps weakness following ACLR has been largely attributed to neurological
impairments and gross muscle atrophy.®!® However, these factors are largely measured at
the whole muscle level and fail to include intrinsic properties of muscle that largely govern
force generation and transmission. Additionally, functional impairments have been
identified despite quadriceps strength recovery, suggesting strength alone does not fully
characterize function. As such, understanding the additional factors that hinder complete
recovery and contribute to PTOA after ACLR is of critical importance to pinpoint specific
targets for rehabilitation. As such, this dissertation aims to explore intrinsic factors of muscle
including architecture and composition that may be compromised following ACLR and
contribute to the increased risk for the onset of PTOA development. The factors explored in
this dissertation are new, novel, and utilize cutting-edge technology to fully characterize
joint mechanics, muscle architecture, composition, and indicators of early PTOA

development following ACLR.



1.3

1.3.1

Specific Aims

Aim 1

Aim 1A: Use a non-invasive preclinical model to determine longitudinal changes in
knee kinematic profiles following ACL injury
Hypothesis 1A: Knee flexion angle will undergo significant changes in both timing and

magnitude throughout the gait cycle post-ACL injury.

Aim 1B: Use a non-invasive preclinical model to determine the associations between
knee flexion angle and subchondral bone remodeling, as measured by an increase in
porosity.

Hypothesis 1B: Reduced knee flexion angle will be associated with an increase in porosity

in the femoral and tibial load bearing regions.

Significance of Aim 1: The majority of previous research utilizing animal models has
predominantly employed ACL transection to study ACL injury and PTOA. Importantly,
transection models lack in clinical translation as they are invasive and therefore, induce a
cascade of negative neuromuscular events that confound observations. For this reason, non-
invasive models ACL injury models that induce closed-joint injury through ligament
overload have been developed to replicate the human condition more closely. These models
are particularly advantageous to fully characterizing disease progression without the
confounding effects of surgical transection. As such, the goal of this aim was to investigate

biomechanical factors and subchondral bone architecture in a pre-clinical rodent model with



non-invasive ACL injury to understand the relationship between knee mechanics and early

indicators of PTOA following ACL injury.



1.3.2 Aim2

Aim 2A: Determine if those with a history of ACLR exhibit altered fascicle excursions
during walking relative to the uninjured limb and healthy controls.
Hypothesis 2A: Those with a history of ACLR will undergo less fascicle length and angle

excursions.

Aim 2B: Determine if intramuscular fat is associated with fascicle length and angle
excursions.
Hypothesis 2B: Those with a history of ACLR will have greater intramuscular fat (e.g., fat

fraction) and that will be associated with fascicle excursions.

Aim 2C: Determine the associations between fascicle and knee mechanics.
Hypothesis 2C: Fascicles that undergo less excursion, or reduction in length or angle will
be associated with a decrease in joint loading measured by peak knee extension moment,

rate of moment development, peak power absorption, and knee flexion angle excursion.

Significance of Aim 2: Most commonly, quadriceps function has been measured on global
levels including strength, volume, and cross-sectional area following ACLR. However, these
measurements are all performed in a static state and fail to evaluate muscle during dynamic
activities. Recent advancements in B-mode ultrasound have enabled the assessment of
quadriceps fascicle mechanics during movement with early evidence to support that fascicles
behave differently than healthy limbs. More specifically, in the acute phases of ACLR recovery,

it has been observed that the fascicles in the ACLR limb exhibited eccentric lengthening,



whereas healthy limbs typically show concentric shortening. It remains unknown if fascicle
mechanics exhibit similar behavior in the more chronic stages of recovery. Interestingly, a factor
that may influence fascicle mechanics in more chronic time points following ACLR is the
accumulation of non-contractile elements such as intramuscular fat. Following ACL injury,
elevated quantities of fibro-adipogenic progenitors (FAPs) have been identified in the ACLR
limb, which are precursors to the development of fat and fibrotic tissue. In addition, preliminary
data has shown increases in fat accumulation through an increase in hypoechoic signaling via B-
mode ultrasound imaging. However, magnetic resonance imaging (MRI) is a more sensitive
measurement of intramuscular fat and enables the evaluation of intramuscular fat in three-
dimensions. As there is limited research focused on fascicle mechanics following ACLR and no
research to date has investigated muscle fat infiltration following ACLR using MRI, this aim is
designed to understand if fascicle mechanics and intramuscular fat are affected in those with a

chronic history of ACLR and to determine their relationship with knee mechanics.



1.3.3 Aim3

Aim 3A: Characterize vasti intramuscular fat both globally and regionally following
ACLR

Hypothesis 3A: Those with a history of ACLR would have an increase in intramuscular fat
(i.e., higher fat fraction) in the vasti muscles that will be deposited in different regions and

disproportionately throughout the muscle.

Aim 3B: Determine if vasti intramuscular fat and fat-cleared muscle volume are
predictive of isometric strength.
Hypothesis 3B: Decreased intramuscular fat (i.e., lower fat fraction) and an increased fat-

cleared muscle volume would be associated with increased strength.

Aim 3C: Determine if those with a history of ACLR exhibit longer T, and T relaxation
times in the tibiofemoral and patellofemoral joint relative to the uninjured limb and
healthy controls.

Hypothesis 3C: Those with a history of ACLR will have worse degenerative cartilage
outcomes quantified by longer Ti, and T: relaxation times in the ACLR knee thereby,
indicating a reduction in proteoglycan density, a disorganization in the type II collagen

matrix, and an increase in water content.



Aim 3D: Determine if vasti intramuscular fat, fat-cleared volume, or strength are
predictive of T1, and/or T: relaxation times in those with a history of ACLR.

Hypothesis 3D: Increased intramuscular fat (i.e., higher fat fraction), smaller muscle
volumes, and weaker muscles will be predictive of increased T1,/T2 relaxation times in those

with a history of ACLR.

Significance of Aim 3: Following ACLR, patients are at risk for developing early onset
PTOA. While PTOA has largely been attributed to quadriceps strength deficits, data directly
linking quadriceps strength to PTOA is sparse. It is plausible that there are alterations in the
quality of muscle (e.g., muscle composition) such as an infiltration of intramuscular fat
following ACLR, which has been shown in other pathological populations including
idiopathic osteoarthritis. However, intramuscular fat of the vasti muscles has not been
investigated utilizing a comprehensive technique like quantitative MRI following ACLR. As
such, this study is the first to the relationship between muscle size, composition, and function
(e.g., strength) in relation to early indicators to PTOA development that would reside in the

cartilage matrix.



1.4 Organization of Dissertation

This dissertation has been structured in such a manner that the core chapters (Chapters 3-
5) detail three separate aims mentioned above in a manuscript format. Chapter 3 has already been
published, and we are in the process of submitting manuscripts for the last two aims (Chapters 4-
5). The literature review (Chapter 2) provides a background and rationale for the dissertation.
Chapter 3 was conducted in a non-invasive rodent model of ACL injury to understand the
association between knee mechanics and subchondral bone architecture at days 7-, 14-, 28-, and
56-days following injury. To compare knee mechanics and subchondral bone between ACL injury
and controls, we used an age-matched control cohort that did not receive an injury and underwent
assessments of knee mechanics at days 7-, 14-, 28-, and 56-days and a single assessment of
subchondral bone at 56-days. Chapter 4 examined in vivo fascicle mechanics and intramuscular
fat of the vastus lateralis (VL) in humans with a chronic history of ACLR. Patients underwent two
experimental sessions to capture I) quadriceps isometric strength, fascicle, and knee mechanics
and II) intramuscular fat fraction that was estimated using a multiecho Dixon method, herein
denoted as mDixon. Chapter 5 utilized the same cohort from Chapter 4. Patients underwent the
same protocol and in addition to the mDixon, advanced quantitative cartilage imaging was
performed to capture protegolocyan density, collagen type II, and water content via Ti, and T
relaxation times. Chapter 6 summarizes the main findings of chapters 3-5, acknowledges the

limitations of each chapter, and outlines future directions for related research.



2 Literature Review

2.1 Background on Anterior Cruciate Ligament (ACL) Injury

Anterior cruciate ligament (ACL) injuries are one of the most common lower extremity
injuries!! with increasing incidence rates over the past 2 decades.!>!* With approximately 250,000
ACL injuries occurring each year and an average cost of $11,000 per injury,'? the annual health
care expenditure for ACL injuries in the United States is close to $2 billion.'*!> Following ACL
injury, patients generally opt to undergo ACL reconstruction (ACLR) to restore the mechanical
stability of the joint followed by rigorous and prolonged rehabilitation primarily aimed regaining
range of motion, strength, neuromuscular control, and returning patients to physical activity.
Despite such efforts, patients experience a myriad of impairments affecting their quality of life,
physical function, and return to activity.'® Importantly, patients have an increased risk of re-
2,17-19

injury and early onset post-traumatic osteoarthritis (PTOA),> which has been reported on

average in 50% of patients within 10-15 years following ACLR.? Notably, PTOA is associated

2021 and extensive functional deficits.2%2! Given the

with increased pain,?° a poorer quality of life,
high societal and economic burden, it is critical that we understand the factors that contribute to
poor physical function and the development of PTOA following ACL injury.

Quadriceps weakness is a major impairment after ACL injury and ACLR as it affects knee
related quality of life?? and reduces physical function.?> Additionally, quadriceps weakness is

considered to contribute to a host of biomechanical strategies adapted after ACL injury and ACLR

that increase load on articular cartilage in the knee, and increases the risk of developing knee
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PTOA.?* As such, quadriceps strength is often targeted during rehabilitation due its modifiability
and clinical importance. However, despite undergoing extensive rehabilitation, only 1 in 5 patients
are able to regain adequate strength levels in their ACL limb at time to return to sport.! It has been
shown that these impairments persist for years with reports of strength deficits up to 15 years
following ACL injury.?*?3-26 These findings highlight the muscle’s impaired ability to respond to
rehabilitation efforts, leading researchers to investigate the origins of quadriceps weakness. Over
the past twenty years, quadriceps weakness has been largely blamed on neurological impairments
and whole muscle atrophy.?’-?8 While important, atrophy, or a loss in muscle volume, is a
simplified measure that does not reflect the quality of muscle tissue or the intrinsic properties of
muscle that govern force production. Recent work has started to acknowledge that muscle
weakness falls under a larger multifaceted profile of muscle dysfunction, observed by changes in
tissue quality (i.e., composition, architecture, and functional behavior).?’ As tissue quality has been
much less studied following ACL injury and reconstruction, fundamental gaps exists in our
understanding of its prevalence, functional impact, and clinical importance. As such, this
dissertation aims to comprehensively describe muscular function through assessments of both the
quantity (e.g., volume) and quality (e.g., composition, architecture, functional behavior) of muscle
and understanding how these factors are associated with PTOA following ACLR. The following
sections provide an overview and contextual background of a topic followed by the findings and

potential implications following ACL injury and reconstruction.
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2.2 Conventional Pathways of Quadriceps Dysfunction After ACL Injury and

Reconstruction

Traditionally, quadriceps dysfunction has been attributed to two main mechanisms:
neurological impairments and atrophy (e.g., volumetric muscle loss) as discussed in the sections

below.

2.2.1 Neurological Impairments

In addition to ACL injuries compromising static joint stability, ACL injuries also induce
muscle inhibition, or the inability to fully activate the quadriceps muscle. Muscle inhibition is
ultimately due to the suboptimal recruitment and/or firing of alpha motor neurons but the primary
neural pathways that dictate alpha motor neuron activity are numerous.® In the acute stages of
injury, there is a loss of afferent signaling to the central nervous system due to the physical loss of
the ligament and its mechanoreceptors,’ and a host of peripheral factors that erupt in the natural

3031 and pain.’?% Early changes in

response to injury including joint inflammation, effusion,
afferent signaling are thought to influence the centrally-mediated mechanisms of muscle activation
(e.g., spinal-reflexive pathways), thereby causing inhibition of the quadriceps motor neuron pool
that innervate the muscle and are required for contraction.® The centrally-mediated mechanisms of
muscle activation also include supraspinal pathways (e.g., corticospinal) that have been shown to
primarily be affected in the later stages of rehabiliation.®® It would be expected that the reported
neurological impairments at centrally-mediated levels would recover after the peripheral
contributions subside (e.g., inflammation, effusion, pain), however, alterations in neural
excitability have been reportedly in the early and late stages following ACLR.® While the reported

neurological impairments have primarily originated from the spinal-reflexive and corticospinal

pathways, recognition to adaptations effecting the sensorimotor and visual-motor systems that
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underpin motor control have also been reported.?? Ultimately, ACL injury alters neural input
required for proper signaling between spinal and supraspinal centers that underlie the patient’s

inability to fully contract their muscle.

2.2.2 Volumetric Measures of Quadriceps Atrophy

Following ACL injury and ACLR, patients experience a widespread loss of quadriceps
muscle size through a reduction in muscle volume and cross sectional area (CSA).!° Recently,

Birchmeier’ and Dutaillis et al!?

performed comprehensive systematic reviews of muscle size
following ACL injury and ACLR. Data from these reports provide evidence of size reductions
across all quadriceps muscles but primarily the vastii (lateralis, medialis, and intermedius).!°
Interestingly, Birchmeier et al® found that only a small portion of quadriceps weakness could be
explained by quadriceps atrophy and pointed to size reductions in concert with muscle structure
and composition that may help to better elucidate the protracted quadriceps weakness following
ACLR.’ Nonetheless, evidence of muscle size reductions due to a loss of muscle volume and/or
CSA have been well described.®

To maintain muscle volume, a balance of muscle protein synthesis to muscle degradation
is required. In healthy populations, these pathways are responsive to physical activity that result
in muscle volume loss or growth, as a patient increases or decreases levels of activity. For example,
with disuse atrophy, there is a reduction in muscle fiber size, measured by its CSA, which leads to
a decline in the force generating capacity of the muscle thereby, contributing to muscle weakness.**
However, in healthy persons, disuse atrophy resolves with the re-introduction of physical activity.
Interestingly, following ACLR, the re-introduction of physical activity does not resolve early

atrophic changes, suggesting that the muscle’s response differs than that of a healthy person with

disuse atrophy.*>-*¢ Therefore, exploring factors that regulate muscle size and how these factors
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are impacted following ACL injury and reconstruction seems necessary to identify therapeutic

strategies to promote muscle growth.

2.2.3 Summary of Conventional Pathways of Quadriceps Dysfunction

While findings of neurological impairments and prolonged atrophy help characterize the
protracted muscle dysfunction after ACL injury and reconstruction, they are reflective of whole-
muscle properties (volume, gross muscle activation) and disregard the intrinsic properties of a
muscle’s structure and composition that are important for muscle function and force production.
To this point, maladaptive tissue properties have been reported on cellular (e.g., molecular
signaling cascades), compositional (e.g., fiber typing, fibrotic tissue development), and functional
levels (e.g., muscle architecture and contractile function) following ACL injury that suggest a local
degenerative process affecting both tissue quality and dynamic muscle behavior.?”*! While less
recognized, these muscle adaptations have significant roles in muscle function and thus, warrant
further consideration as to how these pathways may contribute to the experienced muscle
dysfunction following ACL injury. Together with atrophy and inhibition, these less recognized
pathways paint a compelling story into an intricately intertwined and broadened circuitry of
neuromuscular function beyond what is traditionally appreciated. Better understanding the roles
of these less recognized pathways may help elucidate factors of quadriceps dysfunction that can
be targeted with concentrated rehabilitation efforts to prevent or delay the development of early

PTOA as described in the sections below.
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2.3 Non-Conventional Pathways of Quadriceps Dysfunction

2.3.1 Skeletal Muscle Structure and Composition Overview

Skeletal muscle is composed of muscle fibers, extracellular matrix (ECM), blood
capillaries and nerves that supply the muscle. Muscle fibers are the contractile elements of the
muscle that comprise a muscle fascicle. Muscle fibers are characterized by protein isoforms, or
genetic make-up, that determine its structure and functional capacities. Type 1 slow-twitch fibers
are fatigue resistant and primarily contribute to prolonged, low force and speed contractions,
whereas type Il fast-twitch fibers are more fatigable and primarily contribute to high force and
speed contractions. Given these properties, type 1 fibers are generally seen in endurance-based
activities like marathon running, whereas type Il fibers are generally seen in high velocity-based
activities like sprinting and are further subdivided into type Ila and IIb or IIx fibers that differ by
their oxidative capacity (i.e., Ila are oxidative and IIb/IIx are glycolytic). Interestingly, muscle
fibers adapt in response to activity meaning that functional demands can cause a fiber type
transition.*? For instance, changes in mechanical loading or neural stimuli can initiate a fiber type
transition from slow-to-fast or fast-to-slow.*? There are other occurrences that can change fiber
types like denervation and re-innervation events that commonly occur in nerve injuries and

4344 In general, fiber type transitions represent a change in functional capacity (e.g., force,

aging.
power, velocity) which can have negative implications for training and rehabilitation and may
impact quadriceps function following ACL injury.*?

The ECM is a mesh-like framework composed of non-contractile elements (e.g., collagen,
glycoproteins, proteoglycans, and elastin) that form a supportive environment for muscle fibers

and neuromuscular junctions.* Muscle structure (i.e., architecture) and composition (i.e., ECM)

play pivotal roles in the generation and transmittance of force during muscle contractions. While
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less studied following ACL injury, the presence of injury and disease can induce alterations in the
structure and composition of muscle that interfere with the interactions of contractile and non-

contractile elements and may be underlying muscle dysfunction as discussed in the sections below.

2.3.1.1 Skeletal Muscle Architecture

Skeletal muscle is a highly organized structure that largely dictates total force and velocity

potentials.*6-47

A muscle’s architecture is largely characterized by fascicle length and pennation
angle that undergo structural changes in response to injury,*® immobilization,* and training.*’
Fascicle length refers to the number of sarcomeres in series and primarily dictates fascicle velocity
and excursion. While fascicle length adaptations (e.g., shortening or lengthening) in response to
training vary,>%->* fascicles most often shorten in response to injury>* and immobilization,> which
is predominantly thought to reflect a loss of sarcomeres in series. This is clinically relevant as
shorter fascicles operate in a smaller working range and can increase the risk of strain injury while
also limiting force production.’® Pennation angle is another important architectural property of
muscle that refers to the arrangement of fascicles relative to the axis of force production. During
dynamic contractions the muscle’s pennation angle and fascicle length interact to optimize
function (e.g., force and velocity). This tradeoff between pennation angle and fascicle length is a
property called architectural gear ratio or AGR. AGR reflects the ability of a muscle to shape
change during movement, while fibers rotate in and out of the muscle’s line of action to regulate
how much force is transmitted throughout muscle fibers and to the muscle-tendon. As a muscle’s
volume remains constant during movement, the generation and transmittance of force in different
directions relative to a muscle’s line of action make the muscle favorable to either a high force or

high velocity contraction by the shape changes that occur. Importantly, the ability to shape change

is lost with aging®’ and in part, may be due to an increase in connective tissue stiffness®’ or
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5839 and may restrict

accumulation of connective tissue elements that occur in cases of fibrosis
muscle bulging (e.g., thickness or width) and limit fiber rotation required for an efficient
transmission of force during movement.’® Understanding how these architectural properties are

impacted following ACL injury and reconstruction may help elucidate factors underlying the

persistent muscle dysfunction.

2.3.1.2 Evidence of Structural Alterations Following ACL Injury and Reconstruction

While the clinical importance of these architectural properties is evident, there is limited
evidence to support that changes in muscle architecture exist following ACL injury. There have
been inconclusive results on changes in fascicle length, pennation angle, and muscle thickness
following ACLR.3%° Some datasets®® suggest early changes in pennation angle that are recovered
through rehabilitation. Others®® have reported no changes in pennation angle but a reduction in
muscle thickness. Importantly, these assessments were performed in static states (i.e., at rest),
giving no insight into how the muscle behaves during movement. Determining the changes in
fascicle length, pennation angle, muscle thickness, and the muscle-tendon unit that underlie shape
change and force/velocity potentials may help elucidate the changes in muscle composition and
architecture that impact muscle function.

Recent advancements in dynamic ultrasound have allowed for the investigation of a
muscle’s mechanical behavior.%! This is an important development as previous work highlights
muscle atrophy and changes in composition following ACL injury, but have not determined the
functional impact of these findings. One of the first studies to explore muscle mechanics
investigated fascicle behavior during concentric isokinetic strength testing following ACL
reconstruction.? Researchers found that muscle fascicles in the injured limbs following ACL

reconstruction operate at shorter fascicle lengths, smaller pennation angles, and have a slower
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velocity during concentric contractions.®> Of importance, these researchers did not find a
difference in fascicle length or pennation angle in the same cohort at rest, suggesting that static

3860 may mask differences in functional

assessments, as performed by previously in ACL patients,
behavior of the muscle.%? To this point, recent work by Munsch et al®® performed the first
assessment of muscle mechanics during walking and found that vastus lateralis (VL) fascicles in
the ACLR limb were unable to resist lengthening during the weight acceptance phase of gait when
compared to the contralateral limb. The authors suggest that this unexpected lengthening behavior
of the fascicles may be due to a decrease in neural drive, and the inability of the muscle fascicles
to operate quasi-isometrically in order to generate significant counter-breaking force during weight
acceptance.®® Independent of the contraction mode (e.g., isometric, concentric, or eccentric), it is

apparent that following ACL injury, fascicles exhibit maladaptive behavior compared to uninjured

limbs.

2.3.1.3 The Role of The Muscle-Tendon Unit in Muscle Function

The study of muscle architecture and muscle mechanics does not stop at fascicle
architecture and behavior. In recent years researchers have started studying behavior of the muscle-
tendon unit (MTU) as both the contractile (muscle fascicles) and series elastic elements (tendinous
tissue) that influence force and power production and energy dissipation. This is clinically
important as a balanced interaction between contractile (muscle fascicles) and series elastic
elements (tendinous tissue) is required for optimizing force and movement patterns.*® However,
many methods that investigate the behavior of the MTU as a whole (fascicle and tendon) require
a conglomerate of indirect measurement techniques (e.g., predictive estimations). Using this
technique, it has been reported that there is a decoupling that occurs between fascicles and the

tendons in distal leg muscles (e.g. gastrocnemius, soleus), where length changes primarily occur
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in the tendon rather than the muscle, which primarily performs quasi-isometric actions.*6-:64-6¢

Tendon lengthening has been shown to be a protective mechanism to reduce the mechanical strain
on fascicles,’” where the tendon lengthens to a greater extent in order to attenuate power and
dissipate force. To date, researchers have remained reliant on the aforementioned predictive
estimation methods to determine if this pattern of muscle and tendon decoupling is consistent in
the proximal leg muscles (e.g. VL) but have reported inconsistencies due to measurement
technique.*6-686” Given that MTU as a whole governs force generation and transmission, it remains
plausible that alterations at either the fascicle or tendon level would disturb an maximal force-
generating interaction between the contractile and series elements of the MTU in the presence of
injury and contribute to muscle dysfunction. Early data show that the MTU lengthens less on the
ACLR limb than the contralateral limb following ACLR. While valuable, only indirect estimations
were made of MTU elongation.®® Recent technological advances in measurement techniques now
permit the simultaneous and direct assessment of fascicle and tendon behavior using B-mode
ultrasound, allowing for a comprehensive assessment of fascicle and tendon behavior following

ACL injury that may help uncover factors preventing full muscle recovery after injury.

2.3.2 Muscle Fibrosis Overview

The ECM plays a pivotal role in force transmission and the maintenance and repair of
muscle fibers when subjected to injury. Force transmission is an intricately intertwined system of
interactions between contractile (i.e., actin and myosin) and non-contractile (ECM) components
of muscle. Force is known to be predominantly generated through fiber shortening that is then
transmitted longitudinally through interactions between muscle fibers and collagen within the
ECM to the tendon.”® However, a new understanding of muscle structure has revealed that muscle

is much more interconnected than we previously thought with branches that split off and connect
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myofibrils.”! This mesh-like framework of muscle enables force to be transmitted across the width
of the muscle. The significance of this, is that any change to this environment (like a build-up of
ECM or fatty tissue infiltration) has the potential to disrupt cellular signaling needed for muscle
growth and force production during muscle contractions.

An accumulation or buildup of excessive and non-contractile (e.g., fatty infiltration)
components of the ECM is called muscle fibrosis. As the ECM provides structural support for
many cellular processes and is essential for adequate force transmission, over-accumulation can
be prohibitive to both regulatory cellular processes and dynamic contractions. Muscle remodeling
requires a coordinated response by inflammatory, fibro-adipogenic progenitors (FAPs), and
satellite cells. FAPs and satellite cells differ in origin where satellite cells are myogenic cells for
muscle regeneration, FAPs aid in satellite cell differentiation through a network of cellular
interactions. In a natural response to injury, fibronectin binds to components of the ECM, to form
new, temporary ECM material.** This temporary ECM is degraded by proteolytic enzymes and
FAPs, a process that prevents excessive ECM depositions and recruits inflammatory and satellite
cells.”>”3 However, when signaling between these cells is dysregulated due to injury or disease,
muscle fibrosis, can occur.” In conditions of fibrosis, FAPs remain elevated, thereby inhibiting

76,77 sustaining high-levels of inflammation,’®

satellite cell activity,” disrupting ECM remodeling,
and promoting further differentiation to fat and fibrotic tissue.”® This negative signaling cascade
reflects a decline in muscle tissue quality, ECM integrity, and impairs the ability of muscle to
respond to rehabilitation efforts through the accumulation of non-contractile elements and factors
that negatively impact muscle growth. There is some evidence to support this negative signaling

cascade following ACL injury,’”3%40 but direct assessments of skeletal muscle fibrosis and its

functional impact following ACL injury are limited.*
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Whether by fibrosis or intramuscular fat (IMF), the over-accumulation of maladaptive
connective tissue increases muscle stiffness (passive) through compromised gliding between
layers of collagenous tissue in the ECM. While this increase in stiffness can sometimes be
beneficial for force generation, the over accumulation of connective tissue can also be inhibiting.
To this point, an increase in non-contractile elements can develop into localized fatty deposits or
streaks that reside throughout the muscle and commonly occurs alongside the reduction of
contractile elements that can induce the deformation of muscle structure’®, and restrict force
transmission between myofibrils,”® aponeuroses, and the musculotendinous junctions. These
constraints can consequently limit strength recovery.®-#2 Furthermore, the accumulation of ECM
components can limit muscle growth and restrict contractile behavior during movement. However,
it is currently unknown if the presence of fat or fibrotic tissue functionally impacts the muscle

during daily movements following ACL injury.

2.3.2.1 Evidence of Cellular and Morphological Alterations in Fibrotic Tissue Development

Only a handful of studies have investigated cellular and morphological pathways that may
underlie fibrotic tissue development following ACL injury and have found buildups of collagen
deposits within the ECM of the VL including the interstitial spaces within and surrounding muscle
fibers.’”*% These findings were correlated to increases in fibroblasts and FAPs and occurred
alongside increases in transforming growth factor-beta (TGF-1), a multifunctional cytokine that
is a profibrotic regulator of connective tissue’’ and considered to initiate signaling cascades
involved in fibrotic tissue development.*®33 These findings support that following ACL injury a
signaling cascade conducive to fibrotic tissue development is initiated, in part, through TGF-B1.

This provides evidence of intrinsic changes in muscle quality that have been implicated in
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quadriceps strength deficits in populations with knee OA3° and may be underlying the protracted
quadriceps dysfunction following ACL injury 34084
Another key factor implicated in fibrotic tissue development is myostatin, a negative

1.8

regulator of muscle mass that is closely related to TGF-1.>> When myostatin is overexpressed, it

increases quantities of FAPs pointing to its regulatory role in fibrosis. Following ACL injury, Peck

et al*®

reported a positive association between myostatin and fibroblasts. This occurred alongside
increased local levels of myostatin and ECM components, collagen, and fibronectin, in the injured
limb. Future work should investigate if profibrotic pathways are stimulated due to elevated levels
of myostatin following ACL injury.

Collectively, these findings provide evidence to support the dysregulation of cellular and
morphological mechanisms that are required for proper muscle function following ACL injury.
However, these findings were determined in small cohorts using muscle biopsies. As non-

® muscle

uniformities in tissue compositions and morphology reside across whole muscles,?
biopsies provide only a narrow representation of the muscle. In addition, it is unknown how these
findings functionally impact the muscle. While little evidence is present to truly substantiate claims
of muscle fibrosis or the functional impact fibrosis has in the population affected by ACL injury,
it remains highly plausible that injury initiates a signaling cascade that enables the entrance of fat

and fibrotic tissue and thus, alters contractile function and contributes to the protracted muscle

weakness and dysfunction.

2.3.2.2 The Role of Intramuscular Fat in Fibrotic Tissue Development

IMF is a component of the non-contractile elements involved in fibrotic tissue
development. As mentioned, the signaling cascades involved in fibrotic tissue development also

enables the entrance of IMF. In addition, IMF can occur with muscle disuse or unloading,®” and
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88,89 91

has been associated with aging, obesity,” insulin insensitivity,”! bone fractures,®?

3

cardiovascular disease,”® and functional deficits including quadriceps weakness in older and

osteoarthritic populations.®**?® In fact, IMF of the VL has been found to be a better predictor of

knee OA than muscle size alone,’’*®

supporting the premise that muscle quality is an important
factor in muscle function as it pertains to OA. While it is known the environment created through
the accumulation of non-contractile elements like fat is not conducive to muscle growth or force
generation, it remains unknown if there is an over-accumulation of fat following ACL injury.
Using echo intensity measured via B-mode ultrasonography to measure intramuscular fat, Garcia
et al”” found lower values of intramuscular fat of the VL were associated with improved self-
reported function following ACLR. While important, echo intensity is a surrogate, 2-dimensional,
and indirect measure of intramuscular fat. Advancements in technology permit 3-dimensional
assessments using advanced MRI sequences to investigate whole and regional fat deposits that
may be present following ACL injury but have not yet been performed in this population. Of
importance, how IMF functionally impacts the muscle during dynamic movements or how it may
relate to the development of PTOA following ACL injury has not been investigated. Further

investigations are warranted to determine the prevalence and functional impact of IMF following

ACL injury.

2.3.3 Single Fiber Size, Phenotype, and Contractility

Following ACL injury, mixed results have been reported for fiber type transitions in the
VL including atrophy of type I and II fibers,'% type 1 only,!! or type Ila only.*® Noehren et al®8
reported a significant decrease in type Ila that occurred alongside an increase in hybrid type Ila/x
following ACLR, supporting a transition to faster fiber types. It remains plausible that the surgery

rather than the injury induced the fiber type transition. Regardless of injury or ACLR, the increase
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in type Ila/x fibers has been associated with quadriceps atrophy following ACLR and strength
deficits in individuals with ACLR and knee osteoarthritis. Given the association between fiber
type and quadriceps size and function, understanding the mechanisms of fiber type changes and
how to maintain size and type following ACLR has important clinical implications to mitigating
and understanding quadriceps dysfunction following ACL injury.

In addition to fiber type transitions, the contractility of single fibers can be assessed using
muscle biopsies, which decouples neural activation with muscle fiber function. Using this
approach, deficits in isometric force production of type I and type II fibers compared to
contralateral and control limbs have been reported following ACLR.!%%1% These findings appeared
to occur in concert with fiber-level atrophy (i.e., CSA). In order to determine if atrophy mediated

single fiber force production, Tourville et al'®?

normalized force by CSA to determine isometric
tension and found that there were fiber specific adaptations with only differences in type Ila fibers
reaching statistical significance between ACLR and contralateral limbs. This is important as it
provides evidence of differences in single fiber contractility of type Ila fibers independent of fiber
atrophy. Additionally, deficits in isometric tension and power early after surgery were associated
with whole muscle strength deficits and patient-reported outcomes (i.e., pain, function) at 6 months
post-ACLR. This differs from findings by Gumucio et al,!* who found that deficits in isometric
tension at the time of ACLR, recovers 6 months post-ACLR. The differences in findings may
reflect low sample sizes, and comparisons between ACLR and contralateral limbs or ACLR and
control limbs. Regardless of the findings, it is evident changes in single fiber contractility occur

independently of neural impairments following ACLR. Better understanding the mechanisms by

which these changes in single fiber contractility occur and in relation to whole muscle function
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may help elucidate the changes in whole muscle dysfunction following ACL injury and

reconstruction and help determine modifiable factors that could be targeted through interventions.

2.4 Articular Cartilage and Post-Traumatic Osteoarthritis (PTOA)

2.4.1 Articular Cartilage

The femur, tibia, and patella are the 3 bones within the knee that articulate to form the
tibiofemoral and patellofemoral joints. Articular cartilage lines the surfaces of these joints and
functionally serves as a cushion to absorb, distribute and transmit forces.!% Despite only being 2-
4 mm thick, articular cartilage has a remarkable resilience to withstand fluctuating environments
of high, variable, and cyclic loads across its lifespan pointing to its unique mechanical properties
that enable it to distribute load and minimize stress on surrounding joint tissues.!% Given that
articular cartilage is avascular tissue with a limited capacity to repair itself, understanding how to
maintain the integrity of articular cartilage across different loads and conditions is pivotal to
preserving joint health.

Articular cartilage is a multiphasic tissue that is characterized by its solid, fluid, and ionic
phases, and its ECM that is made up of many macromolecules including collagen, proteoglycan,
and numerous other non-collagenous proteins.!? Each phase and the interaction between phases
significantly contributes to cartilage’s mechanical and biochemical function. Interstitial water is
the most prominent component of articular cartilage making up 60-85% of the cartilage volume.!'%’
Proteoglycans, collagen, and the surrounding ECM mesh-network form the solid phase, while
water and electrolyte ions (e.g., calcium, potassium, chloride, sodium) make up the freely flowing
fluid phase. Proteoglycans are composed of core-protein and covalently attached
glycosaminoglycan (GAG) chain(s) that provides resistance to compression through aggregating

proteins like aggrecan, the most abundant proteoglycan in articular cartilage.!%® Collagen can be
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separated by their function in forming fibrils (e.g., types L, I, III, V, XI) or the nonfibrillar network.
Type II collagen makes up about 90% of the collagen in articular cartilage with other types (e.g.,
types VI, IX, X, XI) appearing to a lesser extent.! Collagen fibrils are laterally linked helical
structures, composed of polypeptide chains, that are covalently cross-linked. It is this structure and
arrangement of fibrillar components that provides cartilage with its tensile properties.
Proteoglycans form a porous-permeable material intricately linked with collagen that helps
regulate the hydration of articular cartilage by governing the balance between cartilage osmotic
pressure and tensile force.!”” The positive and negative ion interactions allow for water to move in
and out of the tissue, altering osmotic pressure within cartilage that is resisted by a complex
proteoglycan-collagen network.!% Importantly, the interaction between the solid and fluid phases
and components gives rise to cartilage’s viscoelastic properties that enable it to deform and support
load bearing in variety of conditions.!?’

Importantly, chondrocyte cells are the only metabolically active cell within articular
cartilage and therefore, are responsible for synthesis and organization of ECM and its
constitutes.!? Chondrocytes only account for about 1-5% of human articular cartilage!®® and their
density and arrangement varies through depths of articular cartilage.!° They are embedded in
complex and distinct pericellular matrix that is rich in proteoglycan content and interacts with the
surrounding ECM, through an important molecule called integrin, which influences how
chondrocytes responds to mechanotransduction and biochemical stimuli (e.g., cell deformation,
matrix turnover).''® As such, chondrocytes are tasked with maintaining a balance between
synthesis and degradation of the tissue’s ECM complex to sustain healthy function of articular

cartilage.!%
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Figure 1: Healthy (left) vs. early (middle) and late (right) degenerative processes of the knee joint that occur with post-
traumatic osteoarthritis (PTOA). Early in the degenerative process there are compositional changes of the extracellular
matrix (ECM) characterized by surface fibrillation, collagen disorganization, and a decrease in proteoglycan content.
The disruption of the ECM alters the biochemical and mechanosensitive processes that enable cartilage to dissipate
and adapt to load, resulting in further progression into later stage PTOA. With further progression, chondrocyte cells
become apoptotic/hypertrophic, there is thinning and fissuring on the surface membrane, and the subchondral bone
becomes sclerotic with osteophyte development. Created with BioRender.com

2.4.2 Articular Cartilage Zonal Properties

Articular cartilage is split zonally based on its compositional structure that gives rise to its
unique mechanical properties!® There are 4 zones of cartilage including the superficial,
transitional, deep, and calcified zones that differ in its composition (e.g., collagen, proteoglycans)
and structure (e.g., cell density, and collagen orientation) that enable each zone to have unique
contributions to maintaining load bearing function or cartilage (Figure 1: left).!!!

The superficial zone is the thinnest zone but it is able to resist tension and some
compressive force, in part due to its densely packed collagen fibrils that lie parallel to the joint
surface.!% The chondrocyte cells in the superficial zone primarily lie flat to the surface and are
smaller in size but greater in density than other zones, which provides some resistance to shear
stress.!’? This zone has the highest concentration of water and lowest concentration of

proteoglycans, pointing to its large deformable nature that relies on the dense type II collagen to
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maintain osmotic pressure during loading.!!? In cases where the superficial zone degenerates,
collagen fibrillation and disorganization can occur that limit the zone’s ability to dampen forces
due to a greater fluid exchange and consequently, the zones deep to the superficial zone become
subjected to higher amounts of stress.!!3

The transitional zone has a lesser extent of chondrocyte cells that are spherical and lower
density than the superficial zone.!!! Collagen is less abundant resulting in less tensile stiffness, but
collagen fibrils are more disordered and arranged obliquely in this zone, permitting a greater
resistance to shear stresses.!!! There is an increased concentration of proteoglycans in the
transitional zone that provide greater compressive stiffness and more resistance to deformation
than the superficial zone.!'*

The deep zone has the highest concentration of proteoglycans and lowest water
concentration.!!! Chondrocyte cells in this zone are the least abundant and arranged in vertical
columns. Similarly, to the transitional zone, the deep zone is rich in proteoglycan content that
reflects its high compressive properties.!!! Unlike the superficial and transitional zone, collagen
fibrils in the deep zone are oriented perpendicular to the joint surface.!!'® The fibrils are also the
largest in diameter and cross the calcified cartilage border to insert into the calcified zone, acting
like an anchor between the cartilage tissue and subchondral bone.!% Given the perpendicular
orientation of collagen fibrils, this zone has less resistance to tensile and shear stresses than the

superficial and deep zones.!%Alterations

2.4.3 Alterations in Knee Joint Structure and Function with PTOA

PTOA is a whole joint disease that can be characterized by joint space narrowing,
osteophyte development, subchondral bone remodeling, and articular cartilage breakdown (Figure

1). While the pathogenesis of PTOA differs from idiopathic osteoarthritis, which occurs without
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joint injury, both diseases may ultimately result in knee arthroplasty given the limited treatment
options once the disease presents.!!¢ Therefore, understanding the pathogenesis of PTOA may help
elucidate early windows of opportunity for intervention and factors that can respond to targeted
rehabilitation efforts.

Compositional changes affecting water concentration, proteoglycan content, and matrix
organization precede structural changes (e.g., joint space narrowing, osteophyte development) that
occur in the later stages of PTOA progression (Figure 1). The cartilage is subjected to compressive,
tensile, and shear forces during loading that help explain its flow-dependent and flow-independent
properties. Flow-dependent properties are largely driven by the ability of proteoglycan to
pressurize interstitial fluid and the tissue’s permeability that define the time-dependent responses
under load (stress and strain behaviors), whereas flow-independent properties are driven by the
proteoglycan-collagen solid matrix complex that resists tensile and shear stresses.!’” Under a
constant load, cartilage undergoes a rapid deformation to exude interstitial fluid that is followed
by a gradual decrease in deformation due to the increased strain and reliance on the solid matrix.
As such, the compositional components (e.g., interstitial water, proteoglycan, and collagen) and
their interactions govern the viscoelastic properties and the ability of cartilage to resist deformation
during joint loading.

In early stages of PTOA, significant changes in composition can reduce the ability of
cartilage to dissipate load through altering tissue permeability and the ability of proteoglycans to
pressurize the tissue and maintain its compressive stiffness (Figure 1: middle).!!”-!!8 These changes
are largely characterized by chondrocyte deformation, decreases in proteoglycan content, collagen
disruption, and increases in interstitial fluid,!'® which have been shown in pre-clinical models of

117,118,120,121

ACL transection. Importantly these changes in composition occurred in conjunction
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with a decrease in compressive stiffness.!!”-!!® Over time, this can place undue stress on the solid
matrix and lead to further degradation depicted by collagen disorganization, osteophyte
development, and surface fissuring seen in later staged PTOA (Figure 1: right).!?%!23 The damage
to composition in the early posttraumatic phase due to ACL injury is also accompanied with an
influx of inflammatory markers and changes in biochemical processes that are required to maintain
joint homeostasis.!!*!1® Following ACL injury!?#!2> and ACLR,!?® processes that are responsible
for regulating cartilage metabolism (e.g., chondrocyte activity) through the balance of anabolic
and catabolic pathways are disrupted.'!* For instance, matrix metalloproteinases that are involved
in cartilage degradation are elevated following ACL injury'?” and ACLR. In addition, increases in
proinflammatory cytokines (e.g., tumor necrosis factor alpha, interleukin-1, interleukin-6) and
proinflammatory mediators (e.g., nitric oxide) after ACL injury'>*!26 and ACLR have been
reported. Overall, the changes in biochemical signaling interfere with joint homeostasis and
change how chondrocytes sense and respond to stimuli, which can further contribute to
compositional changes in the ECM,!14.128-130

While changes in cartilage metabolism, structure, and composition largely characterize
PTOA, the changes in cellular signaling and loading also effect subchondral bone. Early changes
in subchondral bone are also considered markers of PTOA and have been commonly reported in
cases of idiopathic osteoarthritis.!*!!32 Damage to subchondral bone can occur due to the injury
itself or without any direct insult, and present as a bone bruise, fracture or changes in bone
remodeling.!!4133:134 Tt has been suggested that alterations in subchondral bone can diminish the
ability of the joint to withstand and distribute forces, which would increase stress on the underlying
articular cartilage.'*> And furthermore, that damage to subchondral bone can also initiate cartilage

degradation through bone and cartilage cross-talk of biomarkers like proinflammatory cytokines
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that can occur with bone remodeling'*¢ and ACL injury or ACLR.!*” Therefore, understanding the
relationship between subchondral bone and articular cartilage may help in our understanding of
the pathogenesis of PTOA.

Despite that the specific role of subchondral bone in PTOA onset and progression has not
been elucidated, it has been shown that subchondral bone remodeling (e.g., osteophyte

134 or concurrently with!*%13 damage of articular

development, bone resorption) can occur prior to
cartilage following ACL injury. Birch et al'*® also reported changes in subchondral trabecular bone
architecture following ACL injury and suggested that it may be representative of a stress-shielding
mechanism induced by redistribution of contact stress in the tibiofemoral joint that could cause
thickening or narrowing of trabeculae.!*%14! Others!'#? have found a thickening of the femoral
subchondral bone plate in the absence of cartilage thickness changes following ACLR, which is
consistent with findings of subchondral bone thickening in idiopathic osteoarthritis.!** One of the
challenges in understanding the relationship between subchondral bone remodeling and articular
cartilage degeneration and the longitudinal manifestation of them with PTOA is the reliance on
MRI techniques for the quantification of bone microarchitecture and articular cartilage that endure
high costs and require patients to come back for repeat testing. Pre-clinical models of ACL injury
have overcome these limitations by allowing for large sample sizes and longitudinal testing in
controlled environments that permit repeat assessments of common measures. In addition,
assessments of other important contributors to clinical outcomes (e.g., biomechanical variables)
can be assessed concurrently with radiographic or histological measurements for subchondral bone

or cartilage grade. Identifying changes in subchondral bone and understanding its relationship to

articular cartilage can improve our understanding of pathogenic mechanisms of bone and cartilage
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crosstalk following ACL injury and how they relate to commonly reported clinical outcomes (e.g.,

biomechanical variables).

2.4.4 Identifying Biochemical Cartilage Adaptations with Non-Invasive Imaging

Modalities

Articular cartilage degeneration is the trademark of knee osteoarthritis, a whole-joint
disease characterized by changes in cartilage morphology (volume and thickness) and composition
(surface integrity and content).!** Early identification of these cartilage adaptations has relied on
non-invasive medical imaging modalities such as radiographs and magnetic resonance imaging
(MRI) to detect changes in joint health. However, the utility of these imaging modalities to identify
clinically meaningful adaptations in cartilage health is controversial. While radiographs are
economical and quick to interpret, these images provide an indirect assessment of cartilage health
by measuring joint space narrowing without the sensitivity to determine causation (i.e., whether
narrowing occurred due to damage to surrounding joint structures or cartilage degeneration) or
identify changes to intraarticular structures. Because of this pitfall, MRI has served as the gold
standard of cartilage imaging, as it enables a comprehensive assessment of the whole knee joint

145-147

including cartilage health with high sensitivity to detect pathology. Furthermore, the

molecular make-up of the compositional ECM (water, proteoglycan, collagen) leads to distinction
between normal or degenerative cartilage that can be identified via MRI.!43-147

In research settings, two primary quantitative cartilage mapping MRI sequences have
gained traction: T> and Tip. These sequences have been associated with the severity of knee

osteoarthritis, 4314

and are sensitive to different biochemical properties of the ECM including
collagen orientation, and water and proteoglycan content. T relaxation time is reflective of the

free water flow in the cartilage ECM. Lower T> relaxation times are considered to be indicative of
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healthy and hydrated cartilage with a strong collagen network, while increased T relaxation times
may reveal damage to the collagen fibrils and increase in water content.!'%!>% In cases of idiopathic
osteoarthritis, T> has correlated to disease severity characterized by the Kellgren-Lawrence

grading system that classifies OA severity on radiographic images'>!

and the semiquantitative
whole-organ MRI scoring systems or WORMS. 52153 Importantly, T> has been posited as a means
to identify changes in water content and collagen prior to irreversible changes in articular cartilage,
pointing to its ability to detect individuals early in the disease course.!!*15215% Unlike Ta, Tip is
reflective of the restriction of water inside the cartilage ECM.!! It is collected through a spin-lock
technique that reduces its dependence on dipolar interactions that are most prominent in the
collagen ultrastructure of the ECM and therefore, is primarily reflective of proteoglycan
content.!!155 Increases in Tip relaxation time have been reported in individuals with idiopathic
osteoarthritis with localized cartilage or subchondral bone lesions.!!-136157 Similarly to T,
changes in Ti, relaxation has been shown to occur prior to irreversible structural changes.!>®
Collectively, Tip and T2 offer promising abilities to detect early biochemical changes at a time
when the tissue may still be responsive to rehabilitation efforts.

It should be noted that conflicting findings of T> and T, in patients with knee osteoarthritis
have been reported in the literature,!3%!15%160 which can complicate the clinical interpretation of
these metrics.!'®! In short, the dipolar interaction of collagen fibers in articular cartilage is
minimized at certain angles (approximately 55 or 125°) between collagen fiber orientation and the
main magnetic field of an MRIL!> thereby increasing the relaxation times and can lead to
conflicting results. The increase in relaxation times due to collagen orientation is known as the

2159

“magic angle effect.”’>” Because Tip reduces dipolar interactions, T> is primarily affected by the

magic angle.!!” Despite this, multiple studies have investigated T, and T» following ACL injury
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given their ability to detect biochemical changes before radiographic and clinical MRIs.!3%162
While increases in T» and T, have been reported following ACL injury and ACLR, 157163164 the
direct relationship to known and clinically affected modifiable risk factors (e.g., gait and muscle
dysfunction) following ACL injury and ACLR remain largely unknown. Given that compositional
changes in proteoglycan, water, and collagen content generally precede later staged structural
abnormalities with PTOA, Ti, and T: offers a promising ability to detect early changes in

composition at a time when the tissue may still be responsive to rehabilitation efforts.

2.4.5 Biomechanical Risk Factors for PTOA after ACL Injury and Reconstruction

Following ACLR, altered sagittal plane knee mechanics are commonplace. In particular,
patients with ACLR can have alterations in knee flexion angles and moments throughout stance,
and particularly within the first year after surgery.!6>1% Despite being less studied than sagittal
plane mechanics, adaptations in frontal plane mechanics have also been reported through
alterations in the knee adduction moment, a surrogate measure of medial knee load.!®>!¢” Energy
generation and absorption deficits are also apparent during walking and hopping tasks despite
clearance to return to sport.!6%1%° These biomechanical modifications in knee mechanics and
energy transmission are thought to shift load distribution and potentially cause regions of cartilage
that were previously adapted to load to become under- or over-loaded.!’®!”! Given cartilage’s
viscoelastic and mechanical properties are responsive to load, this transition in load can alter tissue
composition and induce degeneration.!”!"!”> While abnormal biomechanics have been consistently
reported and have been theorized as significant risk factors that contribute to the PTOA
development,!7173-175 these data have primarily relied on cross-sectional study designs.
Longitudinal data linking biomechanical adaptations to PTOA development would be powerful

for evaluating disease progression and therapeutic windows of opportunity.
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2.4.6 Utility of Experimental Animal Models for Assessments of PTOA

Preclinical models offer a unique and powerful approach to longitudinally examine the
effect and interaction of different systems (e.g., muscular, inflammatory, neurological) involved
in the pathogenesis of PTOA following ACL injury and ACLR. One of the main advantages of
preclinical models is the ability to assess disease progression and identify modifiable targets
without the introduction of confounding or limiting factors that commonly exist in human studies.
For example, PTOA is often diagnosed when patients exhibit debilitating symptoms at the end
stages of disease when the window for intervention has already passed. In addition, assessments
in preclinical models can be fine-tuned to probe specific genes involved in the onset and
progression of disease. As such, multiple preclinical models of ACL injury have been developed
to study the etiological progression of PTOA. However, many existing models rely on invasive
means to study the injury via the transection of the ACL that surgically violates the joint capsule
to cut the ligament. Furthermore, many of the current models do not assess functional or clinical
outcomes (e.g., biomechanics) in conjunction with the pathogenesis of PTOA. Evaluating gait
kinematics (e.g., knee flexion angle) using technological advances and clinically translational
models of ACL injury, may help elucidate the relationship between modifiable factors involved in

joint loading and the development of PTOA.

2.47 Muscular Risk Factors for PTOA after ACL Injury and Reconstruction

One of the predominant theories of PTOA development following ACL injury is that
neuromuscular impairments decrease the ability of the quadriceps to attenuate shock due to
weakness, altering joint biomechanics and the distribution of load across articular cartilage.!”® The
change in load alters the balance of turnover of the ECM components that comprise articular

cartilage and consequently, initiates PTOA. While the association between quadriceps weakness
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and idiopathic osteoarthritis has been well described,!’®!80 data that links quadriceps weakness
and PTOA development after ACL injury is sparse. Improving our understanding of the factors
that influence quadriceps weakness, and furthermore, quadriceps dysfunction (e.g., changes in
composition, architecture, and functional behavior), that contribute to PTOA development is
critical to identify therapeutic targets for intervention.

The few studies that have investigated the relationship between quadriceps function and
PTOA have used whole muscle metrics (e.g., isometric and isokinetic strength) and indirect
assessments of cartilage health (e.g., radiography and clinical grading systems). Keays et al'®!
showed isokinetic strength distinguished patients with early or moderate tibiofemoral PTOA
measured by the Kellgren-Lawrence grading system that classifies OA severity on radiographic
images.!>! Tourville et al** showed quadriceps strength at baseline prior to ACLR was associated
with joint space width narrowing, also measured on radiographic images. Joint space narrowing is
a measure that reflects structural deterioration of the joint and may precede the clinical diagnosis
of PTOA. The work by Keays and Tourville et al**!3! and others,'®> however, used only indirect
measures of articular cartilage composition and structure (e.g., joint space width and clinical
grading systems). Using advanced MRI techniques like Tip and T> can provide a more direct
assessment of collagen orientation and proteoglycan content that may reveal changes in articular
cartilage structure and composition that go undetected on radiographic images and improve the
association between muscle strength and PTOA. Furthermore, as mentioned in the sections above,
whole muscle strength does not provide insight to the intrinsic properties of muscle (e.g.,
composition, architecture, and functional behavior) that may better explain muscle dysfunction
following ACL injury. As there is limited evidence to substantiate the association between muscle

strength and PTOA, more comprehensive assessments of the intrinsic properties of muscle (e.g.,
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composition, architecture, and functional behavior) may better explain the heightened risk of
PTOA development following ACL injury. Future work would benefit from comprehensive
assessments of quadriceps dysfunction and more direct assessments of articular cartilage structure
and composition to determine if other factors of quadriceps’s function are associated with articular
cartilage degeneration. As such, this dissertation aims to uncover changes in muscle function
following ACL injury that may help explain the heightened risk for developing PTOA through
comprehensive assessments of muscle function (e.g., composition, architecture, and functional

behavior) and more direct assessments of articular cartilage (e.g., T1, and T»).

2.5 Conclusion

In summary, it is well known that ACL injury poses a significant hindrance to muscle
strength recovery and knee function (e.g., biomechanical changes in gait) following ACL injury
that increase the risk of developing PTOA. However, direct data linking knee function and muscle
weakness to PTOA development remains largely unknown. To date, researchers have primarily
relied on simplified measurements of muscle properties (e.g., size or volume) and graded scoring
systems to diagnosis PTOA (e.g., joint space narrowing). However, these simplified measurements
mask intrinsic muscle and cartilage properties that are important for joint function. As such, this
dissertation aims to utilize the power of preclinical and human models and recent technological
advancements to probe intrinsic properties of muscle and cartilage that have been largely
understudied through 1) investigating the relationship between gait and early markers of PTOA
(i.e., subchondral bone architecture) 2) comprehensively describing muscular function through
assessments of both the quantity (e.g., volume) and quality (e.g., composition, architecture,
functional behavior) of muscle and 3) improving our understanding of the relationship between

muscle composition and PTOA following ACL injury. These studies offer unique contributions to
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the literature by aiming to uncover properties that may help explain the high prevalence of muscle
weakness and PTOA development following ACL injury and that also may be responsive to

rehabilitation interventions for future work.
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3 Joint Kinematics Dictate Subchondral Bone Remodeling in a Clinically Translational

Model of ACL injury

This manuscript has been previously published in the Journal of Orthopedic Research.'®’

3.1 Abstract

Abnormal joint kinematics are commonly reported in the acute and chronic stages of
recovery after anterior cruciate ligament (ACL) injury and have long been mechanistically
implicated as a primary driver in the development of post-traumatic osteoarthritis. Though
strongly theorized, it is unclear to what extent biomechanical adaptations after anterior cruciate
ligament injury culminate in the development of post-traumatic osteoarthritis, as data that
directly connects these factors does not exist. Using a pre-clinical, non-invasive ACL injury
rodent model, our objective was to explore the direct effect of an isolated ACL injury on joint
kinematics and the pathogenetic mechanisms involved in the development of post-traumatic
osteoarthritis. Thirty-two, sixteen-week-old Long-Evans rats were exposed to a non-invasive
ACL injury. Marker-less deep learning software (DeepLabCut) was used to track animal
movement for sagittal-plane kinematic analyses and micro computed tomography was used to
evaluate subchondral bone architecture at days 7, 14, 28 and 56 following injury. There was a
significant decrease in peak knee flexion (p<0.05), which had a moderate-to-strong negative
correlation (r=-.59 to r=-.71, p<0.001) with subchondral bone plate porosity in all load bearing
regions of the femur and tibia. Additional comprehensive analyses of knee flexion profiles

revealed dramatic alterations throughout the step cycle. This occurred alongside considerable
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loss of epiphyseal trabecular bone and substantial changes in anatomical orientation. Knee
flexion angle and subchondral bone microarchitecture are severely impacted after ACL injury.
Reductions in peak knee flexion angle after ACL injury are directly associated with subchondral

bone plate remodeling.

3.2 Introduction

Anterior cruciate ligament (ACL) injury is a debilitating condition that accelerates the
onset of post-traumatic osteoarthritis (PTOA), a disease plaguing > 50% of ACL injured

184

patients'**. While most patients opt to receive surgical reconstruction, re-stabilizing the joint has

been largely unsuccessful at reducing the risk of developing PTOA.!85 Abnormal joint kinetic and

173.186 and have long

kinematics are commonly reported in the acute and chronic stages of recovery
been mechanistically implicated as a primary driver of PTOA onset.!”> These biomechanical
adaptations are thought to cause a non-uniform redistribution of mechanical load on articular
cartilage,'”? which can lead to degenerative joint changes (identified by superficial fraying or
splitting of cartilage and maladaptive subchondral bone architecture) associated with PTOA onset.
Though strongly theorized,!”? it is unclear to what extent biomechanical adaptations after ACL
injury culminate in the development of PTOA, as data that directly connects these factors does not
exist. Work that can clearly establish this relationship represents a significant contribution to the
literature, as it can be used to substantiate and develop empirically driven research programs.

The majority of work has used ACL transection models to study measures of PTOA.!3>:187-
193 Though practical, transection models lack in clinical translation as they violate the joint capsule
creating a cascade of negative neuromuscular events that confound observations. For this reason,

non-invasive models have been developed that more closely replicate the human mechanism of

ACL injury and are particularly advantageous to fully characterize disease progression without the
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confounding effects of surgical transection.!®*!°® Despite this evolution, the concurrent
investigation of joint kinematics with PTOA progression remains virtually unexplored,'®” even
with it being a fundamental area of focus and rehabilitative tool for those with a history of joint
injury.

To overcome many of these challenges that limit insight into disease progression, the goal
of this study was to use our non-invasive rodent model of ACL injury to explore the direct effect
of an isolated ACL injury on longitudinal joint kinematics and the pathogenetic mechanisms
involved in the development of PTOA. To do this, we isolated observations directly to the injury

8 and bone

by withholding all analgesics that are known to interfere with gait analysis'
remodeling.!”®2% Then, we used marker-less deep learning software, DeepLabCut,?°! to track
animal movement and performed comprehensive kinematic analyses to better understand the
longitudinal changes in knee kinematic profiles. We then explored subchondral bone architecture
via micro computed tomography (LCT) to detect the association between hallmark measures of

joint kinematics and PTOA after ACL injury. As a supplementary analysis, we also investigated

sex and regional differences.

3.3 Methods

3.3.1 Experimental Animal Models

40 Long-Evans, 16-week-old male and female rats were obtained from Envigo,
(Indianapolis, IN). All animals were housed in individual cages within the vivarium, had a one-
week acclimatization period, and were allowed food and water ad libitum for the duration of the
study. Prior to injury and during the one-week laboratory acclimatization period, all rats were also
trained to walk on the motor-driven treadmill with a stable walking pattern. Animals were

maintained in accordance with the National Institutes of Health guidelines on the care and use of
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laboratory animals. This study was approved by our Institutional Animal Care and Use Committee

(IACUC approval# A17-042).

3.3.2 Non-Invasive ACL Injury

A single load of tibial compression was used to induce knee injury to the right limb of all
ACL injury rats. Briefly, rats were anesthetized (5% induction, 2% maintenance isoflurane/500
mL via a nose cone) and the ACL injury was induced in a custom built device (Figure 2) that was
instrumented with a linear accelerator (§mm/s loading rate, model: DC linear actuator L16-63-12-
P, Phidgets, Alberta, CA), load cell (HDM Inc., PW6D, Southfield, MI), and custom-written
software program (LabVIEW, National Instruments, Austin, TX) that monitored the release of
tibial compression during the load cycle, signifying an ACL tear. After the ACL rupture, a
Lachman’s test was performed to clinically confirm an ACL injury had occurred by detecting
excessive anterior tibial translation while under the plane of anesthesia. The hindlimb was also
palpated to detect any gross bone damage. If no contraindications were identified, the animal was
transferred back to its cage and allowed to recover. ACL injuries were confirmed in all 32 injured
rats upon dissection following pCT scanning (with no fractures, ruptures, or avulsions of other
tissues). Mean compressive force at the knee injury for the females and males was 84.81 £ 11.9 N
and 96.11 + 28.2 N, respectively. Mean tearing rate of the knee injury for the females and males
was 193.49 £+ 32.3 N/s and 235.81 £ 51.3 N/s. Notably, in accordance with IACUC approval,
analgesics were withheld throughout the duration of the study to ensure all findings were isolated
to the injury, as the use of nonsteroidal anti-inflammatory drugs and opioids are known to directly

interfere with the natural native biological response.292-2%3
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Figure 2: Mechanism of Injury. Custom built device used to tear a rat anterior cruciate ligament through a single load
of'tibial compression. The bottom plate holds the flexed knee, while the ankle is fixated into approximately 30° flexion.
The knee is then loaded at a rate of 8mm/s, increasing the compressive forces on the tibia and causing anterior
subluxation of the tibia relative to the femur. The compressive force imposed on the tibia releases when the anterior
cruciate ligament is torn, signaling the device to retract.

3.3.3 Time points, gait collection, and analyses

To detail the time course of knee biomechanical adaptations after ACL injury associated
with PTOA a longitudinal study design was utilized, where gait analyses were conducted at one
of'4 time points (7, 14, 28, 56 days after injury). Before each session, the right hindlimb was shaved
to better define the ankle, knee, and hip in each recording. Walking gait was then collected on a
level-ground motor-driven treadmill (EXER 3/6 treadmill) set to 16 m/min pace and recorded at
250 frames per second using OptiTrack Prime Color cameras and Motive software (version 2.1.1).

DeepLabCut,?®! markerless pose-estimation software, was used to track the hip, knee, and

ankle in the sagittal plane. Videos were clipped to 5-10 second durations. Frames were then
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extracted and labeled by one single investigator (MSW) using DeepLabCut’s graphical user
interface. We used a ResNet-50 based neural network and trained it on 95% of the labeled images.
A reiterative process was used to refine the model where frames with poor tracking results, through
visual inspection or labels that jumped a pixel distance between frames, were extracted, relabeled,
and added back to the model for retraining. The network was considered satisfactory when the
training and test errors reached 2.7 and 5.39 pixels, respectively (660,000 iterations; image size:
1920x1080 pixels). We used a p-cutoff of 0.9 to condition the X,Y coordinates for future video
analysis.

The trained network was applied to our unseen videos for analysis and used to predict
kinematic landmarks of the hip, knee, and ankle joints (X,Y coordinates). The DeepLabCut-
tracked trajectories were then imported into Python (3.7), where custom-written software was used
to process all kinematic data. Knee sagittal plane angular displacement was extrapolated from the
(X,Y) coordinates of each labeled landmark. Three consecutive step cycles for each rat were then
extracted and each stride was time normalized to 100% of the step cycle that included both swing
and stance phases. Average peak knee flexion angle was extracted from the stance phase of each
rat from the time normalized strides.

3.3.4 Micro Computed Tomography Collection and Analyses

To quantitatively assess bone health associated with PTOA, the ACL injured rats were
euthanized (via carbon dioxide overdose) following gait analysis at one of 4 time points (7, 14, 28,
56 days after injury). Uninjured control rats were euthanized on day 56. ACL-injured knee joints
were scanned using pCT (Zeiss XRM Xradia 520 Versa, Zeiss Microscopy, Jena, Germany) with

respective rodent bone settings (beam setting = 70kV/6W, pixel size = 12.25 um) and subsequently
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analyzed using Dragonfly image analysis software (version 4.1, Object Research Systems,
Montreal, Quebec, Canada).

puCT data were imported in DICOM format, and a normalization filter was applied to
uniformly distribute subject specific grayscale histograms. Image stacks were re-oriented such that
two-dimensional view scenes were aligned with their respective anatomical views (axial, sagittal,
and coronal). Images were then manually segmented by one blinded investigator (RJB) and then
further subdivided into specific regions of interest (ROI’s) (Figure 3).!%+193204 Subchondral
trabecular bone and the subchondral bone plate of the distal femur and proximal tibia were
analyzed in the medial and lateral load bearing regions. Femoral load bearing regions were
separated at the intercondylar notch and excluded the trochlear region, and tibial load bearing
regions were separated at the intercondylar eminence.!*

To quantify microarchitectural changes, multiple bone related measures of the subchondral
trabecular and subchondral bone plate were calculated. Trabecular bone measures were sampled
from the entire load bearing regions (Figure 3B, 3E) and included bone volume fraction (BV/TV,
%), trabecular number (Tb.N, 1/mm)?*** and tissue mineral density (TMD, mg HA/cm?).
Subchondral bone plate measures were sampled from a 1.04 x 1.04 mm? region of the subchondral
bone plate centered in each the medial and lateral regions of the femur and tibia (Figure 3C, 3F)?%
and included subchondral bone plate thickness (SB.P1.Th, um) and porosity (Sb.P1.Po, %). To
determine TMD, grayscale units were transformed to hydroxyapatite concentration (mg HA/cm?)
using a bone phantom (model: Micro-CT HA D10, Quality Assurance in Radiology and Medicine,
Mocehrendorf, Germany) which was scanned with the same settings as the samples.

Clinically meaningful measures of PTOA were also assessed from pCT including the

medial and lateral joint space width and anterior tibial translation. Joint space width was measured
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as the minimum distance between the distal edge of the femoral condyle and the proximal edge of
the tibial plateau. Anterior tibial translation was extracted from sagittal plane pCT images and
measured as the perpendicular distance between a line tangent to the most posterior point of the
femoral condyle to a line tangent to the most posterior point of the respective tibial plateau?*® on
both the lateral and medial sides of the joint. To further extend insight, the femoral ACL enthesis
was also explored using the aforementioned microarchitecture measures. This ROI was included,
as emerging data indicate that this region of bone is particularly susceptible to PTOA, and thus is

207.208 To capture

an important clinical consideration to more fully illustrate disease progression.
this ROI, a 1.2 mm diameter cylinder was placed at a 55 degree angle?® from the tibial articular
surface in the frontal plane and at a 30 degree angle from the femoral articular surface in the axial
plane such that the center of the cylinder intercepted the center of the enthesis (Figure 3G, 3G).
Then, both trabecular and cortical bone were analyzed at the bottom third, or aperture of the

cylindrical volume.?'® Supportive, qualitative images that characterize the extent of bone
y pp q g

remodeling are depicted in Figure 4.
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Figure 3: Micro computed tomography segmentations and regions of interest used in analyses. First, trabecular (white)
and subchondral bone plate (blue) were segmented in the femur (A) and tibia (D). The segmentations were then
subdivided into regions of interest for the medial (blue) and lateral (yellow) compartments for trabecular bone (B,E)
and subchondral bone plate (C,F). The enthesis region of interest for trabecular bone (yellow) and subchondral bone
plate (blue) are shown in (G) with a 3D representation in (H).

3.3.5 Statistical Analysis

To detail the time-course of knee biomechanical adaptions after ACL injury, functional
analyses of variance were performed using the functional data analysis package in R (version
1.1.5). This approach treats knee joint angles as polynomial function thereby allowing for the
detection of between-group (ACL-injured and control) differences at any percent of the step cycle

rather than discrete time points.?!! Significant differences were considered to exist when 95%
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confidence intervals did not overlap zero and were plotted on top of ensemble averages. To detail
the time-course of PTOA after ACL injury, two-way analyses of variance (ANOVA) were
performed on all nCT measures with factors of time since injury and sex (male/female) entered
into the model. If there was no interaction effect, main effects of time since injury and/or sex were
evaluated. In the case of a significant sex by time interaction post hoc one-way ANOVAs and
independent t-tests were performed. Fisher's Least Significant Difference (LSD) post-hoc analyses
were used to assess pair-wise effects for significant main effects relative to the Control group and
interactions. To determine regional differences in the femur and the extent of anterior tibial
translation, relative difference (relative difference (X Xreference) = A / [Xreference]) SCOTEs were
calculated at each time point after ACL injury and two-way ANOVA were performed. For regional
differences in the femur, factors of region (enthesis, lateral, medial) and sex were entered into the
model. For anterior tibial translation, factors of time and sex were entered into the model with the
post-hoc analysis as described above. Finally, to explore biomechanical factors that were
associated with bony markers of PTOA after ACL injury, Pearson correlations were conducted to
investigate the relationship between peak knee flexion angles during the stance phase of gait and
porosity, an early-hallmark measure of PTOAZ?!? that is closely related to articular cartilage
degeneration.?!321* All analyses were performed using RStudio (version 1.1.5), with alpha levels

of < 0.05 required for statistical significance.
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Figure 4: Representative bone structures by micro computed tomography at each time point following injury.

3.4 Results

The primary goal of our work was to directly explore the effect of an isolated ACL injury
on longitudinal joint kinematics and the pathogenetic mechanisms of PTOA via detailed analyses
of the subchondral bone. Hence, outcomes measures that directly illuminate this sequala and test
this relationship are described in full detail below. Supportive outcomes measure that fully

characterize our non-invasive ACL injury model are described in Tables 2 and 3, and Figures 6-9.

3.4.1 Knee Biomechanical Adaptations

Functional data analyses revealed significant differences between the Control group and
ACL injury group at all time points following injury (Figure 5, p<0.05). At day 7 following injury,
significant differences occurred during 51-72% (males) and 49-84% (females) of the step cycle
and at day 14 following injury significant differences occurred during 28-40% (males) and 9-21%
(females) of the step cycle. These changes equated to a 5-9% decrease in knee flexion angle
compared to controls (Figure SA-D, p<0.05). The most substantial alterations occurred at the later

time points, day 28 and day 56 after injury (Figure SE-H). At day 28 following injury, significant
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differences occurred during 4-28% and 40-95% (males), and 1-16% and 46-88% (females) of the
step cycle. At day 56 following injury significant differences occurred during 36-85% (males) and
1-5%, 31-78% (females) of the step cycle. During the later time points, rats walked with a 4-16%
(males) or 6-14% (females) decrease in knee flexion angle compared to controls (Figure SE-H,
p<0.05). In addition, the changes during later time points occurred on average during 60% of the
total step cycle compared to the earlier time point where rats walked significantly different than
controls on average for only 20% of the total step cycle. Peak knee flexion angles were also

significantly decreased at all time points (p<0.001) with no sex (p=0.790) or interaction effect
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Figure 5: Longitudinal female (Panels A,B,E,F) and male (Panels C,D,G,H) kinematics and functional analyses of
variances between anterior-cruciate-ligament-injured and control rats. The dashed vertical line indicates the percent
of the step cycle where average peak knee flexion occurred. Average knee flexion angles across the step cycle are
shown for each group with the shaded regions indicating significant differences between limbs.
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3.4.2 Subchondral Bone Plate Remodeling

Subchondral bone plate remodeling was observed as a function of time and sex, with
evidence in the medial and lateral femur and tibia (Table 1). In the lateral tibia, Sb.P1.Th was
significantly decreased at all time points following injury. In medial and lateral femur and tibia, a
considerable loss of cortical bone was also observed where Sb.P1.Po was found to be significantly
elevated at every time point following injury. Notably, Sb.P1.Po increased up to day 28 and was
followed by a slight recovery at day 56 in all ROI’s except the lateral femur where Sb.P1.Po
increased up to day 14 and had a slight recovery at days 28 and 56 but, none of the ROI’s returned

to a normative value.

3.4.3 Correlation analyses of knee biomechanical adaptations and PTOA markers

Significant moderate-to-strong negative correlations was observed between peak knee
flexion angle and all Sb.P1.Po outcomes in the medial (r=-.65, p<0.001) and lateral (r=-.71,
p<0.001) femur (Figure 6), and medial (r=-.59, p<0.001) and lateral (r=-.64, p<0.001) tibia,
indicating that reduced knee flexion angles were associated with greater Sb.P1.Po, an early-
hallmark bony measure of PTOAZ?!? that has been closely linked with articular cartilage

degeneration 213213
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Knee kinematics correlate with porosity outcomes
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Figure 6: Representative correlational analyses between knee kinematics and femoral subchondral bone plate porosity.
* indicates statistical significance (p<0.05) relative to the control group. A) Peak knee flexion angles were significantly
decreased at all time points following injury (p<0.05) B) Porosity significantly increased at every time point after
injury in the medial and lateral femur (p<0.05). C) Significant moderate-to-strong negative correlations were observed
between peak knee flexion angle and porosity outcomes in the medial (r=-.65, p<0.001) and lateral femur (r=-.71,
p<0.001) indicating that reduced knee flexion angles were associated with greater porosity, a hallmark bony indicator
of post traumatic osteoarthritis. Notably, moderate negative correlations were also observed between peak knee flexion
angle and porosity outcomes in the medial (r=-.59, p<0.001) and lateral (r=-.64, p<0.001) tibia (not shown in figure).

3.5 Discussion

We used our non-invasive, analgesic-free, animal model to investigate longitudinal knee
kinematic function after ACL injury and its relationship to PTOA. We observed severe declines in
joint kinematics through day 56 after injury, which were highlighted through discrete and
functional data analyses of peak knee flexion angle (Figures 5, 6A). Significant subchondral bone
plate remodeling was also observed, with a decrease in thickness (lateral tibia) and an increase in
porosity in all load bearing regions at every time point post-injury (Table 1). Most notably, a direct
link was made between reduced peak knee flexion angle and increased porosity (Figure 6). This

occurred alongside the considerable loss of epiphyseal trabecular bone (Table 2) and substantial
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changes in anatomical orientation (Table 3). Regional differences in the femur were also present
between weight bearing ROI’s and the enthesis, signifying a need for further investigation (Figures
7-10).

This is the first study to make a direct link between sagittal plane kinematics (clinical
hallmark measures of gait) and PTOA in a non-invasive injury model. The observed smaller knee
flexion angle at all time points was largely expected as this has been reported throughout the acute
and chronic stages of recovery after ACL injury and reconstruction!’>!3¢, To extend this finding
we incorporated functional data analyses, which is a novel application to the field as it has not yet
been performed in rodent studies. The power of a functional data analysis is that it considers entire
movement profiles and allows for the assessment of differences between limbs in both time and
magnitude. With this analysis, we found the decline in knee kinematics to be immense, with
significant changes exhibited throughout the entire step cycle and most predominantly at days 28
and 56. The observed decrease in knee flexion causes a redistribution of mechanical load and
exacerbates joint instability and the mechanical stress induced from the time of injury. In our
model, this coincided with the substantial increase in porosity. These findings align with
previously reported data associating altered subchondral bone plate microstructure
(porosity/perforations), articular cartilage degeneration, and mechanical loading. To this point,
Botter et al?!* found an increased in porosity and significantly more cartilage damage 14 days after
destabilization via intraarticular cartilage injection in a murine model. Iijima et al*!3 further
extended this idea by exploring the connection between subchondral bone plate perforations,
articular cartilage degeneration, and mechanical loading after destabilization via medial meniscus
surgery. Most notably, Iijima et al?!* found that subchondral bone plate perforations were localized

to the load bearing region of the medial tibia which corresponded to localized regions of articular
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cartilage degeneration. Our findings extend those of Botter and Iijima?!3!4, by confirming a direct
link through the moderate-to-strong correlations between peak knee flexion and subchondral bone
plate remodeling in the load bearing ROI’s (Figure 6).

As mentioned, there are differences in the injury mechanisms between Botter et al?!4
(destabilization via intraarticular cartilage injection), Iijima et al?!® (destabilization via medial
meniscus surgery) and the present study. The completely biological (without the use of injection
or analgesics) and non-invasive mechanism of injury in our present study, isolates observations to
the injury rather than introducing confounding factors with the use of non-biological agents or
surgically induced models. However, regardless of the injury mechanism, all together our work
and that of Botter?'* and Iijima?"® paint a compelling PTOA mechanism of action that can be
attributed to the high levels of cross-talk between joint load (e.g. kinematics), subchondral bone
remodeling and articular cartilage degeneration. Mechanistically, the microstructural changes to
the subchondral bone can decrease interstitial pressure of articular cartilage and dampen its ability
to adequately distribute load. 2!42!6 Microstructural changes can also facilitate a greater portal for
biochemical interactions across the cartilage-bone interface, interfering with processes of
maintaining bone health and potentially promoting PTOA .2!3-214216 Future work utilizing clinically
translational models is needed to continue exploring these foundational relationships and
mechanisms of PTOA action.

While not the primary goal of this study, we also characterized our model by investigating
other bony microarchitecture metrics, anatomical orientations, and regional differences across the
femoral ROI’s after injury. Trabecular bone loss was considerable across time, sex, and region
with the most observed loss occurring in the medial load bearing regions (Table 2). This agreed

with the increase in lateral joint space width (Table 3), suggesting a shift toward medial loading
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even though medial joint space width was unremarkable. In addition to lateral joint space width,
there was substantial changes in medial and lateral anterior tibial translation, likely due to joint
instability induced by the ACL injury (Table 3). Regional differences of the femur were also
present across the medial, lateral, and enthesis ROI’s (Figures 7-10). This observation is
noteworthy and suggests a need to further investigate the ACL enthesis or bone-ligament interface
as this area may be more susceptible to re-injury and therefore, may be a significant consideration
in deciding optimal tunnel placement during reconstructive surgery and when to undergo surgical
intervention.

Our study was not without limitations. First, we did not include contralateral limb
comparisons, so it is possible that some of the observed changes in joint kinematics and bony
morphology were present in both limbs. Second, we only included sagittal plane kinematics for
this study. Extending future studies to cover three-dimensional joint kinematics may inform other
modifiable factors beyond peak knee flexion angle that are linked to PTOA. Including analyses of
articular cartilage can also help elucidate the crosstalk of the cartilage-bone interface and help
identify which is the most prominent modifiable factor in PTOA that can be targeted through
clinical intervention.

In conclusion, ACL injury dramatically alters joint kinematics and in turn, redistributes
mechanical load throughout the joint. The altered kinematic patterns are associated with
subchondral bone plate remodeling. This is the first study to make a direct link between sagittal

plane kinematics and PTOA in a non-invasive clinically translational injury model.
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3.6 Supplementary Files
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Figure 7: Regional differences in the femur at day 7 after injury. Data are represented as mean + standard error. **
denotes significant differences between regions of interest, p<0.05. * denotes significant sex difference after injury
(i.e. sex by time interaction), p<0.05. The enthesis was significantly more affected on BV/TV (A) and the lateral
compartment was significantly more affected on Sb.P1.Po compared to the medial compartment and enthesis region
of interest. Significant differences between males and females occurred in the medial and lateral compartments on
Sb.PL.Th (D) and Sb.PL.Po (E). Independent of injury, a significant main effect of sex was observed for Tb.N.
Abbreviations: BV/TV, bone volume fraction; Tb.N, trabecular number; TMD, tissue mineral density; Sb.P1.Th,
subchondral bone plate thickness; Sb.P1.Po, subchondral bone plate porosity.
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Figure 8: Regional differences in the femur at day 14 after injury. Data are represented as mean + standard error. **
denotes significant differences between regions of interest, p<0.05. * denotes significant sex difference after injury
(i.e. sex by time interaction), p<0.05. The enthesis region of interest was the least affected on Sb.P1.Th, while the
lateral compartment was affected the most on Sb.P1.Po (p<0.05). (E). Significant differences between males and
females occurred in the medial and lateral compartments on Sb.P1.Th (D) and in the enthesis region of interest on
Sb.Pl.Po (E). Independent of injury, a significant main effect of sex was also observed for TMD. Abbreviations:
BV/TV, bone volume fraction; Tb.N, trabecular number; TMD, tissue mineral density; Sb.P1.Th, subchondral bone
plate thickness; Sb.P1.Po, subchondral bone plate porosity.
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Figure 9: Regional differences in the femur at day 28 after injury. Data are represented as mean + standard error. **
denotes significant differences between regions of interest, p<0.05. * denotes significant sex difference after injury
(i.e. sex by time interaction), p<0.05. Significant differences between males and females occurred in the medial and
lateral compartments on Sb.P1.Th (D) and in all regions of interest on Sb.P1.Po (E). Abbreviations: BV/TV, bone
volume fraction; Tb.N, trabecular number; TMD, tissue mineral density; Sb.P1.Th, subchondral bone plate thickness;
Sb.P1.Po, subchondral bone plate porosity.
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Figure 10: Regional differences in the femur at day 56 after injury. Data are represented as mean + standard error. **
denotes significant differences between regions of interest, p<0.05. * denotes significant sex difference after injury
(i.e. sex by time interaction), p < 0.05. Significant differences between males and females occurred in the medial and
lateral compartments on Sb.PL.Th (D) and in the medial compartment on Sb.Pl.Po (E). Independent of injury,
significant main effects of sex were observed for BV/TV and Tb.N. Abbreviations: BV/TV, bone volume fraction;
Tb.N, trabecular number; TMD, tissue mineral density; Sb.PL.Th, subchondral bone plate thickness; Sb.Pl.Po,
subchondral bone plate porosity.
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Subchondral Bone Plate

Control Day 7 Day 14 Day 28 Day 56
Femur
Sb.PLTh (um) Lateral® Females 202.86 +23.99 170.02 £ 6.67 164.46 + 6.49 199.41 +£13.01 184.55 +11.96
Males 218.69 +8.51 206.22 +3.08 211.97 £21.02 198.70 £ 21.83 225.24 +8.67
Medial® Females 222.48 +17.67 170.60 + 4.81 198.37 £5.82 200.36 +5.94 186.45+4.43
Males 233.12+22.18 21590+ 12.64 231.65+9.95 248.05+10.29 241.83 +18.89
Sb.PI.Po (%) Lateral Females 4.86 +1.06 12.34+0.51F 20.48 +2.308 18.34+2.13F 13.54 +1.708
Males 414 +0.50 15.03 + 0.87F 19.55+2.208 22.20 +1.968 13.34 + 1.408
Medial Females 5.05+0.36 9.59 + 0.408 10.87 + 0.60° 14.53 £+ 0.57P 10.33 £ 0.95F
Males 4.03+0.24 10.74 + 0.41F 12.06 + 1.418 16.06 + 0.59F 11.84 +0.65F
Tibia
Sb.PL.Th (um) Lateral® Females 217.98 +13.43 176.49 + 12.08P 178.51 + 5.45F 168.66 + 12.51F 179.49 + 11.478
Males 257.59 +11.41 205.11 +11.028 220.84 + 14.578 233.77 +22.698 231.47 + 8.48F
Medial® Females 218.52+15.42 165.01 £8.77 155.67 £9.89 154.12+10.16 170.21 £5.33
Males 243.97 +£12.68 236.16 + 15.81 244.66 +21.17 289.60 + 42.72 24578 +17.15
Sb.Pl.Po (%) Lateral Females 7.93+0.94 13.06 + 0.99F 17.72 + 1.64° 19.09 +1.92F 13.90 + 1.038
Males 473 +0.93 11.73 £ 0.41F 17.73 + 2.608 19.21 + 0.36P 12.50 + 0.438
Medial Females 6.20+0.71 9.57 +0.428 11.71 £ 0.94f 15.99 + 1.598 11.62 + 0.96F
Males 4.43 £0.63 10.30 + 0.54F 11.32+0.558 18.03 + 0.84F 11.38 + 1.06°
Enthesis
Sb.PL.Th (um) Females 200.91 +8.45 175.89 ¢ 5.748 166.18 + 6.80P 205.45+9.43 221.29+11.75
Males 232.41+8.74 187.38 + 14.928 188.36 + 8.29F 215.26 +14.85 204.00 + 24.44
Sb.PL.Po (%) Females 4.26 +0.29 11.02 +1.07f 15.26 + 0.89° 17.92 +0.70P 16.27 +1.678
Males 574+0.22 11.63 £0.72° 14.24 +0.83F 19.55+ 0.83P 16.30 + 0.63F

Data are represented as mean + standard error

Alpha level, p<0.05

agignificant main effect of sex regardless of time

BSignificant main effect of time regardless of sex, relative to controls

Abbreviations: Sb.PI.Th, subchondral bone plate thickness; Sb.PI.Po, subchondral bone plate porosity

Table 1: Subchondral bone plate remodeling was observed as a function of time and sex, with evidence in

the medial and lateral femur and tibia. Most notably, Sb.P1.Po was found to be significantly elevated at
every time point following injury in all regions of interest (p < 0.05).
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Femur

BV/TV (%) Lateral
Medial

Tb.N (1/mm) Lateral®
Medial®Y

TMD (mg HA/cm?) Lateral
Medial

Tibia

BV/TV (%) Lateral
Medial®

Tb.N (1/mm) Lateral®
Medial®

TMD (mg HA/cm?) Lateral®
Medial

Enthesis

BV/TV® (%)

Th.N (1/mm)

TMD (mg HA/cm?)

Data are represented as mean + standard error
Alpha level, p<0.05
aSignificant main effect of sex regardless of time

BSignificant main effect of time regardless of sex, relative to controls

Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males

Females
Males
Females
Males
Females
Males
Females
Males
Females
Males
Females
Males

Females
Males
Females
Males
Females
Males

Epiphyseal Trabecular Bone

Control

0.42+0.01
0.43+0.01
0.46 £ 0.01
0.46 £ 0.01
3.91+0.05
3.78 +£0.04
4.08 +0.03°
3.84 £0.05Y
1039.41 +41.59
1087.65 + 31.36
1031.83 £36.93
1080.76 + 29.06

0.40+0.01
0.39+0.01
0.46 £ 0.01
0.45+0.00
4.11+0.07
3.72+0.08
4.08+0.08
3.72+0.06
996.49 +35.03
1052.31 +31.06
1031.30 £ 35.24
1080.63 + 32.73

0.35+0.00
0.410.01
3.25+0.05
3.36+0.13
1022.90 + 39.08
1067.36 + 29.33

YSignificant interaction effect. Post hoc analyses revealed different from Day 56
Significant interaction effect. Post hoc analyses revealed different from males
Abbreviations: BV/TV, bone volume fraction; Tb.N, trabecular number; TMD, tissue mineral density

Table 2: Femoral and tibial trabecular bone remodeling was observed as a function of time and sex, and significant
changes primarily resided in the medial compartments starting 14 days after injury. Notably, BV/TV was significantly
decreased in the medial femoral and tibial compartments and Tb.N was significantly decreased in the medial tibial
compartment. In the lateral tibia, Tb.N showed a significant decrease starting at day 14 after injury. All significant sex
effects are denoted in the table. No significant main time or sex effects, or interaction effects were found on BV/TV,

Tb.N, or TMD in the enthesis region of interest (p > 0.05).
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Day 7

0.43+0.01
0.42+0.01
0.46 +0.02
0.46 +0.01
3.99+0.12
3.63+0.12
4.22+0.13°
3.78 £0.08Y
1063.30£15.15
1093.39 +29.07
1079.38 £ 14.49
1089.16 £31.76

0.41+0.01
0.39+0.01
0.45+0.01
0.42+0.01
4.16+0.10
3.62+0.13
4.09+0.13
3.63+0.08
1020.11 £20.46
1057.27 +32.58
1066.01 £21.01
1088.26 + 35.68

0.39+0.03
0.45+0.01
3.65+0.21
3.41+0.10
1096.31 +14.98
1099.33 +£30.87

Day 14

0.39+£0.02
0.39+£0.02
0.42+£0.01F
0.41+0.01F
3.75+0.10
3.67+0.14
3.97+0.08
3.75+0.14Y
1109.95 + 21.40
1103.33 +20.27
1120.12 +22.80
1122.46 +14.54

0.38£0.02
0.34+0.01
0.44 +£0.02°
0.38 +0.01F
3.88+0.12°
3.43+0.108
3.91+0.08F
3.43+0.12°
987.54 +102.47
1081.38 +21.05
1021.94+103.14
1108.91 £18.92

0.34+0.00
0.40 +0.02
3.36£0.08
3.40+0.16
1102.19 +20.18
1122.35+14.57

Day 28

0.38+£0.03
0.41+0.02
0.40 + 0.03F
0.44 +0.02°
3.78 £0.05
3.63+0.09
3.89+0.06
3.76 £ 0.09Y
1093.43 +18.24
1125.05+20.10
1090.29 +16.59
1141.70 £20.12

0.36 +£0.03
0.37+0.02
0.41 +0.04F
0.39+0.01F
3.79+0.10°
3.52+0.108
3.87+0.07f
3.36+0.07°
927.00 +99.80
1101.41 +16.89
1057.26 + 45.35
1128.40 £19.39

0.33+0.03
0.40+0.03
3.27+0.12
3.33+0.07
1089.33 +10.68
1123.61 +18.81

Day 56

0.43+£0.02
0.39+0.01
0.44 +0.02°
0.40 +0.01F
3.86+0.10
3.42+0.16
3.99 +0.03F°
3.38 +0.06F
1089.62 +22.47
1099.93 +18.59
1087.75+21.34
1106.87 + 20.54

0.38£0.02
0.35+0.01
0.40 + 0.02F
0.35+0.02°
3.96 + 0.08P
3.41+0.128
3.91+0.08F
3.14+0.19°
1067.14+17.20
1066.18 +19.63
1092.85 +22.20
1095.75 +16.90

0.39+£0.03
0.35+0.02
3.65+0.14
3.05+0.19
1074.81 +24.21
1093.12+17.76



ATT (%)

Lateral @ Females
Males

Medial Females
Males

JSW (um)

Lateral @ Females
Males

Medial Females
Males

Control®

126.62 + 21
86.28 +19
236.21+38
227.51+32

Data are represented as mean * standard error
EATT not reported because used to compute relative difference scores

Alpha level, p<0.05

aSignificant main effect of sex regardless of time
PSignificant main effect of time regardless of sex, relative to controls
3Significant main effect of time regardless of sex. Post hoc analyses revealed different from Day 56
Abbreviations: ATT, anterior tibial translation; JSW, joint space width

Table 3: Medial and lateral anterior tibial translation significantly increased over time. Anterior-cruciate-
ligament-injured males and females on average increased 98% and 120% respectively on the medial side
and 137% and 46% respectively on the lateral side of the knee joint. Lateral joint space width was also
found to be significantly increased at every time point following injury. All significant sex effects are
denoted in the table. No significant changes in joint space width were indicated on the medial side (p >

0.05).

Anatomical Orientation

Day 7

-7.58 + 47°
-8.00 + 8
13.51 5%
-4.73 +11°

278.32 + 113P
418.51+ 708
367.83 46
326.61 50
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Day 14

-17.39 +32°
46.29 + 9%
42.84 + 46°
7.15 + 245

266.55+ 778
554.70 + 36P
389.93 £ 104
3451517

Day 28

-5.64 + 34%
65.93 + 182
16.84 + 302
42.60 +17°

31535+ 119F
440.23 + 948
295.11+74
305.93+58

Day 56

45.93 + 40
136.65+16
119.72£18
98.17+13

244.88 + 77P
541.40 + 1518
401.35+38
382.69 + 147



4 The Role of Intramuscular Fat on In-Vivo Fascicle Mechanics During Walking

Following Anterior Cruciate Ligament Reconstruction

4.1 Abstract

Recent work has highlighted that muscle weakness following anterior cruciate ligament
reconstruction (ACLR) is part of a broader profile of muscle dysfunction, characterized by intrinsic
changes of muscle properties such as tissue quality and mechanical behavior. These properties are
vital for generating force and facilitate shape changes during movement. Elevated accumulation
of fibro-adipogenic progenitors and expansions of the extracellular matrix have been observed
post-ACLR, which may lead to the accumulation of non-contractile elements like intramuscular
fat and potentially affecting fascicle mechanics. Therefore, our main objectives were to 1) utilize
in-vivo B-mode ultrasound imaging to comprehensively evaluate if vastus lateralis fascicle
mechanics are altered in individuals with a protracted history of ACLR during walking at a self-
selected pace and II) to understand their relationship with intramuscular fat and knee mechanics.
Twenty-four individuals with primary ACLR and 24 healthy controls underwent two experimental
testing sessions to assess 1) quadriceps strength, and fascicle and knee mechanics and 2) muscle
volume and intramuscular fat of the vastus lateralis via quantitative magnetic resonance imaging.
Linear mixed effects models were used to assess (I) quadriceps strength, (II) fascicle mechanics
including fascicle length and angle excursion, and fascicle length and angle at heel strike and peak
knee extension moment (III) intramuscular fat and fat-cleared muscle volume, (IV) knee

mechanics including peak knee extension moment (KEM), instantaneous rate of moment
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development (RMD). Regression analyses were run to better understand the relationships between
intramuscular fat and fascicle mechanics, as well as between fascicle and knee mechanics. We
demonstrate that patients with a history of chronic ACLR exhibit between-limb strength and
fascicle excursions (length and angle) that are not significantly different than those of healthy
controls. As it relates to knee mechanics, we observed a smaller fascicle angle at peak KEM in the
ACLR-involved limb (p <0.017), which was associated with a decrease in joint load measured by
peak KEM and RMD (p = 0.020-0.031). This indicates an abnormality in fascicle architecture
specifically during the peak demand of quadriceps force production. Though, the ACLR limb
exhibited significant atrophy (p < 0.001), we did not find any differences in intramuscular fat
relative to healthy controls or any associations between intramuscular fat and fascicle outcomes (p
> 0.05). These data indicate that after ACLR, a muscle’s overall change in shape (fascicle length
and angle) is not different than healthy controls, however, there are fascicle angle deficits that
occur when greatest demand is placed on the quadriceps muscle that cannot be attributed to muscle

atrophy or intramuscular fat.

4.2 Introduction

One of the primary targets of post-operative rehabilitation following anterior cruciate
ligament reconstruction (ACLR) is quadriceps weakness given its association with increased
reinjury risk and a host of compensatory biomechanical strategies that are adopted after ACLR.2!
Despite targeted rehabilitation efforts, only 20% of patients are able to regain sufficient strength
in their ACL limb at the time of return to sport.! Furthermore, even in the chronic stages of
recovery (>12 months), these patients continue to exhibit alterations in knee mechanics, such as
reduced knee flexion excursions (KFE) and knee extensor moments (KEM)?!8-22° Quadriceps

weakness has been primarily attributed to neurological impairments (i.e., impaired cortico-spinal
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drive, spinal-reflexive alterations) and whole muscle atrophy.®® While these factors are important,
neurological impairments and whole muscle atrophy do not capture the intrinsic properties of
muscle that ultimately govern its ability to generate force and withstand load. Recent studies have
started to acknowledge that muscle weakness indeed falls under a larger multifaceted profile of
global muscle dysfunction, observed by changes in intrinsic properties of muscle such as tissue
quality (i.e., composition) and a muscle’s mechanical behavior (i.e., muscle mechanics).?%-62-63
However, there is a notable lack of research on tissue quality and muscle mechanics following
ACLR, leading to fundamental gaps in our understanding of their prevalence and functional impact
in this patient population.

A crucial determinant of quadriceps force production is a muscle’s architecture, such as its
fascicle length and angle. Fascicle length is an estimate of muscle fiber length, while fascicle angle
refers to the angle at which muscle fascicles are oriented to the muscle’s line of action. These
architectural properties, both individually and in combination, have an impact on how muscle
architecture adapts and changes shape during movement and subsequently, affects the muscle’s
force-length and force-velocity properties. Due to recent technological advancements in medical
ultrasound imaging, these two key components of muscle architecture can be non-invasively
assessed in vivo during both static and dynamic conditions (e.g., isometric strength, or during
walking). The ability to assess muscle architecture in vivo has provided important insight into how
muscles differentially function during activities of daily living. For example, although the
predominant thought is that the quadriceps act eccentrically during walking, recent in vivo studies
have been able to detect that the vastus lateralis (VL) actually contracts isometrically or even
concentrically, and allows most force transmission to occur through tendon lengthening rather than

fascicle lengthening in healthy limbs.*® In contrast to this, in the acute stages following ACLR (7.5
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+ 1.2 months), in vivo ultrasound has shown fascicles undergo eccentric lengthening in the ACLR
limb during weight acceptance.®® While these findings are interesting, it remains unknown if the
observed differences in fascicle mechanics persist in a more chronic cohort who have long since
completed rehabilitation and returned to activities of daily living. By examining fascicle mechanics
during walking, it also becomes feasible to explore the relationship between fascicle and knee
mechanics. Considering the occurrence of abnormal knee mechanics following ACLR (such as
changes in KEM,?*2!-%22 joint power,* and rates of torque and moment development??*-22%), it is also
crucial to ascertain whether the associations between fascicle and knee mechanics persist in
chronic populations. This comprehension could potentially offer valuable insights for intervention
strategies.

A factor that may influence fascicle mechanics in chronic cohorts is the accumulation of
non-contractile elements, such as intramuscular fat. An increase in intramuscular fat can impair a
muscle’s mechanical properties.??> For example, modeling studies have shown that higher levels
of fat can elevate muscle stiffness and modify muscle quality and in turn, influence the interaction
between muscle fibers and aponeuroses. Consequently, the altered interaction between muscle
fibers and aponeuroses can result in reduced force production by the muscle-?>> This phenomenon
has been observed in populations known to exhibit quadriceps strength deficits, such as inactive

226 obese individuals,??’ the elderly,” and those with knee osteoarthritis.”® Following

individuals,
ACL injury, elevated levels of fibrogenic/adipogenic progenitors (FAPs) have been found in the
ACL-injured limb,>”*° which can disrupt extracellular matrix remodeling, inhibit satellite cell
formation, contribute to high levels of inflammation, and promote the differentiation of fat and

40,78,228

fibrotic tissue . Others have also shown an increased frequency of quadriceps hypoechoic

signaling, a preliminary indicator of fat accumulation measured via B-mode ultrasound, following
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ACLR.”” As such, it remains plausible that non-contractile elements like intramuscular fat
accumulate following ACLR and contribute to persistent quadriceps dysfunction following ACLR.
Importantly, an imaging modality like magnetic resonance imaging (MRI), which possesses a
higher degree of sensitivity than B-mode ultrasound imaging to quantify whole muscle
intramuscular fat, has not yet been performed following ACLR but can serve as a comprehensive
assessment to determine the prevalence of intramuscular fat following ACLR.

As persistent muscle weakness and biomechanical adaptations hinder full recovery
following ACLR and can contribute to joint degeneration, it is plausible that fascicle mechanics
may be altered in the presence of intramuscular fat and contribute to a range of poor biomechanical
outcomes commonly observed after ACLR. Therefore, our main objective was to comprehensively
evaluate if fascicle mechanics are altered in individuals with a protracted history of ACLR during
walking. We hypothesized that those with a chronic history of ACLR would exhibit reduced
fascicle length and angle excursion (primary outcomes) compared to healthy controls. A secondary
objective was to determine if alterations in fascicle mechanics could be explained by compositional
changes induced by the buildup of intramuscular fat (i.e., higher fat fraction). We hypothesized
that those with a chronic history of ACLR would have an increase in intramuscular fat (secondary
outcome) compared to healthy controls, and that this would be associated with reduced fascicle
length and angle excursions. Lastly, we explored relationships between fascicle and knee specific
biomechanical outcomes known to be problematic following ACLR, herein referred to as knee
mechanics, such as peak KEM, instantaneous rate of moment development (RMD), peak power
absorption, and KFE, to investigate whether fascicle-level adaptions might influence boarder

aspects of knee-related physical function.
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4.3 Methods

4.3.1 Experimental Design

Twenty-four individuals who had undergone primary unilateral ACLR were recruited from
the Department of Orthopaedic Surgery and the general student population at the University of
Michigan (Age: 22.8 + 3.6 years, Time since surgery: 3.3 £ 0.09 years). ACLR individuals were
eligible for this study if they: 1) were between 14-45 years of age 2) had no prior knee injury or
surgery other than the current ACL 3) were between 1.5-5 years post-ACLR 4) had received a
bone patellar tendon bone graft and 5) had a body mass index (BMI) under 28 kg/m?. ACLR
participants were excluded if they 1) had multiple ACLR’s unilaterally or bilaterally, and/or 2)
have any graft type other than a bone patella tendon bone. To characterize healthy profiles, a
convenience cohort of twenty-four healthy individuals were also recruited (Age: 22.0 + 3.1 years)
that had no history of lower extremity injury or surgery and had a BMI under 28 kg/m?.
Demographic information for included participants can be found in Table 4.

All participants meeting the above criteria for either group underwent two experimental
sessions over two days. The first experimental session consisted of patient reported outcomes,
strength testing, and fascicle mechanics measured synchronously during self-selected gait on an
instrumented treadmill, where limb order was randomized. The second experimental session
consisted of MRI to measure intramuscular fat via mDixon MRI sequence. All sessions were
completed on average 12 + 14 days of one another. All participants provided informed consent,
and all protocols were approved by the University of Michigan Medical School Institutional

Review Board (IRBMED: HUM00169174).
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ACLR (n=24) Control (n =24) p value
Females/Males 15/9 14/10 -
Age (yrs) 22.8+3.6 22.0+3.1 0.406
Height (m) 1.70 £ 0.1 1.70+0.1 0.856
Weight (kg) 68.7+8.9 69.9 £13.6 0.732
Body Mass Index 232+1.9 233+2.6 0.801
Time after surgery (yr) 33+09 N/A -
Tegner Activity Scale Pre:.8.4 +1.1 Pre:.6.8 +13 Pre: <'0.001*
Post: 6.8 + 1.6 Post: 6.7+ 1.2 Post: 0.815
KOOS Symptoms 84.7+10.6 95.7+5.4 <0.001*
KOOS Pain 954+53 98.7+2.3 0.007
KOOS Activities of Daily Living 99.0+14 99.8+0.9 0.039
KOOS Sports and Recreation 89.0 + 8.5 98.3+43 <0.001*
KOOS Quality of Life 83.1+14.6 99.2+2.1 <0.001*
IKDC 88.9+8.8 98.7+3.0 <0.001*

Table 4. Subject Demographic and Patient Reported Outcomes. Data are reported as mean =+ standard
deviation.*Denotes statistical significance at the level of p<0.05. Abbreviations: KOOS = Knee Injury and
Osteoarthritis Outcome Score; IKDC = International Knee Documentation Committee

4.3.2 Participant Reported Outcomes

Participants completed a series of questionnaires to evaluate self-reported function
including the Tegner Physical Activity,”?® International Knee Documentation Committee

(IKDC)** and Knee Injury and Osteoarthritis Outcome Score (KOOS).?*!

69



4.3.3 Isometric Quadriceps Strength

Isometric knee extensor strength was assessed as previously described using an isokinetic
dynamometer (CSMi Humac Norms Stoughton, MA).?3? Participants were provided strong verbal
encouragement and real-time visual feedback to encourage patients to exert maximal effort during
all testing contractions.

The knee joint was positioned at 60° of flexion.?*

Participants then completed a
standardized warm-up protocol consisting of two practice repetitions at each of the following
intensities: 25%, 50%, and 75% of perceived maximal effort. Following these warm-up
contractions, participants completed one practice trial at 100% of their perceived maximal effort.
The maximal voluntary knee extensor torque during this final practice trial was then used to set a
visual torque target for the subsequent MVC assessments. For test trials, all participants performed
three MVC’s in which they were instructed to kick out as hard and fast as they can. Participants
were given two minutes of rest between each trial. Peak knee extension (KE) torque (N-m) was

extracted from each MVC trial. Peak torque was normalized to body mass (N-m/kg) and the peak

of peaks was used in the subsequent analyses.
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Figure 11: Simultaneous Assessments of Fascicle and Knee Mechanics with Representative Dynamic Markers. In
vivo (A) fascicle length (If) and angle (6f) were recorded at 100 frames/second and extracted at every frame from heel
strike to peak knee extension moment (B). Representative forelimb clusters (middle) show custom marker cluster on
thigh that attached to the ultrasound mount. Created with BioRender.com

4.3.4 Assessments of Knee and Fascicle Mechanics

Self-selected over-ground walking speed was determined as an average of five trials on a
20-m walkway using infrared timing gates (model TF100, TrakTronix, Lenexa KS) and was used
to set the treadmill speed (m/s) for all subsequent biomechanical and ultrasonic assessments.?3+233
A total of 48 retroreflective markers were used to construct our biomechanical model. Static
markers were placed bilaterally on the iliac crests, anterior superior iliac spine, greater trochanter,
medial and lateral femoral epicondyles, medial and lateral malleoli, and the first and fifth
metatarsal heads. Dynamic markers were placed bilaterally on the calcaneus and rigid clusters of

four non-collinear markers affixed on the sacrum, bilaterally on the thigh, shank, and foot
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segments.*® An initial standing calibration trial was captured, and static markers were
subsequently removed leaving only the rigid clusters and calcaneus markers.?3°

In order to record B-mode images of longitudinal cross-sections of the VL, a single 60 mm
ultrasound transducer (LV8-5N60-A2; ArtUS, Telemed, Vilnius, Lithuania) was affixed midway

between the greater trochanter and lateral femoral condyle?’

using a ProbeFix Dynamic T custom
mount (Usono, Eindhoven, The Netherlands) and elastic wraps (Figure 11) on one limb at a time.
To ensure consistency in placement, the transducer was affixed to the limb being tested by a single
trained laboratory member. To ensure optimal transducer orientation, the participant flexed and
extended their knee while standing and as needed, micro-adjustments were made to limit out of
plane motion.

Lower extremity biomechanics were collected at the self-selected walking pace on a split-
belt instrumented treadmill (Bertec, Columbus, Ohio) recording ground reaction force data at 2000
Hz and synchronized with a 10-camera motion capture system (Qualisys, Gothenburg, Sweden)
recording at 200 Hz. Patients acclimated to the dual-belt, instrumented treadmill for 5 minutes.
Then, three 12 s trials of simultaneous gait, force plate, and ultrasound data were collected. B-
mode ultrasound videos of the VL were captured at 100 frames/s at a depth of 50 mm. Motion
capture and ground reaction force data were synced with ultrasound by a 5V trigger signal to
indicate the start and end of the ultrasound recordings. The above process was repeated to capture
a new static trial and subsequent biomechanical and ultrasonic assessments on the opposite limb.

Motion capture and force data were exported to Visual 3D (C-Motion Inc., Germantown
MD) and the kinematic model was created. A low-pass Butterworth filter with cutoff frequencies

of 6 and 12 Hz were applied to the motion capture and force data, respectively. Hip joint center

was estimated using the Davis method,>*® while knee and ankle joint centers were estimated using
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half the distance between the medial and lateral epicondyles and malleoli, respectively. Knee
angles were calculated using the Cardan rotation sequence (x= flexion/extension, y=ab/adduction,
z=internal/external rotation) and were negated for descriptive purposes such that positive angles
represented knee flexion and negative angles represented knee extension. Filtered kinematic and
kinetic data were then submitted to a standard inverse dynamic’s procedure within Visual 3D and
joint moments were reported as internal. A 20N threshold was used to determine heel strike?*”
Stance was defined by heel strike and toe-off.

For subsequent assessments of the relationship between fascicle and knee mechanics, and
to ensure our ACLR cohort was representative of established trends for knee mechanics following
ACLR, time-normalized profiles were calculated and averaged across strides for knee angle,
moments, and powers.??! Joint moments were normalized by body mass (kg) and height (m). Peak
KEM was extracted from the first 50% of stance. Peak power absorption (i.e., negative joint
power), average instantaneous RMD, and KFE were extracted between heel strike and peak KEM.
All outcome variables reported are from the limb the ultrasound transducers were placed on to
ensure consistency in our comparisons between limbs and to reduce errors introduced by
ultrasound placements on the limb.%

B-mode ultrasound videos of the VL were processed using a combination of open-sourced
and custom-written software. First, all ultrasound videos recorded during the motion capture trials
were clipped to only include data during the stance phase of gait. The 12 s motion capture trials

resulted in participants taking 6-9 complete step cycles. Next, all videos were processed through

an open sourced program DL Track (https://github.com/njcronin/DL_Track/tree/master).?*® Using

a combination of pre-segmented training data provided from DL Track and additional frames of

manually-segmented VL frames from the current study data, a single neural network was trained
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using DL Track in order to extract position data of all detected (via neural network) fascicles and
aponeuroses on each frame.?* Fascicle lengths and angles were extracted from DL Track. Fascicle
lengths and angles exceeding 3 standard deviations from the mean per frame were excluded to
reduce variability caused by inaccurate neural network tracking. To further improve confidence in
our outcomes, all filtered position data from DL track were then imported into a custom software
application written in MATLAB (version 2021a, The MathWorks, Natick, USA) to perform
manual adjustments of positional data as needed and as determined by a single trained lab
personnel. A test-retest analysis of our custom-built application was performed on fascicle length
and angle excursions by 1 rater on n = 4 limbs with excellent reliability (ranging 0.944-0.969;
Supplementary Table 13). The same test-retest analysis was performed on discrete outcomes
including fascicle length and angle at heel-strike and peak KEM with moderate to good reliability
(ranging 0.510- 0.848; Supplementary Table 13).

Fascicle length was measured from the deep to superficial aponeuroses. In frames where
fascicles extended beyond the image, the intersection of the fascicle and superficial aponeuroses
was estimated by a linear projection of the fascicle.?*! Fascicle angle was measured as the angle
of the fascicle relative to the deep aponeuroses. On average, three to five fascicles were tracked on
each frame from heel strike to peak KEM. The mean fascicle length and angle per frame were
submitted to subsequent analyses. Fascicle length and angle trajectories were filtered using a
window average, normalized to 100%, and averaged across three step cycles per limb. Fascicle
length and angle were extracted at discrete points in stance (heel strike and peak KEM), while
fascicle length and angle excursion were measured as the total movement from heel strike to peak
KEM considering the cumulative change in position between every frame. A cumulative excursion

value in the negative range indicates that fascicle mechanics can be described as a shortening event
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and/or there was a reduction in fascicle angles from the initial heel strike to the instant of peak

KEM.

4.3.5 Quantification of Intramuscular Fat

MRI data of the bilateral upper thighs were acquired with a 3-Tesla MRI Philips Ingenia
scanner using a 16-element anterior torso coil and 12-element receive coil located within the table
coil. Three stacks were acquired with a 30-mm overlap covering a field of view (FOV) of 420 x
284 x 140 mm®. Stack-specific shimming was applied independently to each stack to minimize BO
field inhomogeneity. An axial mDixon Quant sequence was performed with the following key
acquisition parameters: 3D gradient echo; number of echoes = 6 (1% echo time = 1.2 ms, change
in echo time = 0.9 ms); repetition time = 7.283 ms; flip angle = 3°; acquired matrix size = 264 x
178 mm; reconstructed matrix size = 288 x 288 mm; acquired voxel size = 1.6 x 1.6 x 2.2 mm?,
reconstructed voxel size = 1.3 x 1.3 x 1.1 mm?; parallel imaging factor SENSE = 2; number of
slices/stack = 740.

In post-processing, five slices on the proximal and distal ends of each stack were removed
to reduce signal inhomogeneity that occurs at the ends of each stack. In the regions of overlap,
slices closest to the center of the stack were retained. Stacks were then stitched together to generate
fat only, water only, in phase, out of phase, and fat fraction images. To reduce the number of slices
and maintain the signal-to-noise ratio from the acquisition, signals were averaged over every four
slices. A limited number of slices of bilateral VL’s were segmented on the water-only image and
a semi-automatic method using a combination of diffeomorphic registrations was used to

propagate these segmentations to the remaining slices.?*?4

Propagations were refined in ITK
snap.?** Custom-written software was used to erode a single voxel border from all muscle

segmentations before extracting median fat fractions to protect against manual error in
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segmentations that may have included subcutaneous fat and therefore, confound our measurement
of intramuscular fat. Muscle volume was extracted from the full region of interest. While
controlling for sex, subject mass and height were significantly correlated to each other (r = 0.799)
and therefore, muscle volume was normalized to subject mass only. Fat-cleared muscle volume

was computed by subtracting the median fat fraction from the normalized muscle volume.?*’

4.3.6 Statistical Analyses

An apriori power calculation using data from previously published work®? that investigated
fascicle mechanics (fascicle length and angle excursion) during strength testing was completed to
estimate sample size. The power calculation for a two factor analysis of variance (ANOVA)
revealed that a minimum of 11 individuals with a history of primary ACLR and 11 healthy controls
were needed to detect a significant difference between groups and limbs (alpha = 0.05 and power
=0.8) (G*Power v3.1.9.6).24

Statistical analyses were conducted using R Statistical Software (4.2.2, Vienna, Austria)
with a significance level set at p < 0.05. Participant demographics and patient reported outcomes
between the ACLR and Control groups were compared using independent t-tests (Table 4). To
account for between-limb variability in the Control subjects, both Control limbs were included in
subsequent linear mixed effect model analyses. Given that almost all of our subjects considered
their right-leg as dominant (n=47 of 48) and 9 of 24 ACLR subjects received ACLR on their left
limb, we randomly chose 9 Control subjects and assigned their left limb as involved, while the
other Control subjects had their right limb assigned to involved. The limb that received surgery in
the ACLR group was assigned to the ACLR-involved limb, while the contralateral limb was

assigned to ACLR-uninvolved.
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The following variables were analyzed using linear mixed effects models (Imer function
from the ImerTest and Ime4 packages in R 247-2%%): (I) Quadriceps strength, (II) fascicle mechanics
including fascicle length and angle excursion, and fascicle length and angle at heel strike and peak
KEM (III) intramuscular fat and fat-cleared muscle volume, (IV) knee mechanics including peak
KEM, RMD, peak power absorption, and KFE. The fixed factors in the models included limb
(involved vs. uninvolved), group (ACLR vs. Control), and their interaction. Subject was treated as
a random factor and sex and BMI were included as control variables. The interaction term
compared the differences between limbs (injured-uninjured) for each group. In the case of a
significant group by limb interaction, post hoc analyses were conducted using the emmeans
package?® to calculate that estimated marginal means for each group and perform pairwise
comparisons between groups with Tukey adjustment for multiple comparisons.

Regression analyses were run to understand the relationships between intramuscular fat
and fascicle mechanics, as well as between fascicle and knee mechanics. Notably, these multiple
regression analyses were only run with variables and limbs that were deemed to be statistically
different from the aforementioned linear mixed effect models. As such, the regression analyses
only included the ACLR-involved, ACLR-uninvolved, and Control-involved limbs as no
differences were detected between the Control-involved and Control-uninvolved for the selected
variables. Interaction terms were included in the model to determine if limb influenced the
relationship between fat and fascicle mechanics, and fascicle and knee mechanics. Subject was
included as a random factor in all models. In the case of a significant interaction, simple slope
analyses were performed using the sim_slopes function from the jtools package in R.?*° To assess

the explained variance, separate regressions were also performed for each limb.
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4.4 Results

4.4.1 Participant Reported Outcomes and Quadriceps Strength

KOOS subscale and IKDC results are summarized in Table 4 and quadriceps strength is
summarized in Table 5. The ACLR cohort has significantly worse outcomes on all KOOS
subscales and IKDC knee-specific outcomes than the control cohort (p = <0.001 — 0.039). There
was a significant group by limb interaction for quadriceps strength. However, post-hoc analyses

indicated the differences were small and non-significant (p = 0.098-0.249).

ACLR ACLR Control Control ¢ al
Involved Uninvolved Involved Uninvolved p value
Peak Torque | g0\ 651 | 3124045 | 3134077 | 3.01£068 | 2.02 | 0.049*
(N-m/kg)

Table 5. Data are reported as mean =+ standard deviation. t statistic and p value reported is result of the limb by group
interaction from the linear mixed effects model, with * denoting a statistically interaction at the level of p<0.05.
However, post-hoc analyses did not reveal any between-limb differences within each group (p < 0.05).

4.4.2 Fascicle Mechanics

Fascicles mechanics are summarized in Table 6 and Figures 12 and 13. No significant
interactions or main effects were noted for fascicle length or angle excursion (p > 0.05; Figure
12C/13C). When investigating fascicle length at the discrete points in stance (HS and peak KEM)
there were no significant interactions between group and limb, however there was a main effect of
limb that revealed the involved limbs had longer fascicles at peak KEM relative to the uninvolved
limbs, independent of group (p = 0.014; Figure 12A/B). When investigating fascicle angle at
discrete points in stance (HS and peak KEM), there was a significant group by limb interaction at

peak KEM (p = 0.017; Figure 13B) but not at HS (p = 0.078; Figure 13A). Post hoc analyses
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indicated that the ACLR-involved limb exhibited a fascicle angle of 2.14 degrees less than the
ACLR-uninvolved limb at peak KEM (p <0.001; Figure 13B). No difference between limbs was
noted for the Control group (p = 0.336). Additionally, there was a main effect for limb at HS (t[46]
= 2.84, p = 0.007), indicating that the uninvolved limbs had an increased fascicle angle,
independent of group (Figure 13A). Overall, these findings indicate fascicles angles in the ACLR-
involved limb are smaller at peak KEM but fascicle excursion throughout the duration of the

movement do not differ.

Measure ACLR ACLR Control Control ¢ value
u Involved Uninvolved Involved Uninvolved p
Heel
Strike 11.32+298 | 10.52+3.35 | 11.46+3.02 | 11.19+3.07 | 0.57 0.569
Fascicle Peak
Length K]gi/[“ 1099+2.46 | 10.00+2.66 | 10.85+2.57 | 10.58 +2.37 | 1.30 0.201
(cm)
Excursion | -0.54+1.65 | -0.28+0.59 | -0.33+£1.86 | -0.58+1.02 | -0.93 | 0.355
Heel
Strike” 10.72+£2.12 | 12.01+246 | 11.18+2.45 | 11.32+2.22 | -1.80 | 0.078
Fascicle Peak
Angle N 10.59 £2.38 | 12.73+2.56 | 11.69+2.05 | 12.16 £2.09 | -2.49 | 0.017*
© KEM
Excursion | 0.10+£0.90 | 049+0.84 | 042+0.93 0.69+0.80 | -0.35 | 0.730

Table 6. Fascicle Excursions During Weight Acceptance and Results of Interaction from Linear Mixed Effects Model.
Data are reported as mean + standard deviation. t statistics and p values reported are results of the limb by group
interaction from the linear mixed effects model, with * denoting a statistically interaction at the level of p < 0.05. Bold
text indicates that post-hoc analyses revealed that the significant limb by group interaction stemmed from between-
limb differences within the group (p < 0.05). ®or P denote a significant main effect of limb, where the involved limbs
had longer fascicle lengths and smaller fascicle angles relative to the uninvolved limbs, respectively. Abbreviations:
KEM = Knee Extensor Moment.
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Figure 12. Fascicle Length Outcome by Group and Limb. No significant group by limb interactions were identified
(p > 0.05) for fascicle length at heel strike (Panel A), fascicle length at peak KEM (Panel B) or fascicle length
excursion (Panel C). However, there was a significant main effect for limb at peak KEM, where the involved limbs
had longer fascicle lengths than the uninvolved limbs, independent of group (Panel B denoted by **). KEM
indicates knee extension moment.
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Figure 13. Fascicle Angle Outcome by Group and Limb. No significant group by limb interactions were identified
between for fascicle angle excursion (Panel C). However, there was a significant main effect for limb at heel strike,
where the involved limbs had smaller fascicle angles relative to the uninvolved limbs, independent of group (Panel
A). In addition, there was a significant group by limb interaction at peak KEM, where the ACLR-involved limb
exhibited 2.14 degrees less than the ACLR-uninvolved limb. (Panel B). KEM indicates knee extension moment; **,
significant main effect of limb, independent of group p < 0.05; *, significant difference between limbs identified
post hoc in the presence of a significant group by limb interaction, p < 0.05.
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4.4.3 Fat-cleared Muscle Volume and Intramuscular Fat

VL volume and intramuscular fat outcomes are summarized in Table 7. There was a
significant interaction between group and limb for fat-cleared muscle volume (p < 0.001). Post
hoc analyses revealed that the ACLR-involved limb was on average 669 mm?/kg or 7% smaller
than the ACLR-uninvolved limb (p < 0.001), but no differences were noted between limbs for the
Control group (p = 0.502). There were no significant interactions between group and limb, nor

were there any main effects for intramuscular fat (p > 0.05).

ACLR ACLR Control Control ¢ value
Involved Uninvolved Involved Uninvolved p
Normalized
Volume 8875 £ 1651 9576 + 1530 9428 + 1888 9342 +£2107 | -3.93 | <0.001*
(mm®/kg)
Fat-cleared
Volume 8729 + 1615 9398 + 1521 9271 + 1946 9180 +2092 | -4.00 | <0.001*
(rnm3/kg)
Intramuseular |y c0 406 | 190102 | 1854143 | 1814125 | -0.62 | 0.536
Fat (%)

Table 7. Vastus Lateralis Muscle Characteristics. Data are reported as mean + standard deviation. t statistics and p
values reported are results of the limb by group interaction from the linear mixed effects model, with * denoting a
statistically interaction at the level of p<0.05. Bold text indicates that post-hoc analyses revealed that the significant
limb by group interaction stemmed from between-limb differences within the group (p < 0.05).

4.4.4 Knee Mechanics

Knee mechanics are summarized in Table 8 and Figure 14. There was a significant group
by limb interaction for KFE. Post hoc analyses revealed that the ACLR-involved limb underwent
2.26 degrees or 15% less KFE than the ACLR-uninvolved limb (p < 0.001), but no differences

were noted between limbs for the Control group (p = 0.647). There was not a significant group by
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limb interaction for I) peak KEM II) peak power absorption or III) RMD. However, there were
significant main effects of group that indicated that the ACLR group had on average 16% smaller
peak KEM, 26% less peak power absorption, and 18% slower RMD compared to the Control group

(p = 0.003-0.040; Figure 14).

ACLR ACLR Control Control ¢ value
Involved Uninvolved Involved Uninvolved pvalu
Peak KEM'
(Nm/kg) 0.27+0.16 0.32+0.13 0.36+0.12 0.34+0.14 -1.44 0.156
RMD?
(Nm/ms*kg) 497+1.18 5.46 +1.60 6.55+2.08 6.19+1.99 -1.48 0.146
KFE (°) 12.81 £ 4.58 15.06 + 3.08 16.30+2.78 16.01 £3.55 | -2.87 | 0.006*
Peak Power
Absorption” -0.50+ 0.39 -0.65+0.43 -0.79 £ 0.39 -0.76 £0.40 1.72 0.092
(W/kg)

Table 8. Knee Mechanics. Data are reported as mean =+ standard deviation. t statistics and p values reported are results
of the limb by group interaction from the linear mixed effects model, with * denoting a statistically interaction at the
level of p<0.05. Bold text indicates that post-hoc analyses revealed that the significant limb by group interaction
stemmed from between-limb differences within the group (p <0.05).? denotes a significant main effect of group where
the Control group had an increased peak KEM relative to the ACLR group. Abbreviations: KEM = Knee Extensor
Moment; RMD = Instantaneous Rate of Moment Development; KFE = Knee Flexion Excursion.
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Figure 14. Knee Mechanics by Group and Limb. There was a significant group by limb interaction for KFE that
revealed the ACLR-involved limb underwent 15% less KFE than the ACLR-uninvolved limb (Panel D). No
significant group by limb interactions were identified for peak KEM, peak power absorption, or RMD (Panels A-C).
However, there were significant main effects of group that indicated that the ACLR group had on average 16%
smaller peak KEM, 26% less peak power absorption, and 18% slower RMD compared to the Control group (Panels
A-C). KFE indicates knee flexion excursion; KEM, knee extension moment, RMD, instantaneous rate of moment
development; **, significant main effect of group p < 0.05; *, significant difference between limbs identified post
hoc in the presence of a significant group by limb interaction, p < 0.05
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4.4.5 Associations Between Fascicle Mechanics and Intramuscular Fat

No significant interactions were observed when examining the associations between

intramuscular fat and fascicle mechanics (including fascicle length and angle excursion, fascicle

length and angle at HS and at peak KEM; p > 0.05; Figure 15).
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Figure 15. Associations Between of Intramuscular Fat and Fascicle Length (Panels A, B, C) and Fascicle Angle
Mechanics (Panels D, E, F). Blue data points and regression lines indicate ACLR-involved limb data. Yellow data
points and regression lines indicate ACLR-uninvolved limb data. Gray data points and regression lines indicate
Control-involved limb data. No significant interactions (p > 0.05) were identified between limbs for the associations
of intramuscular fat and fascicle length at heel strike (Panel A), fascicle length at peak KEM (Panel B), total fascicle
length excursion (Panel C), fascicle angle at heel strike (Panel D), fascicle angle at peak KEM (Panel E), and total
fascicle angle excursion (Panel F). KEM indicates knee extensor moment.
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4.4.6 Associations Between Fascicle Angle at Peak KEM and Knee Mechanics

There was a significant interaction for the association of RMD and fascicle angle between
the ACLR-involved and Control-involved limbs (B = -0.92, t[56] = -2.23, p = 0.020; Figure 6B).
Post hoc analyses revealed that a significant positive association between RMD and fascicle angle
and in the ACLR-involved limb (3 = 0.91, p =0.01) but not the Control-involved limb (8 =-0.01,
p = 0.96). Separate regression analyses revealed that RMD accounted for 20% of the variance in
fascicle angle (adjusted R-square = 0.16) in the ACLR-involved limb with overall model
significance (F[1,22] = 5.45, p = 0.029).

No significant interactions were determined between fascicle angle and peak power

absorption (p =0.168 — 0.727) or KFE (p =0.157 — 0.696).
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Figure 16. Associations Between Fascicle Angle at Peak KEM and Peak KEM (Panel A) and RMD (Panel B). Blue
data points and regression lines indicate ACLR-involved limb data. Yellow data points and regression lines indicate
ACLR-uninvolved limb data. Gray data points and regression lines indicate Control-involved limb data. There was
a significant interaction between the ACLR-involved and Control-involved limb for the associations of fascicle
angle at peak KEM and peak KEM (Panel A; p = 0.031). Post hoc analyses revealed the association was significant
in the ACLR-involved limb (p = 0.03) but not the Control-involved limb (p = 0.29). Peak KEM accounted for 18%
of variance of fascicle angle in the ACLR limb (Panel A). There was a significant interaction between the ACLR-
involved and Control-involved limb for the associations of fascicle angle at peak KEM and RMD (Panel B; p =
0.020). Post hoc analyses revealed the association was significant in the ACLR-involved limb (p = 0.01) but not the
Control-involved limb (p = 0.96). RMD accounted for 16% of variance in fascicle angle in the ACLR limb (Panel
B). KEM indicates knee extensor moment; RMD; rate of moment development.

4.5 Discussion

The main objectives of our study were to I) comprehensively evaluate if fascicle mechanics
are altered in those with a protracted history of ACLR, II) determine if fascicle mechanics could
be explained by intramuscular fat, and III) explore the associations between fascicle and knee
mechanics. We hypothesized that individuals with a chronic history of ACLR would exhibit less
fascicle length and angle excursions compared to healthy controls. In contradiction to our
hypotheses, we found a lack of significant differences in fascicle length and angle excursions
between groups. However, we identified that the ACLR-involved limb demonstrated a smaller

fascicle angle at the instant of peak KEM (Figure 13B). These data indicate that after ACLR, a
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muscle’s overall change in shape (fascicle length and angle measured as excursion) is similar to
healthy controls, however, there are fascicle angle deficits that occur when greatest demand is
placed on the quadriceps muscle (e.g., peak KEM). We also hypothesized that the changes
observed in fascicle mechanics could be explained by increases in intramuscular fat in the ACLR
group. Our hypothesis was not supported as differences in the quantity of intramuscular fat or
associations between intramuscular fat and fascicle outcomes compared to the Control group were
not identified. We also observed positive associations between fascicle angle at peak KEM and
peak KEM and the RMD, helping to illuminate important factors in the complex inter-play
between muscle and knee mechanics that may precipitate joint degeneration but warrant further
investigation. This study is the first study to report an in vivo assessment of a comprehensive
fascicle excursion outcome (e.g., including overall excursion measured at every frame) throughout
weight acceptance at a chronic time point following ACLR. It is also the first to comprehensively
assess intramuscular fat post-ACLR using MRI analyses.

Our findings contribute to the growing body of research on the complex nature of global
muscle dysfunction after ACLR. They highlight that quadriceps weakness, neurological
impairments, and whole muscle atrophy alone cannot fully explain the extent of quadriceps
dysfunction following ACLR. Our study identifies intrinsic factors that contribute to muscle
dysfunction, persisting into the chronic stages of recovery that includes a decrease in fascicle angle
at peak KEM. Notably, these findings were observed in the absence of any strength deficits,
providing further evidence to support strength recovery is just one aspect of rehabilitation and
other components of muscle function should be considered. Our observation of a decrease in
fascicle angle aligns with the findings of Munsch et al., who reported a reduction in fascicle angle

between heel strike and peak KEM in patients within 12 months post-ACLR.% Collectively, our
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study and those of Munsch et al. provide evidence of diminished fascicle angle at peak KEM
during walking in both the acute (< 12 month) and chronic (>18 months) stages of ACLR recovery.
It should be noted that we did observe a main effect for limb at HS, indicating that the uninvolved
limbs had an increased fascicle angle, independent of group. Though significant, this difference
was small (Table 6; Figure 13) and may have been influenced by our choice to randomly assign
Control group right or left limbs to involved or uninvolved. Larger sample sizes and improved
processing techniques may help uncover the origin of this finding. In contrast to Munsch et al., we
revealed that the decrease in fascicle angle at peak KEM in the ACLR-involved limb coincided
with preserved fascicle length at specific time points in stance (HS and peak KEM) and fascicle
length excursion throughout weight acceptance (Table 6; Figure 12). This implies that the irregular
fascicle lengths observed in the early stages following ACLR may gradually normalize over time
and may not be the root cause of the observed changes in knee mechanics during walking in later
stages of recovery. Due to the limited information available from only two cross-sectional studies
evaluating fascicle length in vivo post-ACLR, the field would greatly benefit from incorporating
longitudinal assessments of muscle mechanics throughout recovery following ACLR.

Fascicle angle plays a key role in the maximal force generating capacity of a muscle as larger
muscles typically have greater fascicle angles and produce more force. However, this
understanding applies to a muscle’s architecture at rest and how much force can be produced
during stationary movements and therefore, does not consider a muscle’s size and composition, or
its ability to change shape and produce force during movement. A loss in muscle size (i.e.,
atrophy), tends to result in smaller fascicle angles as the remaining fibers align in a more parallel
arrangement. Despite this tendency, we found that muscle size in the ACLR limb was not related

to the decrease in fascicle angle (F[1,46] = 2.21, p = 0.144). However, muscle size alone does not
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capture the ratio of contractile and non-contractile elements, which may be reflected by changes
in tissue composition and help to explain the decrease in fascicle angle. As we also found that
intramuscular fat did not contribute to abnormalities in fascicle mechanics, we propose that other
factors of muscle composition may be responsible for the observed changes in fascicle angle.
Fibrotic tissue is a non-contractile element that has the potential to interfere with both fascicle
angle and force transmission. While force transmission is often discussed in terms of longitudinal
transfer from fascicles to tendons’ lateral force transmission between myofibrils and ECM

21 can account for more than 50% of force production.?>??33 The observed differences

components
in fascicle angle and knee joint loading between the Control and ACLR groups may suggest the
involvement of lateral force transmission mechanisms. Current two-dimensional in-vivo
ultrasound primarily captures longitudinal force transmission, and our study focused on
intramuscular fat, potentially missing compositional changes beyond fat such as fibrotic tissue
development that has the potential to affect both longitudinal and lateral force transmission.
Fibrotic tissue can be observed through expansions of the ECM (e.g., collagen) and can alter a
muscle’s passive stiffness through compromised gliding between layers of collagenous tissue in
the ECM, in part, due to myofibrillar disorganization.” This not only reduces the relative
percentage of contractile elements of the muscle, but can also induce deformation and restrict
longitudinal and lateral force transmission.3!$%231-233 While our study did not capture these
compositional changes, previous research has been reported expansions of the ECM and increases
in FAPs following ACL injury.?”** Therefore, further research exploring both muscle atrophy and
composition (e.g., fibrotic tissue) following ACLR is necessary to understand its prevalence and

functional impact, which may go undetected with simplified measurements of muscle size and

function (e.g., strength).
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The changes in fascicle angle observed in our study may also be a result of altered knee
mechanics. Patients who underwent ACLR showed decreased peak KEM, slower instantaneous
RMD, and reduced peak power absorption compared to control limbs. These findings align with
previous reports of underloading in the injured limb following ACLR.!%%-254-256 Abnormal loading
has been associated with a host of degenerative joint changes including changes in the structure
and composition of articular cartilage that precipitates the development of post-traumatic

osteoarthritis.234237

Restoring normal walking patterns is often considered crucial to remediate
degenerative joint changes and the high prognosis of post-traumatic osteoarthritis following
ACLR. However, no other study has investigated the relationships between muscle architecture
and loading mechanics (e.g., walking patterns) at chronic time points following ACLR to date. As
such, the identified abnormality in fascicle angle that occurred specifically during the peak demand
of quadriceps force and was associated with the magnitude (peak KEM) and rate of force produced
(RMD) is an important finding as it implies that altered fascicle mechanics might be a contributing
factor to the observed biomechanical irregularities during activities that require high levels of force
and rapid force development. Understanding and addressing this relationship could help improve
functional outcomes for individuals undergoing ACLR. The magnitude of force vs. rate of force
development can have different clinical implications. It may be expected that a smaller fascicle
angle permits more longitudinal force transmission and leads to a greater magnitude of force (i.e.,
increase load). However, this omits lateral force production which can contribute significantly to
total muscle force production and may play a role in both the observed decrease in fascicle angle
and peak KEM. Further research is needed to understand the role fascicle angle plays in both lateral

and longitudinal force transmission and how it may impact joint loading. In addition, it would also

be unsurprising that an atrophic muscle would produce less peak force. However, this only
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occurred during walking through a surrogate measure of load (peak KEM) and was not captured
during MVCs. In addition, this study only includes muscle size of the VL and not the other
quadriceps muscles contributing to force output during MVC’s or during walking. Regardless, the
finding of decrease in fascicle angle suggests that there are functional impairments in how the VL
contracts during activities of daily living, which may go undetected through MVC assessments. It
is also important to acknowledge that our finding of a slower RMD in the ACLR suggests a deficit
in how quickly force was produced. Notably, loading rates can also be influenced by the timing of
muscle activation at the onset of contraction. Alterations in muscle activity such as early or delayed
onset or smaller magnitudes have been previously demonstrated following ACLR.?>%2¢0 There
have also been a handful of reports on fascicle angle as a function of muscle activity that have
shown a positive linear association between muscle activity and fascicle angle.?¢!->62 Based on this,
it is reasonable to suggest that a smaller fascicle angle, peak KEM, and slower RMD may be a
consequence of less muscle activity. While we didn’t report electromyography data in this paper
due to physiological and technological challenges in placing the probe and surface
electromyography over the muscle belly, it is possible that these patients are unable to achieve
adequate muscle activation which may impact peak KEM, RMD, and fascicle angle.

Given the deficits in fascicle angle at peak KEM and the associations between fascicle angle
and knee joint loading in the ACLR-involved limb (Figure 16), our results suggest that
interventional strategies aimed at restoring loading mechanics following ACLR may help restore
proper fascicle mechanics.?** Alternatively, it remains possible that abnormal fascicle mechanics
drive alterations in walking mechanics. As muscles adapt to the level of load placed upon them, a
reduction in joint loading may limit the functional demand on the muscle. While speculative, this

repetitive reduction in load over time may facilitate changes at the muscle level (e.g., cellular, and
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architecture), as seen in muscle disuse-atrophy.?%3

Future longitudinal research examining these
relationships is warranted to understand the relationship between fascicle mechanics and joint
loading to identify muscular or biomechanical factors that can be targeted throughout rehab post-
ACLR. Importantly, while the VL is the largest quadriceps contributor to sagittal plane loading,
changes in the other quadriceps muscles including the vastus intermedius, vastus medialis, and
rectus femoris have been reported and collectively, constitute global quadriceps dysfunction
following ACLR.”*264265 Future work should consider the behavior of all the quadricep muscles
as the VL may not reflect behavior of the other quadriceps muscles. 66267

It is important to recognize that fascicle mechanics influence force production and
transmission to tendons during movement. Tendons are passive elements that store and release
energy and have unique mechanical properties such as stiffness that can impact muscle-tendon unit
function. Previous studies have shown in healthy limbs (controls or ACLR-uninvolved limbs) the
predominant isometric or slightly concentric behavior of fascicles allows tendons to lengthen and
therefore, contribute more to the overall length change of the muscle-tendon unit compared to

fascicles themselves.*6:93

This can be thought of as a decoupling relationship between muscle
fascicles and tendons, where the primary contributor to muscle-tendon unit length changes are
tendons rather than muscle fascicles. While we did not identify any changes in fascicle length in
the current study, it is plausible that disruptions in the decoupling behavior of fascicle-tendon
dynamics may exist. It is also possible that following ACLR patients have a shift away from their
optimal operating length on the force-length curve, which could interfere with fascicle-tendon
dynamics. Notably, all ACLR participants in our study, as well as in the study by Munsch et al.,

received a bone-patellar-tendon-bone graft-type during ACLR surgery. Prior research has

indicated that following a bone-patellar-tendon-bone, there are increases in cross-sectional area
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268 Therefore, alterations in the mechanical properties of

and a 24% decrease in Young’s modulus.
the tendon as a response to graft harvest may interfere with fascicle-tendon dynamics. Further
research is needed to investigate the long-term consequences of bone-patellar-tendon-bone grafts
and how changes in a tendon’s mechanical properties influence fascicle-tendon mechanics. Future
research would also benefit from understanding fascicle-tendon mechanics following ACLR
across different graft-types and establishment of patient-specific force-length curves to understand
if there are shifts away from optimal lengths following ACLR that could be targeted in
rehabilitation.

Several technological factors should be taken into consideration when interpreting the results
of this study. Ultrasound data is known to be susceptible to movement artifacts which can induce
variability in the data. To minimize inaccuracies caused by transducer movement, our group
implemented a series of experimental enhancements at the data collection stage including I) probe-
specific mounts to improve the contact between the ultrasound probe and the skin II) limiting our
study population to individuals within a 28 kg/m? BMI range to mitigate the potential effects of
subcutaneous fat and III) having a single lab personnel position the probe for all subjects. There
are also many factors to consider during the data processing and analysis stage. Traditional
approaches of measuring fascicle architecture and excursion are done at discrete points during
stance (e.g., heel strike, peak KEM) or at rest, and often only include one representative fascicle.
However, discrete moments in time give no indication into how the fascicle is behaving throughout
movement and regional variations in fascicle architecture have been reported,?¢*?"" suggesting
tracking multiple fascicles in a frame may improve the characterization of fascicle mechanics.
Therefore, to improve data processing methods, we developed a rigorous processing pipeline

utilizing open-sourced and custom software that tracks multiple fascicles and in every frame
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throughout the duration of the movement. Despite these steps, certain outcomes (fascicle length at
heel-strike and peak KEM) produced only moderate to good reliability scores. As such, we provide
some caution in the interpretation of fascicle length at discrete points and suggest that the field
would greatly benefit from standardizing data collections and processing methods to improve
reliability and comparison across research sites.

In summary, we demonstrate that patients who underwent ACLR exhibit overall fascicle
excursions (length and angle) and quantities of intramuscular fat that resemble those of healthy
controls. However, we observed a smaller fascicle angle at peak KEM in the ACLR-involved limb,
which coincided with a decrease in joint load measured by peak KEM and RMD. This indicates
an abnormality in fascicle architecture specifically during the peak demand of quadriceps force
and is associated with the magnitude and timing of force produced. Furthermore, this dysfunction
existed despite full strength recovery. These findings add to the growing body of research that
highlights the importance of considering intrinsic factors of muscle such as composition and

mechanical behavior in evaluating muscle function.

4.6 Supplementary Material

Cronbachs alpha
Heel Strike 0.832
Fascicle Angle Peak KEM 0.848
(degrees)
Excursion 0.969
Heel Strike 0.510
Fascicle Length Peak KEM 0.662
(cm)
Excursion 0.944

Table 9. Reliability Intraclass Correlations. A test-retest analysis of our custom-built application (MATLAB [version
2021a, The MathWorks, Natick, USA]) was performed by 1 rater on n = 4 limbs to assess the reliability of all fascicle
outcomes including fascicle length and angle at heel strike and peak KEM, and fascicle length and angle excursions.
Abbreviations: KEM = Knee Extensor Moment.
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S The Relationship Between Vasti Muscle Strength, Volume, and Intramuscular Fat with

Quantitative MRI Metrics of Cartilage Health following ACL Reconstruction

5.1 Abstract

Persistent vasti muscle weakness following anterior cruciate ligament (ACL) injury is
often at blame for the increased prevalence of post-traumatic osteoarthritis (PTOA) following
ACL reconstruction (ACLR). However, muscle weakness constitutes merely a single facet of
muscle function, overlooking the intrinsic properties of muscle, such as its composition, which
could potentially impede strength recovery post-ACLR. For instance, intramuscular fat
represents a non-contractile element that has been shown to be elevated in idiopathic
osteoarthritis and may be interfering with strength recovery following ACLR and precipitating
early joint degeneration. Understanding these multifaceted aspects of muscle is crucial for
comprehensively addressing the recovery challenges after ACLR and for devising effective
strategies to mitigate potential impediments to joint health. As such, our main objectives were to
I) characterize vasti intramuscular fat and cartilage composition utilizing T1p and T2 in whole and
sub compartments with those with a history of ACLR II) determine the associations between
intramuscular fat, muscle volume, and isometric strength and IIT) determine the association
between muscle strength, size, and composition with T, and T2 imaging of articular cartilage as
early indicators of cartilage composition following ACLR. While controlling for sex and BMI,
linear mixed effects models were used to assess (I) quadriceps strength, (II) intramuscular fat and

fat-cleared muscle volume and (III) T1p and T2. Stepwise regressions were run to determine if I)
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total vasti intramuscular fat or muscle volume was associated with strength or II) Ti, and T>. We
demonstrate that patients with history of ACLR exhibit muscle atrophy of all vasti muscles,
where the involved limb was 7-9% smaller than the uninvolved limb (p < 0.05). No significant
group or limb differences were identified for intramuscular fat ( p = .420-.999). Despite a
significant group by limb interaction for quadriceps strength (p = 0.049), post-hoc analyses
revealed no between limb differences (p > 0.05). Those with a history of ACLR also revealed
changes in cartilage composition that primarily resided in the medial patella (p = 0.047), and
anterior (p = 0.037) and posterior femur (p = 0.021). In ACLR- and Control-involved limbs,
intramuscular fat nor quadriceps volume were associated with quadriceps strength (p = 0.092 —
0.219). In the ACLR-involved limb, vasti intramuscular fat explained 25-26% of variance in Ti,
in the in medial and lateral patella (p = 0.013-0.016). This was consistent in the Control-involved
limb, where vasti intramuscular fat explained 26% of variance in T, in the medial patella (p =
0.013) but not lateral patella (p > 0.05). No other associations were identified between
intramuscular fat, quadriceps strength, or muscle volume in any other T, and T2 region of
interest (p > 0.05) We demonstrate that patients with history of ACLR exhibit muscle atrophy
and early disease-related changes in cartilage composition that cannot be explained by muscle

strength, size, or intramuscular fat.

5.2 Introduction

Following anterior cruciate ligament (ACL) injury, patients generally opt to undergo ACL
reconstruction (ACLR) to restore the mechanical stability of the joint. Surgical reconstruction is
then followed by rigorous and prolonged rehabilitation (>6 months) in order to return patients to
physical activity. Despite this standard of care, patients often encounter impairments such as

persistent quadriceps weakness and an elevated risk of developing early onset post-traumatic
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osteoarthritis (PTOA),? which has been reported on average in 50% of patients within 10-15 years
following ACLR.? One of the predominant theories of PTOA development following ACL injury
is that quadriceps weakness diminishes the quadriceps' capacity to absorb shock, altering joint
biomechanics and the distribution of load across articular cartilage.!”® The change in load alters
the balance of turnover of the extracellular components that comprise articular cartilage and
consequently, may represent one factor initiating PTOA.!® As such, research aimed at
understanding the sources underlying quadriceps muscle weakness is critical to identify
therapeutic targets for intervention to mitigate or prevent PTOA development.

In those with idiopathic osteoarthritis (i.e., osteoarthritis developing in knees without joint
injury), it has been well documented that quadriceps weakness is a risk factor for the development
and progression of the disease.!7¢-180.182.271 Tn contrast to this, data directly linking quadriceps
weakness and PTOA development after ACL injury is sparse.’*!8! Keays et al'8! showed
quadriceps strength outcomes (e.g., knee extensor torque, quadricep:hamstring ratio) were able to
distinguish patients with tibiofemoral PTOA (measured by the Kellgren-Lawrence grading
system) from those without following ACLR.!>! Further, Tourville et al** showed that lesser
quadriceps strength prior to ACLR was associated with greater joint space width narrowing at 4
years post ACLR. Arhos et al?’? showed that greater limb symmetry in quadriceps strength was
associated with lower odds of clinical PTOA as measured by self-reported function at 5 years post-
ACLR. While these data provide support that muscle weakness is linked with indices of PTOA
development after ACLR, the use of radiographs and assessments of joint space width narrowing
are only reflective of changes in late-stage disease, wherein significant structural deterioration has
already occurred and is largely considered irreversible. Alternatively, more advanced MRI

techniques like Tip and T> can provide a more direct assessment of collagen orientation, and
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proteoglycan and water concentration that are indicative of some of the earliest PTOA-related
alterations in articular cartilage that precede structural change. For instance, recent work by
Pietrosimone et al*’® has connected early quadriceps weakness after ACLR with longer Tip
relaxations times (i.e., lesser proteoglycan density) in the surgical knee 6-months post-operatively.
Wellsandt et al has also shown knee joint underloading was associated with longer T> relaxation
times (i.e., greater collagen disorganization) in the surgical knee 1-month after ACL injury. As
such, the use of sensitive MRI metrics such as T1,/T2 may aid in improving our understanding of
the link between quadriceps function and PTOA after ACLR by elucidating early changes in
articular cartilage composition that may be amenable to interventions.

In general, most studies investigating quadriceps function and osteoarthritis outcomes
often focus on whole muscle metrics (e.g., isometric, and isokinetic strength,?* volume,?’* cross-
sectional area?”) and indirect assessments of cartilage health (e.g., radiography?* and clinical
grading systems!'8!). Importantly, other factors known to compromise quadriceps muscle tissue in

3945 and intramuscular fat®®),

idiopathic osteoarthritis such as non-contractile tissue (e.g., fibrosis
have largely been overlooked following ACLR, but may help to explain the relationship more fully
between quadriceps dysfunction and PTOA. We are particularly motivated to investigate the
influence of intramuscular fat as it resides in the extracellular matrix (ECM), which provides
structural support for many cellular processes and is essential for adequate force transmission.??
When there is an accumulation of intramuscular fat, it can restrict force transmission between
myofibrils, aponeuroses, and the tendon.?%-8%22° Following ACL injury, it has been shown that the
ECM expands due to collagen accumulation which occurs alongside elevated quantities of fibro-
adipogenic progenitors (FAPs). This is important as FAP’s can disrupt ECM remodeling and

37,38,40

promote differentiation into fat and fibrotic tissue, which has been associated with
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quadriceps weakness in other populations?’6-2"8

and found to be a better predictor of knee
osteoarthritis than muscle size alone.”® Following ACLR, others” have shown increases in
quadriceps intramuscular fat using B-mode ultrasound imaging. While important, B-mode
ultrasound assesses intramuscular fat via echo intensity, which can be confounded by factors such
as subcutaneous fat overlying muscle. Alternatively, mDixon magnetic resonance imaging (MRI)
is a reliable imaging technique that enables the separation of fat and water through their unique
chemical-shift properties, offering a non-invasive approach to assess fat accumulation more
comprehensively in three-dimensions.?”*28 While this imaging modality has been utilized in other

281,282

populations , it has not yet been performed following ACLR. Given the associations between

intramuscular fat, quadriceps weakness, and osteoarthritis,?”-4%-98273

it remains plausible that
intramuscular fat may interfere with quadriceps strength recovery and precipitate early joint
degeneration following ACLR.

In order to determine the extent of intramuscular fat infiltration and disease-related changes
in cartilage composition, we first characterized intramuscular fat in the vasti muscles both globally
and regionally, and of T, and Tz in whole and sub compartments of those with a history of ACLR
and healthy controls. We also explored if intramuscular fat and fat-cleared muscle volume were
related to isometric strength in the ACLR and Control limbs. After characterizing independent
factors of muscle and cartilage, we sought to determine the relationship between muscle strength,
size, and composition with T1,/T2 imaging of articular cartilage as early indicators of cartilage
composition following ACLR. We hypothesized that an increase in intramuscular fat (e.g., fat

fraction), weaker isometric strength, and smaller fat-cleared muscle volume would correlate with

more severe degenerative cartilage outcomes.
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5.3 Methods

5.3.1 Experimental Design and Participants

Twenty-four individuals who had undergone primary unilateral ACLR were recruited from
the Department of Orthopaedic Surgery and the general student population at the University of
Michigan (Age: 22.8 + 3.6 years, Time since surgery: 3.3 + 0.09 years). ACLR individuals were
eligible for this study if they: 1) were between 14-45 years of age, 2) had no prior knee injury or
surgery other than current ACL 3) were between 1.5-5 years post-ACLR 4) had received a bone
patellar tendon bone autograft and 5) had a body mass index (BMI) under 28 kg/m?. ACLR
participants were excluded if they had multiple ACLR’s unilaterally or bilaterally. To characterize
healthy profiles, a convenience cohort of twenty-four healthy individuals were also recruited (Age:
22.0 + 3.1 years) that had no history of lower extremity injury or surgery and had a BMI under 28
kg/m?. Demographic information for included participants can be found in Table 10.

All participants meeting these criteria underwent two experimental sessions over two days.
The first experimental session consisted of patient reported outcomes and strength testing, while
the second experimental session consisted of magnetic resonance imaging (MRI) to measure
quadriceps fat infiltration via mDixon MRI sequence and cartilage proteoglycan, water, and
collagen content via Tip/T2. mDixon scans were always collected first to allow a 30-minute
unloading period for all cartilage imaging. All participants provided informed consent, and all
protocols were approved by the University of Michigan Medical School Institutional Review

Board (IRBMED: HUMO00169174).
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5.3.2 Patient Reported Outcomes

Participants completed a series of questionnaires to evaluate self-reported function
including the Tegner Physical Activity,?? International Knee Documentation Committee

(IKDC)** and Knee Injury and Osteoarthritis Outcome Score (KOOS).?*!

5.3.3 Isometric Strength

Isometric knee extensor strength was assessed as previously described using an isokinetic
dynamometer (CSMi Humac Norms Stoughton, MA).23? Participants were provided strong verbal
encouragement and real-time visual feedback to encourage maximal effort during all testing
contractions.

233 Participants then completed a

The knee joint was positioned at 60° of flexion.
standardized warm-up protocol consisting of two practice repetitions at each of the following
intensities: 25%, 50%, and 75% of perceived maximal effort. Following these warm-up
contractions, participants completed one practice trial at 100% of their perceived maximal effort.
The maximal voluntary knee extensor torque during this final practice trial was then used to set a
visual torque target for the subsequent MVC assessments. For test trials, all participants performed
three MVC’s in which they were instructed to kick out as hard as they could. Participants were
given two minutes of rest between each trial. Peak knee extension (KE) torque (N-m) was extracted

from each MVC trial. Peak torque was normalized to body mass (N-m/kg) and the peak of peaks

was used in the subsequent analyses.

5.3.4 Intramuscular Fat and Muscle Volume

MRI data of the bilateral upper thighs were acquired with a 3-Tesla MRI Philips Ingenia

scanner using a 16-element anterior torso coil and 12-element receive coil located within the table
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coil. Three stacks were acquired with a 30-mm overlap covering a field of view (FOV) of 420 x
284 x 140 mm®. Stack-specific shimming was applied independently to each stack to minimize BO
field inhomogeneity. An axial mDixon Quant sequence was performed with the following key
acquisition parameters: 3D gradient echo; number of echoes = 6 (TE1 = 1.2 ms, delta TE = 0.9
ms); TR = 7.283 ms; flip angle = 3°; acquired matrix size = 264 x 178 mm; reconstructed matrix
size = 288 x 288 mm; acquired voxel size = 1.6 x 1.6 x 2.2 mm?; reconstructed voxel size = 1.3 x
1.3 x 1.1 mm?; parallel imaging factor SENSE = 2; number of slices/stack = 740.

Post-processing was conducted via custom written MATLAB code. Five slices on the
proximal and distal ends of each stack were removed to improve signal inhomogeneity that occurs
at the ends of each stack. In the regions of overlap, slices closest to the center of the stack were
retained. Stacks were then stitched together to generate fat only, water only, in phase, out of phase,
and fat fraction images. To reduce the number of slices and maintain the signal-to-noise ratio from
the acquisition, signals were averaged over every four slices. The whole vastus lateralis (VL),
vastus intermedius (VI), vastus medialis (VM), and the femur were segmented on a limited number
of slices on the water-only image and a semi-automatic method using a combination of
diffeomorphic registrations was used to propagate these segmentations to the remaining slices
(Figures 17A, 17B).24%2% Propagations were refined in ITK snap.?** Whole muscle volumes were
extracted from the full region of interest. As subject mass and height were correlated with each
other (r < 0.799), and muscle volumes were normalized to the subject mass. Custom-written
software was then used to erode a single voxel border from all whole muscle segmentations and
to split the whole muscles into sub-regions of interests (ROIs). Proximal, central, and distal sub-
ROIs were created by splitting each muscle into 3 equal lengths in the proximo-distal direction

(Figure 17C). To further quantify the extent of local damage, segmentations of each muscle were
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partitioned into two depth levels. Deep and superficial sub-ROIs were discriminated using the
distance from the femur gravity center as previously described (Figure 17D).?% Fat-cleared muscle
volume was computed by subtracting the median fat fraction from the normalized muscle
volume.?* Muscle volume was reported descriptively, while fat-cleared muscle volume was used
in subsequent statistical analyses. The distribution of intramuscular fat was also evaluated
descriptively as a function of muscle length from the distal to proximal axis as previously
described.?®* Briefly, slice numbers were expressed as a percentage of muscle length where the
most distal slice was set to 0% and the most proximal slice was set to 100%, and values were log

transformed to visualize between-limb variances (Figure 19).
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Figure 17. Representative Muscle Segmentations Panels A and B represent whole muscle regions of interest (ROI)
in the frontal (A) and axial (B) planes. VL indicates Vastus Lateralis; VI, Vastus Intermedius; VM, Vastus Medialis.
Panel C represents an example of the proximal (top), central (middle), and distal (bottom) sub-ROI’s for the VL
where the muscle was split into 3 equal lengths in proximo-distal direction. Panel D represents an example of the
superficial and deep muscle sub-ROlIs for the VL, where the muscle was partitioned to two different depths using the
distance from the femur gravity center.
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5.3.5 Cartilage Imaging Protocol

T1p, and T2 mapping of both knees was acquired with a 3-Tesla MRI Philips Ingenia scanner
using a 16-element T/R knee coil. Sagittal plane 3D images (field of view = 128 x 128 x 128 mm?)
with different spin-echo times (TEs) or spin-lock durations (SLs) were acquired as previously
described.?®® In brief, Ti, weighted images were acquired in elliptic-centric k-space with the
following key acquisition parameters: 3D turbo gradient echo; TE = 6.1 ms; TR = 7.283 ms; flip
angle = 10°; acquired voxel size = 0.40 x 0.40 x 3.00 mm?; reconstructed voxel size = 0.24 x 0.24
x 3.00 mm?; parallel imaging factor SENSE = 2. The spin-lock RF field strength was 500 Hz and
the SL durations were 0, 10, 20, 30, and 40 ms. T> images were acquired in an interleaved
multislice multiecho sequence with the following key acquisition parameters: 3D turbo spin-echo;
TR = 2500 ms; effective TEs =n* 6.1 withn=1, 2, 3,4, 5, 6, 7, 8; acquired voxel size = 0.60 x
0.60 x 3.00 mm?; reconstructed voxel size = 0.24 x 0.24 x 3.00 mm; parallel imaging factor SENSE
=2.

The five T1p images were registered to one another using intra-registration and then co-

registered to the T, weighted images using Elastix (http:/elastix.bigr.nl/wiki)**¢ based on

previously described parameter settings for rigid transformation model.'*®

T1p and T2 parametric
maps were generated by pixel-wise, nonlinear least squares based on an exponential relaxation
decay model, S(#) = Soexp(-t; * P), where P = 1/T> or 1/T1,, and ¢ - effective TEs or SLs. Fit quality

was measured by the goodness of fit, coefficient of determination (adjusted R? values) for each

pixel. Pixels with R? values < .8 were excluded from the analysis.
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5.3.6 Whole and Sub Compartment Cartilage Analysis

The first 3D volume of the co-registered T> (TE = 6.1) was segmented using Dragonfly
Image Analysis Software (version 4.1; Object Research Systems). Anterior and posterior menisci,
trochlea, patella, and tibial, and femoral cartilage were manually segmented. The patella cartilage
was separated into the whole medial and lateral ROI’s based on the apex of the patella. The tibial
and femoral cartilage was divided into whole medial and lateral ROI’s based on the location of the
intercondylar notch (Figure 18A and 18B).

All whole ROIs (medial and lateral patella, femur, and tibia) and the anterior and posterior
menisci were then exported into custom software written in MATLAB (version 2021a, The
MathWorks, Natick, USA) to further partition the ROI’s. (Figure 18C and 18D) The whole tibial
and femoral ROIs were partitioned into regions based on the location of the menisci. The combined
weight bearing ROI’s we defined as the entire region between the anterior and posterior menisci
horns, and could be considered the combined weight-bearing medial and lateral femur (cMF, cLF)
and tibia (cMT, cLT).27-288 The combined weight bearing ROIs was then separated into the medial
and lateral anterior, central, and posterior femur (cMF-a, cMF-c, cMF-p, cLF-a, cLF-c, cLF-p) and
tibia (cMT-a, cMT-c, cMT-p, cLT-a, cLT-c, cLT-p).2"-?8 The non-weight bearing ROI’s on the
femur located outside of the anterior and posterior horns of the meniscus included the anterior and
posterior femoral ROIs (aMF, aLF, pMF, pLF). Other ROI’s included the medial and lateral
patella, and trochlea. For each whole- and sub-ROI, T, and T> relaxation times were computed

bilaterally.
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Figure 18. Examples of Whole and Sub Cartilage Regions of Interests (ROIs). Panels A is a representative medial
image demonstrating the whole medial femur (MF) and tibia (MT). Panel B is a representative lateral image
demonstrating the whole lateral femur (LF), tibia (LT), and patella (LP). Panel C is a representative image
demonstrating medial sub-ROIs including the combined weight bearing sub-ROIs (cMF, cMT) and separated weight
bearing sub-ROIs including the anterior, central, and posterior sub-ROI’s of the femur (cMF-a, cMF-c, cMF-p) and
tibia (cMT-a, cMT-c, cMT-p). Panel D is a representative image demonstrating lateral sub-ROIs including the
combined weight bearing sub-ROIs (cLF, cLT) and separated weight bearing sub-ROIs including the anterior,
central, and posterior sub-ROI’s of the femur (cLF-a, cLF-c, cLF-p) and tibia (cLT-a, cLT-c, cLT-p). aM and pM in
all panels A-D indicate anterior and posterior meniscus. Anterior and posterior medial (aMF, not pictured; pMF) and
lateral femur (aLF; pLF) are also shown in panels C and D.
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5.3.7 Statistical Analysis

At the time of this experimental design, pre-existing data on the associations between
intramuscular muscle fat infiltration and proteoglycan density measured by T1, and collagen/water
content measured by T> was not available. Therefore, sample size for the current study was
determined using previously published work from Jungmann et al*®® that measured total
extramuscular fat and osteoarthritis as quantified by the Kellgren and Lawrence grading system,
the gold standard scoring system for diagnosing radiographic knee OA. After removing two
outliers, there was an R? = .23 between extramuscular fat and Kellgren and Lawrence scores.
Assuming a similar effect of muscle fat infiltration on cartilage composition as reported in the
aforementioned study (effect size |p| = 0.48) and an alpha level and power set at 0.05 and 80% (1-
beta), we estimated that a total of 23 participants with a history of ACLR were required to detect
a significant association (G*Power v3.1.9.6).246

Statistical analyses were conducted using R Statistical Software (4.2.2, Vienna, Austria)
with a significance level set at p < 0.05. Participant demographics and patient reported outcomes
between the ACLR and Control groups were compared using independent t-tests (Table 10). To
account for between-limb variability in the Control subjects, both Control limbs were included in
subsequent linear mixed effect model analyses. Given that almost all of our subjects considered
their right-leg as dominant (n=47 of 48) and 9 of 24 ACLR subjects received ACLR on their left
limb, we randomly chose 9 Control subjects and assigned their left limb as involved, while the
other Control subjects had their right limb assigned to involved. The limb that received surgery in
the ACLR group was assigned to the ACLR-involved limb, while the contralateral limb was

assigned to ACLR-uninvolved.
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To characterize and compare intramuscular fat and T,/T2 between ACLR and Controls, the
following variables were analyzed using linear mixed effects models (Imer function from the
ImerTest and lme4 packages in R24724%): (I) Strength, (II) total vasti intramuscular fat and fat-
cleared muscle volume (III) global intramuscular fat and fat-cleared muscle volume of the VI, VL,
and VM, (IV) intramuscular fat by region (proximal, central, distal, superficial, and deep) of the
VI, VL, and VM, (V) and Ti,/T> of weight bearing and non-weight bearing ROI’s. The fixed
factors in the models included limb (involved vs. uninvolved), group (ACLR vs. Control), and
their interaction. The interaction term compared the differences between limbs (injured-uninjured)
for each group. Notably, there were cases where limbs did not have cartilage able to be visualized
in the aMF. As such, the linear mixed effects model for this ROI only included 20 ACLR-involved,
21 ACLR-uninvolved, 23 Control-involved, and 16 Control-uninvolved limbs. To understand if
intramuscular fat was distributed differently within limbs, we also ran linear mixed effects models
for individual vasti muscles and compared the interaction of region by group by limb. Subject was
treated as a random factor and sex and BMI were included as control variables in all linear mixed
effects models. In the case of a significant group by limb or region by group by limb interactions,
post hoc analyses were conducted using the emmeans package** to calculate estimated marginal
means and perform pairwise comparisons between groups with Tukey adjustment for multiple
comparisons. Separate regression analyses were also run to determine if time since surgery was
associated with I) intramuscular fat, II) volume and III) strength, or IV) Ti,/T> in the ACLR-
involved limb.

Separate stepwise regressions were run in the ACLR-involved (primary aim) and Control-
involved limb (provided as supplementary material) to determine if total vasti intramuscular fat,

fat-cleared muscle volume, and/or strength were associated with Ti,/T> relaxation times in the
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whole ROIs (femur, patella) and combined weight-bearing ROIs (femur, tibia), while controlling
for sex and BMI. The whole tibia ROI was treated as the combined weight-bearing ROI. In the
cases where a significant association was determined between total vasti intramuscular fat and
volume with T1,/T2 ROIs, we further explored if intramuscular fat and volume of individual vasti
muscles (VL, VI, VM) were associated with T1,/T> relaxation times. Separate stepwise regression
analyses were also run in the ACLR-involved and Control-involved limb to determine if total vasti

intramuscular fat or fat-cleared muscle volume was associated with strength, while controlling for

sex and BMI.

5.4 Results

5.4.1 Patient Reported Outcomes

KOOS subscale and IKDC results are summarized in Table 10. The ACLR cohort had
significantly worse outcomes on all KOOS subscales and IKDC knee-specific outcomes than the

control cohort (p =<0.001 — 0.039).
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ACLR (n=24) Control (n =24) p value
Females/Males 15/9 14/10 -
Age (yrs) 22.8+3.6 22.0+3.1 0.406
Height (m) 1.70 £ 0.1 1.70 £ 0.1 0.856
Weight (kg) 68.7+8.9 69.9+£13.6 0.732
Body Mass Index 232+1.9 23.3+2.6 0.801
Time after surgery (yr) 33+09 N/A -
Tegner Activity Scale Pre:'8.4 +1.1 Pre:'6.8 +13 Pre: <'0.001*
Post: 6.8 £ 1.6 Post: 6.7+ 1.2 Post: 0.815
KOOS Symptoms 84.7+10.6 95.7+5.4 <0.001*
KOOS Pain 954+53 98.7+2.3 0.007
KOOS Activities of Daily Living 99.0+14 99.8+0.9 0.039
KOOS Sports and Recreation 89.0 + 8.5 98.3+43 <0.001*
KOOS Quality of Life 83.1+14.6 99.2+2.1 <0.001*
IKDC 88.9+8.8 98.7+3.0 <0.001*

Table 10. Data are reported as mean + standard deviation.*Denotes statistical significance at the level of p<0.05.
Abbreviations: KOOS = Knee Injury and Osteoarthritis Outcome Score; IKDC = International Knee Documentation
Committee

5.4.2 Muscle Strength, Volumes, and Intramuscular Fat

There was a significant group by limb interaction for isometric quadriceps strength.
However, post-hoc analyses indicated the differences were small and non-significant (p = 0.098-
0.249; Table 11). Total vasti and individual muscle volumes and intramuscular fat are summarized
in Tables 12 and 13 respectively. There was a significant interaction between group and limb for
total vasti fat-cleared volume (p < 0.001). Post hoc analyses revealed the vasti muscles in the
ACLR-involved limb were on average 2007 mm?/kg or 8% smaller than the vasti muscles in the
ACLR-uninvolved limb. There were no significant interactions between group and limb, nor were
there any main effects for vasti intramuscular fat (p > 0.05). These findings were consistent for

what was found for individual vasti muscles (Table 4). There was a significant interaction between
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group and limb for the VI, VL, and VM fat-cleared volume (p <0.001). Post hoc analysis revealed
that the VI in the ACLR-involved limb was on 9% smaller (701 mm?®/kg) than the VI in the ACLR-
uninvolved limb. Similarly, the VL in the ACLR-involved limb was 7% smaller (669 mm?*/kg) and

the VM was 9% smaller (636 mm?/kg) compared to the ACLR-uninvolved limb.

ACLR ACLR Control Control ¢ value
Involved Uninvolved Involved Uninvolved pvalu
Peak Torque | » o0\ 651 | 3124045 | 3132077 | 3.01+068 |-2.02| 0.049%
(N-m/kg)

Table 11. Isometric Quadriceps Strength by Limb. Data are reported as mean + standard deviation. t statistic and p
value reported is result of the limb by group interaction from the linear mixed effects model, with * denoting a
statistical interaction at the level of p<0.05. Though the ACLR limb has a smaller mean, post-hoc analyses revealed
a non-significant between-limb difference in both groups (p < 0.05).

Involved Uninvolved Involved Uninvolved y value
ACLR ACLR Control Control p
Normalized
Volume | 22579 + 3856 | 24636+ 3617 | 23189 + 4906 | 23034 + 5255 | -5.56 | <0.001*
(mm®/kg)
Fat-cleared
Volume | 22212 +3796 | 24218 + 3600 | 22836+ 5000 | 22669 + 5255 | -5.50 | <0.001*
(mm®/kg)
Intramuscular | ) s gg 1.70 = 1.00 1.65+1.11 1.67+1.00 | -0.11 | 0.916
Fat (%)

Table 12. Total Vasti Muscle Volume and Intramuscular Fat. Data are reported as mean + standard deviation. t
statistics and p values reported are results of the limb by group interaction from the linear mixed effects models, with
* denoting a statistically interaction at the level of p<0.05. Bold text indicates that post-hoc analyses revealed that the
significant limb by group interaction stemmed from between-limb differences within the respective group (p < 0.05).
No significant interactions or main effects of limb or group were identified for intramuscular fat. In the case of
significant interactions, main effects were not interpreted.

112



Musel Involved Uninvolved Involved Uninvolved p al
uscle ACLR ACLR Control Control p value
VL 8875 + 1651 9576 + 1530 9428 + 1888 9342 +£2107 -3.93 | <0.001*
Normalized
Volume VI 7288 £ 1179 8003 + 1092 7309 £+ 1565 7258 £ 1588 -4.10 | <0.001*
(mm’/kg)
VM 6416 + 1250 7057 + 1321 6452 £ 1642 6434 + 1751 -4.83 | <0.001*
VL 8729 + 1615 9398 + 1521 9271 + 1946 9180 +£2092 -4.00 | <0.001*
Fat-cleared
Volume VI 7174 £ 1170 7876 + 1078 7199 + 1589 7150 £ 1603 -3.93 | <0.001*
(mm’/kg)
VM 6308 + 1235 6945 + 1307 6365 £ 1654 6339 £ 1745 -4.94 | <0.001*
VL 1.64+1.26 1.90+1.12 1.85+1.43 1.81+1.25 -0.62 0.536
Intramuscular
Fat (%) VI 1.60 £ 1.00 1.59+1.03 1.63 £1.09 1.62 £1.08 -0.00 0.999
VM 1.69 +£0.87 1.60 £0.98 1.48 £0.91 1.58 £0.81 0.81 0.420

Table 13. Individual Vasti Muscle Volume and Intramuscular Fat. Data are reported as mean =+ standard deviation. t
statistics and p values reported are results of the limb by group interaction from the linear mixed effects model, with
* denoting a statistically interaction at the level of p<0.05. Bold text indicates that post-hoc analyses revealed that the
significant limb by group interaction stemmed from between-limb differences within the group (p < 0.05). In the case
of significant interactions, main effects were not interpreted. No significant interactions or main effects of limb or
group were identified for intramuscular fat.

5.4.3 Regional Comparison of Intramuscular Fat

Proximal, central, and distal intramuscular fat content is summarized in Table 14. When
exploring if the amount of fat by region differed between groups and limbs, no significant group
by limb interactions were identified. However, there was a significant main effect of region for the
VL indicating that the proximal region had an 0.54 % greater fat fraction, independent of limb and
group (p <0.001). There was also a significant main effect of region for the VI and VM indicating
that the distal region had a 0.93% and 0.36% greater fat fraction in the VI and VM, respectively,

independent of limb and group (p < 0.001). Superficial and deep intramuscular fat content is
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summarized in Table 15. No significant group by limb interactions were identified for any ROI.

However, there was a significant main effect of region for the VI indicating that the superficial

region had a 0.23 % greater fat fraction, independent of limb and group (p < 0.001).
g g

Muscle | Region Involved Uninvolved Involved Uninvolved y p value
ACLR ACLR Control Control

Proximal” | 2.24+0.88 | 221+1.05 | 227+1.31 | 2.18+1.09

VL Central 142+1.40 | 1.80+1.16 | 1.80+1.48 | 1.70+1.33 | -0.89 | 0.377
Distal 1.56+1.53 | 1.80+1.29 | 1.71+1.61 | 1.83+1.58
Proximal | 1.64+1.16 | 147+1.16 | 1.64+1.14 | 1.51+£1.03

VI Central 1.24+1.06 | 1.37+095 | 1.48+£1.06 | 1.43+1.09 | 047 | 0.641
Distal” 2394149 | 225+1.41 | 2154135 | 245+1.56
Proximal | 1.57+1.22 | 1.60+1.03 | 1.52+1.26 | 1.66+0.93

VM Central | 1.41+0.81 | 1.37+0.89 | 1.45+£1.07 | 1.40+0.91 | 0.96 | 0.337
Distal* 1.97+1.04 | 1.81+1.13 | 1.54+0.74 | 1.75+0.82

Table 14. Regional Comparisons in proximo-distal direction of Intramuscular Fat (%) by Group and Limb. Data are
reported as mean =+ standard deviation. t statistics and p values reported are results of the limb by group interaction
from the linear mixed effects model. No significant group by limb interactions were determined (p > 0.05). * denotes
a significant main effect of region that had increased intramuscular fat relative to the other regions. VL indicates vastus
lateralis; VI, vastus intermedius; VM, vastus medialis.
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Muscle Resion Involved Uninvolved Involved Uninvolved ¢ value
u g ACLR ACLR Control Control P
Superficial | 1.53+1.26 | 1.80+1.07 | 1.77+1.39 | 1.69+1.32
VL -1.07 0.286
Deep 1.80+1.23 | 2.04+1.15 1.98+144 | 1.97+1.19
Superficial* | 1.67+1.08 | 1.74+1.07 | 1.71+1.21 1.74 £ 1.11
VI 0.03 0.975
Deep 1.52+£0.94 141 +1.01 1.54 £0.99 149+ 1.07
Superficial | 1.73+0.92 | 1.66+1.04 | 1.55+0.92 | 1.65+0.82
VM 1.35 0.180
Deep 1.65+0.85 1.54+092 | 1.41+0.89 | 1.51+0.84

Table 15. Regional Comparisons by Depth of Intramuscular Fat (%) by Group and Limb. Data are reported as mean
+ standard deviation. t statistics and p values reported are results of the limb by group interaction from the linear
mixed effects model. No significant group by limb interactions were determined (p > 0.05). “ denotes a significant
main effect of region that had increased intramuscular fat relative to the other regions. VL indicates vastus lateralis;

VI, vastus intermedius; VM, vastus medialis.

5.4.4 Regional Variation of Intramuscular Fat

When exploring if the amount of fat varied by region within a limb (region by group by
limb interaction) no significant interactions were identified (p > 0.05). Figure 19 illustrates

regional distributions for each vasti muscle.
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Figure 19. Log Transform of Regional Distributions of Intramuscular Fat for Individual Vasti Muscles by limb. Left,
middle, and right panels demonstrate vastus lateralis, vastus intermedius, and vastus medialis, respectively

5.4.5 T1,/T2 Relaxation Times in Combined Weight-Bearing ROIs

Tip and T relaxation times are summarized in Tables 16 and 17, respectively. There were
no significant group by limb interactions for Ti, in any combined weight bearing ROI (p = 0.257
—0.981). There was a significant group by limb interaction for T, in the combined weight bearing
ROIs in the lateral compartments (femur, p = 0.021; tibia, p = 0.038) but not the medial
compartments (p = 0.560 — 0.870). Post hoc analyses indicated that the significant interaction for
T in the lateral femur stemmed from significant between limb differences in the Control group (p
= 0.040, Cohens d = 0.610, 95% CI [0.0016, 1.22]) but no significant between-limb differences
were identified in the tibia for both groups (p = 0.073 — 0.240).

When investigating T, relaxation times in sub-ROls, there were no significant group by

limb interactions detected in the medial tibia (p = 0.062 — 0.412), lateral tibia (p = 0.259 — 0.845),
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or medial femur (p = 0.069 - 0.439). However, there was a significant group by limb interaction
detected in the cLF-a (p = 0.035). Post hoc analyses revealed that the significant interaction
stemmed from between limb differences in the Control group (p = 0.041, Cohen’s d = 0.607, 95%
CI [-0.001, 1.22]). No significant group by limb interactions were identified in the cLF-c or cLF-
p (p = 0.286 — 0.782). There were also several significant main effects of limb and group for
various sub-ROI’s for T, relaxation times. There was a significant main effect of limb in the cMT-
a that indicated the uninvolved limbs had 9.8 ms longer Ti, relaxation times than the involved
limbs (p = 0.008). There was also a significant main effect of limb in the cMF-c, cMF-p, and the
cLF-p that indicated the involved limbs had 6.6-8.8 ms longer T, relaxation times than the
uninvolved limbs (p = 0.009 — 0.045). There was also significant main effect of group in the cMT-
a that indicated the Control group had 8.8 ms longer T, relaxation times than the ACLR group,
independent of limb (p = 0.018).

When investigating T> relaxation times in sub-ROls, there were no significant group by
limb interactions detected in the medial tibia (p = 0.204 — 0.853), lateral tibia (p = 0.148 — 0.274),
or medial femur (p = 0.105 - 0.676). However, there was a significant group by limb interaction
detected in the cLF-a (p = 0.029) and cLF-c (p = 0.029). Post hoc analyses revealed that the
significant interaction stemmed from between limb differences in the Control group for the cLF-a
(p=0.011, Cohens d =0.77, 95% CI [0.14, 1.39]) , but non-significant between-limb differences
were identified for the cLF-c in both groups (ACLR, p = 0.156; Control, p = 0.089). No significant
group by limb interactions were identified in the cLF-p (p = 0.326). There were also several
significant main effects of limb and group for various sub-ROI’s for T relaxation times. There
were significant main effects of limb for the cLT-p and cMF-a that indicated the uninvolved limbs

had 3.8-4.1 shorter relaxation times relative to the involved limbs, independent of group (p =
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0.011-0.002). There were also significant main effects of group for the cLF-p and cLT-p that
indicated the Control group had 3.2 ms longer relaxation times in the cLF-p (p = 0.046) but 3.9 ms

shorter relaxation times in the cLT-p (p = 0.014).

5.4.6 Tip/T2 Relaxation Times in Whole ROI’s, Patella, Trochlea, and Outside Anterior

and Posterior Meniscus Horns (Anterior/Posterior Femur)

There were significant group by limb interactions for T, identified for the whole medial
femur (p = 0.038) and medial patella (p = 0.047). Post hoc analyses revealed the significant
interactions stemmed from between limb differences in the ACLR group, where the involved limb
had 3.3 and 8.9 ms longer relaxation times than the uninvolved limb in the medial femur (p =
0.034, Cohens d = 0.632, 95% CI [0.02, 1.24]) and patella (p = 0.002, Cohens d = 0.96, 95% CI
[0.31, 1.61]), respectively. No significant group by limb interactions were identified for Tip
relaxation times in the lateral femur or patella, aMF, aLF, pMF, pLF, or the trochlea (p = 0.067 —
0.837). There were also several significant main effects of limb and group in various sub-ROI’s
for Tip. A significant main effect of limb was determined for the trochlea and lateral patella that
indicated the involved limbs had 5.2 and 7.8 ms longer Ti, relaxation times than the uninvolved
limbs in the trochlea (p = 0.021) and lateral patella (p = 0.007). A significant main effect of group
was determined for the trochlea that indicated the ACLR group had 4.9 ms longer T, relaxation
times than the Control group (p = 0.043).

There was a significant group by limb interaction for T identified for the aMF (p = 0.037)
and pMF (p = 0.010). Post hoc analyses revealed the significant interactions stemmed from
between limb differences in the ACLR group, where the involved limb had 7.7 ms and 3.4 ms
longer relaxation times than the uninvolved limb in the aMF (p = 0.008, Cohens d = 0.89, 95% CI

[0.19, 1.58]) and pMF (p < 0.001, Cohens d = 1.36, 95% CI [0.66, 2.07]), respectively. No
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significant group by limb interactions were identified for T, relaxation times in the medial or lateral
femur, medial or lateral patella, aLF, pLF, or trochlea (p=0.071—0.510). There were also several
significant main effects of limb and group for various sub-ROI’s for T> relaxation times. A
significant main effect of limb was determined for the aLF, pLF, and medial and lateral femur that
indicated the involved limbs had 1.7-3.1 ms longer T> relaxation times than the uninvolved limbs
(p = 0.001-0.007). A significant main effect of group was determined for the pLF that indicated

the ACLR group had 3.0 ms longer T> relaxation times than the Control group (p = 0.039).

5.4.7 Associations between Intramuscular Fat and Fat-Cleared Muscle Volume with

Strength in the ACLR-involved and Control-involved limbs

In the ACLR-involved limb, covariates explained 29.5% of variance in strength outcomes
(F[2,21]=4.38, p = 0.026), where males and lower BMI’s had higher strength (sex: t=-2.08, p =
0.050; BMI: t = -2.65, p = 0.015). Vasti intramuscular fat did not help to explain additional
variance in the model (A F(1,20)=3.13, A p =0.092), nor did fat-cleared muscle volume (A F(1,20)
= 2.34, A p = 0.142). In the Control-involved limb, covariates explained 31.1% of variance in
strength outcomes (F[2,21] =4.74, p = 0.020), where males had increased strength (sex: t = -2.86,
p = 0.009; BMI: t = -1.54, p = 0.140). Vasti intramuscular fat did not help to explain additional
variance in the model (A F(1,20)=1.61, Ap=0.219), nor did fat-cleared muscle volume (A F(1,20)

=2.93,Ap=0.102).
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5.4.8 Associations between Intramuscular Fat, Fat-Cleared Muscle Volume, and

Strength, with Cartilage Composition in the ACLR-involved limb

Covariates (i.e., BMI and sex) explained 4.2-5.5% of the variance in T, relaxation times
for the medial (F[2,21] = 0.61, p = 0.552) and lateral (F[2,21] = 0.46, p = 0.637) patella. After
accounting for covariates, vasti intramuscular fat explained an additional 24.5-25.6% of the
variance in the medial (A F(1,20) = 7.43, Ap =0.013) and lateral (A F(1,20) = 6.89, Ap =0.016)
patella (Figure 20). Less intramuscular fat was related to longer relaxation times (medial: = -.53,
t=-2.73; lateral: B =-.52, t =-2.63). Strength and fat-cleared muscle volume were not associated
with T, in the medial or lateral patella (p > 0.05).

No significant associations were identified between total vasti intramuscular, fat-cleared
muscle volume, or strength with Ty, in the lateral femur (p > 0.05). However, covariates explained
41.2 % of the variance in T, relaxation time in the medial femur (F[2,21] = 7.35, p = 0.004),
where males had significantly longer Ti, relaxation times (t = -3.83, p = 0.001). Vasti
intramuscular fat did not help to explain additional variance in the model (A F(1,20) = 0.56, Ap =
0.463), nor did strength (A F(1,20) = 0.01, A p = 0.944) or fat-cleared muscle volume (A F(1,20)
=3.29, Ap=0.085).

No significant associations were identified between total vasti intramuscular, fat-cleared
muscle volume, or strength with T, in the lateral tibia (p > 0.05). However, covariates explained
28.5 % of the variance in T, relaxation time in the medial tibia (F[2,21] =4.19, p = 0.029), where
males had significantly longer T, relaxation times (t = -2.46, p = 0.023). Vasti intramuscular fat
did not help to explain additional variance in the model (A F[1,20] = 0.34, A p = 0.565), nor did

strength (A F[1,20] = 1.42, A p = 0.247) or fat-cleared muscle volume (A F[1,20] = 0.02, Ap =
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0.897). No significant associations were identified for total vasti intramuscular, fat-cleared muscle
volume, or strength with T, relaxation times in any whole ROI (femur or patella) or combined
weight-bearing ROI (femur, tibia).

Given the significant association between total vasti intramuscular fat and T, in the medial
and lateral patella, we investigated if intramuscular fat of individual vasti muscles had similar
associations in the medial and lateral patella. After accounting for covariates, intramuscular fat of
the VL, VI, and VM helped to explain 16.4%, 28.8%, and 24.1% of additional variance in the
medial patella, respectively. However, only the addition of intramuscular fat of the VI and VM
was significant (VL: A F[1,20] = 4.19, A p = 0.054; VI: A F[1,20] = 8.79, A p = 0.008; VM: A
F[1,20] = 6.84, Ap=0.017). After accounting for covariates, intramuscular fat of the VL, VI, and
VM helped to explain 30.6%, 21.0%, and 10.8% of additional variance in the lateral patella,
respectively. However, only the addition of intramuscular fat of the VL and VI were significant
(VL: AF[1,20]1 =9.38, Ap=0.006; VI: A F[1,20] =5.60, A p=0.028; VM: A F[1,20] =2.55,Ap
=0.126). In all significant cases, less intramuscular fat was associated with longer T, relaxation

times in the medial or lateral patella.
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Figure 20. Associations Between Intramuscular Fat (%) and T1rho in the Medial (A) and Lateral (B) Patella for the
ACLR-Involved and Control-Involved Limbs. After accounting for covariates of BMI and sex, vasti intramuscular fat
accounted for on average 25% of variance in Tlrho relaxation times in the medial and lateral patella in the ACLR-
involved limb. In the Control-involved limb, vasti intramuscular fat accounted for on average 25% of variance in
T1rho relaxation times in the medial patella but not the lateral patella.

5.5 Discussion

The objectives of our study were to determine if muscle size, composition, and strength were
predictive of worse cartilage outcomes, as measured by increased T1,/T2 relaxation times, and to
determine if muscle size and composition are associated with strength. Additionally, we aimed to
comprehensively evaluate the intramuscular fat of the vasti quadriceps muscles and determine if
early compositional changes to the cartilage matrix (i.e., proteoglycan depletion, type II collagen
disorganization) were present in the ACLR limbs compared to contralateral and control limbs. We
hypothesized that smaller, weaker muscles with increased intramuscular fat would be associated
with longer T1,/T> relaxation times, indicating degenerative cartilage changes. The primary results

of our study indicated that those with ACLR exhibited smaller quadriceps muscle volumes
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compared to contralateral and control limbs, and poorer cartilage compositional metrics in various
ROIs — evidence by longer Ti,/T> relaxation times. We also observed that vasti intramuscular fat
was negatively associated with T, relaxation times in the ACLR and Control groups, indicating
that lower levels of fat were linked with poorer proteoglycan concentrations. In addition,
quadriceps intramuscular fat content and quadriceps strength outcomes did not differ across limbs

or groups. This level of strength recovery contrasts with many other reports**2

and signifies a
promising outcome as it emphasizes the potential of achieving adequate strength recovery post-
ACLR. Overall, our data suggest those with ACLR demonstrate quadriceps muscle atrophy and
early markers of cartilage degeneration in the involved limb despite achieving relatively similar
quadriceps strength and having similar levels of intramuscular fat compared to contralateral limbs
and uninjured controls.

Given the disruptive capabilities of intramuscular fat on force-producing and force-
transmitting properties of muscle and the commonly reported strength deficits following ACLR
we hypothesized that poorer quadriceps muscle properties (i.e., atrophy, increased intramuscular
fat, strength deficits ) would be linked with early degenerative changes in cartilage composition in
ACLR limbs. In contradiction to our hypotheses, muscle size, strength, and intramuscular fat were
largely unassociated with T1,/T> relaxation times in both the ACLR and Control groups with the
exception of patellar cartilage. While we detected that about 25% of variance in medial patella T,
relaxation times could be explained by total vasti intramuscular fat, this association was similar
across groups and limbs and showed a negative relationship between Tip, and intramuscular fat.
Further, intramuscular fat was similarly associated with lateral patella T, relaxation times in the
ACLR group, but this was not observed in the Control group. These findings are interesting and

contradict our original hypotheses as they suggest those with less intramuscular muscle content
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exhibit poorer MRI-markers of cartilage composition, independent of ACLR. In this scenario, it
remains possible that quadriceps intramuscular fat is an indicator of poor muscle quality but is not
a direct contributor to cartilage degeneration or accumulates at later stages in the PTOA disease
process. While no study has directly investigated quadriceps intramuscular fat with Tip/T2
relaxation times of knee cartilage following ACLR, others have shown that a reduction in VM
intramuscular fat infiltration was beneficial to maintain knee cartilage volume in the medial patella
in high BMI (> 27 kg/m?) adults.”’ For instance, it has also been shown that patients with idiopathic
knee osteoarthritis have an increase in VM2 and total quadriceps intramuscular fat,”® and that
VM intramuscular fat is related to reduced quadriceps strength.?°! Importantly, the increases in
quadriceps intramuscular fat were in patients with knee osteoarthritis who also exhibited strength
deficits. As such, it is possible that fatty infiltration occurs later in the PTOA disease process
beyond the three year time point investigated in this study and is more likely to affect patients who
present with strength deficits and decreased activity levels after ACLR.

We also observed that quadriceps muscle volume and intramuscular fat were not associated
with quadriceps strength in the ACLR and Control groups. This is particularly interesting as the
total vasti volume and each individual vasti muscle volume in the ACLR-involved limb was 7-9%
smaller than the uninvolved limb. It is well known that following ACLR many patients experience
persistent strength deficits, which often co-exists with muscle atrophy.** However, it has been
shown that muscle size doesn’t fully explain muscle strength. Thomas et al.*3 found that quadriceps
cross-sectional area only explained 30% of isometric quadriceps strength deficits in the acute
stages (7 months) following ACLR, while Arangio et al.*®?> found no correlation between thigh
circumference and strength in the ACLR-involved limb 4 years following ACLR. While there are

limitations of the assessments used to measure cross-sectional area and thigh circumference as
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they can include other elements of muscle composition like non-contractile elements and
subcutaneous fat, these results provide evidence that muscle size only helps to explain some of the
variance in muscle strength. Nevertheless, the findings of the present study add to this body of
work thereby indicating that persistent atrophy can manifest even in the absence of strength
deficits. The clinical meaningfulness of muscle atrophy, while able to achieve adequate strength,
requires further investigation. However, it is important to recognize that muscle strength is an
isolated assessment of muscle function that does not represent how the muscle is utilized during
activities of daily living and of young, athletic populations,?®> which is the primary population
affected by ACL injuries. To this point, muscle function has been largely and historically
categorized as simplified measures of muscle strength, and size. However, these simplified muscle
properties do not encompass the intrinsic properties of muscle that give rise to its contractile
ability, including its composition (e.g., fat and fibrotic tissue, fiber types, inflammation), neural
activation, or muscle architecture. The ACLR cohort included in this study was far removed from
surgery (Table 10), able to recover bilateral quadriceps strength and were physically active. As
such, it remains plausible that our cohort doesn’t represent the majority of those following ACLR
who exhibit lingering strength deficits long after completing rehabilitation, which may still be
influenced by the accumulation of intramuscular fat. It is also possible that there are changes in
intramuscular fat earlier after surgery that may affect muscle recovery. Further research is
warranted to explore longitudinal effects of muscle composition and how they impact muscle
recovery in the acute stages following ACLR.

We anticipated that there would be an increase in intramuscular fat that would differ
regionally and in its distribution in patients with a history of ACLR. However, we discovered that

there were no global or regional differences, or variability in the distribution of intramuscular fat
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relative to the uninjured limb or to healthy controls. There are multiple methods to measure fat
utilized in the literature. Others have shown global elevations of intramuscular fat in the ACLR
limb at chronic time-points post-ACLR measured by hypoechoic signaling from ultrasound
(unpublished findings presented at ACL Retreat 2019).2°* While in other populations, fat has been
characterized by fatty streaks or localized deposits that can vary throughout muscle regions.?*
While this is the first study to utilize MRI to comprehensively measure intramuscular fat following
ACLR, we demonstrate through comprehensive measurement techniques (MRI on every slice) that
intramuscular fat does not differ from that of healthy controls and uninjured limbs at chronic time
points following ACLR. However, performing longitudinal study designs across more diverse
subjects (e.g., range of activity levels, BMI’s, quadriceps function) are needed to substantiate this
finding and to determine if intramuscular fat interferes with muscle recovery earlier after ACLR.
We also identified a variety of between-limb and group differences in the ACLR and Control
groups for T1,/T> relaxation times. Interestingly, the primary differences detected in the Control
group were isolated to the combined weight bearing ROI’s (lateral femur, and medial/lateral tibia),
while the primary differences detected in the ACLR group were identified in the whole medial
femur, patella, trochlea, aMF, pMF, and pLF (including significant interactions and significant
group effects). As expected, in all significant interactions or group effects for the ACLR group,
the involved limb had a longer T1,/T2 relaxation time than the uninvolved limb or the ACLR group
had longer T1,/T> relaxation times than the Control group thereby indicating, more degenerative
changes in cartilage composition in these ROIs. However, there were also between-limb
differences in the Control group detected for the combined weight-bearing femur and cLF-a and
significant group effects in the cLF-p, cMT-a, and cLT-p, which had both shorter and longer

relaxation times relative to the ACLR group. As the primary between-limb and group differences
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of our Control group primarily resided in the lateral compartments within the weight-bearing ROIs,
it is possible that the medial compartments are more susceptible to degenerative changes following
ACLR and the lateral compartments may be more resilient to load and changes in tissue
composition that permit a wider range of normative T1,/T> relaxation times. To this point, changes
in the medial compartments are consistent with others who have shown that normal kinematics on
the lateral compartment are restored following ACLR, but not the medial.?®> Further, the ACLR
group exhibited large effect sizes for the between-limb differences in the medial patella (Cohen’s
d=.96), aMF (Cohen’s d =.89), and pMF (Cohen’s d = 1.36), indicating substantial and clinically
meaningful distinctions between-limbs. In contrast to this, the Control group demonstrated
medium effect sizes for all of the between-limb differences, suggesting a comparatively smaller
magnitude of variation between-limbs. This is an important consideration when interpreting the
findings of these data and for future directions to set thresholds for identifying clinically
meaningful significant between-limb differences in T1p/T> relaxation times as measurements of
components in the cartilage matrix. Given the differences in effect sizes, we direct the focus of the
discussion regarding T1,/T> relaxation times to the ACLR group.

Some of our findings in the ACLR group are similar to others who have reported elevations
in the ACLR-involved limb for Tip/T> in the medial femur (global and various weight-bearing
ROIs) from 6 months to five years post-ACLR.!64273:296-298 Interestingly, the posterior ROI’s of
the medial and lateral femur were both affected by ACLR. While this ROI is less likely to be
considered weight-bearing, Li et al.?® has shown these ROIs are loaded throughout the stance
phases of gait, with increased contact as a knee undergoes more knee flexion in obese and non-
obese patients.?”® In addition, Bolcos et al.*®® found that posterior regions had disproportionately

increased maximal principal stresses that were associated with longer T relaxation times (r=0.71,
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p<0.001) in ACLR patients. Notably, much work has revolved around understanding joint loading
with T1,/T> relaxation times and have found both under- and over-loading strategies are associated
with elevated Ti,/T> relaxation times.*°! In Chapter 4, we found that this ACLR-patient cohort
walked with an underloading strategy. As such, we speculate that these posterior areas may be
underloaded at chronic time points following ACLR and may be associated with a decrease loading
which may be related to the longer T2 relaxation times found in the current study. Although the
patellofemoral joint (patella, trochlea) has been less studied in relation to the tibiofemoral joint
following ACLR, there have been elevations in Tip/T> relaxation times demonstrated in these
ROIs.** To this point, many of the studies investigating T1,/T> relaxation times following ACLR
do not consider patella cartilage and/or included a variety of graft types.??’-3%3-304 The included
study only consisted of patients who received a patella-tendon graft type. As such, it is possible
that the significance changes we found in the medial patella and trochlea are related to graft type.
Further research is needed across graft types to understand if graft harvest influence post-operative
outcomes and precipitate PTOA of the patellofemoral joint.

There are multiple limitations to consider while interpreting the findings of this study. First,
this was a cross-sectional study design that did not capture longitudinal muscle or cartilage
outcomes. As muscle and cartilage composition and quadriceps function are modifiable,
understanding the time-course of changes rather than just at a single time point may help better
understand the link between abnormal muscle properties, quadriceps function, and cartilage health
post-ACLR. It is plausible the interrelationship between these factors differ across the post-
operative rehabilitation time course wherein stronger associations are observed earlier in recovery
as opposed to later time points, as in the current study. There are also multiple limitations to

consider at both the muscle and cartilage level.
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At the muscle level, it is important to recognize that we only explored intramuscular fat and
did not explore intermuscular fat, that can encompass both intramuscular fat within a tissue and
irregular fat deposits between muscle groups.®® Similarly to intramuscular fat, intermuscular fat
has been associated with a host of impairments including impaired mobility and muscle
dysfunction.’®® Either type of fatty deposits (e.g., intramuscular and intermuscular) can alter
mechanical properties of muscle tissue (e.g., stiffness) that disrupts how muscle fibers shape
change and interact the aponeuroses to generate force during movement.’?> Given that
intermuscular fat has not been fully characterized or explored following ACLR, future research
would benefit from understanding if it is elevated following ACLR and determining its functional
impact. Another compositional component that may interfere with contractile function in a similar
manner to fat is the development of fibrotic tissue. Fibrotic tissue has been less studied following
ACLR but there is early evidence to support expansions of the extracellular matrix through
increases in collagen.?” As such, this is a compositional component of muscle that was not captured
by our mDixon MRI sequence but has the potential to influence muscle function. Understanding
if there is a replacement of healthy contractile tissue with non-contractile elements like fibrotic
tissue development is an important future direction for our field in characterizing muscle
dysfunction following ACLR. Interestingly, our ACLR and Control groups had the same ratio of
fat to muscle. However, it remains unknown if the ratio of fat to muscle changes by muscle size
or over a range of athletic populations. Here, all participants had the same activity level at the time
of testing that could be described as between recreational and competitive sports. This may help
to explain why we didn’t see variability in the quantity of intramuscular fat in the ACLR and
Control cohorts as it has been shown that consistent physical activity, endurance, and resistance

training can all decrease quadriceps intramuscular fat,[55-57] and help to preserve cartilage
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volume.[58] However, since the ACLR vasti muscles had atrophy, the percent of fat may change
as a function of size. Further research is needed to understand the role of intramuscular and
intermuscular fat for muscle function and to understand how much intramuscular and
intermuscular fat is normal based on activity level.

While T1,/T> are useful measures of cartilage composition, there are many considerations to
consider. Tip/T> relaxation times are largely variable as a consequence of non-standardized
methods that differ by MRI scanners, image sequences, and image processing techniques across
research sites. To overcome this, we explored effect sizes and the amount of change compared to
the other limbs. While our findings of 3-10 ms differences in relaxation times is comparable to
other groups, it remains unknown the functional impact of these findings in particular given that
we also identified between-limb differences in the Control group. Further research is needed to
characterize healthy Ti,/T> relaxation times or relative between-limb differences in Ti,/T> that
applies across research sites and scanners in order to understand the clinical impact of these
findings. In addition, understanding how well degenerative changes identified through longer
T1,/T2 relaxation times translate to structural and symptomatic PTOA is crucial to give clinical
meaning to these imaging modalities and fully utilize their potential in identifying early indicators
of PTOA through changes in cartilage composition. Furthermore, we utilized a 3T MRI scanner
for our current investigation, but it is likely a magnet with higher spatiotemporal and spectral
resolution may help better capture structural and compositional changes. In addition, laminar
analyses are an important next step to further characterize the extent of degeneration by cartilage
depth level. This is an important future direction to overcome some of the current limitations that
constrain our interpretation and clinical meaning of how changes in T1,/T> are related to structural

cartilage abnormalities. It is also important to recognize that cartilage is a dynamic and adaptable
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tissue that responds to load. We only evaluated cartilage T1,/T> at rest. Alterations in cartilage
composition strongly impact the tissues’ ability to withstand weightbearing and assessing how the
tissue acutely responds to mechanical stimuli is theorized to help understand early disruption in
cartilage mechanical properties. Future work should consider evaluating how cartilage structure,
and composition changes in response to acute loading paradigms in those with ACLR to improve
our understanding of early OA-related cartilage alterations. Given that there is limited work
investigating the relationships between intramuscular fat and cartilage health, we powered our
study off of extramusuclar fat and Kellgren-Lawrence grading scores. As such, it is possible that
the current study is underpowered and would benefit from large sample sizes. Lastly, cartilage
composition can be influenced by concomitant injuries like damage to the meniscus, bone bruises,
cartilage lesions and by lower extremity alignment which were not captured in the current study
but have been shown to contribute to elevated Ti,/T> relaxation times.?%3

This study highlights that intramuscular fat is primarily associated with medial and lateral
patella T, relaxation times but there is no difference in these associations between ACLR and
Control groups. Despite experiencing reduced quadriceps muscle size following ACLR, patients
also showed similarities in intramuscular fat and strength compared to healthy controls. Further,
both ACLR and Controls exhibited between limb differences in T1,/T> relaxation times in various
ROIs. This work is clinically significant as it combines quantitative metrics of muscle and joint
health, which when examined in concert help us more directly determine the effect of muscle
dysfunction on joint disease following ACLR. Future work is needed to establish normative
thresholds of Ti,/T2 by ROI and to understand how they are related to muscle and cartilage

properties that precipitate PTOA.
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Location/ Region ACLR K‘ACLR Control C‘ontrol ¢ p value
Compartment Involved | Uninvolved | Involved | Uninvolved
Whole 69.7 + 8.9 66.3+7.9 67.1+49 68.4+£5.1 2.14 | 0.038*
Anterior 733+172 | 81.3+164 | 73.7+143 | 74.6+99 | -1.09 | 0.281
WB 75.7+13.6 | 703+93 74.2+73 732 +9.1 1.14 | 0.257
Medial | c-Anterior | 71.0+16.3 | 77.6+13.8 | 77.8+14.5 | 79.8+174 | -0.78 | 0.439
c-Central? | 76.0+16.4 | 69.0+11.2 | 733+9.1 | 752+142 | 1.84 | 0.069
c-Posterior? | 79.1+14.7 | 70.3+104 | 75.4+109 | 71.9+991 | 1.15 | 0.254
Femur Posterior 64.7+£10.0 | 62.2+8.2 60.8+7.1 642+£6.6 1.88 | 0.067
Whole 69.1+10.0 | 67.6+4.8 66.7+6.1 64.6+59 | -0.21 | 0.837
Anterior 74.3+93 70.1+88 | 70.6+11.8 | 64.6+6.2 | -048 | 0.631
WB 72.6+16.1 | 70.8+6.1 71.9+8.6 70.0+73 | -0.02 | 0.981
Lateral | c-Anterior | 64.2+156 | 672+93 | 67.7+12.7 | 61.2+9.9 | -2.17 | 0.035*
c-Central 72.7+18.1 | 72.6+9.8 | 75.0+11.1 | 73.4+11.0 | -0.28 | 0.782
c-Posterior? | 78.0+18.6 | 71.3+6.4 722+79 70.0+6.8 1.08 | 0.286
Posterior 603+11.6 | 61.5£8.0 61.1+74 603+£82 | -0.65| 0.516
WB 69.0£11.1 | 66.5+8.7 69.0+£7.6 68.8+7.0 | 0.68 | 0.500
c-Anterior? | 62.6+14.8 | 72.5+14.5 | 71.7+11.4 | 71.8+10.5 | -1.89 | 0.062
Medial
c-Central 744+143 | 71.8+123 | 73.9+09.1 75.9+8.8 1.01 | 0.315
Tibia c-Posterior | 64.7+13.0 | 59.3+8.2 63.8+9.3 61.7+83 | 0.82 | 0412
WB 67.1£11.6 | 64.8+73 66.5+5.5 65.0+6.6 | 023 | 0.822
c-Anterior | 66.1+129 | 71.6+10.6 | 71.1+14.0 | 70.9+109 | -1.14 | 0.259
Lateral
c-Central 682+12.6 | 643+7.8 679+6.7 | 66.0£7.75 | 0.58 | 0.566
c-Posterior | 67.2+13.0 | 64.2+9.0 63.4+6.1 612+72 | 020 | 0.845
Patella | Medial Whole 76.4+11.5 | 67.5+9.1 71.0+£9.6 69.7£6.6 | 2.02 | 0.047*
Lateral Whole? 73.0+12.1 | 652+73 | 682+10.8 | 67.1+7.8 1.65 | 0.103
Trochlea Whole#® 71.4+9.3 662 +7.0 66.6 8.9 654+7.7 1.32 | 0.194

Table 16. T1, Relaxation Times in Whole and Sub-Regions of Interest (ROI). Data are reported in milliseconds and
as mean * standard deviation. t statistics and p values reported are the result of the limb by group interaction from
the linear mixed effects model, with * denoting a statistically interaction at the level of p<0.05. Bold text indicates

that post-hoc analyses revealed that the significant limb by group interaction stemmed from between-limb

differences within the group (p < 0.05). «or P indicates a significant main effect of limb where the involved limbs
had shorter or longer relaxation times relative to the uninvolved limbs, respectively. Yor ® indicates a significant
main effect of group where the ACLR group had shorter or longer relaxation times relative to the Control group,
respectively. WB indicates combined weight-bearing ROI; c-, central sub-ROI of the combined weight-bearing ROI.
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Location/ . ACLR A.CLR Control C9ntrol
Compartment Region Involved Unm(;folve Involved Unm(;folve t p value
Whole# | 49.9+5.1 | 482+48 | 484429 | 480+35 | 1.52 | 0.135
Anterior | 58.4+15.1 | 509469 | 49.8+5.12 | 50.8+6.1 | 2.00 | 0.049%
WB 50673 | 51.0+£59 | 51.4+41 | 51545 | 0.16 | 0.870
Medial | c-Anterior | 53.1+£7.9 | 49.0+4.6 | 51.6+52 | 503+6.1 | 1.65 | 0.105
c-Central | 48.7+10.3 | 494467 | 50.5+63 | 52.1+59 | 042 | 0.676
c-Posterior | 527+7.1 | 541471 | 525+4.6 | 51.7+55 | -1.35 | 0.184
Posterior | 48.9+4.5 | 455+4.8 | 458+38 | 451+34 | 2.68 | 0.010*
Femur Whole? | 514449 | 49.6+4.0 | 508427 | 49.6+28 | 0.82 | 0419
Anterior® | 54.0+43 | 51344 | 51.9+3.0 | 50.6+34 | 129 | 0202
WB 50.1£6.6 | 513+50 | 53745 | 5L.6£5.1 | 239 | 0.021*
Lateral | c-Anterior | 49.6+9.6 | 50.7+83 | 50.8+9.0 | 453+8.4 | -2.26 | 0.020*
c-Central | 49.0+82 | 509+52 | 53.4+55 | 512464 | 225 | 0.029%
c-Posterior’ | 52.0+6.1 | 52.9+63 | 553447 | 549+49 | -0.99 | 0.326
Posterior® | 49.5+6.0 | 464+63 | 465+3.5 | 462+32 | 1.85 | 0.071
WB 394441 | 395+34 | 398+32 | 40.5+3.1 | 059 | 0.560
| c-Anterior | 40863 | 415+50 | 43258 | 43.6+£52 | 021 | 0.832
el ental | 3702458 | 381243 | 383251 | 390241 | 019 | 0853
c-Posterior | 42.7+54 | 409+42 | 414+38 | 41341 | 129 | 0.204
Tibia WB 358443 | 365+40 | 369+3.0 | 358+3.2 | 2.14 | 0.038*
c-Anterior | 38.1+4.8 | 40.8+8.1 | 39.0+£59 | 393+44 | -1.11 | 0.274
Lateral [ central | 317551 | 321544 | 325435 | 317442 | -135 | 0.185
Postoriop® | 48TETT | 449£55 | 44831 | 440+45 | 147 | 0.148
Medial | Whole | 44.9+5.1 | 437434 | 450+3.8 | 453448 | 1.19 | 0.240
Pt eral | Whole | 440248 | 44844 | 449237 | 451433 | 066 | 0510
Trochlea Whole | 51.6+42 | 51.0+4.1 | 507+4.0 | 50.7+32 | 0.70 | 0.489

Table 17. T2 Relaxation Times in Whole and Sub-Regions of Interest (ROI). Data are reported in milliseconds and
as mean * standard deviation. t statistics and p values reported is result of the limb by group interaction from the
linear mixed effects model, with * denoting a statistically interaction at the level of p<0.05. Bold text indicates that
post-hoc analyses revealed that the significant limb by group interaction stemmed from between-limb differences
within the group (p < 0.05). «or P indicates a significant main effect of limb where the involved limbs had shorter or
longer relaxation times relative to the uninvolved limbs, respectively. Yor ° indicates a significant main effect of
group where the ACLR group had shorter or longer relaxation times relative to the Control group, respectively WB

indicates combined weight-bearing ROI; c-, central sub-ROI of the combined weight-bearing ROI.
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5.5.1 Supplementary Material

5.5.1.1 Associations Between Time Since Surgery with Muscle and Cartilage Properties in

the ACLR-involved limb

Time since surgery was not associated with muscle volume (p = 0.642), intramuscular fat (p
= 0.671), strength (p = 0.195), T, in the medial femur (p = 0.759) and patella (p = 0.832), or T
in the medial (p = 0.808 ) and lateral (p = 0.353) posterior femur. However, there was a significant
association between time since surgery and T, relaxation times in the trochlea that indicated more

time after surgery was associated with a 5.0 ms decrease in T1, relaxation times (p = 0.044).

5.5.1.2 Associations between Intramuscular Fat, Fat-Cleared Muscle Volume, and

Strength, with Cartilage Composition in the Control-involved

No significant associations were identified between covariates, total vasti intramuscular,
fat-cleared muscle volume, or strength with Ti, in the lateral patella (p > 0.05). However,
covariates explained 8.5% of the variance in T, relaxation times in the medial patella (F[2,21] =
0.97, p = 0.394). After accounting for covariates, total vasti intramuscular fat explained an
additional 25% of the variance in the medial patella (A F(1,20) = 7.50, A p = 0.013). Less
intramuscular fat was related to longer relaxation times (8 = -.55, t = -2.74). Strength and fat-
cleared muscle volume were not associated with Ti, in the medial patella (p = 0.653 - 0.738).

Covariates explained 26.3 % of the variance in T, relaxation time in the lateral femur
(F[2,21]=3.76, p = 0.040), where males had significantly longer T, relaxation times (t = -2.47, p
=0.022). Vasti intramuscular fat did not help to explain additional variance in the model (A F(1,20)
=3.46, A p=0.078), nor did strength (A F(1,20) = 1.20, A p = 0.287) or fat-cleared muscle volume

(A F(1,20) = 0.356, A p = 0.557). No significant associations were identified between covariates,

134



total vasti intramuscular, fat-cleared muscle volume, or strength with T, in the medial femur (p >
0.05).

Covariates explained 6.8% of the variance in T, relaxation time in the lateral tibia (F[2,21]
=0.77, p = 0.476). After accounting for covariates, total vasti intramuscular fat helped to explain
an additional 17.4% of variance in the lateral tibia (A F(1,20) = 3.46, A p = 0.045). More
intramuscular fat was related to longer relaxation times (B = .46, t = 2.14). Strength and fat-cleared
muscle volume were not associated with T, in the lateral tibia (p =0.105 - 0.249). No significant
associations were identified between covariates, total vasti intramuscular, fat-cleared muscle
volume, or strength with T, in the medial tibia (p > 0.05).

No significant associations were identified for covariates, total vasti intramuscular, fat-
cleared muscle volume, or strength with T, relaxation times in the medial or lateral femur or
patella, or medial tibia (p > 0.05). However, covariates explained 26.6% of the variance in T
relaxation time in the lateral tibia (F[2,21] = 3.80, p = 0.039), where males had shorter relaxation
times than females (t = 2.35, p = 0.028). Vasti intramuscular fat did not help to explain additional
variance in the lateral tibia (A F(1,20) = 0.17, A p = 0.682), nor did strength (A F(1,20) = 0.05, A
p = 0.820) or fat-cleared muscle volume (A F(1,20) = 0.289, A p = 0.597).

Given the significant association between total vasti intramuscular fat and T1, in the medial
patella and lateral tibia, we investigated if intramuscular fat of individual vasti muscles had similar
associations. After accounting for covariates, intramuscular fat of the VL, VI, and VM helped to
explain 25.5%, 24.0%, and 19.3% of additional variance in the medial patella, respectively. The
addition of intramuscular fat of all vasti muscles was significant (VL: A F[1,20] =7.71, Ap =
0.012; VI: AF[1,20] = 7.10, Ap = 0.015; VM: A F[1,20] = 5.36, A p = 0.031). After accounting

for covariates, intramuscular fat of the VL, VI, and VM helped to explain 19.8%, 23.0%, and 5.9%
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of additional variance in the lateral tibia, respectively. However, only the addition of intramuscular
fat of the VL and VI were significant (VL: A F[1,20]=5.37, Ap=0.031; VI: A F[1,20] = 6.55, A
p=0.019; VM: A F[1,20] = 1.36, A p = 0.258). In all significant cases for the medial patella, less
intramuscular fat was associated with longer relaxation times (VL: B =- 0.55,t=-2.78; VI: B = -
53, t=-2.66; VM: 3 = -49, t = -2.32). This opposite effect was found in the lateral tibia where
more intramuscular fat was associated with longer relaxation times (VL: 3 =.48, t=2.32; VI: B =

52, t=2.56).

5.5.1.3 Between-limb Comparisons Effect Size Estimates for Strength, Intramuscular Fat,

Volume and Fat-Cleared Muscle Volume

ACLR Control
Metric Group Group
Cohens d Cohens d
Peak Torque -0.49 [-1.09, 0.11] 0.34 [-0.25, 0.93]
Vasti Normalized Volume -2.11[-2.96, -1.26] 0.16 [-0.42, 0.74]
Vasti Fat-cleared Volume -2.07 [-2.92, -1.23] 0.17[-0.41, 0.76]
Vasti Intramuscular Fat -0.06 [-0.64, 0.52] -0.02 [-0.60, 0.56]

Table 18. Between-limb Comparisons in by Group Effect Size Estimates and 95% Confidence Interval’s for Total
Vasti Outcomes. Torque, volume, and fat units are in N-m/kg, mm?3/kg, and %, respectively. Means, standard
deviations, and test-statistics are located in Tables 11-13.
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ACLR Control
Metric Muscle Group Group

Cohens d Cohens d
VL -1.43 [-2.15,-0.71] 0.17[-0.41, 0.76]
Normalized Volume VI -1.56 [-2.30, -0.82] 0.11[-0.47, 0.69]
VM -1.92 [-2.73, -1.10] 0.05[-0.53, 0.64]
VL -1.44 [-2.16, -0.72] 0.20[-0.39, 0.78]
Fat-cleared Volume VI -1.50 [-2.23, -0.77] 0.11[-0.48, 0.69]
VM -1.94 [-2.76, -1.12] 0.08 [-0.50 0.66]
VL -0.22 [-0.80, 0.37] 0.04 [-0.55, 0.62]
Intramuscular Fat VI 0.01[-0.57, 0.59] 0.01 [-0.57, 0.59]
VM 0.16 [-0.43, 0.74] -0.18 [-0.76, 0.41]

Table 19. Between-limb Comparisons in by Group Effect Size Estimates and 95% Confidence Interval’s for
Individual Vasti Outcomes. Torque, volume, and fat units are in N-m/kg, mm?®/kg, and %, respectively. Means,
standard deviations, and test-statistics are located in Tables 11-13. VL indicates vastus lateralis; VI, vastus
intermedius; VM, vastus medialis.
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ACLR Control
Muscle Region Group Group
Cohens d Cohens d
Proximal 0.04 [-0.54, 0.62] 0.12 [-0.46, 0.70]
Central -0.30[-0.89, 0.29] 0.07 [-0.51, 0.65]
VL Distal -0.15[-0.73, 0.43] -0.08 [-0.66, 0.50]
Superficial -0.23 [-0.82, 0.35] 0.06 [-0.52, 0.64]
Deep -0.20 [-0.78, 0.39] 0.02 [-0.56, 0.60]
Proximal 0.23 [-0.35, 0.82] 0.18 [-0.40, 0.76]
Central -0.14 [-0.72, 0.44] 0.05[-0.53, 0.63]
VI Distal 0.11 [-0.47, 0.69] -0.25 [-0.83, 0.34]
Superficial -0.07 [-0.65, 0.51] -0.02 [-0.60, 0.56]
Deep 0.15 [-0.44, 0.73] 0.06 [-0.52, 0.64]
Proximal -0.05 [-0.63, 0.54] -0.19 [-0.78, 0.39]
Central 0.05 [-0.54, 0.63] 0.07 [-0.51, 0.66]
VM Distal 0.28 [-0.31, 0.87] -0.38 [-0.97, 0.21]
Superficial 0.12 [-0.46, 0.70] -0.17 [-0.75, 0.42]
Deep 0.20 [-0.39, 0.78] -0.18 [-0.76, 0.40]

Table 20. Between-limb Comparisons in by Group Effect Size Estimates and 95% Confidence Interval’s for
Intramuscular Fat (%) by Region. Means, standard deviations, and test-statistics are located in Tables 14-15. VL

indicates vastus lateralis; VI, vastus intermedius; VM, vastus medialis.
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5.5.1.4 Between-limb Comparisons Effect Size Estimates for T, and T>

. ACLR Group Control Group
Location | Compartment Region
Cohens d Cohens d

Whole 0.63 [0.02, 1.24] -0.24 [-0.83, 0.35]

Anterior -0.59 [-1.26, 0.08] -0.03 [-0.71, 0.64]

Combined WB 0.57 [-0.03, 1.18] 0.10 [-0.48, 0.69]

Medial Central-Anterior -0.46 [-1.05, 0.14] -0.14 [-0.72, 0.45]
Central-Central 0.59 [-0.02, 1.20] -0.16 [-0.75, 0.42]

Central-Posterior 0.77 [0.14, 1.39] 0.30[-0.29, 0.89]

Posterior 0.32[-0.27, 0.91] -0.44 [-1.04, 0.15]

Femur

Whole 0.23 [-0.36, 0.82] 0.31 [-0.28, 0.90]

Anterior 0.47 [-0.13, 1.06] 0.66 [0.05, 1.28]

Combined WB 0.19 [-0.40, 0.77] 0.20 [-0.39, 0.78]
Lateral Central-Anterior -0.28 [-0.87, 0.31] 0.61[-0.001, 1.22]
Central-Central 0.01 [-0.57, 0.59] 0.12 [-0.46, 0.71]

Central-Posterior 0.66 [0.04, 1.27] 0.22 [-0.37, 0.80]

Posterior -0.16 [-0.74, 0.42] 0.11 [-0.47, 0.69]

Combined WB 0.31[-0.28, 0.89] 0.03 [-0.55, 0.61]

Medial Central-Anterior -0.78 [-1.41, -0.16] -0.01 [-0.59, 0.57]
Central-Central 0.24 [-0.35, 0.82] -0.18 [-0.76, 0.41]

Tibia Central-Posterior 0.56 [-0.04, 1.17] 0.22 [-0.36, 0.81]
Combined WB 0.28 [-0.31, 0.87] 0.19 [-0.40, 0.77]

Lateral Central-Anterior -0.45 [-1.04, 0.15] 0.02 [-0.56, 0.60]
Central-Central 0.44 [-0.16, 1.04] 0.20 [-0.38, 0.79]

Central-Posterior 0.32 [-0.27, 0.91] 0.24 [-0.35, 0.83]

Patella Medial Whole 0.96 [0.31, 1.61] 0.14 [-0.45, 0.72]
Lateral Whole 0.7910.17, 1.42] 0.12 [-0.46, 0.70]

Trochlea Whole 0.69 [0.07, 1.31] 0.15[-0.43, 0.73]

Table 21. T1p Relaxation Times Between-limb Comparisons in by Group Effect Size Estimates and 95% Confidence

Interval’s. Means, standard deviations, and test-statistics are located in Table 16. WB, indicates combined weight-

bearing.
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) . ACLR Group Control Group
Location | Compartment Region Cohens d Cohens d
Whole 0.820.19, 1.45] 0.20 [-0.38, 0.79]
Anterior 0.8910.19, 1.58] -0.10 [-0.78, 0.57]
Combined WB -0.11 [-0.69, 0.48] -0.04 [-0.62, 0.54]
Medial Central-Anterior 0.9710.32, 1.62] 0.30[-0.29, 0.88]
Central-Central -0.11 [-0.69, 0.47] -0.28 [-0.87, 0.31]
Central-Posterior -0.35[-0.94, 0.24] 0.20 [-0.38, 0.79]
Femur Posterior 1.36 [0.66, 2.07] 0.27 [-0.32, 0.86]
Whole 0.89[0.25, 1.53] 0.56 [-0.05, 1.16]
Anterior 1.00 [0.35, 1.66] 0.48 [-0.12, 1.07]
Combined WB -0.37 [-0.96, 0.23] 0.61 [0.002, 1.22]
Lateral Central-Anterior -0.16 [-0.74, 0.43] 0.77[0.14, 1.39]
Central-Central -0.42 [-1.01, 0.18] 0.50[-0.10, 1.10]
Central-Posterior -0.30 [-0.89, 0.29] 0.11 [-0.48, 0.69]
Posterior 0.81[0.18, 1.44] 0.06 [-0.52, 0.64]
Combined WB -0.04 [-0.62, 0.54] -0.28 [-0.87, 0.31]
Medial Central-Anterior -0.21 [-0.80, 0.37] -0.13 [-0.71, 0.46]
Central-Central -0.31 [-0.90, 0.28] -0.23 [-0.82, 0.36]
Tibia Central-Posterior 0.57[-0.04, 1.17] 0.04 [-0.54, 0.62]
Combined WB -0.34 [-0.93, 0.25] 0.53 [-0.07, 1.13]
Lateral Central-Anterior -0.51[-1.11, 0.09] -0.05 [-0.64, 0.53]
Central-Central -0.19 [-0.78, 0.39] 0.36 [-0.24, 0.95]
Central-Posterior 0.76 [0.14, 1.38] 0.16 [-0.42, 0.74]
Patella Medial Whole 0.39[-0.20, 0.98] -0.09 [-0.68, 0.49]
Lateral Whole -0.33 [-0.92, 0.26] -0.06 [-0.64, 0.52]
Trochlea Whole 0.28 [-0.30, 0.87] -0.002 [-0.58, 0.58]

Table 22. T2 Relaxation Times Between-limb Comparisons in by Group Effect Size Estimates and 95% Confidence
Interval’s. Means, standard deviations, and test-statistics are located in Table 17. WB, indicates combined weight-

bearing.
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6 Summary and Future Directions

6.1 Introduction

The goal of this dissertation was to identify origins and consequences of muscle
dysfunction following ACL injury and ACLR. To do so, we utilized pre-clinical and clinical
models, and implemented a variety of novel technological advancements to comprehensively
assess intrinsic factors of muscle and joint health that haven’t been fully characterized following
ACL injury and ACLR. We also explored the relationship between these intrinsic factors of
muscle, quadriceps strength, knee mechanics, and joint health including both subchondral bone
architecture and cartilage degradation. Given the prevalence of early-onset PTOA following
ACL injury and ACLR, understanding the extent of quadriceps dysfunction beyond strength and
atrophy and its relationship with PTOA is crucial to understand disease mechanisms and identify
targets for intervention. As such, the findings of this dissertation expand existing work in the
fields of ACL injury and ACLR in the understanding of muscle and joint function. The following
is a summary of each chapter that includes study outcomes, clinical implications, limitations, and

future directions.

6.2 Summary

In Chapter 3 we utilized a pre-clinical model to between understand the relationship
between knee mechanics and subchondral bone architecture following ACL injury. Importantly,

many pre-clinical models of ACL injury are considered transection models that mask the native
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biological response to injury and confound observations. Here, we substantiated our model of
non-invasive ACL injury that is clinically translatable and mimics the human mechanism of
injury. As such, we ensure that our findings are truly a response to the ACL injury itself rather
than any confounding variable that is introduced through surgical transection. The key findings
of this study were that decreased knee flexion was related to subchondral bone plate porosity, an
early surrogate measure of PTOA. Additionally, we observed significant variations in
longitudinal joint kinematics and in both trabecular and subchondral bone. The implications and
future directions of this study are vast. This is the first study to make a direct link between knee
mechanics and an early indicator of PTOA. The clinical significance of this is that our model can
be utilized to assess the efficacy of interventions aimed at improving or mitigating alterations in
knee mechanics and subchondral bone architecture.

Chapter 4 was conducted in those with a chronic history of ACLR (2-5 years post-ACLR)
and investigated in vivo vastus lateralis fascicle mechanics and knee joint mechanics during
walking, and intramuscular fat fraction of the vastus lateralis. The goals of this study were to I)
determine if abnormal fascicle mechanics were observed following ACLR II) understand the
relationship between intramuscular fat and fascicle mechanics and IIT) understand the association
between fascicle and knee mechanics. We found that following ACLR, patients exhibit between-
limb strength and fascicle excursions (length and angle) that resemble those of healthy controls.
However, we observed a smaller fascicle angle at peak KEM in the ACLR-involved limb. We
also found the ACLR limb exhibited significant atrophy of the vastus lateralis but there were not
any differences in intramuscular fat relative to the control limbs. All together, these data indicate
that after ACLR, a muscle’s overall change in shape (fascicle length and angle) is similar to

healthy controls, however, there are fascicle angle deficits that occur when greatest demand is
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placed on the quadriceps muscle that cannot be attributed to muscle atrophy or intramuscular fat.
This data demonstrates at chronic time points following ACLR, there are alterations in knee
mechanics consistent with an underloading pattern, significant muscle atrophy, and abnormal
contractile behavior during walking at the time of peak demand on the quadriceps. Interestingly,
this occurred without any observed strength deficits, suggesting that strength does not adequately
portray quadriceps and knee function during walking. Clinically, this is impactful as it
contributes to the growing body of literature showing that quadriceps weakness following ACLR
is not isolated to strength deficits or muscle atrophy, and that there are intrinsic properties of
muscle that contribute to global muscle dysfunction that warrant further investigation. In
addition, this is the first study to measure intramuscular fat of the vastus lateralis using three-
dimensional MRI following ACLR, a more sensitive measure of intramuscular fat than previous
surrogate measurements of intramuscular fat using hyperechoic signaling captured via B-mode
ultrasound.

Chapter 5 was conducted on the same patients as Chapter 4, which included those with a
chronic history of ACLR (2-5 years post-ACLR). We investigated markers of muscle and joint
health including muscle size, composition, and strength, cartilage proteoglycan density, collagen
organization and water concentration. The goals of this study were to I) determine if quadriceps
intramuscular fat was associated with cartilage composition II) determine if muscle size and
intramuscular fat was associated with quadriceps strength III) to fully characterize the presence
of intramuscular fat globally and regionally and IV) to fully characterize cartilage composition
utilizing T1p/T2 quantitative imaging. We found that following ACLR, patients exhibit muscle
atrophy of all vasti muscles but are able to achieve between-limb strength that resembles healthy

controls. In addition, we did not find that intramuscular fat differed between-limbs or relative to

143



the Control group at this time point post-ACLR. We did observe alterations in various T1p/T2
ROTI’s in both the ACLR and Control groups. However, the most significantly notable changes
with large effect sizes were localized in the ACLR-involved limb medial patella, aMF, pMF.
Overall, the patients included in Chapters 4 and 5 were relatively healthy, participated in
recreational activities and achieved adequate strength outcomes. Despite this, patients self-report

dysfunction and exhibit muscle atrophy and degenerative changes in the cartilage matrix.

6.3 Limitations and Future Direction

6.3.1 Dissertation Limitations and Future Directions

Though the studies included in this dissertation contribute to the existing literature, there
are several limitations to consider. Many of these limitations can be used to help guide future
research aimed at understanding the complex interplay between factors effecting muscle and
joint function, and precipitating PTOA development following ACLR.

Chapter 3 was conducted in a rodent model and characterized longitudinal joint
kinematics and subchondral bone architecture following ACL injury. One of the primary
limitations of the study was that we did not include metrics of muscle function or morphology
and we did not directly assess cartilage structure or composition. Although joint kinematics were
performed longitudinally, we did not have access to a scanner with capabilities to capture in vivo
subchondral bone architecture. Pre-clinical models have unique advantages relative to clinical
models, including the ability to probe multiple systems simultaneously and at multiple levels
(i.e., macro- and micro-level). The data included in Chapter 3 were performed at the macro-level
and included measurements of joint kinematics and subchondral bone architecture. However,

probing systems at the micro-level such as biochemical and inflammatory signaling pathways
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involved in muscle homeostasis, may help to understand the factors influencing both muscle and
joint function after ACL injury. Additionally, this study was performed following ACL injury so
how well our findings are exacerbated by surgical intervention (i.e., ACLR), warrants further
investigation.

Chapters 4 and 5 were conducted in the same patients and explored fascicle mechanics,
muscle strength, size, and intramuscular fat, and cartilage composition. Some of the primary
limitations of these studies were that it was performed cross-sectionally, and we did not include
measurements of neuromuscular function (e.g., electromyography, quadriceps activation). Future
work would benefit from longitudinal study designs and the inclusion of neural pathways that
have been shown to be disrupted post-ACLR. In addition, our mDixon MRI was primarily
sensitive to intramuscular fat but there are other compositional components that can influence or
interfere with contractile mechanics. Other imaging modalities such as mass spectrometry may
be advantageous to fully characterize muscle composition and structure following ACLR.
Specifically to Chapter 4, we did not capture fascicle mechanics throughout the range of a gait
cycle and instead narrowed our assessment to an area of early stance where the quadriceps
reached peak demand (peak KEM). Understanding if there are differences in fascicle mechanics
throughout the gait cycle and over a range of activity types is important to understand the extent
of fascicle abnormalities following ACLR. Additionally, muscle biopsies may advance our
understanding of individual fiber contractile mechanics while permitting additional
measurements of fiber properties such as fiber type and size. Specifically to Chapter 5, we did
not include measurements of muscle function beyond muscle strength. However, understanding
functional mechanics of the muscle and joint in relation to muscle and joint health is pivotal to

understand the clinical meaningfulness of outcomes. While this study was one of the first to
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investigate muscle size, intramuscular fat, and strength in relation to cartilage composition,
future work should include assessments of both muscle and joint composition, structure, and

function to understand the pathogenesis of PTOA more fully post-ACLR.

6.3.2 Technological Considerations and Future Directions

Although significant efforts were made to implement technologically advanced and novel
two- and three-dimensional imaging modalities (video-based marker-less motion capture, B-
mode ultrasound, mDixon MRI, and T1,/T> MRI), each modality has inherent limitations that
necessitate ongoing and dedicated research efforts.

Chapter 3s marker-less motion capture for instance encounters artifact and variability
stemming from factors like subcutaneous fat, variations of movement in different planes of
motion, and human-level labeling of images. To address these limitations, researchers have
explored solutions such as dynamic x-ray radiography systems, multi-camera data collections to
capture three-dimensional data, and increased personnel to improve labeling consistency.
However, these options often rely on substantial resources (e.g., equipment cost, specialized lab
personnel, implementation time). In order to ensure consistency in data measurements across
studies, it is crucial to dedicate efforts towards developing low-cost alternatives for equipment
and tools that can be employed across studies, animals, movement types, research sites, and
personnel with a variety of skillsets. This approach would facilitate standardized methods and
enhance the fields’ ability to adapt to evolving technological advancements.

In Chapter 4, the utilization of in-vivo B-mode ultrasound imaging in the context of
quadriceps fascicle mechanics represents a relatively new technological advancement in the field

of rehabilitation sciences. Consequently, multiple limitations need to be considered. These
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limitations encompass factors such as surrounding muscle tissue, probe placement, transducer
orientation and compression, ultrasound settings, and movement artifacts. Additionally, limited
research exists on the translation of fascicle measurements to the muscle-fiber level. If
ultrasound usage for capturing fascicle mechanics becomes more widespread, it will be
imperative to develop methods that standardize these factors to ensure consistent and accurate
measurements, as well as establishing an understanding of the relationship between fascicle and
muscle-fiber mechanics.

The application of mDixon MRI in Chapters 4 and 5 involves a technique that leverages
unique chemical properties to capture the relative amount of fat in regions of muscle. However,
measurements obtained through this modality are susceptible to artifacts by surrounding tissues,
specific scanner parameters and protocol, patient positioning, and data processing methods.
Lastly, Chapter 5 is the first experimental study with subjects at the University of Michigan to
utilize T1p/T2 imaging to measure properties of the knee cartilage matrix. T1,/T2 quantitative
imaging, similar to mDixon MRI, is heavily influenced by imaging protocols, and data
processing methods. The field as a whole would greatly benefit from developing standardized
methods for processing and analyses across all imaging modalities. While some variation and
user-preference may be expected, establishing a degree of standardization grounded in scientific
rigor will enable the field to evolve alongside technological advancements, particularly in
computer and data science, and engineering. This standardization will improve consistency in
interpretation across studies, ultimately expediting scientific research and development aimed at

improving patient care.
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Appendix A: Institutional Animal Care and Use Committee Forms (Chapter 3)

UCONN

URIVERSITY OF CONNECTICUT

R. Holly Fitch, Ph.D.
TIACUC Chair
860-486-2554

roslyn.h. fitch@uconn.edu

DATE: January 8,2018
TO: Lindsey Lepley, Ph.D.
Department of Kinesiology, Unit 1110
7, >
T
FROM: R. Holly Fitch, Ph.D.

SUBJECT:  Notice of IACUC Approval for Protocol No. A17-042

This letter serves as written notice of animal use APPROVAL by the IACUC on January 8, 2018,
Please note that at the October 30, 2017 meeting, the IACUC determined that the protocol required
modifications to secure approval that now have been addressed. Please refer to the assigned
protocol number for all animal orders and future correspondence with the IACUC; cage cards
should contain this protocol number. Please advise us in the future of any necessary corrections or
revisions by completing the appropriate form at hitp:/research.uconn.edu/iacuc/iacuc-forms/.

Please Note: All investigators are required to make study records available for inspection during
normal business hours. If study records are kept in locked facilities, a member of the research staff
must be designated as the official contact person for record inspection.

If you have added new personnel (students, post-docs, or faculty members) to the protocol,
you must contact ACS Veterinary Staff (acstraining@uconn.edu) to schedule the
appropriate training in Basic Animal Handling and if assisting or conducting surgery,
training in Anesthesia and Aseptic Technique, etc.

This institution has an Assurance of Compliance on file with the Office of Laboratory Animal
Welfare, National Institutes of Health (Assurance #A3124-01, 2/28/2020).

Funding Source:
1. NIH: “Influence of Eccentric Exercise on Muscle and Joint Health Following ACL

Injury” (pending)

All animal use protocols must be reviewed annually from the date of IACUC approval; you will
receive an e-mail notice requesting an annual update. Thank you for your efforts to help keep the
University in compliance with all animal welfare regulations.

Office of the Vice President for Research
Research Compliance Services

438 WHITNEY ROAD EXTENSION, UNIT 1246
STORRS, CT 06269-1246

PHONE B60.486.5602

FaX 860.466.1044

compliance.uconn.edu o Equn Opportunty Enplor
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Title: “Influence of Eccentric Exercise on Muscle and Joint Health
Following ACL Injury”

Species: Rat

Date Approved: January 8, 2018 ~ January 7, 2021
Protocol #: Al17-042

e Craig Denegar, Department Head, Dept. of Kinesiology

IACUC Designated Reviewer

Ramaswamy Chidambaram, Animal Care Services
Sheryl Lohman, Animal Care Services

William Field, Environmental Health and Safety
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University of Connecticut

IACUC-1 Protocol Application for Live Animal Care and Use

Institutional Animal Care and Use Committee, Office of Research Compliance
Whetten Graduate Center, Rm #214, 438 Whitney Road Ext., Unit 1246 Storrs, CT 06269-1246 860-486-8802

Office Use Only
IACUC Protocol # A1 7 -4 -
Approval Date: _I! A IS
Expiration Date: __|_ ;
species;_ (LA
Guide exceptions: Y¥/N__
Hazards:Y__ NM'

Sample language and additional guidelines for completing protocol forms are listed on the Protocol Instructions page.

Section I: Pl (Principal Investigator) and Laboratory Information

Principal Investigator (Pl) Lindsey K Lepley PhD ATC

Department: Kinesiology

E-mail: lindsey.lepley@uconn.edu

Unit #: 1110

Phone #: 860-486-5322

Emergency contact information (please provide cell phone#): 989-859-2950

Section ll: General Protocol Information

Project Title: Influence of Eccentric Exercise on Muscle and Joint Health Following ACL Injury

Check All That Apply

Submission type: [XINew [ Three year Renewal or [IModification of approved submission #
Type of project: Xl Research [JTeaching (course #: ) [JPublic Service [JField research

Anticipated project start date: 04/01/2018

(If different than above) When will animal work on this project begin?

Species: Rattus, Long Evans

Total animal number: 152

Section lll: Funding and Collaboration

A. Project Funding Status

Funding sources may include internal (department, internal grants) or external (NIH, USDA, NSF etc.)

Check all that apply:

Name of granting agency
or other source
(department, institution,
etc.)

Status

Title of award (s) or FRS# (if internally funded)

Fully or partly funded
by federal grant

X | Pending funding by
federal grant )

NIH, KO1(AR071503-01)
Following ACL Injury

Influence of Eccentric Exercise on Muscle and Joint Health

Funding to be provided
by University of CT

Funding provided by
other organization

Other: describe how
animal expenses will be
covered:

IACUC Protocol Submission Form Page | 1
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B.

Section

Collaboration:
Will any live animal work for this project be performed at a facility or institution other than the Universiiy of
Connecticut Storrs campus (excluding the receipt of animals or tissues from approved vendors)?

No  [Yes If Yes, complete the following:

1. Which institution/facility will have ownership of the animals?
b
2. What is the nature of the collaborative work being performed, including where and with whom work will be
performed?
B
3. If the collaborative work is being performed as part of an approved IACUC protocol at another institution,
please include a copy of the approval letter with this protocol submission.
[

IV:  Project Overview

Summarize your project. It may be helpful to think about how you would describe your project to the Media, or to
someone with a high school education. Technical language from grant submissions is not acceptable in this section.
Be sure to include how live animals will be used to contribute to your teaching or research goals and how this project
will advance scientific knowledge or otherwise benefit human or animal health or well-being.

»-The central tenant of this KO1 is to identify rehabilitation strategies capable of promoting muscle and joint health
after anterior cruciate ligament (ACL) injury. To date, concentric exercise (muscle strengthening during the shortening of
contraction) is the standard mode of exercise prescription after ACL injury. Yet, multiple systematic reviews have shown that
concentric exercise does not restore muscle strength and does not deter the onset of post-traumatic osteoarthritis (PTOA).
Emerging evidence suggests that mechanical stress achieved via eccentric exercise (muscle strengthening during the
lengthening mode of contraction) is required to initiate strain-sensing molecules that promote the recovery of muscle. We have
recently demonstrated that embedding eccentric exercise into a rehabilitation program early after ACL reconstruction promotes
the recovery of quadriceps strength better than concentric exercise. Though promising, eccentric exercise is often avoided
clinically, as the notion that eccentric exercise is associated with muscle injury has been perpetuated in the literature, and the
underlying benefits of eccentrics to muscle remain undefined. Further, the ability of eccentric exercise to prevent the
development of PTOA in a high-risk population has never been studied. To provide the evidence-based data needed to
support the incorporation of eccentric exercise into rehabilitation, we will establish a non-invasive, clinically-translatable, ACL
injury in a rat model and describe the time course of biomechanical alterations, inflammatory response and PTOA progression
(aim 1). We will then use this model to report the effectiveness of eccentric exercise to treat muscle weakness (aim 2) and
promote bone and cartilage health after ACL injury (aim 3). The central hypothesis is that eccentric exercise will attenuate
deficits in neural activity and alterations in muscle morphology, thereby restoring quadriceps strength and promoting joint
health more effectively than the current standard of care of concentric exercise after ACL injury. The rationale for conducting
this in vivo research, which establishes the physiological benefits of this rehabilitation strategy, is to ultimately inform the
development of future clinical trials.

IACUC Protocol Submission Form Page | 2
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B. Is your project an extension of previous work? If this project is an extension of your previous work or the work of

others, briefly explain why additional work is being done.

B To promote the recovery of muscle, emerging evidence suggests that mechanical stress achieved via eccentric
exercise is required to promote tissue growth. Given the unique capability of eccentric exercise to mechanically engage
muscle, the immediate incorporation of eccentric exercise into rehabilitation is likely an effective intervention to promote the
recovery of muscle strength. In fact, recent evidence suggests that eccentric exercise can be safely employed after ACL

reconstruction, and that eccentrics is particularly beneficial to
treating specific deficits that occur after ACL injury (Figures
1A, 1B). My doctoral work directly supports this premise, as

« this study was the first to directly compare eccentric to
concentric exercise after ACL reconstruction and
demonstrate that eccentric exercise is beneficial to muscle
strength and neural activity (Figure 1A). Others have also
found that eccentric exercise positively influences muscle
volume in patients post-ACL reconstruction compared to
patients receiving concentric exercise (Figure 1B). While this
work provides important preliminary data, to counteract the
clinical belief that eccentric exercise is harmful, further efforts
are needed to solidify the concept that eccentric exercise will
promote the recovery of muscle after ACL injury. Hence this
proposed research will contribute significantly to scientific
knowledge by using an animal model of ACL injury to directly
compare the underlying physiological benefits of eccentric
exercise to concentric exercise after ACL injury.

Section V: Request for Animal Use
A. Species Information:
1. Privately owned animals. If you are using any

privately owned animals for research, teaching,
or demonstration purposes, you must submit a

Figure 1A: Comparison of Quadriceps Strength (Nm)

Lepley et al (2015
6 viks eccentric v, 6 wks concentric

Gerber et al (2009

12 viks eccentriov. 12 viks concentric, 1 yr follow-up

Gerber et al (2007,

12 whs eccentric . 12 véks concentric *
’ T T 1
Q o $ $
» » ®
Figure 1B: C of Q yp! phy (% change)

Brasileiro et al {(2011)
12 vks eccentrics, foflow-up minus pre-test

Gerber et al (2009);
12wks eccentriov. 12 whs concentric, 1 yrfollow-up!

,
R ®

EEE eccentic  EE@ concenlic  * P<0.05

completed copy of Appendix B with this protocol submission.

2. Species, location and source. To list additional species or strains, add lines to Table

*QOccasionally, it is not feasible to list all species and/ or strains that may be associated with a project (such as in
field studies where other species may be unintentionally captured, or if a large number of transgenic mouse
models will be used). Please provide a brief explanation if all species/strains cannot be listed:

Species/Strain

Source(s) of animals

# required to meet
research/teaching
objectives

Rattus, Long Evans

ACS approved vendor

152

3.

Age and sex of animals on study: Indicate the sex and approximate age(s) of animals to be used in your
research, if possible. Also identify in your description use of any breeder animals, neonates, feti, and all
culled animais:

B For Aim 1, we plan to use 56 Long Evans rats age 16 wks at time of injury (28 males, 28 females). For

aims 2 & 3 we plan to use 96 Long Evans rats age 16 wks at time of injury (48 males, 48 females).

4. Animals with special requirements: Do any of the animals have a phenotype that may cause a known painful
or distressful physical, behavioral, or physiological condition (e.g. susceptibility to a particular iliness,
weakened immune system) or that may require special precautions to be taken by caretaker staff for the
animal’s benefit (e.g. requiring vaccination of staff, special hygiene precautions)?

XINo [Yes: If “Yes”, describe condition(s) and any special caretaker requirements
| 4
5.

Genetically modified animals: Will this project use any transgenic, knock-out, knock-in, floxed, cloned, or
otherwise genetically modified stock or strain of animal? '
ENO [IYes: If “Yes,” complete the following:
a. Identify which ones:
| 4
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Do any of the genetic modifications make the animals susceptible to a known disease
condition, or otherwise contribute to conditions of pain or distress?

[CNo [[]Yes: If “Yes”, describe:

»

List all known phenotypes of this strain (e.g. prone to seizure, splayed legs, etc.)
2

Ensure you have completed all necessary documentation for use of genetically
modified animals as required by the Institutional Biosafety Committee (IBC)
www.ibc.uconn.edu .

IACUC Protocol Submission Form Page | 4
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Justification of Animal Use and Numbers

A. Justification of Animal Use:

1. Rationale for using live vertebrate animals in this project:
What is the reason that live vertebrate animals are necessary for this project? (Complete Table)

Check all that apply:

The complexity of the processes being studied cannot be replicated, duplicated, or modeled in

x simpler living systems, such as in plants, insects, or other invertebrates.

% There is not enough information about the process being studied to design in-vitro or non-living
models

2 Existing in-vitro or non-living processes cannot produce the required results (e.g., cell culture for

monoclonal antibody production, computer modeling of protein synthesis, etc)

Preclinical studies in living vertebrate animals are necessary prior to human testing

This is a behavioral, learning, or development study: a whole living system is required

This is an ecological or field study

The animals will be used for teaching/ demonstration purposes

Other- please describe:

2. Appropriateness of species / strain selected:
For each species and strain listed in Section V.A.2, please describe the rationale in the table below:

Enter species name across top, then check
all rationale that apply for that species

Species/ strain 1:Rattus, Long Evans

This is a new model with untested
properties

No

A large database exists for this species/
strain which will allow comparisons to
previous data

Our work will use male and female Long Evans rats at 16 weeks of
age, as these rats are skeletally mature, and this strain of rat has
been used extensively for research involving exercise, muscle and
joint injury and adaptation.

The anatomy, genetics, physiology,
phenotype, or behavior of the species is
uniquely suited to the proposed study

Due to the difficulties associated with controlling the physiological
effects of exercise in humans, and the need to directly determine the
effect of an ACL injury and exercise on alterations in neural activity
and muscle morphology and joint health, this project will utilize Long
Evans rats. There currently is no alternative computer, invertebrate, or
in vitro models available that will allow us to perform the proposed
experiments. The number of rats required to perform the proposed
experiments is kept to a minimum by calculating the lowest number
needed to achieve statistical power.

This is the phylogenically least complex
model that will provide adequate tissue,
size, or anatomy for the proposed study

Yes, Long Evans rats are excellent for exercise protocols and are
large enough to instrument. Mice are too small for our instrumentation.

The results will be directly applicable to the
health or care of this species

PTOA is a major cause of lifetime disability, for which no cure
currently exists. PTOA is especially problematic following ACL injury,
where regardless of treatment, PTOA affects over 50% of ACL injured
limbs. Using a rodent model that closely resembles human ACL injury,
the proposed studies will elucidate whether eccentric exercise is more
effective than concentric exercise at promoting muscle and joint health
after ACL injury for the purpose of providing clinicians with evidence-
based treatment options for the nearly 300,000 Americans who
experience ACL injury each year.

Other: please describe additional rationale
used to select the species and strain
requested

N/A

B. Justification of Animal Numbers:

1. What was the method(s) used to determine how many live animals are required for this study? Check all that
apply, and supply additional information where asked to do so:

This is a field study (e.g. a mark/recapture
study for estimating population size/trends

IACUC Protocol Submission Form Page | 5
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or survival) in which the nature of the
research requires as many animals as can
be located)

Numbers were mandated by FDA or other
government agency (e.g. GLP work)

Which agency?

Numbers were based on results of a pilot
study

Please reference study:

o Lepley, LK., McKeon, P.O,, Fittzpatrick, S.G., Beckemyer,
C.L., Uhl, T.L., Butterfield, T.A., 2016. Neuromuscular
Alterations After Ankle Sprains: An Animal Model to
Establish Causal Links After Injury. Journal of Athletic
Training 51, 797-805.

Numbers were based on previous research
or experiment by self or others

Please reference experiment:

o Bigoni, M., Turati, M., Gandolla, M., Sacerdote, P., Piatti,
M., Castelnuovo, A., Franchi, S., Gorla, M., Munegato, D.,
Gaddi, D., 2016. Effects of ACL reconstructive surgery on
temporal variations of cytokine levels in synovial fluid.
Mediators of Inflammation 2016, 8243601.

e Haslauer, C.M., Proffen, B.L., Johnson, V.M., Hill, A.,
Murray, M.M., 2014. Gene expression of catabolic
inflammatory cytokines peak before anabolic inflammatory
cytokines after ACL injury in a preclinical model. Journal of
Inflammation 11, 34.

e Jones, M.D., Tran, C.W.,, Li, G., Maksymowych, W.P.,
Zernicke, R.F., Doschak, M.R., 2010. In vivo microfocal
computed tomography and micro—magnetic resonance
imaging evaluation of antiresorptive and antiinflammatory
drugs as preventive treatments of osteoarthritis in the rat.
Arthritis & Rheumatism 62, 2726-2735.

e Lepley, L.K., McKeon, P.O., Fittzpatrick, S.G., Beckemyer,
C.L., Uhl, T.L., Butterfield, T.A., 2016. Neuromuscular
Alterations After Ankle Sprains: An Animal Model to
Establish Causal Links After Injury. Journal of Athletic
Training 51, 797-805.

e Lepley, LK., Wojtys, E.M., Palmieri-Smith, R.M., 2015.
Combination of Eccentric Exercise and Neuromuscular
Electrical Stimulation to Improve Quadriceps Function Post-
ACL Reconstruction. The Knee 22, 270-277.

e Mendias, C.L., Lynch, E.B., Davis, M.E., Enselman, E.R.S.,
Harning, J.A., DeWolf, P.D., Makki, T.A., Bedi, A., 2013.
Changes in Circulating Biomarkers of Muscle Atrophy,
Inflammation, and Cartilage Turnover in Patients
Undergoing Anterior Cruciate Ligament Reconstruction and
Rehabilitation. The American journal of sports medicine 41,
1819-1826.

e  Wurtzel, C.N., Gumucio, J.P., Grekin, J.A., Khouri, R.K.,
Russell, A.J., Bedi, A., Mendias, C.L., 2017.
Pharmacological inhibition of myostatin protects against
skeletal muscle atrophy and weakness after anterior
cruciate ligament tear. Journal of Orthopaedic Research
Epub ahead of print.

Numbers were calculated using a statistical
formula

Please reference the name of the formula(S):

Based on previous animal (Bigoni et al., 2016; Haslauer et al.,
2014; Jones et al., 2010; Lepley et al., 2016; Wurtzel et al.,
2017) and human studies (Lepley et al., 2015; Mendias et al.,
2013), effect sizes were calculated for each of the outcomes,
and regardless the type of study and outcome, they all can be
classified as large effect sizes (d20.8,(Cohen, 1988),
alpha=0.05). Aim 1: The goal of this aim is to test the null
hypothesis that the means over time are equal for the different
outcomes. The computations assume a small intraclass
correlation of 0.15. (Mendias et al., 2013) For the 6 time points,
56 rats will be needed (48 ACL injured rats, 8 controls
[requesting additional ~20% for attrition]). Aim 2 & 3: The goals
of these aims are to test the null hypothesis that the 4 rat group
means are equal for different outcomes. With a proposed
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sample size of 24 rats for each group (12 males, 12 females
[requesting additional ~20% for attrition)), the study will have
power of 80% to yield a significant result. This computation
assumes that the standardized mean difference is 0.8 and the
common within-group SD is 0.5.(Lepley et al., 2016; Lepley et
al., 2015; Wurtzel et al., 2017).

Numbers were calculated via consultation
with a statistician

Who was consulted, and on which date(s):

Dr. Tania Huedo-Medina, Associate Professor of Allied Health
Sciences (continuous consuiltation spring/summer 2017 during
development of proposed research).

Numbers are based on expected student
enrollment: reflects animal/student ratio
required for effective teaching

This is a breeding or holding protocol, and
numbers represent the estimates of
offspring that will be produced and/or
animals that will otherwise need to be held
while not on study

This is a pilot project which will be used to
refine future experiments

None of the above methods could be used
to determine numbers, and the numbers
requested represent the best estimates in
the PI's professional judgment

Please explain why none of the above methods could be
used, and how the final numbers were determined:

Please describe how you calculated the animal numbers, either through a narrative or using a simple table that tabulates
across studies and/or groups. IF THIS IS A FIELD STUDY IN WHICH NUMBERS ARE OPEN ENDED, SKIP THIS STEP. Make

SURE the numbers and terminology for individual studies/groups is consistent with the description you provide in VIII.C, and

confirm that numbers match totals provided in Section Il and V. Also confirm numeric consistency with percentages in the
Pain and Distress table below (VII), including ALL animals used (e.g., culled pups and spent breeders, typically category B).

Again, culls and breeders MUST be reflected in Total Animal Number, here and elsewhere. (Suggest use Microsoft Word Insert

Table feature or similar quick tool.)

Section VII: Pain and Distress Classification* by Species
A. Categories:

Aim 1: We plan to use 56 Long Evans rats age 16 wks at time of injury (28 males, 28 females [power detailed
above in justification of numbers]). 48 rats will undergo the non-invasive ACL injury (right hindlimbs only),
followed by normal cage activity and data collections at 1, 3, 7, 14, 28 or 56 days after non-invasive ACL injury
(n=8 rats/time point [4 males, 4 females]). 8 (4 males, 4 females) rats will be uninjured and euthanized at 24
wks of age.

Aims 2 & 3: We plan to use 96 Long Evans rats age 16 wks at time of injury (48 males, 48 females [power
detailed above in justification of numbers}). Rats will be randomly assigned (24 per group [12 males, 12
females]) to an eccentric (downhill walking), concentric (uphill walking), injury model (no exercise), or control
group (no injury, no exercise) and the proposed interventions.

Insert the common names of each species used and enter the ~% of Animals for each pain classification Category.
Count each animal only once. For example, if you are working with rabbits, and some will undergo procedures

classified as Category B at some point during the experiment, but then the same animals will undergo Category D
classification procedures at a later time point, classify all of these animals as Category D. (If more than 4 species will
be used, copy and paste Table and note that added as an Appendix.)

*A detailed guide for using the USDA’s Pain Classification system can be found at:
http://oacu.od.nih.qov/ARAC/documents/USDA Reports.pdf
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Common name of species used:
(Place animals in “highest” USDA category.)

Species 1:
Rattus, Long Evans

% Category B: Animals being bred,
conditioned, or held for use in teaching,
testing, experiments, research or surgery,
but not yet used for such purposes.

nla

% Category C: Animals upon which
teaching, research, experiments, or tests
will be conducted involving either no
pain/distress, or only momentary/transient
pain/distress.

nla

% Category D: Animals used for teaching,
research, experiments, testing or surgery
that will involve accompanying pain or
distress and for which appropriate .
anesthetic, analgesic, or tranquilizing drugs
will be used.

21%

% Category E: Animals used for teaching,
research, experiments, testing or surgery
that will involve accompanying pain or
distress for which the use of appropriate
anesthetic, analgesic, or tranquilizing drugs
will adversely affect the procedures, results,
or interpretation of the teaching, research,
experiments, testing or surgery.

79%

1. Category DorE:

If any of the above procedures fall into Category D or E, then you must complete Appendix E

2. Cateqgory E:

If any of your classifications above include Category E procedures, you must scientifically justify below, the

withholding of analgesia, anesthesia, tranquilizers, medical treatments, or other methods to alleviate

pain/distress; include scientific references:

B Analgesics will be withheld as pain medications have been known to influence neural activity and the inflammatory
process, two primary outcomes measures of this proposed work. Further, humans after ACL injuries may or may not receive
analgesics (i.e. taking analgesics is not the standard of care). Hence withholding analgesics is in-line with the current standard

of clinical practice.

In-line with our previous work, analgesics will be provided after EMG instrumentation (Lepley, L.K., McKeon, P.O., Fittzpatrick,
S.G., Beckemyer, C.L., Uhl, T.L., Butterfield, T.A., 2016. Neuromuscular Alterations After Ankle Sprains: An Animal Model to
Establish Causal Links After Injury. Journal of Athletic Training 51, 797-805). To ensure that analgesics will not confound our
measures, rats will be given 4 days of rest post-EMG implantation prior to the collection of any neural data for aim 2.

. Overall Consideration of Sources of Stress and Distress:

According to the principles of Refinement, the IACUC must identify all potential sources of stress and distress.
(These may include but are not limited to, stressors such as: food or fluid restriction, painful or distressful blood or
tissue collection, noxious stimuli, painful surgery, separation of pre-weans or fledged animals from their mother,
environmental distress, forced exercise, disease conditions, deliberate exposure to predator scents, exposure of
non-acclimated animals to human handling, excessive noise, etc.)

Will animals in the proposed study be exposed to any factor(s) that may induce physiological or behavioral stress or
distress above and beyond that which is associated with normal pet ownership or basic husbandry procedures or
natural behaviors defined for the species?

[CINo Yes: if “Yes,” complete table below:

Stressful and Distressful Procedures
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Check If you checked this item, you must

all that | Procedures complete and submit the

apply appropriate Appendix form or
include additional information as
identified below,

] Restrainers: metabolism cages, vests, harnesses, or slings, Describe: b
etc.

X Potential stressors: food or water restriction, noxious stimuli, | Describe:®» The use of electrical
electrical shock, environmental stress, forced exercise, etc. shock during treadmill walking is a

potential stressor. An ACL injury is
created in rats and could cause
stress/distress.

] Invasive methods of animal identification (tattoos, brands, Describe:p
implants, ear tags, ear notches or punches, toe clipping, tail
biopsy genotyping etc.)

X Injections or Inoculations (drugs, substances, vaccines etc.) Compounds and procedure(s)

used must be described in
Section Vill.A.1 below
X Blood Collection Procedure(s) used must be
described in Section VIII.A.4
[l Terminal Tissue Harvest: e.g. perfusion, exsanguination
under anesthesia Ensure procedure is referred to by
name in Section VIII.C below and
is included as the method of
euthanasia in Section X.C.

X Non-Survival Surgery: i.e. surgical procedures in which an Describe in APPENDIX G
animal will be maintained in a plane of anesthesia for more Ensure procedure is referred to by
than a few minutes from which it will not recover (e.g. non name in Section VIII.C below
survival neuronal recordings, teaching surgical technique)

] Survival Surgery (Minor) Describe in APPENDIX G

Ensure procedure is referred to by
name in Section VIiI.C below

X Survival Surgery (Major) Describe in APPENDIX G

Ensure procedure is referred to by
name in Section VIII.C below
] Exposure to Radiation or Lasers APPENDIX D
Describe: b

] Exposure to Toxins (biological or chemical) APPENDIX D
Describe:p

(] Injections with or exposure to human cells (e.g. ESC) APPENDIX D
Describe:p

] Injections with or exposure to biological materials of animal Describe: b
origin (e.g. murine cells)

] Injections with or exposure to Infectious Agents (e.g. human APPENDIX D

or animal pathogens, viral vectors, etc.)

159
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Describe: »

] Transgenic or Knockout Animals Ensure that animals are described
in Section V.A.5

Contact the IBC to complete the
necessary documentation

C. Recognition and Assessment of Stress and Distress: For all procedures, including those listed above: Please
identify any expected potential indicators of stress and distress for this project, and explain how the indicated
conditions will be monitored. Examples include, but are not limited to: reduced activity, weight loss, abnormal
posture, etc.

B All studies will be conducted in a manner to minimize discomfort, distress, pain, and injury while ensuring the
scientific integrity of the studies. Specifically, throughout the protocol, each rat will be closely monitored for their level of
responsiveness, grooming, and feed and water consumption. If a rat fails to meet these criteria, taken as an indication of
distress, a veterinary consult will be conducted. Weights will also be continuously monitored throughout the protocol.
During treadmill walking, the P! will closely monitor the rats for humane endpoints and stoppage of walking. Unwillingness
to exercise will be monitored by the Pl, and exercise will be discontinued if the rat is unable to keep pace with the
treadmill, or if repeated electrical stimuli (e.g. more than 4 times per minute) is needed to elicit compliance with exercise
intensity.

D. Refinement; For all procedures, including those listed above: Describe how you have incorporated the principle of
refinement in order to reduce pain and distress. Examples include, but are not limited to: use of analgesia,
acclimation and training of animals, catheterization for frequent blood collection, etc.

» We subscribe to the principle of refinement, and it is our goal to minimize any potential pain and distress during our
experiment. There are currently no alternative computer, invertebrate, or in vitro models available that will allow us to perform
the proposed experiments. The number of rats required to perform the proposed experiments is kept to a minimum by
calculating the lowest number needed to achieve statistical power.

Analgesics will be withheld after ACL injury as pain medications have been known to influence neural activity and the
inflammatory process, two primary outcomes measures of this proposed work. Further, humans after ACL injuries may or
may not receive analgesics (i.e. taking analgesics is not the standard of care). Hence witholding analgesics is in-line with the
current standard of clincial practice. To minimize distress, the use of moistened food, hydrogel cups, and palatable food
treats may also be used after ACL injury and EMG electrode placement.

It is possible that a rat may experience an accidental injury (e.g. foot injury) during treadmill walking. In this scenario, exercise
will be stopped if the rat is unable to continue exercising without an antalgic gait (i.e. antalgic gait due to foot injury, not due to
ACL injury where hindlimb gait alterations are expected). Exercise will also be stopped due to poor performance (e.g.
unwillingness to exercise). Unwillingness to exercise will be monitored by the Pl, and exercise will be discontinued if the rat is
unable to keep pace with the treadmill, or if repeated electrical stimuli (e.g. more than 4 times per minute) is needed to elicit
compliance with exercise intensity.

Section VlI: Specific Procedures and Studies

A. Invasive procedures:

1. Substance Administration: including anesthetics or analgesics used for surgery, will any drug or
research material be given to the animals?

[ No, If no, SKIP TO QUESTION 4.

XKYes: List below including names, dosages, route, and site of delivery of the vehicle, drug or agent

B Anesthesia will be induced using an induction chamber with 5% isoflurane and 1L/min oxygen, and maintained
via a nose cone with 1-3% isoflurane and 500mL..

Rats will also be given Buprenorphine injection (0.02 mg/kg, subcutaneous injection) after EMG implantation with
additional Buprenorphine injections every 8-14 hours thereafter for 72 hours.

Alternatively, Meloxicam may also be used for 72 hours [3 total doses [dose 1 is administered pre-operatively], 1-
2 mg/kg subcutaneous injection, ACS SOP #2003].

2. Non-Pharmaceutical Grade Compounds: The 2011 Guide (pg. 31) states, “[Pharmaceutical grade
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chemical compounds] should be used, when available, for all animal related procedures”. USDA APHIS
and OLAW define pharmaceutical grade compounds as “a drug or compound that can be purchased from
a medical or veterinary drug supplier in a formulation that is ready-to-use in living vertebrate animal
subjects; including those intended for use as investigational agents for clinical purposes and in terminal
studies”. “USP” is not equivalent to “pharmaceutical grade.”

a. Does this study involve injections of non-pharmaceutical grade chemicals /substances?

XINo All chemical compounds used will be human or veterinary pharmaceutical
grade.

[ Yes Non-pharmaceutical grade chemicals or substances will be used because:

(Check all that apply)

Pharmaceutical grade compound is not available from a veterinary or medical supplier

Pharmaceutical grade compound is not available from a veterinary or medical supplier in the needed
concentration or formulation

The compound is required in order to produce data that is comparable to previous year’s data

Reagent grade compound is more pure than pharmaceutical grade compound

Non-pharmaceutical grade compounds are necessary to meet the scientific goals of the study. Briefly explain:

B

b. Please provide a written SOP (either below, or attach as an appendix) describing how the
compound is prepared and stored. Be sure to include the following in your description:

Chemical compound concentration (in units or %)

Vehicle used

How sterility is achieved (e.g. filtered, autoclaved)

How labeled to include: Date compounded, by whom, shelf life and expiration date
Storage requirements

Assessment of pH (pH test paper is appropriate)

B

3. Controlled Substances: Does the proposed work include use of any federal or state controlled
substances?

[INo

[JYes, under the handling and direction of a veterinary professional only
X Yes and the Pl or named protocol personnel are licensed and store and/or administer the
substances

DEAI/CT license numbers of licensee:» Dr. Lepley has a DEA license (CSL#0001125)
Date issued:p> 10/06/16

The state of CT now requires you to provide a list of research personnel who are authorized by you
to be named as handlers of the drugs under your license. You may email them this list at:
drug.control@ct.gov
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4. Blood collection: Does the proposed study involve survival collection of blood from a live animal?

[INo [XlYes: Describe procedures below, including route, site of collection, any use of
catheterization, frequency, volume, and animal recovery methods that will be used.

P> For aim 1, serial serum measures of inflammatory biomarkers will be collected via the dorsal pedal vein
or the tail vein (e.g. tail vein prick method). Rats will be restrained and the dorsal pedal vein or the tail vein
will be located. The area will then be cleansed with alcohol and the vein will be punctured with a 23G needle
if the dorsal pedal vein method is used or a sterile scalpel for the tail prick method. Blood will be collected
via a capillary tube (approximately 2ml volume) and slight pressure will be applied to the area to stop the
bleeding.

To continuously monitor the inflammatory response in rats at at 1, 3, 7, 14, 28, or 56 days after ACL injury,
and ensure that the inflammatory response in animals euthanized at early time points is similar to those
euthanized at later dates, live animal data collections are required.

In animals that are alive for 56 days, blood will be collected n=6 times (1, 3, 7, 14, 28, or 56 days after ACL
injury). In animals that are alive for 28 days, blood will be collected n=5 times (1, 3, 7, 14, 28 days after ACL
injury). In animals that are alive for 14 days, blood will be collected n=4 times (1, 3, 7, 14 days after ACL
injury). In animals that are alive for 7 days, blood will be collected n=3 times (1, 3, 7 days after ACL injury).
Lastly in animals that are alive for 3 days, blood will be collected n=2 times (1 and 3 days after ACL injury)
and animals that are alive for 1 day will undergo a single data blood collection.

5. Tissue collection: Does the proposed study involve survival collection of tissue(s) from a live
animal?

XNo .

[JYes, for genetic biopsy such as ear punch or tail snip with anesthesia — Describe in Appendix G if
different from NIH defined practices for rodent genetic biopsy (link referenced below)
http://oacu.od.nih.qov/ARAC/documents/Rodent Genotyping.pdf

[JYes, for other survival collection of tissue under anesthesia Ensure procedures are listed by
name in Section VIII.C and complete Appendix G .

6. Surgical procedures: Does the proposed study involve any incisions, or abrading, or other surgical
procedures on live vertebrate animals?

[ No

XYes, for survival procedures (animal is expected to recover consciousness following the
procedure) Ensure that procedures are listed by name in Section VIII.C, and complete Appendix G.

XlYes, for non-survival surgeries where animals will be maintained in a plane of anesthesia for more
than a few minutes (e.g. non-recovery neuronal recordings): Ensure procedures are listed by name
in Section VIII.C and complete Appendix G: Sections 1,Il & Il only).

[Yes, for terminal tissue harvest procedures (e.g. perfusion, terminal tissue harvest, cardiac
puncture): Ensure procedures are described in Section VIII.C. DO NOT complete Appendix G

B. Specific types of studies:

1. Does the proposed study involve the experimental modification and/or
observation of animal behavior?

No
[Yes, if “Yes,” ensure the methodology and time line is covered in
Section VIII.C.

2. Does the study involve water restriction, food restriction, shock, restraint or other stressors?
[InNo
Yes, if “Yes,” ensure that procedures were described in the table in Section VII.B, and that
measures taken to assess pain and distress as a result of these procedures were described
in Section VII.C
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3. Does the proposed study include the capture, manipulation, observation,
housing, tracking, identification, or collection, of any free-living, non-
domestic animals?
No
[CYes, if “Yes” ensure the methodology and time line is covered in Section VIII.C. Be advised that all
necessary permits must be obtained prior to the start of work, and that those permits should

be available force-frequency {neural)
to the IACUC force:length (morphological)
upon [ EMG Implanttion ] [ non-invasive ACLinjury ] oy = Ut igd-—

request. 1 l l

4. Does the proposal

include teachi ng or demonstration acdimatize to lab rast ac;;f;\a:\i?alilion 8 week exerdse interventions for eccentric and concentric groups
as a protocol objective? | ] [ | y
X No 7 " 0 7 7

CYes, if “Yes” DAY

1 18 2
\ T
ensure that methodology and T Y
i EMG & kinematic data EMG &kinematlc data
procedures are covered in lotions to) i

Section VIII.C below.

Description of Procedures: Provide a complete description of the experimental procedures that will be applied to the
animals. Provide sufficient detail to allow the IACUC to discern what is happening to the animals every day the animals
are on study; from arrival to endpoint. Reference to an IACUC approved written ACS/ANSCIIACUC Standard Operating
Procedures (SOP), when performing the procedure exactly as stated in the SOP, is acceptable. Include copies of all
Department SOP’s. Note when surgical procedures are performed but describe them in detail in Appendix G. Tables,
timelines and diagrams are helpful. Additional Guidelines for completing this section are listed in the IACUC-1
Instructions Page. DO NOT REPEAT INFORMATION ALREADY GIVEN IN PREVIOUS SECTIONS OR IN APPENDICES.
REFER TO PROCEDURES ALREADY DESCRIBED ELSEWHERE BY NAME ONLY.

B Aim 1 is a longitudinal study in which weekly measures of knee and ankle kinematics will be collected and serum
biomarkers of the inflammatory response will be measured at 1, 3, 7, 14, 28 or 56 days after non-invasive ACL injury.
Subsequently, rats will be euthanized and knees will be scanned using uCT to assess PTOA progression, and then dissected
to confirm severity of ACL injury. For aim 1, a total of 56 rats (n=28 female and n=28 male) will be used to comprehensively
describe our non-invasive ACL injury model. Rats will undergo a one-week acclimatization period in our animal housing facility
prior to ACL injury (described above), followed by normal cage activity for 1-56 days. Rats will be euthanized at one of six time
points (n=8 rats/time point):1, 3, 7, 14, 28, or 56 days after ACL injury where both knees (unilateral ACL-injured knee and
contralateral knee) will be extracted for analysis. Group of 8 (4 males, 4 females) uninjured control rats will also be euthanized
at 24 weeks of age. The overall goal of this aim is to establish a non-invasive, clinically-translatable, ACL injury in a rat model
and describe the time course of biomechanical alterations, inflammatory response and PTOA progression. This aim will use a
separate cohort of rats from aims 2 and 3.

Aims 2 and 3 will use the same cohort of rats in a prospective, randomized controlled laboratory study design in which rats will
be randomly assigned to an eccentric (downhill walking), concentric (uphill walking), injury model (no exercise), or control (no
injury, no exercise) group (Figure 2). For aims 2 and 3, a total of 96 rats (n=48 males and n=48 females total [n=24 per group;
n=12 males, n=12 females) will be used. Aim 2: To investigate the role of exercise on neural factors after non-invasive ACL
injury, quadriceps electromyographical (EMG) activity will be measured prior to ACL injury and longitudinally after injury for 8
weeks. On the final day of training the quadriceps force-frequency relationship will be measured. To measure alterations in
morpholagical factors, quadriceps force-length relationship will be measured on the final day of training. Rats will then be
euthanized and muscle will also be harvested to assess muscle fiber typing and cross sectional area. Aim 3: Eight weeks after
injury, PTOA progression will be assess using pCT to detect changes in microarchitectural parameters of bone and cartilage
degradation will be assessed by quantifying differences in cartilage thickness, proteoglycan content and OARSI scores. The
overall goal of these aims is to report the effectiveness of eccentric exercise to treat muscle weakness (aim 2) and promote
bone and cartilage health after ACL injury (aim 3).
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ACL injury:

ACL injury will be induced using a single load of tibial compression. The device
consists of two custom-built loading platforms (Figure 3); the top knee stage is
rigidly mounted to a linear actuator (DC linear actuator L16-63-12-P, Phidgets,
Alberta, CA) that positions the right hindlimb in 30deg of dorsiflexion and
100deg of knee flexion while providing room for anterior subluxation of the tibia
relative to the femur; the bottom stage holds the flexed knee and is mounted
directly above a load cell (HDM Inc., PWBD, Southfield, MI). Rats will be
anesthetized and then the right hindlimb will be subject to single load of tibial
compression at a speed of 8mm/s. Anesthesia will be induced using an
induction chamber with 5% isoflurane and 1L/min oxygen, and maintained via a
nose cone with 1-3% isoflurane and 500mL. ACL injury will be noted by a
release of compressive force during injury that will be monitored via our custom
program (LabVIEW, National Instruments, Austin, TX). Post-injury, the PI will
also perform a Lachman's test to clinically confirm an ACL rupture has
occurred.

Dr. Lepley has rigorously tested this device over the last year at UConn using
post-mortem rats and at a speed of 8 mms/s we have been able to consistently
produce an isolated mid-substance ACL injury (n=20 rats). An isolated ACL injury has been confirmed using pCT measures
and dissection analyses. Notably, pilot data from Dr. Lepley's post-doc at the University of Kentucky also demonstrates the
ability of this device to effectively tear ACLs in a small number of live rats. Analgesics will be withheld as pain medications
have been known to influence neural activity and the inflammatory process, two primary outcomes measures of this proposed
work. Further, humans after ACL injuries may or may not receive analgesics (i.e. taking analgesics is not the standard of care).
Hence withholding analgesics is in-line with the current standard of clinical practice.

Outcome measures:

Inflammatory biomarkers (aim 1). Serial serum measures of inflammatory biomarkers will be collected via the dorsal pedal vein
or the tail vein at 1, 3, 7, 14, 28, or 56 days after ACL injury. Rats will be restrained and the dorsal pedal vein or tail vein will be
located. The area will then be cleansed with alcohol and the vein will be punctured with a 23G needle if the dorsal pedal vein
method is used or a sterile scalpel for the tail prick method. Blood will be collected via a capillary tube and slight pressure will
be applied to the area to stop the bleeding.

Hindlimb gait (aims 1 & 2). During level-
ground walking (16 m/min) on a motor-
driven treadmill, hindlimb kinematic data
will be collected using a high-speed
digital camera (Figure 4). Kinematics will
be collected using retro-reflective skin
markers that will be placed on the
greater trochanter, lateral femoral
condyle, lateral malleolus and fifth
metatarsal of the ACL injured hindlimb
for the purpose of determining
alterations in knee and ankle joint
excursions. Knee and ankle kinematics
will be calculated using the trajectories of
the different joint markers to reconstruct
sagittal angular excursions of the knee and ankle joints.

Fine-wire EMG surgical instrumentation (aim 2 - survival surgery). Rats will be instrumented with fine-wire EMG after a one-
week period of laboratory acclimatization. Anesthesia will be induced using an induction chamber with 5% isoflurane and
1L/min oxygen, and maintained via a nose cone with 1-3% isoflurane and 500mL oxygen. After reaching the surgical plane of
anesthesia, an incision will be made on the anterolateral portion of the left hind limb, and blunt dissection will be used to
identify the vastus lateralis muscle. Once the vastus lateralis muscle is identified, custom fabricated, indwelling EMG
electrodes constructed of Teflon-coated 10 strand stainless wire (AS-631, Cooner Wire, Chatsworth CA, USA) will be
implanted in line with the muscle fibers using a small, curved surgical needle. Wires will be then routed through a
subcutaneous tunnel along the spine of the rat to the base of the skull, where a 1cm sagittal plane incision will be made along
the coronal suture, just anterior to the lambdoid suture. The top of the skull will then be exposed and cleaned, and four holes
will be drilled into the outer dense layer of the skull. Four stainless steel screws (4mm self-taping bone screws, Fine Science
Tools, Foster City CA, USA) will be secured into the holes and a 10-pin connector header (Digi-Key Corporation, Thief River
Falls MN, USA) will be secured to the top of the skull using layers of dental cement (Excel Formula Dental Material, St. George
Technology Inc., Wilmington NC, USA) that will bond to the four screws. The leads of the EMG electrodes will then be
soldered to 2 corresponding and opposite pins of the head connector. Following attachment of the EMG leads and one ground
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electrode, all exposed pins will be covered with a final layer of dental cement, and the incision will be closed using 4-0 vicryl
sutures or with stainless steel wound clips, and rats will be allowed to recover on a heated pad. Immediately post-surgery, rats
will also be given Buprenorphine injection (0.02 mg/kg, subcutaneous injection) with additional Buprenorphine injections every
8-14 hours thereafter for 72 hours. Rats will recover for four days. Alternatively, Meloxicam may also be used for 72 hours [3
total doses [dose 1 is administered pre-op], 1-2 mg/kg subcutaneous injection, ACS SOP #2003]. During treadmill walking, raw
EMG data (3000 Hz) from the vastus lateralis will be transmitted to a computer via a shielded, multi-conductor that will be
attached to the external connector secured to the rat's head and synchronized with hindlimb gait during level-ground walking
(Figure 4). EMG data will be acquired from the same step-cycles as the knee and ankle kinematics described above where
EMG onset time, phase duration will be calculated.

Nerve cuff surgical instrumentation (aim 2 — non-survival surgery). On the final day of training, rats will be instrumented with
femoral nerve cuff electrodes (Figure 2). Rats will be anesthetized (as described above) and a small incision will be made just
distal to the inguinal ligament and dissection will be utilized to expose the underlying femoral nerve. A custom-made nerve cuff
electrode will then be secured around the femoral nerve and the wires of the nerve cuff will be routed subcutaneously to the
base of the skull using the same methods as described above in the EMG implantation section. Rats will be positioned in a
stereotactic frame with the ACL hindlimb secured to a custom fabricated instrumented bar that is placed just proximal to the
malleolar axis of the tibia. Maximum knee extensor torque will be recorded at multiple angles (75-85°, 95-105°, 115-125°) and
voltage output from the bar will be recorded using the data acquisition and playback software (LabVIEW). At each knee angle,
maximum knee extensor torque will also be measured at a range of frequencies (single twitch, 10, 50, 100 and 200 Hz) using
a Grass S88x stimulator that will evoke knee extension contractions. The average knee extension torque produced over three
trials at each frequency and knee angle will be utilized for creating force-frequency (neural outcome) and force-length
(morphological outcome) relationships. Immediately after force-frequency (neural outcome) and force-length testing
(morphological outcome) is complete, rats will be euthanized.

*Aim 3. All imaging measures will all be conducted after euthanization.

D. Location of Live Animal Procedures: Identify, in the table below, where each of the procedures identified
above will be performed. Check all that apply, and provide the additional information requested. ONLY
INCLUDE AREAS WHERE LIVE ANIMALS WILL BE BROUGHT; DO NOT INCLUDE FIELD WORK:

Type of activity Building Room(s) Duration of stay*

Animal Housing* ABL ACS Assigned It is the goal of the Pl to have
each batch of rats tested
within 12 weeks. This timeline
allows for acclimatization and
all experimental procedures.

Non-surgical procedures ABL ACS Assigned

(treadmill walking and ACL
rupture)

Surgical procedures ABL ACS Assigned Estimated time of surgery for
EMG implantation is ~1 hr per
rat (survival surgery). Fluid
replacement via
subcutaneous injection will be
administered for all
procedures greater than 30
minutes.

Recovery Procedures ABL ACS Assigned Post-EMG implantation rats
will be monitored for 2 hours.
Rats will also be monitored
during Buprenorphine or
Meloxicam injections as
described above.

Terminal procedures, ‘ ABL ACS Assigned
including euthanasia
Other- describe:

*If any animals will be maintained outside of the primary housing facility for more than 12 hours, provide location and
rationale here
P n/a
Section IX: Animal Husbandry and Transportation
A. Animal Housing:
Please select one answer from the following table:
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This section is not applicable because animals will not be housed for any period of time on this protocol
(Proceed to Section IX.C)

| am familiar with the standard husbandry practices (including environmental enrichment) established by
the University for the species | am using, and agree that the practices, will meet my research objectives
(Proceed to section IX.C)

The species | am using will require routine care practices not yet identified by University staff (Proceed to
Section IX.B)

X | The objectives of my research will require modifications to standard husbandry practices established by
the University, e.g. individual housing of social species (Proceed to Section IX.B)

B. Special Husbandry Requirements:

1. If the handling and care of your species requires husbandry procedures not yet identified by the University
staff (i.e., you are using a novel species or strain with unique characteristics that necessitate additional
care), either reference or attach an IACUC approved SOP or describe below. Be sure to include information
regarding who will be expected to provide the special husbandry (e.g. ACS, lab staff)

P n/a

2. If your research objectives will require modifications to existing or identified routine husbandry practices
(requires single housing, opting out of environmental enrichment, a different cage change frequency, food/
fluid restriction, custom diets, sterilized food, bedding or enclosures etc. ), describe and provide scientific
rationale below:

P We haven't experienced this problem in the past (Lepley et al., 2016), but post-EMG instrumentation it is plausible
the single housing may be necessary to minimize distress.

To minimize distress, the use of moistened food, hydrdgel cups, and palatable food treats may also be used after
ACL injury and EMG electrode placement.

3. Will any experimental conditions or manipulations have anticipated effects on the normal physiology,
anatomy, or behavior of the animals on study?
[INo &Yes, If “Yes”, describe the effects in detail:
P After ACL injury, atypical hindlimb gait will likely occur.

4. Will any aspects of the study require animals to be observed more frequently than once a day; or require
additional training of the animal care staff to properly identify and monitor experimentally induced
conditions?

[CONo [X]Yes, If “Yes”, describe observation requirements (include frequency, special requirements, and if
research personnel or ACS will perform; do not include methods required for surgical recovery, as these are
covered in detail in Appendix G).

» Surgical recovery detailed in Appendix G

C. Animal Tracking
Briefly describe how animals will be tracked throughout the experiment. Such as use of cage cards, ID tags,

photographs, censuses, etc. :
» Animals will be tracked via cage cards and ink marker on tails.

D. Animal Transportation

1. Will animals be transported in accordance with IACUC Policy #AW-02-2012?
Yes [INo, If “No”, please complete the table below:

This protocol will Briefly describe transportation methods and any containers
require animals to be being used. In addition please note who will transport the
transported: animals (i.e. ACS or protocol personnel):

This protocol will not
require any
transportation of
animals outside of the
housing facility
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Section X:

Within a facility but
outside of animal
housing areas (i.e.,
from the housing
facility to your
laboratory)

Between facilities on
the Storrs campus

To other facilities off
campus and/or out of
state

Other not described

Endpoint Criteria, Disposition and Euthanasia

A. Endpoints In Study Design “Endpoint” is defined as the moment at which an animal:

e s euthanized, and its heart and respiratory functions cease

o  Has its ownership transferred elsewhere, such as sending livestock for sale or slaughter
o [s released back into its natural habitat, such as for field studies

o  The study ends, without animals having been handled

1. Experimental Endpoints: What are the identified endpoints in the study design?

(Experimental endpoints are defined as the point at which scientific aims and objectives have been

reached)

There may be more than one endpoint, list all:

» For aim 1, a total of 56 rats (n=28 female and n=28 male) will be used to comprehensively describe our
non-invasive ACL injury model. Rats will undergo a one-week acclimatization period in our animal housing facility
prior to ACL injury, followed by normal cage activity for 1-56 days. Rats will be euthanized at one of six time
points (n=8 rats/time point):1, 3, 7, 14, 28, or 56 days after ACL injury where both knees (unilateral ACL-injured
knee and contralateral knee) will be extracted for analysis. Group of 8 (4 males, 4 females) uninjured control rats
will also be euthanized at 24 weeks of age.

For aims 2 and 3, a total of 96 rats (n=48 males and n=48 females total [n=24 per group; n=12 males, n=12
females) will be used. To investigate the role of exercise on neural factors after non-invasive ACL injury,
quadriceps EMG activity will be measured prior to ACL injury and longitudinally after injury for 8 weeks. On the
final day of training the quadriceps force-frequency relationship will be measured. To measure alterations in
morphological factors, quadriceps force-length relationship will be measured on the final day of training. Rats will
then be euthanized (76 days post-arrival to ACS facility, Figure 2) and muscle will also be harvested to assess
muscle fiber typing and cross sectional area and PTOA progression.

2. Humane Endpoints: What animal welfare or behavioral criteria will be used to assess the need to
either prematurely remove an animal from the study, or consult with ACS veterinary staff? Examples
of criteria could include weight loss, decreased activity, tumor burden, etc. If a field study of free-
living animals captured for research, address whether injury from capture process, markers, etc. is
likely, and possible responses to observed injury.

B Animals will be inspected for general condition by fur condition, absence of lesions, reduced feed intake,
weight loss (20% weight loss, animals will be weighed weekly), and eye discharge. If an animal's general
condition is poor, then a veterinary consult will be requested to assess treatment or euthanasia
recommendations.

For aim 2, foliowing the surgical implantation of EMG, animals will be weighed every 48 hrs for the first week
after surgery and then once a week for the duration of the protocol.

Note: In the event that an animal is found to be in severe pain or distress, all attempts will be made to contact the Pl for guidance.
However, the veterinarian has authority to use appropriate treatment or control measures, including euthanasia if indicated,
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following diagnosis of an animal disease or injury. The veterinarian's authority is exercised with the concurrence of the IACUC
and the Institutional Official.

B. Disposition Other than Euthanasia: Will any study animals be alive at the completion of this study?

XlNo

[‘IYes identify the intended disposition of any live animals at the completion of this study:

This is a field study in which animals are either never handled, or will be
released back into their natural environment (wild-caught animals only)

How many animals?

Animals will be transferred to another approved protocol for the same Pl

How many animals, and which

protocol(s)?

Animals will be transferred to another Pl at the University of Connecticut

How many animals, and which Pl

and protocol?

Animals will be transferred to another Pl outside of the University

How many, and where will they be

going?

Animals will be transferred from a breeding protocol to a holding,
teaching, or research protocol

How many animals?

Other not specified
2

Describe in detail below
'S

C._Euthanasia/Method: Complete this section to describe euthanasia methods, perfusion and terminal harvest, and

carcass disposal procedures being used for this protocol. Note that all methods of euthanasia should be congruent
with the AVMA guidelines on euthanasia. IF THIS IS A FIELD STUDY IN WHICH EUTHANASIA IS NOT AN ENDPOINT
AND/OR IS PROHIBITED BY THE TERMS OF YOUR PERMIT, SKIP TO SECTION XI.

Indicate .
defined study s us.ed i
. non-experimental
endpoints Agent and
; Species this method purposes exposure
Chemical >pe N (IE culling of p
(Check Euthanasia (indicate will be used animals that cannot route to be | Dosage or Other
here) all that for used (IP. flow rate: information:
Method be used on .
apply) (IE end of : IM, SQ, IV,
; experiment, .
experiment, h \ etc.):
brain i umane endpoints,
rain tissue etc.)
harvest, etc.) ’
Overdose of
injectable
anesthetic
Inhalation of [Inhalation
carbon dioxide chamber
from a Rattus, . gas CO2is In accordance
X compressed gas Long exggrciin:(fent hur::r?g“eﬁi%ce)ints only with ACS
cylinder Evans acceptable SOP#2006
method for
this agent]
Overdose of
inhalant
anesthetic
Overdose of
injectable
barbituate
Other- Indicate
here:
. . Indicate Will be used for
Phy5|'cal/ Spe.cles defined study | non-experimental Agent and
(check Combined (indicate N exposure Dosage or Other
" endpoints purposes X ; -
here) Euthanasia all that " : route to be | flow rate: information:
this method (IE culling of
Method apply) h . used (IP. .
will be used for | animals that cannot
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(IE end of be used on M, 8Q, IV,
experiment, experiment, etc.):
brain tissue humane endpoints,
harvest, etc.) etc.)

Cervical
dislocation Justification
without N/A P required

anesthesia

Cervical
dislocation with
anesthesia

Decapitation
without N/A N/A
anesthesia

Justification
required

Decapitation with
anesthesia

Exsanguination
under anesthesia

Perfusion under
anesthesia

Other- describe:

1. Justification to use physical euthanasia methods alone: (complete only if
using a physical method as the primary euthanasia method). The use of physical
methods as the sole method for humanely euthanizing animals requires scientific
justification. What is/are the reason(s) that anesthetic cannot be used prior to the
use of the selected physical method(s)?

| 4

2. Verification of Death: How will animal death be verified prior to disposal of
animal carcasses? (check all that apply)

Thoracotomy under anesthesia x_| Prolonged exposure to CO2 (>5 minutes)
Cervical dislocation Observation of vital signs for 5 minutes
Rapid freezing (neonatal rats and mice) Decapitation

Exsanguination under anesthesia Other:

3. Carcass Disposition:

a. Will animal tissues or fluids be potentially contaminated with

chemical or biological agents of known or unknown toxicity, reactivity, or
infectivity?

XINo [Yes, if Yes, you must complete Appendix D

b. Will tissues or fluids be harvested from the euthanized animals?

[ONo XYes

c. Will carcasses be disposed of by ACS or Veterinary Pathobiology
services?

XlYes [INo, if No, describe what will be done with animal carcasses:
| 4

D. Euthanasia/Training: Please describe the training program for ensuring the procedures are performed
humanely and appropriately:

P For CO2 behavioral cues such as nose twitch and respiratory rate, as well as reaction to application of noxious stimuli
(pedal reflexes by toe pinch, and palpebral reflexes) and assessment of jaw tone will be used to monitor the primary
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means of euthanasia. Once the behavioral cues are no longer responsive, exsanguination will be performed for assurance
of non-revival.

ACS provides training in euthanasia for all new personnel.

Section XI: Occupational Health and Safety Considerations

Hazards Associated With Animal Research: The Pl is responsible for ensuring that exposure of humans to physical, chemical,
environmental, biological, and radiation hazards is minimized to the greatest extent possible during the course of active
research. All people with animal exposure must enroll in the OHS Program for animal handlers. All people with animal
exposure are required to complete the necessary EHS training as indicated based on hazard/exposure type. Please review
and complete the following:

&I have read and understand the Occupational Health and Safety Program for Animal Handlers
http://www.ehs.uconn.edu/Biological/ahpré.pdf

XI have attached the Workplace Hazard Assessment (WHA) form for my lab/workplace
http://www.ehs.uconn.edu/forms/WHA.php

D1 will submit to EHS an Employee Safety Orientation (ESO) form for each person working under this
rotocol

: http:www.ehs.uconn.edu/forms/ESO.pdf

Xl understand that all animal work can potentially expose personnel to allergens derived from animal

fur, feathers, dander or fluids. Each person working under this protocol will either take the EHS

Biosafety in Animal Research Training or will be trained by the Pl on this topic.

A. Physical risks:

1.

Will the nature of the study potentially expose personnel to animal bites, kicks, scratches, punctures,
etc.‘T:lensure that any risks noted below are described in your WHA.
No
XYes, for rodents or other traditional laboratory species only
[JYes, for non-traditional species whose use poses minimal physical or biological risk to
personnel or animals
[QYes, for large or non-traditionall exotic species whose handling may increase risk to
personnel.

Does the work covered by this protocol increase the likelihood of personnel acquiring injuries due to
needle sticks, falls, slips and trips, bruising, or other physical hazards (including risks encountered in
the field as a direct result of the research)? Ensure that any risks denoted by a “yes” below are
described in your WHA.

[Ono

XYes

Does the work covered by this protocol expose personnel to industrial or occupational hazards, such as
loud noise, dangerous machinery, heavy lifting, etc.? Ensure that any risks denoted by a “yes” below are
described in your WHA.

XiNo

[dYes

B. Chemical risks:

1.

Will the nature of the study potentially expose the Pl or research staff to any chemical risks, including
but not limited to: formaldehyde or other preservative fluid, cleaning agents, pesticides, poisons,
solvents, drugs with known effects, drugs with unknown effects, volatile gases, irritants, potentially
explosive substances, etc.

No

|:|Yes, for chemicals KNOWN NOT TO BE toxic*, chemical carcinogens, reproductive

hazards: Ensure that all personnel will complete the annual lab safety training provided through

EHS and will read and understand the Chemical Hygiene Plan for the University of CT. PLEASE

LIST CHEMICALS BELOW:

| 4
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Yes, for chemicals KNOWN TO BE toxic* but WILL NOT be used in/with live animals: Ensure that
all personnel will complete the annual lab safety training provided through EHS and will read and
understand the Chemical Hygiene Plan for the University of CT. PLEASE LIST CHEMICALS BELOW:
¥ Acetone, methanol, and ethanol for tissue processing

[IYes, for chemicals KNOWN TO BE toxic*, chemical carcinogens, reproductive hazards
(including but not limited to tamoxifen, BRD-U, etc.) that WILL BE USED IN/WITH LIVE ANIMALS:
Complete and submit Appendix D.

[IYes, for experimental compounds: Complete and submit Appendix D.

2. Will the nature of the study potentially expose the Animal Care Services staff to any chemical risks,
including but not limited to: formaldehyde or other preservative fluid, cleaning agents, pesticides,
poisons, solvents, drugs with known effects, drugs with unknown effects, volatile gases, irritants,
potentially explosive substances, etc.

No

[Yes, for chemicals KNOWN NOT TO BE toxic*, chemical carcinogens, reproductive
hazards: PLEASE LIST BELOW and ensure that all personnel have been provided with the
Material Safety Data Sheets for the chemicals to which they may be exposed.

B

[Yes, for chemicals KNOWN TO BE toxic*, chemical carcinogens, reproductive hazards (including
but not limited to tamoxifen, BRD-U, etc.): Complete and submit Appendix D.

[JYes, for experimental compounds: Complete and submit Appendix D.

*
A toxic chemical is defined as any chemical with an LDso <500 mg/kg (oral, rats); LDso <1,000 mg/kg (skin, rabbits); or LCso <20,000

mg/m? for 1 hr. (inhalation, rats). Source: National Research Council. (2011). Prudent Practices. Washington, D.C.: National Academy
of Sciences.

C. Biological risks:

1. Will the nature of the proposed study potentially expose personnel or animals to any biological hazards,
including but not limited to infectious agents, biological toxins, experimental vaccines,materials of human
origin, recombinant DNA, etc. Ensure that any risks denoted by a “yes” below are described in your WHA.

XNo

[Yes
a. Indicate any required biosafety level requirements herep BSL___
b. Complete and submit Appendix D section for biological hazards.

You may also be required to submit a protocol/project proposal for review and approval by the
Institutional Biosafety Committee (IBC), contact the IACUC office for further clarification
D. Radiation Hazards:
1. Will the nature of the experimental procedures require handling or manipulation of sources of ionizing

radiation, including but not limited to x-rays, tomography scans, isotopes, irradiation of cells or animals,
lasers, etc.? PLEASE NOTE THAT LICENSURE AND SPECIALIZED TRAINING IS REQUIRED FOR THIS TYPE

OF WORK. CONTACT EHS FOR FURTHER GUIDANCE. Ensure that any risks denoted by a “yes” below
are described in your WHA.

No
[CJYes Complete and submit Appendix D.

E. Regulated Waste:
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Yes, for chemicals KNOWN TO BE toxic* but WILL NOT be used in/with live animals: Ensure that
all personnel will complete the annual lab safety training provided through EHS and will read and
understand the Chemical Hygiene Plan for the University of CT. PLEASE LIST CHEMICALS BELOW:
¥ Acetone, methanol, and ethanol for tissue processing

[IYes, for chemicals KNOWN TO BE toxic*, chemical carcinogens, reproductive hazards
(including but not limited to tamoxifen, BRD-U, etc.) that WILL BE USED IN/WITH LIVE ANIMALS:
Complete and submit Appendix D.

[IYes, for experimental compounds: Complete and submit Appendix D.

2. Will the nature of the study potentially expose the Animal Care Services staff to any chemical risks,
including but not limited to: formaldehyde or other preservative fluid, cleaning agents, pesticides,
poisons, solvents, drugs with known effects, drugs with unknown effects, volatile gases, irritants,
potentially explosive substances, etc.

No

[Yes, for chemicals KNOWN NOT TO BE toxic*, chemical carcinogens, reproductive
hazards: PLEASE LIST BELOW and ensure that all personnel have been provided with the
Material Safety Data Sheets for the chemicals to which they may be exposed.

B

[Yes, for chemicals KNOWN TO BE toxic*, chemical carcinogens, reproductive hazards (including
but not limited to tamoxifen, BRD-U, etc.): Complete and submit Appendix D.

[JYes, for experimental compounds: Complete and submit Appendix D.

*
A toxic chemical is defined as any chemical with an LDso <500 mg/kg (oral, rats); LDso <1,000 mg/kg (skin, rabbits); or LCso <20,000

mg/m? for 1 hr. (inhalation, rats). Source: National Research Council. (2011). Prudent Practices. Washington, D.C.: National Academy
of Sciences.

C. Biological risks:

1. Will the nature of the proposed study potentially expose personnel or animals to any biological hazards,
including but not limited to infectious agents, biological toxins, experimental vaccines,materials of human
origin, recombinant DNA, etc. Ensure that any risks denoted by a “yes” below are described in your WHA.

XNo

[Yes
a. Indicate any required biosafety level requirements herep BSL___
b. Complete and submit Appendix D section for biological hazards.

You may also be required to submit a protocol/project proposal for review and approval by the
Institutional Biosafety Committee (IBC), contact the IACUC office for further clarification
D. Radiation Hazards:
1. Will the nature of the experimental procedures require handling or manipulation of sources of ionizing

radiation, including but not limited to x-rays, tomography scans, isotopes, irradiation of cells or animals,
lasers, etc.? PLEASE NOTE THAT LICENSURE AND SPECIALIZED TRAINING IS REQUIRED FOR THIS TYPE

OF WORK. CONTACT EHS FOR FURTHER GUIDANCE. Ensure that any risks denoted by a “yes” below
are described in your WHA.

No
[CJYes Complete and submit Appendix D.

E. Regulated Waste:
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1. Will the nature of the proposed study require the disposal of regulated waste of any kind, including bedding,
carcasses, regulated medical wastes, ete. that could be contaminated with biological hazards, chemical
hazards or radioisotopes?

Xino
[[IYes Complete and submit Appendix D

Section XIl: Personnel and Training: Please complete Appendix C, listing all personnel, including the PI, who will be
assigned to work on this project in its first year. If personnel are added or dropped, resubmit Appendix C as often as
necessary to keep it current. )

Section Xlll: Record-Keeping: Attach copies of, or provide links to, all record forms you plan to use (as defined below):
A. Where will animal husbandry records be maintained for animals on this protocol?

[C] N/A, Animal will not be housed under this protocol
B All records will be kept in the ACS facility where the animals are housed.
[JOther- Describe building and location where records can be found:

b

B. Where will individual animal medical records be maintained?

[1 N/IA, Animal will not be housed under this protocol
[Animals are housed at ACS facility. Individual animal medical records are kept by ACS staff with the
animals. Research activities that impact the animals are documented in the records by Pl and/or PI's staff.
[[JOther- Describe building and location where records can be found:
'S
C. Where will research/experimental records be maintained? Describe & provide building and room:
P Research/experimental records will be maintained by the P in her laboratory (ABL 205) and offices. The
PI's laboratory is located in ABL room 205 and her offices are located in 205A ABL and 218 Gampel Pavilion.

D. Where will surgical records be maintained? Describe & provide building and room:

[[1 N/A, No surgeries will be performed under this protocol
[X]Other- Describe building and location where records can be found:
B Research/experimental records will be maintained by the Pl in her laboratory (ABL 205) and offices. The

PI's laboratory is located in ABL room 205 and her offices are located in 205A ABL and 218 Gampel Pavilion.
Section XIV: Statement of Literature Search and Duplication of Research

Duplication of Research Statement: Federal regulations require that no unnecessary duplication of research be performed.
Please complete the following statement, indicating, in your own words, why you feel that the research or teaching goals of
this protocol are not unnecessarily duplicative:

As the Principal Investigator responsible for the information contained in this protocol, | have performed the
following literature searches, bibliographical searches, and consultation(s) with colleagues in my field of
research, on the procedures and objectives contained in this submission:(indicate any that apply)

Check all that apply, using at least one source, and supply additional information:

Literature search Which database(s): Key words used Years that Date the
was conducted PubMed and Web of to search: were search(s)
Science anterior cruciate searched: wasl/were
ligament OR ACL 1980-present | completed:
AND neural OR June 2017
muscle activity

X AND muscle
morphology AND
osteoarthritis OR
subchondral AND
eccentric exercise
OR lengthening
exercise OR
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negative loading

AND animal
Consultation with Who was consulted? What date
in-house was the
colleagues consultation
performed?
Consultation with Who was consulted? What date Continuous
external colleagues | Dr.Timothy Butterfield was the consultation
consultation | spring/summer
performed? 2017
Continuous
consultation
while writing
the grant
Spring 2017
Journals and/or What titles were used? What year(s)
Bibliographical e  Bigoni, M., Turati, M., Gandolla, M., were the
sources were used Sacerdote, P., Piatti, M., Castelnuovo, A., publications?

Franchi, S., Gorla, M., Munegato, D., Gaddi, | 2010-present
D., 2016. Effects of ACL reconstructive
surgery on temporal variations of cytokine
levels in synovial fluid. Mediators of
Inflammation 2016, 8243601.

e Haslauer, C.M., Proffen, B.L., Johnson,
V.M., Hill, A., Murray, M.M., 2014. Gene
expression of catabolic inflammatory
cytokines peak before anabolic
inflammatory cytokines after ACL injury in a
preclinical model. Journal of Inflammation
11, 34.

e Jones, M.D,, Tran, C.W,, Li, G,
Maksymowych, W.P., Zernicke, R.F.,
Doschak, M.R., 2010. In vivo microfocal
computed tomography and micro~magnetic
resonance imaging evaluation of
antiresorptive and antiinflammatory drugs
as preventive treatments of osteoarthritis in
the rat. Arthritis & Rheumatism 62, 2726-
2735,

e Mendias, C.L., Lynch, E.B., Davis, M.E.,
Enselman, E.R.S., Harning, J.A., DeWolf,
P.D., Makki, T.A., Bedi, A., 2013. Changes
in Circulating Biomarkers of Muscle
Atrophy, Inflammation, and Cartilage
Turnover in Patients Undergoing Anterior
Cruciate Ligament Reconstruction and
Rehabilitation. The American journal of
sports medicine 41, 1819-1826.

e  Wurtzel, C.N., Gumucio, J.P., Grekin, J.A.,
Khouri, R.K., Russell, A.J., Bedi, A.,
Mendias, C.L., 2017. Pharmacological
inhibition of myostatin protects against
skeletal muscle atrophy and weakness after
anterior cruciate ligament tear. Journal of
Orthopaedic Research Epub ahead of print.

Other source(s) Describe:
were used
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I have carefully considered the need to perform the described procedures in live vertebrate animals. | certify ,
based on my 4 years of experience in the field, careful consideration of the research or teaching objectives, and
consideration of the literature review, consultations, and conferences referenced, that the proposed work is not
unnecessarily duplicative. | believe this to be true because PTOA is a major cause of lifetime disability, for which
no cure currently exists. PTOA is especially problematic following ACL injury, where regardless of treatment,
PTOA affects over 50% of ACL injured limbs. Using a rodent model that closely resembles human ACL injury, the
proposed studies will elucidate whether eccentric exercise is more effective than concentric exercise at
promoting muscle and joint health after ACL injury for the purpose of providing clinicians with evidence-based
treatment options for the nearly 300,000 Americans who experience ACL injury each year. Based on the
aforementioned, | believe that using Rattus, Long Evans is the most appropriate method for reaching my
teaching or research goals.
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Section XV: Pl Responsibilities and Signature

| certify that:

1 will comply with IACUC Policy SI-05-2011: “Principle Investigator Responsibilities”, A copy of this policy is
available at the IACUC website.

The information provided within this application is accurate to the best of my knowledge. | understand that,
should | use the project described in this application as the basis for a proposal of intramural or extramural
funding, it is my responsibility to ensure that the description of animal use in such funding proposal is
identical in principle to that contained in this application.

Principal Investigator:

Name: Lindsey K. Lepley Signature: A‘Zw/o(h:ﬁ%/\/wkj
Date: 10/7/17
Student (if student project):

Name: Signature:

Date:

Comments:

Section XVI: Department Head/Chair Signature

1 certify that | have reviewed the content of this protocol.

Name: ' Craig R. Denegar Signature: __« . - -

Date: 10/9/17
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Office Use Only
IACUC Protocol # (91 7~/ 47.
Approval Date: __{/ &1 &
. . . e T
University of Connecticut cision e[ 221

. . . Guide exceptions: Y_L“N_
Appendix C: Personnel Assigned To Work on Animal Research Protocols | n.rdsiv N ¥

Institutional Animal Care and Use Committee, Office of Research Compliance

Whetten Graduate Center, Rm #214, 438 Whitney Road Ext., Unit 1246 Storrs, CT 06269-1246 860-486-8802

Instructions: This form is a companion form to Section Xl of form IACUC-1, “Animal Care and
Use Protocol Submission Form”. The completion and submission of this form is required for
all protocol submissions, and describes:

e The name, background, training, and qualifications of all persons assigned to work on the aforementioned animal

research or teaching protocol WY
Ny

Section I: Pl (Principal Investigator) and Protocol Information

Principal Investigator (Pl): Lindsey K Lepley PhD, ATC
Project Title: Influence of Eccentric Exercise on Muscle and Joint Health Following ACL Injury

Section II: Qualifications of Pl

A. Please include a paragraph summarizing the qualifications of the PI; including brief description of background and expertise,
animal use training, years of experience with laboratory animals, and other relevant University of Connecticut or external training
received:

» Dr. Lepley is an Assistant Professor in the Department of Kinesiology. Dr. Lepley was appropriately trained by the
veterinary staff and Dr. Butterfield at the University of Kentucky as a post-doc to surgically instrument animals for in-vivo
protocols to assess changes in neuromuscular function in response to exercise or joint injury. Specifically, Dr. Lepley has
been trained to surgically instrument rodents with electromyography and nerve cuffs to examine changes in neural activity
in response to injury. She also has experience in conducting exercise interventions using motor-drive treadmills with
rodents. Dr. Lepley has 4 years of laboratory animal experience and 7 of experience working with humans. Dr. Lepley's
research line seeks to identify the neuromuscular consequences of traumatic joint injury and to identify therapeutic
approaches capable of combating neuromuscular dysfunction.

Section [il: Project Personnel

A. Please complete the chart on the following page to describe the qualifications and training of each individual who will be assigned
a role for work on this project (excluding P1 and unlisted students below)

Section IV: Unlisted Students and Personnel
A. Wil any students or other personnel not listed below in Section VI be assigned to work with animals on this protocol?
IENO [:]Ves, if Yes, qualify below

1. Who will supervise or oversee these individuals?
B

2. Describe the training these individuals will receive prior to working on this protocol:
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B

3. Describe the types of activities these individuals will be engaged in with regards to animal procedures:
[ 4

Section V: Occupational Safety and Health Registration

A. Have all personnel listed in Section V been enrolled in the University’s Occupational Health and Safety (OHS) Program for Animal
Handlers, by completing and submitting the appropriate forms from the EHS web site?

Xlves [[INo (Note that individuals will not be approved to work under this protocol until all required OHS documentation is
complete)

Special note regarding ethics in research training:

The Office of Research Compliance would like to remind Principal Investigators that effective January 4, 2010, changes in federal regulations
mandate that the University of Connecticut must certify that a plan is in place for providing the appropriate training and oversight in the
responsible and ethical conduct of research (RCR) to all technicians, undergraduate students, graduate students, and postdoctoral researchers
who participate in federally funded research (renewals or new applications). It is not yet required of faculty members; however they are
encouraged to take the course. The RCR curriculum will be offered in a variety of formats (in-person and on-line) and must be completed during
the course of the individual’s involvement in the federally funded project. 1t Is NOT required that the training be completed prior to
involvement in a project. More information about RCR is available at http://vprge.uconn.edu/rcr.cfm.

This training is not required for IACUC review, but is required for the procurement of federal funds for research.
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University of Connecticut

Appendix E: Considerations of Alternatives to Painful or Distressful

Procedures in Animal Research Protocols

Institutional Animal Care and Use Committee, Office of Research Compliance
Whetten Graduate Center, Rm #214, 438 Whitney Road Ext., Unit 1246 Storrs, CT 06269-1246 860-486-8802

Office Use Only
IACUC Protocol #_[}) ) ~0 1 2-
Approval Date: {
Expiration Date: __|
species:__{LA]
Guide exceptions: Y_“N__
Hazards: Y__N_~

Instructions: This form is a companion form to Section VIl of form IACUC-1, “Animal Care and
Use Protocol Submission Form”. The completion and submission of this fprm is required if
your protocol submission contains:

e Live vertebrate animal research procedures classified as USDA Pain Cateqory D or E

Sectionl: Pl (Principal Investigator) and Protocol Information
Principal Investigator (P1) Lindsey K Lepley PhD ATC
Project Title: Influence of Eccentric Exercise on Muscle and Joint Heaith Following ACL Injury
Section Il: Background
A. USDA Policy #11 provides guidance on the use of potentially painful or distressful procedures in animal care and use
B. USDA policy # 12 requires that procedures involving live animals will be designed in such a way as to minimize discomfort,
distress, and/or pain to that which Is absolutely necessary to meet research goals, and requires a written narrative of the
consideration of alternatives to painful or distressful procedures
C. The Guide for the Care and Use of Laboratory Animals requires that a veterinary consultation must occur when pain or
distress is beyond the level anticipated in the protocol description or when interventional control is not possible
Section lll:  Search for Alternatives

A. For each protocol procedure that is likely to produce pain and/or distress, please complete the following table for any
literature search that was conducted. At least one database or other source must be referenced:

Name of
procedure

Date literature
search was
performed

{month/year)

Years covered by
search

Database(s)
searched

All Keywords Used

to search (or search

strategy)

{must contain the
following search
terms:
“alternative”,
“[procedure]”, and
“[species]”

Number of “hits”
returned

Non-invasive ACL
injury

11/2016, 3/2017,
6/2017

1980-present

PubMed and Web
of Science

rat AND ACL OR
anterior cruciate
ligament OR AND
alternative AND
species

180
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EMG
instrumentation

11/2016, 3/2017,
6/2017

1980-present

PubMed and Web
of Science

rat AND
electromyographical
OR EMG AND
quadriceps AND
alternative AND
species

27

Femoral nerve
cuff

11/2017

1980-present

PubMed and Web
of Science

rat AND nerve cuff
AND quadriceps
AND alternative AND
species

B. Itis also acceptable to utilize current material from other resources. If you used any of the following to evaluate procedures

on your protocol, please supply the following information:

external colleagues/
experts

Timothy A Butterfield,
University of Kentucky

scientific literature
and key gaps these

Name of Procedure: Method used to Source utilized: Summary of Topics, Date
search for searches, strategies,
alternatives: . discussions, etc.
Consultation with in- | Who was consulted? What date was the
house colleagues consultation
performed?
Consultation with Who was consulted? Discussion of current What date was the

consultation
performed? Continuous

X proposed experiments | conversations
will fill/ necessity of spring/summer 2017
animal model
Journals and/or What titles were utilized? What year(s) were the
Bibliographical publications?
sources were utilized
"Other source(s) were | Describe:
utilized
C. Evidence of Veterinary Consult: (Provide the date that you or your staff consulted (phone, email or in person is acceptable) with a

member of the ACS veterinary staff to discuss Category D or E procedures)

B Dr. Lepley met with Dr. Ramaswamy Chidambaram on 10/11/17 to discuss the procedures listed in this IACUC.

Section IV: Written Narrative

A.

J

For each search identified in Section Ill above, please draft a narrative statement that summarizes the relevance of the “hits’
your search provided to the context of the objectives and goals of the study. You must include information in your narrative
as to why any alternatives found cannot be used for this protocol:

B We specifically require animal models for the non-invasive ACL injury because wish to measure multiple tissues and muscle
function in freely moving, unconstrained, ambulating animals with hopes of translating our results to the human population
(e.g. complexity of the processes being studied cannot be replicated, duplicated, or modeled in simpler living systems or other
invertebrates), Rat models have been used extensively to study the effect of ACL injury on OA. To date, the most widely used
model of ACL injury is ACL transection,(Galois et al., 2004; Hashimoto et al., 2002; Kadonishi et al.,, 2012; Martin and
Buckwalter, 2006; Yamaguchi et al., 2013) which is an acute model that surgically destabilizes the joint. Though practical from a
methodological standpoint, the surgical transection of the ACL is not a viable model to study the neuromuscular
maladaptations that lead to OA development after ACL injury for two primary reasons, First, violation of the joint capsule
creates a cascade of negative neuromuscular events that confounds the already altered neural signaling that is present due to
the loss of the ACL.(Lepley et al., 2015; Lepley and Palmieri-Smith, 2016; Rice and McNair, 2010) Second, opening the joint
capsule without reinstitution of anterior-posterior stability achieved through surgical reconstruction creates a model of injury
that is not present in humans. Non-invasive ACL injury models are required to circumvent these issues. Our recent pilot data
shows that we can successfully produce an isolated in-vivo ACL rupture through progressive tibial overload (described in
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IACUC_1 document). This cutting edge work is in-line with others, as a recently published article (Oct 2016)(Ramme et al., 2016)
has successfully shown that post-traumatic OA can be induced in rats using similar methodology and OA timelines that we
proposed here (i.e. 8 weeks is sufficient to detect OA onset), Our search strategy yielded no suitable alternatives to this
procedure (Category E). For aim 1, 48 rats will undergo the non-invasive ACL injury (86%) and 8 rats will serve as healthy
controls (no injury, 14%). For aims 2 and 3, 72 rats will undergo the non-invasive ACL injury (75%) and 24 rats will serve as
healthy controls (no injury, 25%). Analgesics will be withheld after ACL injury, as pain medications have been known to
influence neural activity and the inflammatory process, two primary outcomes measures of this proposed work. Further,
humans after ACL Injuries may or may not receive analgesics (i.e. taking analgesics is not the standard of care). Hence
withholding analgesics is in-line with the current standard of clinical practice.

We also wish to examine the specific alterations in neural excitability that contribute to OA onset after ACL injury. Hence EMG
instrumentation will allow us to discretely observe important neural alterations in the quadriceps muscle that manifest after
injury using a prospective study design. Notably, our search strategy utilized above yielded no suitable alternatives to this
procedure and 100% of the rats involved in aims 2 of this proposed work (n=96 rats) will be exposed to the category D
procedures,

Lastly we also plan to monitor changes in the quadriceps force-frequency relationship using a femoral nerve cuff. The electrical
stimulation of the muscle will allow us to gain additional insight into the underlying physiological changes that regulate function

after ACL injury. No suitable alternatives to this procedure is available and 100% of the rats involved in aims 2 of this proposed
work {n=96 rats) will be exposed to this category D procedure.
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Office Use Only .
IACUC Protocol #_(+] 1-0 4 L

University of Connecticut Qfgigzﬂrgzg;igzjﬁﬁ
. Species:_§ i}
Appendix G: Use of Surgery in Animal Research Protocols G‘:ﬁ;; excentions: LZN__

Institutional Animal Care and Use Committee, Office of Research Compliance | yazards:Y__N
Whetten Graduate Center, Rm #214, 438 Whitney Road Ext., Unit 1246 Storrs, CT 06269-1246 860-486-8802 -

Instructions: This form is a companion form to Section VIILLA.6 of form IACUC-1, “Animal Care
and Use Protocol Submission Form”. The completion and submission of this form is required
if your protocol submission contains:

o The cutting, abrading, suturing, laser or otherwise physical alteration of body tissues and organs of live
vertebrate animals.

e Survival surgical procedures, i.e. the animal must be expected to regain consciousness after the procedure
is performed.

o Non-survival surgical procedures, i.e. the animal will not regain consciousness following the procedures:

FOR NON-SURVIVAL PROCEDURES COMPLETE THIS APPENDIX THROUGH SECTION HI
ONLY. '

section I: Pl (Principal Investigator) and Protocol Information

Principal Investigator (PI): Lindsey K Lepley PhD ATC

Project Title: Influence of Eccentric Exercise on Muscle and Joint Health Following ACL Injury

section Il: Providers of Care: Who will be performing the surgical procedures described in this protocol? Check all that apply:

Animal Care Services {ACS) Staff

Agricultural animal care staff

X Principal Investigator (PI) and/or research staff

X students under the direction/ instruction of the PI

Other (describe)
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Section IlI; Identification of NON-SURVIVAL Surgical Procedures

A. Describe non-survival surgery below, including methods of anesthesia, checking for depth of anesthesia, and surgical
preparation and procedures. (n.b., the Guide 2011 states that for non-survival surgeries, at a minimum, the surgical site
should be clipped, the surgeon should wear gloves and the instruments s
and surrounding areas should be clean).

= All rats will be instrumented with femoral nerve cuff electrodes. Rats will

be anesthetized and a small incision will be made just distal to the inguinal
ligament and dissection will be utilized to expose the underlying femoral
nerve. Behavioral cues such as nose twitch and respiratory rate, as well as
reaction to application of noxious stimuli {pedal reflexes by toe pinch, and
palpebral reflexes) and assessment of jaw tone will be used to monitor the
depth of anesthesia. A custom-made nerve cuff electrode will then be
secured around the femoral nerve and the wires of the nerve cuff will be
routed subcutaneously to the base of the skull using the same methods as
described above in the EMG implantation section. Immediately after force-
. length and force-frequency testing is complete, rats will be euthanized.

Section IV: Identification of SURVIVAL Surgical Procedures

A. Minor surgical Procedures: Minor surgical procedures are surgical
procedures that do not expose a body cavity AND that cause minimal or no physical impairment

1. Will any minor surgical procedures be performed in this protocol?

IENO DYes {qualify below)

a. Identify all minor surgical procedures used in this protocol:

-

b. Which species will receive these procedures?

-

c. Whatis the purpose of the procedures identified {briefly describe in layman’s terms)?

-

B. Major surgical procedures; Major surgical procedures are surgical procedures that expose a body cavity AND/OR cause
substantial physical or physiological impairment

1. Will any major surgical procedures be performed In this protocol?
DNo Yes (qualify below)

a. Identify all major surgical procedures used in this protocol:
» EMG instrumentation

b. Which species will receive these procedures?
P Rattus, Long Evans

c. What s the purpose of the procedures identified (briefly describe in layman'’s terms)?
B To measure neural activity of the quadriceps muscles during level-ground treadmill walking.
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Section V: Surgical Preparation: Answer the following questions related to all survival surgery procedures identified in Section IV:

A. Preparation of surgical location:

Where will the surgery or surgeries be performed? Specific location(s):
B ACS assigned room

Is this location a dedicated surgical suite? Ves [Cne

How will this location be prepped for the surgery (surfaces cleaned, disinfected, or sanitized; surfaces
reorganized to accommodate surgery, dedicated hood prepped with UV light, etc.):

B Yes, we plan to use the ABL surgical room.,

4.

5.

6.

Animal preparation

a.  Will animal preparation require fasting or fluid restriction? No [CIves How long?

»

Will animal preparation include use of a pre-anesthetic or early administration of analgesia? L__|No
Ves

A single dose of Meloxicam may also be used (1-2 mg/kg subcutaneous injection, ACS SOP #2003)
before surgery.

Are any additional animal preparations necessary?
thalmic ointment will be administered in eyes of all anesthetized animals.

Surgical instrument preparation

How will surgical instruments be prepped for surgery?
= The procedure will be performed in an aseptic area over a heated pad using autoclave-sterilized

surgical instruments, The surgeon will wear a mask, sterile gloves and a clean lab coat at all times,
Instruments will be kept in a glass bead sterilizer.

How will sterility or asepsis of surgical instruments be maintained throughout the course of the
surgery?

» The surgeon will wear a mask, sterile gloves and a clean fab coat at all times. Instruments will be
kept in a glass bead sterilizer.

Surgical site preparation:

How will the surgical site be prepped for surgery?
B The incision sites on the anteromedial aspect of the right knee and head will be shaved and cleaned
using three alternating cycles of scrub/ethanol, with a final swipe of Betadine.
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Section VI: Conduction of Surgery

A. Anesthesia; Complete the following questions regarding the use of anesthesia for surgical procedures described in this

protocol.

1. Will any surgical procedures be performed without anesthesia?

No
[C1ves, if Yes, justification MUST be provided below:

p

2. Please complete the following regarding any primary and secondary surgical anesthesia that will be used for
this protocol:

Timing of
. General or administration
Species Surgical Anesthetic used local Dose ROL.'te Of. (pre-surgery,
Procedure administration p
anesthetic? during surgery,
etc.)
Rattus, Long EMG implantation | Isoflurane General 1L/min oxygen, Nose cone pre-surgery and
Evans and maintained during surgery
via a nose cone
with 1-3%
isoflurane and
500mL
3. Forany general anesthetics listed above, please indicate how depth of anesthesia will be monitored (check all
that apply- at least 2 methods must be checked for surgery that requires a surgical plane. One method is
acceptable for surgery requiring the numbing of an area)
Blood pressure/ EKG readings X | Respiratory rate
Corneal reflexes ] x | Tail/toe pinch (pedal reflexes})
EEG Other: specify
Heart Rate Other: specify
Pinching or pricking of Incision site (local anesthesia only)

B. NMB: Neuromuscular Blocking Agents

1. Will any neuromuscular blocking agents, muscle relaxants, or paralytic drugs be used in this protocol? ENO
[Clves (qualify below)

a. What species will receive the agent(s)?
B

b. What drug and dosage?
| 4

¢.  How will respiration and anesthesia depth be monitored while animals are under the influence of

these agents?
| 2

C. Surgical techniques
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1. Describe, in detail, the procedures for any minor surgical techniques identified in Section IV, or provide copy of
SOP (or reference to IACUC approved SOP#). If more than one species is used in the protocol, indicate which
one(s) are undergoing the procedure:

B n/a

2. Describe, in detail, the procedures for any major surgical techniques identified in Section IV, or provide copy of
SOP (or reference to IACUC approved SOP#). If more than one species is used in the protocol, indicate which
one(s) are undergoing the procedure:

= Rats will be instrumented with fine-wire EMG. After reaching the

surgical plane of anesthesia, an incision will be made on the
anterolateral portion of the left hind limb, and blunt dissection will be
used to identify the vastus lateralis muscle. Once the vastus lateralis
muscle is identified, custom fabricated, indwelling EMG electrodes
constructed of Teflon-coated 10 strand stainless wire (AS-631, Cooner
Wire, Chatsworth CA, USA) will be implanted in line with the muscle
fibers using a small, curved surgical needle. Wires will be then routed
through a subcutaneous tunnel along the spine of the rat to the base
of the skull, where a 1cm sagittal plane incision will be made along
the coronal suture, just anterior to the lambdoid suture. The top of
the skull will then be exposed and cleaned, and four holes will be
drilled into the outer dense layer of the skull. Four stainless steel
screws (4mm self-taping bone screws, Fine Science Tools, Foster City
CA, USA) will be secured into the holes and a 10-pin connector header
(Digi-Key Corporation, Thief River Falls MN, USA) will be secured to
the top of the skull using layers of dental cement (Excel Formula
Dental Material, St. George Technology Inc., Wilmington NC, USA)
that will bond to the four screws. The leads of the EMG electrodes will
then be soldered to 2 corresponding and opposite pins of the head
connector. Following attachment of the EMG leads and one ground
electrode, all exposed pins will be covered with a final layer of dental
cement, and the incision will be closed using 4-0 vicryl sutures or with
stainless steel wound clips, and rats will be allowed to recover on a
heated pad. Immediately post-surgery, rats will also be given
Buprenorphine injection {0.02 mg/kg, subcutaneous injection) with
additional Buprenorphine injections every 8-14 hours thereafter for
72 hours. Rats will recover for four days. Alternatively, Meloxicam
may also be used for 72 hours [3 total doses [dose 1 is administered
pre-op], 1-2 mg/kg subcutaneous injection, ACS SOP #2003].

Estimated time of surgery for EMG implantation is ~1 hr per rat
(survival surgery). Fluid replacement via subcutaneous injection will be administered for all procedures greater
than 30 minutes,

3. Describe any types of sutures, wound clips, staples, glue, or other tissue closure method that will be used:
= Incision will be closed using 4-0 vicryl sutures or with stainless steel wound clips (to be removed after 10-14

days). Dr. Lepley has experience in using both of these closure methods (Lepley et al,, 2016).

4. How will bleeding be controlled during surgery?
B Care will be taken to avoid any large vessels. In our experience, very minimal blood loss occurs during this
type of surgical procedure (Lepley et al., 2016).

Section VII: Medications

A. Withholding Analgesia: Complete the following regarding the use of analgesia for this protocol:
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1. Will any animals have analgesic use withheld for surgical procedures?

IZNO [Clves, if ves:

a. What species and procedures?
14

b. What is the justification for withholding analgesia?
»

¢. What non-analgesic measures will be taken to alleviate pain or discomfort?
4

B. Administration of medications:

1. Please complete the following table regarding medications that will be administered to animals due to surgical
procedures for this protocol (examples include analgesics, antibiotics, anti-rejection drugs, fluids, etc.):

Timing of
administration
Surgical Route of (pre-surgery, Freguency.dnd
Species Medication used Dose 5 o " ’ ! duration of
Procedure administration during surgery, -
. . reapplication
post-surgical, peri-
surgical)
Rattus, Long EMG Buprenorphine 0.2mg/kg Subcutaneous Every 8-14 hours Every 8-14 hours
Evans instrumentation after surgery for after surgery for
the first 72 hours the first 72 hours
Rattus, Long EMG Meloxicam 1-2 mg/kg Subcutaneous Pre-surgery and Pre-surgery and
Evans instrumentation then once every 24 | then once every 24
hours for the first hours for the first
72 hours 72 hours
Rattus, Long EMG Ophthalmic Topical During surgery
Evans instrumentation ointment will be
administered in
eyes of all
anesthetized rats

3. If medication other than analgesia or antibiotic, please describe its purpose and function:

P n/a

Section VIlI: Recovery

A. Post-operative monitoring

1. Who will provide immediate post-operative care and observation to the animals?

= Dr, Lepley

2. Will animals be provided a warming blanket or other heat source to aid recovery from anesthesia?

= Yes, a heated pad.

3. How often will animals be checked, and by whom, prior to fully awakening?
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= Every 8-14 hours after surgery for the first 72 hours if Buprenorphine is used, If Meloxicam is used, rats will be
monitored every 24 hours for the first 72 hours.

4,  Will animals require any specialized post-operative care? Describe:
= Buprenorphine or Meloxicam procedures described above. We may need to consider single housing. This has

not been a problem in the past, but single housing may help to reduce distress immediately post-surgery. To
minimize distress, the use of moistened food, hydrogel cups, and palatable food treats may also be used after
EMG electrode placement.

5. Where will post-operative recovery occur?

= ACS assigned room

B. Return to regular housing

C.

D.

E.

1. What are the criteria for determining an animal is ready to be returned to a regular housing facility (or
otherwise released back into its environment)? P> Rats will be taken off the isoflurane and allowed to
recover on a heated pad in their cage. Rats will be observed continuously until ambulatory and then they will be
checked every 15 min for 2 hours. Rats will then be returned to regular housing.

2. Will animal require any housing or environmental modifications upon its return? (e.g. single housing, dietary
supplement, food placed on floor of cage, etc.) Describe:
P Potential considerations for single housing in the acute post-operative stages.

3. Will animal require sutures or staples to be removed?
[Ino Yes, if Yes: When, and by whom: Dr. Lindsey Lepley

b If sutures are used, we will use vicryl, an absorbable suture. If stainless steel wound clips are used, clips will
be removed after 10-14 days.

Surgical Impairment

1. Describe the anatomical and/or physiological effects the surgery is expected to have on the animals:

P> In our experience, the surgical procedure has a minimal physiological effect on the animal. The most notable
side effect is lethargy for the first 48 hours. To ensure animal safety post-surgery, rats will be monitored for bleeding,
lethargy, loss of grooming behavior, eye discharge, wound infection (drainage, swelling, redness, pain), and weight loss. If
an animal loses more than 20% of its preoperative bodyweight (animals to be weighed every 48 hrs for the first week
after surgery, then once a week for the duration of the experimental procedure), then a veterinary consult will be
requested to assess treatment or euthanasia recommendations.

Post-surgical maintenance of animals
1. Will the effects described above require any long-term maintenance or monitoring of the animals’ condition,
or will procedures decrease the animal’s normal lifespan?
XIno [ves, if Yes, describe:
»
Surgical Complications
1. What are the anticipated and potential surgical complications that may be seen with the surgical procedures
outlined in this protocol, and what is the plan for dealing with these complications should they arise?

P> Rats will be monitored for bleeding, lethargy, loss of grooming behavior, reduced food intake, eye discharge,
wound infection (drainage, swelling, redness, pain), and weight loss. If an animal loses more than 10% of its
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preoperative bodyweight, then a veterinary consult will be requested to assess treatment or euthanasia
recommendations.

2. What is the expected animal attrition due to surgical complications for this procedure when it is performed by
a skilled individual? Ensure that attrition has been considered in the numbers justification section of the main
protocol form.

B> Animal attrition is limited with this minor surgical procedure. Our power analysis has taken potential attrition
into effect by requesting an additional 20% of animals.

3. Can any of the surgical procedures utilized by this protocol be described as unfamiliar, novel, or infrequently

used [by personnel in your laboratory]?
No [Cves, if Yes, briefly describe training that will be provided to acclimate research associates:
;2

Section IX: Multiple Major Survival Surgery

A.  Will any animals identified in this document be receiving a second (or more) major survival surgery during the course of
this protocol?

XIno [Ives, if “ves™:

1. What is the nature of the two (or more) major survival surgeries?
b

2, Why are multiple surgeries necessary for meeting the research goals and objectives? (Scientific or animal welfare-
related justification is required for this response)
>
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Appendix B: Data Collection Form (Chapter 3)

L Lepley Rodent Anesthesia/Surgery/Post-Operative Record

Pl Protocol # AN j
Personnel Circle Survival Surgery Non-Survival Surgery
Date Species
Procedure name Experimental agents administered
Anesthetics used Dosage | (% or mg/kg; mL) Route
/Volume
admin
Analgesics used | (1) Dosage | (1) (1)
(2) /Volume | (2) (2)
(3) admin (3) (3)

U ophthalmic ointment administered in eyes of all anesthetized animals
Q  Heat provided during surgery and recovery
Ol Pedal reflex (toe pinch- both feet) checked periodically during surgery to evaluate depth of anesthesia

Circle Animal ID  Cage ID

Body weight

Anesthesia start time

Analgesics  Name L Time administered

3

(1)

(2)

3)

Other agents  Name ! Time and dosage/volume administered

A)

B)
9]

D)

Anesthesia end time

Complications? Y/N

Note complications here and on back of page if needed:

POST-OPERATIVE

Recording of post-operative observations is required if the protocol states to give analgesics “if/as needed” or “PRN”.
e Record date and time of post-op observation
¢ Once post-surgical pain assessment has concluded, all other monitoring that is part of the protocol will continue as

approved
Animal or Cage ID #
Date/Time
Analgesic details

Date/Time
Analgesic details

Date/Time
Analgesic details

191




Appendix C: Data Collection Forms and Surveys (Chapters 4 and 5)

Study ID: HUM00169174 IRB: IRBMED Date Approved: 12/15/2022 Expiration Date: 12/14/2023

Pl: Garcia, IRB Number: HUM00169174, Protocol Title: A Systems Based Approach to

Understand Factors Affecting Knee Articular Cartilage

Subject ID: Date: / /

Month Day Year

Demographic Form

Instructions: Below is a list of questions about your demographics and health history. Please answer the
following questions as completely as possible.

1.

What is your sex? (circle all that apply)
a. male

b. female

c. intersex

. How do you identify? (circle all that apply)

man
woman

non-binary

prefer to self-describe:
prefer not to identify

oo

Qa0

. Have you been previously diagnosed with radiographic or symptomatic knee osteoarthritis?

a. yes
b. no
C. n/a

. Date of ACL injury (if exact date is unknown, please provide an approximate date):

a. date:
b. n/a

. Date of ACL surgery (if exact date is unknown, please provide an approximate date):

a. date:
b. n/a

. Which is your ACL injured limb?

a. right
b. left
C. n/a

. What ACL graft type do you have?

patellar tendon (aka bone-patellar tendon bone)
hamstring (aka semitendinous gracilis)
quadriceps tendon

tibialis anterior

other:

n/a

moapow
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Study ID: HUM00169174 IRB: IRBMED Date Approved: 12/15/2022 Expiration Date: 12/14/2023
Pl: Garcia, IRB Number: HUM00169174, Protocol Title: A Systems Based Approach to
Understand Factors Affecting Knee Articular Cartilage

Subject Initials Subject ID Testing day / /

Month Day Year

Pre-Screening Form

Subject U of M Record Number:

First Name:

Middle Name (or initial):

Last Name:

Mailing Address:

Phone Number:

Email:

Birthday: / / Height (m): Weight (kg):
Month Day Year

Instructions: Below if a list of questions about your health history. In order to meet pre-screening
criteria, it is important for the research team to know if you have ever been diagnosed or experienced
one of the following:

1) Do you have a previous history of ACL injury or knee surgery other than your current ACL
reconstruction?

2) Does your current ACL reconstruction use an allograft (e.g., donated tissue) graft type?

3) Have you suffered a lower extremity injury within the past 6 months, other than your current ACL
reconstruction?

4) Have you been previously diagnosed with radiographic or symptomatic knee osteoarthritis?
5) Do you have a history of untreated diabetes?
6) If you are female, are you currently pregnant?

Please check one of the following boxes:

Yes, | have been diagnosed or experienced one of the above-mentioned items

No, | have not been diagnosed or experienced one of the above-mentioned items

Signature of staff completing screening: Date:
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2000 IKDC SUBJECTIVE KNEE EVALUATION FORM

Your Full Name

Today’s Date: / / Date of Injury: / /
Day Month  Year Day Month Year

SYMPTOMS*:
*Grade symptoms at the highest activity level at which you think you could function without significant symptoms,
even if you are not actually performing activities at this level.

1. What is the highest level of activity that you can perform without significant knee pain?

sOVery strenuous activities like jumping or pivoting as in basketball or soccer
sUStrenuous activities like heavy physical work, skiing or tennis

200Moderate activities like moderate physical work, running or jogging
10Light activities like walking, housework or yard work

oUnable to perform any of the above activities due to knee pain

2. During the past 4 weeks, or since your injury, how often have you had pain?

0 1 2 3 4 5 6 7 8 8 10

Never | O a Qa a a a a Qa a a 3 | Constant

3.  If you have pain, how severe is it?

0 1 2 3 4 5 6 7 8 9 10 i
No Worst pain

pain a a a a a a a a a a O | imaginable

4. During the past 4 weeks, or since your injury, how stiff or swollen was your knee?

sCINot at all
sCMildly
200Moderately
1Overy
oJExtremely

5. What is the highest level of activity you can perform without significant swelling in your knee?

sOVery strenuous activities like jumping or pivoting as in basketball or soccer
sOStrenuous activities like heavy physical work, skiing or tennis

2dModerate activities like moderate physical work, running or jogging
10Light activities like walking, housework, or yard work

oQUnable to perform any of the above activities due to knee swelling

6. During the past 4 weeks, or since your injury, did your knee lock or catch?
odves :ONo

7. What is the highest level of activity you can perform without significant giving way in your knee?
sOVery strenuous activities like jumping or pivoting as in basketball or soccer
s0Strenuous activities like heavy physical work, skiing or tennis
20Moderate activities like moderate physical work, running or jogging
10Light activities like walking, housework or yard work
o™unable to perform any of the above activities due to giving way of the knee
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Page 2 — 2000 IKDC SUBJECTIVE KNEE EVALUATION FORM
SPORTS ACTIVITIES:
8. What is the highest level of activity you can participate in on a regular basis?
4QVery strenuous activities like jumping or pivoting as in basketball or soccer
3QStrenuous activities like heavy physical work, skiing or tennis
20Moderate activities like moderate physical work, running or jogging
10Light activities like walking, housework or yard work
oQUnable to perform any of the above activities due to knee

9. How does your knee affect your ability to:

Not difficult | Minimally | Moderately | Extremely | Unable
at all difficult Difficult difficult to do
a. | Go up stairs sa 50 .a | od
b. | Go down stairs 40 s pil | | o
c. | Kneel on the front of your knee 0 sa .d \a o
d. | Squat 44 s pil | 1ad o
e. | Sit with your knee bent sa sa pIM | 1d o
f. | Rise from a chair a s . 1a od
g. | Run straight ahead 44 s .d | o
h. | Jump and land on your involved leg s ;0 20 | o
i. | Stop and start quickly Pl | s pim | | o
EUNCTION:

10. How would you rate the function of your knee on a scale of 0 to 10 with 10 being normal, excellent function
and 0 being the inability to perform any of your usual daily activities which may include sports?

FUNCTION PRIOR TO YOUR KNEE INJURY:

0 1 2 3 4 5 6 7 8 9 10
Couldnt | a a a a a a a Q Q Q [No
perform limitation
daily in daily
activities activities

CURRENT FUNCTION OF YOUR KNEE:

0 1 2 3 4 5 8 7 8 9 10
Cant| a g a g g a a a a Q |[No
perform limitation
daily in daily
activities activities
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Scoring Instructions for the 2000 IKDC Subjective Knee Evaluation Form

Several methods of scoring the IKDC Subjective Knee Evaluation Form were investigated. The results indicated
that summing the scores for each item performed as well as more sophisticated scoring methods.

The responses to each item are scored using an ordinal method such that a score of 0 is given to responses that
represent the lowest level of function or highest level of symptoms. For example, item 1, which is related to the
highest level of activity without significant pain is scored by assigning a score of 0 to the response “Unable to
perform any of the above activities due to knee pain” and a score of 4 to the response "Very strenuous activities
like jumping or pivoting as in basketball or soccer”. For item 2, which is related to the frequency of pain
over the past 4 weeks, the responses are reverse-scored such that “"Constant” is assigned a score of 0
and “"Never” is assigned a score of 10. Similarly, for item 3, the responses are reversed-scored such
that "Worst pain imaginable” is assigned a score of 0 and “"No pain” is assigned a score of 10. Note:
previous versions of the form had a minimum item score of 1 (for example, ranging from 1 to 11). In the most
recent version, all items now have a minimum score of 0 (for example, 0 to 10). To score these prior versions, you
would need to transform each item to the scaling for the current version.

The IKDC Subjective Knee Evaluation Form is scored by summing the scores for the individual items and then
transforming the score to a scale that ranges from 0 to 100. Note: The response to item 10a “Function Prior to
Knee Injury” is not included in the overall score. To score the current form of the IKDC, simply add the score for
each item (the small number by each item checked) and divide by the maximum possible score which is 87:

Sum of Items
Maximum Possible Score

IKDC Score=[ ]xlOO

Thus, for the current version, if the sum of scores for the 18 items is 45 and the patient responded
to all the items, the IKDC Score would be calculated as follows:

IKDC Score = [g]x 100

IKDC Score =51.7

The transformed score is interpreted as a measure of function such that higher scores represent higher levels of
function and lower levels of symptoms. A score of 100 is interpreted to mean no limitation with activities of daily
living or sports activities and the absence of symptoms.

The IKDC Subjective Knee Form score can be calculated when there are responses to at least 90% of the items
(i.e. when responses have been provided for at least 16 items). In the original scoring instructions for the IKDC
Subjective Knee Form, missing values are replaced by the average score of the items that have been answered.
However, this method could slightly over- or under-estimate the score depending on the maximum value of the
missing item(s) (2, S or 11 points). Therefore, in the revised scoring procedure for the current version of a form
with up to two missing values, the IKDC Subjective Knee Form Score is calculated as (sum of the completed items)
/ (maximum possible sum of the completed items) * 100. This method of scoring the IKDC Subjective Knee Form
is more accurate than the original scoring method.

A scoring spreadsheet is also available at: www.sportsmed.org/research/index.asp This spreadsheet uses the
current form scores and the revised scoring method for calculating scores with missing values.
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Knee injury and Osteoarthritis Qutcome Score (KOOS), English version LK1.0

KOOS KNEE SURVEY

Today's date: / / Date of birth: / /

Name:

INSTRUCTIONS: This survey asks for your view about your knee. This
information will help us keep track of how you feel about your knee and how
well you are able to perform your usual activities.

Answer every question by ticking the appropriate box, only one box for each
question. If you are unsure about how to answer a question, please give the
best answer you can.

Symptoms
These questions should be answered thinking of your knee symptoms during
the last week.

S1. Do you have swelling in your knee?

Never Rarely Sometimes Often Always
O O O O O
S2. Do you feel grinding, hear clicking or any other type of noise when your knee
moves?
Never Rarely Sometimes Often Always
O O O O O
S3. Does your knee catch or hang up when moving?
Never Rarely Sometimes Often Always
O O O O O

S4. Can you straighten your knee fully?

Always Often Sometimes Rarely Never
O O O O O
S5. Can you bend your knee fully?
Always Often Sometimes Rarely Never
O O O O O
Stiffness

The following questions concern the amount of joint stiffness you have
experienced during the last week in your knee. Stiffness is a sensation of
restriction or slowness in the ease with which you move your knee joint.

S6. How severe is your knee joint stiffness after first wakening in the morning?

None Mild Moderate Severe Extreme
o O O O O
S7. How severe is your knee stiffness after sitting, lying or resting later in the day?
None Mild Moderate Severe Extreme
O O O O O
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Knee injury and Osteoarthritis Qutcome Score (KOOS), English version LK1.0

Pain
P1. How often do you experience knee pain?
Never Monthly Weekly Daily Always
O O O o O

What amount of knee pain have you experienced the last week during the
following activities?

P2. Twisting/pivoting on your knee

None Mild Moderate Severe Extreme
a o a a O
P3. Straightening knee fully
None Mild Moderate Severe Extreme
a O a a a
P4. Bending knee fully
None Mild Moderate Severe Extreme
a a a a a
P5. Walking on flat surface
None Mild Moderate Severe Extreme
a o a a O
P6. Going up or down stairs
None Mild Moderate Severe Extreme
O a a a O
P7. At night while in bed
None Mild Moderate Severe Extreme
a a o a O
P8. Sitting or lying
None Mild Moderate Severe Extreme
o o o o O
P9. Standing upright
None Mild Moderate Severe Extreme
a O a a O

Function, daily living

The following questions concern your physical function. By this we mean your
ability to move around and to look after yourself. For each of the following
activities please indicate the degree of difficulty you have experienced in the
last week due to your knee.

Al. Descending stairs
None Mild Moderate Severe Extreme

O O O O O

A2. Ascending stairs
None Mild Moderate Severe Extreme

O m] m] O O
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Knee injury and Osteoarthritis Outcome Score (KOOS), English version LK1.0

For each of the following activities please indicate the degree of difficulty you
have experienced in the last week due to your knee.

A3. Rising from sitting

None Mild Moderate Severe Extreme
a o a a a
A4, Standing
None Mild Moderate Severe Extreme
a O a a a
AS5. Bending to floor/pick up an object
None Mild Moderate Severe Extreme
O o a o O
A6. Walking on flat surface
None Mild Moderate Severe Extreme
O o a o O
A7. Getting in/out of car
None Mild Moderate Severe Extreme
] o a o ]
A8. Going shopping
None Moderate Severe Extreme
a O a a a
A9. Putting on socks/stockings
None Mild Moderate Severe Extreme
O o a a a
A10. Rising from bed
None Mild Moderate Severe Extreme
a O a a O
All. Taking off socks/stockings
None Mild Moderate Severe Extreme
O o a o O
Al2. Lying in bed (turning over, maintaining knee position)
None Mild Moderate Severe Extreme
] o a a O
A13. Getting in/out of bath
None Mild Moderate Severe Extreme
O o a a O
Al4. Sitting
None Mild Moderate Severe Extreme
O o a o O
AlS5. Getting on/off toilet
None Mild Moderate Severe Extreme
O o a a O
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Knee injury and Osteoarthritis Qutcome Score (KOOS), English version LK1.0

For each of the following activities please indicate the degree of difficulty you
have experienced in the last week due to your knee.

A16. Heavy domestic duties (moving heavy boxes, scrubbing floors, etc)

None Mild Moderate Severe Extreme
a o a a a
Al17. Light domestic duties (cooking, dusting, etc)
None Mild Moderate Severe Extreme
a O a a a

Function, sports and recreational activities

The following questions concern your physical function when being active on a
higher level. The questions should be answered thinking of what degree of
difficulty you have experienced during the last week due to your knee.

SP1. Squatting

None Mild Moderate Severe Extreme
O o a a O
SP2. Running
None Mild Moderate Severe Extreme
O o a a O
SP3. Jumping
None Mild Moderate Severe Extreme
O a o O O
SP4. Twnstmglpnvotmg on your injured knee
None Moderate Severe Extreme
o I:I a O O
SP5. Kneeling
None Mild Moderate Severe Extreme
O O a a O
Quality of Life
Q1. How often are you aware of your knee problem?
Never Monthly Weekly Daily Constantly
O o a O O

Q2. Have you modified your life style to avoid potentially damaging activities
to your knee?

Not at all Mildly Moderately Severely Totally
O O O O o
Q3. How much are you troubled with lack of confidence in your knee?
Not at all Mildly Moderately Severely Extremely
O o ] O

Q4. In general, how much difficulty do you have with your knee?
None Mild Moderate Severe Extreme

O O O O O

Thank you very much for completing all the questions in this questionnaire.
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TEGNER ACTIVITY LEVEL SCALE

Please indicate in the spaces below the HIGHEST level of activity that you participated in
BEFORE YOUR INJURY and the highest level you are able to participate in CURRENTLY.

BEFORE INJURY: Level CURRENT: Level
Level 10 Competitive sports- soccer, foothall, rugbhy (national elite)
Level 9 Competitive sports- soccer, football, rugbhy (lower divisions), ice hockey,
wrestling, gymnastics, basketball
Level 8 Competitive sports- racquetball or bandy, squash or badminten, track and
field athletics (jumping, etc.), down-hill skiing
Level 7 Competitive sports- tennis, running, motorcars speedway, handball
Recreational sports- soccer, foothall, rughy, bandy, ice hockey, basketball,
squash, racquethall, running
Level 6 Recreational sports- tennis and badminton, handball, racquetball, down-hill
skiing, jogging at least 5 times per week
Level 5 ‘Work- heavy labor (construction, etc.)
Competitive sports- cycling, cross-country skiing,
Recreational sports- jogging on uneven ground at least twice weekly
Level 4 Work- moderately heavy labor (e.g. truck driving, etc.)
Level 3 ‘Work- light labor (nursing, etc.)
Level 2 Work- light labor
Walking on uneven ground possible, but impaessible to back pack or hike
Level 1 Work- sedentary (secretarial, etc.)
Level 0 Sick leave or disability pension because of knee problems

Y Tegner and J Lysolmn. Rating Sy in the Evaluation of Knee Ligament Injuries. Clinical Orthopedics and
Related Research. Vol. 198: 43-49, 1985.
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PI: Garcia, IRB Number: HUM00169174, Protocol Title: A Systems Based Approach to
Understand Factors Affecting Knee Articular Cartilage (Study 2)

Subject ID:

Date:

/ / Time In:

Month Day Year

Time Out:

EATA Data Collection Form — Baseline & Biomechanics

ACL Leg: R or

Mass:

Height:

kg

m

L or

N/A

(w/shoes)

Qualisys Project: MW_Treadmill_EATA

DominantlLeg: R or L
Survey Forms: |IKDC KOOS Tegner
Self-selected speed (m/s):

First speed condition: 120% SS or 80% SS

Trial Speed Condition Limb Comments
1 SS 120% 80% R or L
2 SS 120% 80% R or L
3 S8 120% 80% R or L
4 SS 120% 80% R or L
5 SS 120% 80% R or L
6 S8 120% 80% R or L
7 SS 120% 80% R or L
8 SS 120% 80% R or L
9 SS 120% 80% R or L
10 S8 120% 80% R or L
1 S8 120% 80% R or L
12 SS 120% 80% R or L
13 SS 120% 80% R or L
14 SS 120% 80% R or L
15 SS 120% 80% R or L
16 SS 120% 80% R or L
17 SS 120% 80% R or L
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PI: Garcia, IRB Number: HUM00169174, Protocol Title: A Systems Based Approach to
Understand Factors Affecting Knee Articular Cartilage (Study 2)

EATA Data Collection Form — Quadriceps Strength

Limb Randomization (Circle One): R or L

Instructions:
¢ Setup Cybex with “BFB_QuadStrength.Vi” LabVIEW Program
¢ Instruct subject to sit in dynamometer chair
¢ Examiner to secure chest, waist, and leg straps to participant
¢ Position chair and dynamometer arm so that dynamometer arm aligns with knee joint center
¢ Dynamometer arm pad should be position two finger widths above the medial malleolus.
¢ Cybex should be set to measure strength at 60 deg/sec in Con/Con mode, Isometrics @ 60 deg.
¢ Instruct subjects that they are to kick as hard as they can out and pull as hard as they can in;
Examiners to provide vigorous encouragement
¢ Practice Trials: 1 repetition at 25%, 50%, 75%, and 100% of perceived maximal effort.

Chair/Dynamometer Positions:
Dynamometer Arm:
Dynamometer Rotation:

Chair Fore/Aft:

Chair Height:

Quadriceps and Hamstring Isokinetic Strength (60-degrees/s):

. Right Leg Right Leg Left Leg Left Leg
Trial # . . . .
Extension Flexion Extension Flexion
1
2
3
Average

Quadriceps Isometric Strength (60-degree Knee Angle):

Right Leg LeftLeg
Rep #
" TZfztl:e 50-? .(I)-(?ms 100I-Q21;)I:())ms TZlelje RIE 180 RTD 200
1
2
3
Average
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PI: Garcia, IRB Number: HUM00169174, Protocol Title: A Systems Based Approach to
Understand Factors Affecting Knee Articular Cartilage (Study 2)

18 SS 120% 80% R or L
19 SS 120% 80% R or L
20 SS 120% 80% R or L
21 SS 120% 80% R or L
22 SS 120% 80% R or L
23 SS 120% 80% R or L
24 S8 120% 80% R or L
25 S8 120% 80% R or L
26 SS 120% 80% R or L
27 S8 120% 80% R or L
28 S8 120% 80% R or L
29 SS 120% 80% R or L
30 SS 120% 80% R or L
31 SS 120% 80% R or L
32 S8 120% 80% R or L
33 SS 120% 80% R or L
34 SS 120% 80% R or L
35 S8 120% 80% R or L
36 SS 120% 80% R or L
37 SS 120% 80% R or L
38 SS 120% 80% R or L
39 SS 120% 80% R or L
40 S8 120% 80% R or L

204




References

1. Cristiani R, Mikkelsen C, Forssblad M, Engstrom B, Stalman A. Only one patient out of
five achieves symmetrical knee function 6 months after primary anterior cruciate ligament
reconstruction. Knee Surg Sports Traumatol Arthrosc. Nov 2019;27(11):3461-3470.
doi:10.1007/s00167-019-05396-4

2. Grindem H, Snyder-Mackler L, Moksnes H, Engebretsen L, Risberg MA. Simple
decision rules can reduce reinjury risk by 84% after ACL reconstruction: the Delaware-Oslo
ACL cohort study. Br J Sports Med. Jul 2016;50(13):804-8. doi:10.1136/bjsports-2016-09603 1
3. von Porat A, Roos EM, Roos H. High prevalence of osteoarthritis 14 years after an
anterior cruciate ligament tear in male soccer players: a study of radiographic and patient
relevant outcomes. Ann Rheum Dis. Mar 2004;63(3):269-73. doi:10.1136/ard.2003.008136

4. Shea KG, Pfeiffer R, Wang JH, Curtin M, Apel PJ. Anterior cruciate ligament injury in
pediatric and adolescent soccer players: an analysis of insurance data. Journal of Pediatric
Orthopaedics. 2004;24(6):623-628.

5. Schenker ML, Mauck RL, Ahn J, Mehta S. Pathogenesis and prevention of posttraumatic
osteoarthritis after intra-articular fracture. J Am Acad Orthop Surg. Jan 2014;22(1):20-8.
doi:10.5435/JAAOS-22-01-20

6. Rodriguez KM, Palmieri-Smith RM, Krishnan C. How does anterior cruciate ligament
reconstruction affect the functioning of the brain and spinal cord? A systematic review with
meta-analysis. J Sport Health Sci. Mar 2021;10(2):172-181. doi:10.1016/j.jshs.2020.07.005

7. Pietrosimone B, Lepley AS, Kuenze C, et al. Arthrogenic Muscle Inhibition Following
Anterior Cruciate Ligament Injury. J Sport Rehabil. Feb 14 2022:1-13. doi:10.1123/jsr.2021-
0128

8. Rush JL, Glaviano NR, Norte GE. Assessment of Quadriceps Corticomotor and Spinal-
Reflexive Excitability in Individuals with a History of Anterior Cruciate Ligament
Reconstruction: A Systematic Review and Meta-analysis. Sports Med. May 2021;51(5):961-990.
doi:10.1007/s40279-020-01403-8

9. Birchmeier T, Lisee C, Kane K, Brazier B, Triplett A, Kuenze C. Quadriceps Muscle
Size Following ACL Injury and Reconstruction: A Systematic Review. J Orthop Res. Mar
2020;38(3):598-608. doi:10.1002/jor.24489

10. Dutaillis B, Maniar N, Opar DA, Hickey JT, Timmins RG. Lower Limb Muscle Size
after Anterior Cruciate Ligament Injury: A Systematic Review and Meta-Analysis. Sports Med.
Jun 2021;51(6):1209-1226. doi:10.1007/s40279-020-01419-0

11. Joseph AM, Collins CL, Henke NM, Yard EE, Fields SK, Comstock RD. A multisport
epidemiologic comparison of anterior cruciate ligament injuries in high school athletics. J Athl
Train. Nov-Dec 2013;48(6):810-7. doi:10.4085/1062-6050-48.6.03

12. Herzog MM, Marshall SW, Lund JL, Pate V, Mack CD, Spang JT. Trends in Incidence
of ACL Reconstruction and Concomitant Procedures Among Commercially Insured Individuals

205



in the United States, 2002-2014. Sports Health. Nov/Dec 2018;10(6):523-531.
doi:10.1177/1941738118803616

13. Beck NA, Lawrence JTR, Nordin JD, DeFor TA, Tompkins M. ACL Tears in School-
Aged Children and Adolescents Over 20 Years. Pediatrics. Mar
2017;139(3)doi:10.1542/peds.2016-1877

14.  Control CfD, Prevention. Preventing injuries in sports, recreation, and exercise. Centers
for Disease Control and Prevention. 20006;

15. Mather RC, 3rd, Koenig L, Kocher MS, et al. Societal and economic impact of anterior
cruciate ligament tears. J Bone Joint Surg Am. Oct 2 2013;95(19):1751-9.
doi:10.2106/JBJS.L.01705

16.  Ardern CL, Webster KE, Taylor NF, Feller JA. Return to sport following anterior
cruciate ligament reconstruction surgery: a systematic review and meta-analysis of the state of
play. Br J Sports Med. Jun 2011;45(7):596-606. doi:10.1136/bjsm.2010.076364

17. Kaeding CC, Pedroza AD, Reinke EK, Huston LJ, Consortium M, Spindler KP. Risk
Factors and Predictors of Subsequent ACL Injury in Either Knee After ACL Reconstruction:
Prospective Analysis of 2488 Primary ACL Reconstructions From the MOON Cohort. 4m J
Sports Med. Jul 2015;43(7):1583-90. doi:10.1177/0363546515578836

18. Salmon L, Russell V, Musgrove T, Pinczewski L, Refshauge K. Incidence and risk
factors for graft rupture and contralateral rupture after anterior cruciate ligament reconstruction.
Arthroscopy. Aug 2005;21(8):948-57. doi:10.1016/j.arthro.2005.04.110

19.  Shelbourne KD, Gray T, Haro M. Incidence of subsequent injury to either knee within 5
years after anterior cruciate ligament reconstruction with patellar tendon autograft. Am J Sports
Med. Feb 2009;37(2):246-51. doi:10.1177/0363546508325665

20.  Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term consequence of anterior
cruciate ligament and meniscus injuries: osteoarthritis. Am J Sports Med. Oct 2007;35(10):1756-
69. doi:10.1177/0363546507307396

21. Whittaker JL, Woodhouse LJ, Nettel-Aguirre A, Emery CA. Outcomes associated with
early post-traumatic osteoarthritis and other negative health consequences 3-10 years following
knee joint injury in youth sport. Osteoarthritis Cartilage. Jul 2015;23(7):1122-9.
doi:10.1016/j.joca.2015.02.021

22.  Pietrosimone B, Lepley AS, Harkey MS, et al. Quadriceps Strength Predicts Self-
reported Function Post-ACL Reconstruction. Med Sci Sports Exerc. Sep 2016;48(9):1671-7.
doi:10.1249/MSS.0000000000000946

23. Lohmander LS, Ostenberg A, Englund M, Roos H. High prevalence of knee
osteoarthritis, pain, and functional limitations in female soccer players twelve years after anterior
cruciate ligament injury. Arthritis Rheum. Oct 2004;50(10):3145-52. doi:10.1002/art.20589

24, Tourville TW, Jarrell KM, Naud S, Slauterbeck JR, Johnson RJ, Beynnon BD.
Relationship between isokinetic strength and tibiofemoral joint space width changes after
anterior cruciate ligament reconstruction. Am J Sports Med. Feb 2014;42(2):302-11.
doi:10.1177/0363546513510672

25.  Palmieri-Smith RM, Thomas AC, Wojtys EM. Maximizing quadriceps strength after
ACL reconstruction. Clin Sports Med. Jul 2008;27(3):405-24, vii-ix.
do0i:10.1016/j.csm.2008.02.001

26.  Lisee C, Lepley AS, Birchmeier T, O'Hagan K, Kuenze C. Quadriceps Strength and
Volitional Activation After Anterior Cruciate Ligament Reconstruction: A Systematic Review

206



and Meta-analysis. Sports Health. Mar/Apr 2019;11(2):163-179.
doi:10.1177/1941738118822739

217. Norte GE, Knaus KR, Kuenze C, et al. MRI-Based Assessment of Lower-Extremity
Muscle Volumes in Patients Before and After ACL Reconstruction. J Sport Rehabil. May 1
2018;27(3):201-212. doi:10.1123/jsr.2016-0141

28. Ingersoll CD, Grindstaff TL, Pietrosimone BG, Hart JM. Neuromuscular consequences of
anterior cruciate ligament injury. Clin Sports Med. Jul 2008;27(3):383-404, vii.
do0i:10.1016/j.csm.2008.03.004

29.  Lepley LK, Davi SM, Burland JP, Lepley AS. Muscle Atrophy After ACL Injury:
Implications for Clinical Practice. Sports Health. Nov/Dec 2020;12(6):579-586.
doi:10.1177/1941738120944256

30. Palmieri-Smith RM, Villwock M, Downie B, Hecht G, Zernicke R. Pain and effusion and
quadriceps activation and strength. J Athl Train. Mar-Apr 2013;48(2):186-91. doi:10.4085/1062-
6050-48.2.10

31. Palmieri RM, Ingersoll CD, Edwards JE, et al. Arthrogenic muscle inhibition is not
present in the limb contralateral to a simulated knee joint effusion. Am J Phys Med Rehabil. Dec
2003;82(12):910-6. doi:10.1097/01.PHM.0000098045.04883.02

32. Grooms DR, Page SJ, Nichols-Larsen DS, Chaudhari AM, White SE, Onate JA.
Neuroplasticity Associated With Anterior Cruciate Ligament Reconstruction. J Orthop Sports
Phys Ther. Mar 2017;47(3):180-189. do0i:10.2519/jospt.2017.7003

33.  Thomas AC, Wojtys EM, Brandon C, Palmieri-Smith RM. Muscle atrophy contributes to
quadriceps weakness after anterior cruciate ligament reconstruction. J Sci Med Sport. Jan
2016;19(1):7-11. doi:10.1016/j.jsams.2014.12.009

34.  Young A, Stokes M, Iles JF. Effects of joint pathology on muscle. Clin Orthop Relat Res.
Jun 1987;(219):21-7.

35.  Kuenze CM, Blemker SS, Hart JM. Quadriceps function relates to muscle size following
ACL reconstruction. J Orthop Res. Sep 2016;34(9):1656-62. doi:10.1002/jor.23166

36. Lindstrom M, Strandberg S, Wredmark T, Fellander-Tsai L, Henriksson M. Functional
and muscle morphometric effects of ACL reconstruction. A prospective CT study with 1 year
follow-up. Scand J Med Sci Sports. Aug 2013;23(4):431-42. doi:10.1111/5.1600-
0838.2011.01417.x

37. Fry CS, Johnson DL, Ireland ML, Noehren B. ACL injury reduces satellite cell
abundance and promotes fibrogenic cell expansion within skeletal muscle. J Orthop Res. Sep
2017;35(9):1876-1885. doi:10.1002/jor.23502

38.  Noehren B, Andersen A, Hardy P, et al. Cellular and Morphological Alterations in the
Vastus Lateralis Muscle as the Result of ACL Injury and Reconstruction. J Bone Joint Surg Am.
Sep 21 2016;98(18):1541-7. doi:10.2106/JBJS.16.00035

39.  Noehren B, Kosmac K, Walton RG, et al. Alterations in quadriceps muscle cellular and
molecular properties in adults with moderate knee osteoarthritis. Osteoarthritis Cartilage. Oct
2018;26(10):1359-1368. doi:10.1016/j.joca.2018.05.011

40. Peck BD, Brightwell CR, Johnson DL, Ireland ML, Noehren B, Fry CS. Anterior
Cruciate Ligament Tear Promotes Skeletal Muscle Myostatin Expression, Fibrogenic Cell
Expansion, and a Decline in Muscle Quality. Am J Sports Med. May 2019;47(6):1385-1395.
doi:10.1177/0363546519832864

207



41.  Kaneko F, Onari K, Kawaguchi K, Tsukisaka K, Roy SH. Electromechanical delay after
ACL reconstruction: an innovative method for investigating central and peripheral contributions.
J Orthop Sports Phys Ther. Apr 2002;32(4):158-65. d0i:10.2519/jospt.2002.32.4.158

42.  Plotkin DL, Roberts MD, Haun CT, Schoenfeld BJ. Muscle Fiber Type Transitions with
Exercise Training: Shifting Perspectives. Sports (Basel). Sep 10
2021;9(9)doi1:10.3390/sports9090127

43, Rowan SL, Rygiel K, Purves-Smith FM, Solbak NM, Turnbull DM, Hepple RT.
Denervation causes fiber atrophy and myosin heavy chain co-expression in senescent skeletal
muscle. PLoS One. 2012;7(1):€29082. doi:10.1371/journal.pone.0029082

44.  Larkin LM, Kuzon WM, Halter JB. Effects of age and nerve-repair grafts on
reinnervation and fiber type distribution of rat medial gastrocnemius muscles. Mech Ageing Dev.
May 2003;124(5):653-61. doi:10.1016/s0047-6374(02)00190-2

45. Serrano AL, Mann CJ, Vidal B, Ardite E, Perdiguero E, Munoz-Canoves P. Cellular and
molecular mechanisms regulating fibrosis in skeletal muscle repair and disease. Curr Top Dev
Biol. 2011;96:167-201. doi:10.1016/B978-0-12-385940-2.00007-3

46.  Bohm S, Marzilger R, Mersmann F, Santuz A, Arampatzis A. Operating length and
velocity of human vastus lateralis muscle during walking and running. Sci Rep. Mar 22
2018;8(1):5066. doi:10.1038/s41598-018-23376-5

47. Gordon AM, Huxley AF, Julian FJ. The variation in isometric tension with sarcomere
length in vertebrate muscle fibres. J Physiol. May 1966;184(1):170-92.
doi:10.1113/jphysiol.1966.sp007909

48.  Timmins RG, Shield AJ, Williams MD, Lorenzen C, Opar DA. Biceps femoris long head
architecture: a reliability and retrospective injury study. Med Sci Sports Exerc. May
2015;47(5):905-13. doi:10.1249/MSS.0000000000000507

49. Campbell EL, Seynnes OR, Bottinelli R, et al. Skeletal muscle adaptations to physical
inactivity and subsequent retraining in young men. Biogerontology. Jun 2013;14(3):247-59.
doi:10.1007/s10522-013-9427-6

50. Blazevich AJ, Cannavan D, Coleman DR, Horne S. Influence of concentric and eccentric
resistance training on architectural adaptation in human quadriceps muscles. J Appl Physiol
(1985). Nov 2007;103(5):1565-75. doi:10.1152/japplphysiol.00578.2007

51.  Butterfield TA, Leonard TR, Herzog W. Differential serial sarcomere number adaptations
in knee extensor muscles of rats is contraction type dependent. J Appl Physiol (1985). Oct
2005;99(4):1352-8. doi:10.1152/japplphysiol.00481.2005

52. Alegre LM, Jimenez F, Gonzalo-Orden JM, Martin-Acero R, Aguado X. Effects of
dynamic resistance training on fascicle length and isometric strength. J Sports Sci. May
2006;24(5):501-8. doi:10.1080/02640410500189322

53. Baroni BM, Geremia JM, Rodrigues R, De Azevedo Franke R, Karamanidis K, Vaz MA.
Muscle architecture adaptations to knee extensor eccentric training: rectus femoris vs. vastus
lateralis. Muscle Nerve. Oct 2013;48(4):498-506. doi:10.1002/mus.23785

54. Son J, Rymer WZ, Lee SSM. Limited fascicle shortening and fascicle rotation may be
associated with impaired voluntary force-generating capacity in pennate muscles of chronic
stroke survivors. Clin Biomech (Bristol, Avon). May 2020;75:105007.
doi:10.1016/j.clinbiomech.2020.105007

55. de Boer MD, Maganaris CN, Seynnes OR, Rennie MJ, Narici MV. Time course of
muscular, neural and tendinous adaptations to 23 day unilateral lower-limb suspension in young
men. J Physiol. Sep 15 2007;583(Pt 3):1079-91. doi:10.1113/jphysiol.2007.135392

208



56.  Timmins RG, Shield AJ, Williams MD, Lorenzen C, Opar DA. Architectural adaptations
of muscle to training and injury: a narrative review outlining the contributions by fascicle length,
pennation angle and muscle thickness. Br J Sports Med. Dec 2016;50(23):1467-1472.
doi:10.1136/bjsports-2015-094881

57. Holt NC, Danos N, Roberts TJ, Azizi E. Stuck in gear: age-related loss of variable
gearing in skeletal muscle. J Exp Biol. Apr 2016;219(Pt 7):998-1003. doi:10.1242/jeb.133009
58.  Purslow PP. The Structure and Role of Intramuscular Connective Tissue in Muscle
Function. Front Physiol. 2020;11:495. doi:10.3389/fphys.2020.00495

59.  Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol. Jan
2008;214(2):199-210. doi:10.1002/path.2277

60. Longo UG, Rizzello G, Frnaceschi F, Campi S, Maffulli N, Denaro V. The architecture
of the ipsilateral quadriceps two years after successful anterior cruciate ligament reconstruction
with bone-patellar tendon-bone autograft. Knee. Jun 2014;21(3):721-5.
doi:10.1016/j.knee.2014.02.001

61. Cronin NJ, Lichtwark G. The use of ultrasound to study muscle-tendon function in
human posture and locomotion. (1879-2219 (Electronic))

62.  Davi SM, Brancati RJ, DiStefano LJ, Lepley AS, Lepley LK. Suppressed quadriceps
fascicle behavior is present in the surgical limbs of those with a history of ACL reconstruction.
(1873-2380 (Electronic))

63. Munsch AA-O, Evans-Pickett AA-O, Davis-Wilson HA-O, Pietrosimone BA-O, Franz
JA-O. Quadriceps Muscle Action and Association With Knee Joint Biomechanics in Individuals
with Anterior Cruciate Ligament Reconstruction. (1543-2688 (Electronic))

64.  Farris DJ, Sawicki GS. Human medial gastrocnemius force-velocity behavior shifts with
locomotion speed and gait. Proc Natl Acad Sci U S 4. Jan 17 2012;109(3):977-82.
doi:10.1073/pnas.1107972109

65. Lichtwark GA, Bougoulias K, Wilson AM. Muscle fascicle and series elastic element
length changes along the length of the human gastrocnemius during walking and running. J
Biomech. 2007;40(1):157-64. doi:10.1016/j.jbiomech.2005.10.035

66. Lai A, Lichtwark GA, Schache AG, Lin YC, Brown NA, Pandy MG. In vivo behavior of
the human soleus muscle with increasing walking and running speeds. J Appl Physiol (19835).
May 15 2015;118(10):1266-75. doi:10.1152/japplphysiol.00128.2015

67.  Konow N, Azizi E, Roberts TJ. Muscle power attenuation by tendon during energy
dissipation. Proc Biol Sci. Mar 22 2012;279(1731):1108-13. doi:10.1098/rspb.2011.1435

68. Arampatzis A, Stafilidis S, DeMonte G, Karamanidis K, Morey-Klapsing G,
Bruggemann GP. Strain and elongation of the human gastrocnemius tendon and aponeurosis
during maximal plantarflexion effort. J Biomech. Apr 2005;38(4):833-41.
doi:10.1016/j.jbiomech.2004.04.031

69. Stafilidis S, Karamanidis K, Morey-Klapsing G, Demonte G, Bruggemann GP,
Arampatzis A. Strain and elongation of the vastus lateralis aponeurosis and tendon in vivo during
maximal isometric contraction. Eur J Appl Physiol. Jun 2005;94(3):317-22. doi:10.1007/s00421-
004-1301-4

70. Street SF. Lateral transmission of tension in frog myofibers: a myofibrillar network and
transverse cytoskeletal connections are possible transmitters. J Cell Physiol. Mar
1983;114(3):346-64. doi:10.1002/jcp.1041140314

209



71. Willingham TB, Kim Y, Lindberg E, Bleck CKE, Glancy B. The unified myofibrillar
matrix for force generation in muscle. Nat Commun. Jul 24 2020;11(1):3722.
doi:10.1038/s41467-020-17579-6

72.  Mahdy MAA. Skeletal muscle fibrosis: an overview. Cell Tissue Res. Mar
2019;375(3):575-588. doi:10.1007/s00441-018-2955-2

73. Mann CJ, Perdiguero E, Kharraz Y, et al. Aberrant repair and fibrosis development in
skeletal muscle. Skelet Muscle. May 4 2011;1(1):21. doi:10.1186/2044-5040-1-21

74. Saito Y, Chikenji TS, Matsumura T, Nakano M, Fujimiya M. Exercise enhances skeletal
muscle regeneration by promoting senescence in fibro-adipogenic progenitors. Nat Commun. Feb
14 2020;11(1):889. doi:10.1038/s41467-020-14734-x

75.  Lukjanenko L, Karaz S, Stuelsatz P, et al. Aging Disrupts Muscle Stem Cell Function by
Impairing Matricellular WISP1 Secretion from Fibro-Adipogenic Progenitors. Cell Stem Cell.
Mar 7 2019;24(3):433-446 e7. doi:10.1016/j.stem.2018.12.014

76.  Mozzetta C, Consalvi S, Saccone V, et al. Fibroadipogenic progenitors mediate the
ability of HDAC inhibitors to promote regeneration in dystrophic muscles of young, but not old
Mdx mice. EMBO Mol Med. Apr 2013;5(4):626-39. doi:10.1002/emmm.201202096

77. Fiore D, Judson RN, Low M, et al. Pharmacological blockage of fibro/adipogenic
progenitor expansion and suppression of regenerative fibrogenesis is associated with impaired
skeletal muscle regeneration. Stem Cell Res. Jul 2016;17(1):161-9. doi:10.1016/j.scr.2016.06.007
78. Uezumi A, Fukada S, Yamamoto N, Takeda S, Tsuchida K. Mesenchymal progenitors
distinct from satellite cells contribute to ectopic fat cell formation in skeletal muscle. Nat Cell
Biol. Feb 2010;12(2):143-52. doi:10.1038/ncb2014

79. Lieber RL, Ward SR. Cellular mechanisms of tissue fibrosis. 4. Structural and functional
consequences of skeletal muscle fibrosis. Am J Physiol Cell Physiol. Aug 1 2013;305(3):C241-
52. doi:10.1152/ajpcell.00173.2013

80.  Lieber RL, Friden J. Functional and clinical significance of skeletal muscle architecture.
Muscle Nerve. Nov 2000;23(11):1647-66. doi:10.1002/1097-4598(200011)23:11<1647::aid-
mus1>3.0.co;2-m

81.  Lieber RL, Ward SR. Skeletal muscle design to meet functional demands. Philos Trans R
Soc Lond B Biol Sci. May 27 2011;366(1570):1466-76. doi:10.1098/rstb.2010.0316

82. Moreau NG, Simpson KN, Teefey SA, Damiano DL. Muscle architecture predicts
maximum strength and is related to activity levels in cerebral palsy. Phys Ther. Nov
2010;90(11):1619-30. doi:10.2522/ptj.20090377

83.  Montesano R, Orci L. Transforming growth factor beta stimulates collagen-matrix
contraction by fibroblasts: implications for wound healing. Proc Natl Acad Sci U S 4. Jul
1988;85(13):4894-7. doi:10.1073/pnas.85.13.4894

84.  Krishnan C, Williams GN. Factors explaining chronic knee extensor strength deficits
after ACL reconstruction. J Orthop Res. May 2011;29(5):633-40. doi:10.1002/jor.21316

85.  ZhulJ,LiY, Shen W, et al. Relationships between transforming growth factor-betal,
myostatin, and decorin: implications for skeletal muscle fibrosis. J Biol Chem. Aug 31
2007;282(35):25852-63. doi:10.1074/jbc.M704146200

86. Horwath O, Envall H, Roja J, et al. Variability in vastus lateralis fiber type distribution,
fiber size, and myonuclear content along and between the legs. J Appl Physiol (1985). Jul 1
2021;131(1):158-173. doi:10.1152/japplphysiol.00053.2021

210



87.  Cree MG, Paddon-Jones D, Newcomer BR, et al. Twenty-eight-day bed rest with
hypercortisolemia induces peripheral insulin resistance and increases intramuscular triglycerides.
Metabolism. May 2010;59(5):703-10. doi:10.1016/j.metabol.2009.09.014

88.  Johannsen DL, Conley KE, Bajpeyi S, et al. Ectopic lipid accumulation and reduced
glucose tolerance in elderly adults are accompanied by altered skeletal muscle mitochondrial
activity. J Clin Endocrinol Metab. Jan 2012;97(1):242-50. doi:10.1210/jc.2011-1798

89. Crane JD, Devries MC, Safdar A, Hamadeh MJ, Tarnopolsky MA. The effect of aging on
human skeletal muscle mitochondrial and intramyocellular lipid ultrastructure. J Gerontol A Biol
Sci Med Sci. Feb 2010;65(2):119-28. doi:10.1093/gerona/glp179

90. Matson AP, Kim C, Bajpai S, Green CL, Hash TW, Garrigues GE. The effect of obesity
on fatty infiltration of the rotator cuff musculature in patients without rotator cuff tears. Shoulder
Elbow. May 2019;11(1 Suppl):30-38. doi:10.1177/1758573217736008

91. Goodpaster BH, Krishnaswami S, Resnick H, et al. Association between regional adipose
tissue distribution and both type 2 diabetes and impaired glucose tolerance in elderly men and
women. Diabetes Care. Feb 2003;26(2):372-9. doi:10.2337/diacare.26.2.372

92.  Lang T, Cauley JA, Tylavsky F, et al. Computed tomographic measurements of thigh
muscle cross-sectional area and attenuation coefficient predict hip fracture: the health, aging, and
body composition study. J Bone Miner Res. Mar 2010;25(3):513-9. doi:10.1359/jbmr.090807
93.  Miljkovic I, Kuipers AL, Cauley JA, et al. Greater Skeletal Muscle Fat Infiltration Is
Associated With Higher All-Cause and Cardiovascular Mortality in Older Men. J Gerontol A
Biol Sci Med Sci. Sep 2015;70(9):1133-40. doi:10.1093/gerona/glv027

94, Goodpaster BH, Carlson CL, Visser M, et al. Attenuation of skeletal muscle and strength
in the elderly: The Health ABC Study. J Appl Physiol (1985). Jun 2001;90(6):2157-65.
doi:10.1152/jappl.2001.90.6.2157

95. Visser M, Goodpaster BH, Kritchevsky SB, et al. Muscle mass, muscle strength, and
muscle fat infiltration as predictors of incident mobility limitations in well-functioning older
persons. J Gerontol A Biol Sci Med Sci. Mar 2005;60(3):324-33. doi:10.1093/gerona/60.3.324
96. van den Noort JC, van der Leeden M, Stapper G, et al. Muscle weakness is associated
with non-contractile muscle tissue of the vastus medialis muscle in knee osteoarthritis. BMC
Musculoskeletal Disorders. 2022/01/27 2022;23(1):91. doi:10.1186/s12891-022-05025-1

97. Teichtahl AJ, Wluka AE, Wang Y, et al. Vastus medialis fat infiltration - a modifiable
determinant of knee cartilage loss. Osteoarthritis Cartilage. Dec 2015;23(12):2150-2157.
doi:10.1016/j.joca.2015.06.016

98. Kumar D, Karampinos DC, MacLeod TD, et al. Quadriceps intramuscular fat fraction
rather than muscle size is associated with knee osteoarthritis. Osteoarthritis Cartilage. Feb
2014;22(2):226-34. doi:10.1016/j.joca.2013.12.005

99. Garcia SA, Moffit TJ, Vakula MN, Holmes SC, Montgomery MM, Pamukoff DN.
Quadriceps Muscle Size, Quality, and Strength and Self-Reported Function in Individuals With
Anterior Cruciate Ligament Reconstruction. J Athl Train. Mar 2020;55(3):246-254.
doi:10.4085/1062-6050-38-19

100. Lopresti C, Kirkendall DT, Street GM, Dudley AW. Quadriceps Insufficiency following
Repair of the Anterior Cruciate Ligament*. J Orthop Sports Phys Ther. 1988;9(7):245-9.
doi:10.2519/jospt.1988.9.7.245

101.  Edstrom L. Selective atrophy of red muscle fibres in the quadriceps in long-standing
knee-joint dysfunction. Injuries to the anterior cruciate ligament. J Neurol Sci. Dec
1970;11(6):551-8. doi:10.1016/0022-510x(70)90105-x

211



102. Tourville TW, Voigt TB, Choquette RH, et al. Skeletal muscle cellular contractile
dysfunction after anterior cruciate ligament reconstruction contributes to quadriceps weakness at
6-month follow-up. J Orthop Res. Mar 2022;40(3):727-737. doi:10.1002/jor.25065

103. Toth MJ, Tourville TW, Voigt TB, et al. Utility of Neuromuscular Electrical Stimulation
to Preserve Quadriceps Muscle Fiber Size and Contractility After Anterior Cruciate Ligament
Injuries and Reconstruction: A Randomized, Sham-Controlled, Blinded Trial. Am J Sports Med.
Aug 2020;48(10):2429-2437. doi:10.1177/0363546520933622

104.  Gumucio JP, Sugg KB, Enselman ERS, et al. Anterior cruciate ligament tear induces a
sustained loss of muscle fiber force production. Muscle Nerve. Jan 18
2018;d01:10.1002/mus.26075

105. Sophia Fox AJ, Bedi A, Rodeo SA. The basic science of articular cartilage: structure,
composition, and function. Sports Health. Nov 2009;1(6):461-8.
doi:10.1177/1941738109350438

106. Buckwalter JA, Mankin HJ, Grodzinsky AJ. Articular cartilage and osteoarthritis. Instr
Course Lect. 2005;54:465-80.

107.  Cohen NP, Foster RJ, Mow VC. Composition and dynamics of articular cartilage:
structure, function, and maintaining healthy state. J Orthop Sports Phys Ther. Oct
1998;28(4):203-15. doi:10.2519/jospt.1998.28.4.203

108. Kuijer R, van de Stadt RJ, de Koning MH, van Kampen GP, van der Korst JK. Influence
of cartilage proteoglycans on type II collagen fibrillogenesis. Connect Tissue Res.
1988;17(2):83-97. doi:10.3109/03008208809015022

109. Bhosale AM, Richardson JB. Articular cartilage: structure, injuries and review of
management. Br Med Bull. 2008;87:77-95. doi:10.1093/bmb/1dn025

110. Wilusz RE, Sanchez-Adams J, Guilak F. The structure and function of the pericellular
matrix of articular cartilage. Matrix Biol. Oct 2014;39:25-32. doi:10.1016/j.matbio.2014.08.009
111.  Antons J, Marascio MGM, Nohava J, et al. Zone-dependent mechanical properties of
human articular cartilage obtained by indentation measurements. J Mater Sci Mater Med. May 4
2018;29(5):57. doi:10.1007/s10856-018-6066-0

112.  Eschweiler J, Horn N, Rath B, et al. The Biomechanics of Cartilage-An Overview. Life
(Basel). Apr 1 2021;11(4)doi:10.3390/1ife11040302

113.  Setton LA, Zhu W, Mow VC. The biphasic poroviscoelastic behavior of articular
cartilage: role of the surface zone in governing the compressive behavior. J Biomech. Apr-May
1993;26(4-5):581-92. doi:10.1016/0021-9290(93)90019-b

114.  Kramer WC, Hendricks KJ, Wang J. Pathogenetic mechanisms of posttraumatic
osteoarthritis: opportunities for early intervention. /nt J Clin Exp Med. 2011;4(4):285-98.

115. Poole AR. An introduction to the pathophysiology of osteoarthritis. Front Biosci. Oct 15
1999;4:D662-70. doi:10.2741/poole

116. Grodzinsky AJ, Levenston ME, Jin M, Frank EH. Cartilage tissue remodeling in response
to mechanical forces. Annu Rev Biomed Eng. 2000;2:691-713.
doi:10.1146/annurev.bioeng.2.1.691

117. Makela JT, Rezaeian ZS, Mikkonen S, et al. Site-dependent changes in structure and
function of lapine articular cartilage 4 weeks after anterior cruciate ligament transection.
Osteoarthritis Cartilage. Jun 2014;22(6):869-78. doi:10.1016/j.joca.2014.04.010

118. Ojanen SP, Finnila MAJ, Makela JTA, et al. Anterior cruciate ligament transection of
rabbits alters composition, structure and biomechanics of articular cartilage and chondrocyte

212



deformation 2weeks post-surgery in a site-specific manner. J Biomech. Jan 2 2020;98:109450.
doi:10.1016/j.jbiomech.2019.109450

119. Li X, Majumdar S. Quantitative MRI of articular cartilage and its clinical applications. J
Magn Reson Imaging. Nov 2013;38(5):991-1008. doi:10.1002/jmri.24313

120. Han SK, Seerattan R, Herzog W. Mechanical loading of in situ chondrocytes in lapine
retropatellar cartilage after anterior cruciate ligament transection. J R Soc Interface. Jun 6
2010;7(47):895-903. doi:10.1098/1s1f.2009.0458

121.  Turunen SM, Han SK, Herzog W, Korhonen RK. Cell deformation behavior in
mechanically loaded rabbit articular cartilage 4 weeks after anterior cruciate ligament
transection. Osteoarthritis Cartilage. Mar 2013;21(3):505-13. doi:10.1016/j.joca.2012.12.001
122.  Papaioannou N, Krallis N, Triantafillopoulos I, Khaldi L, Dontas I, Lyritis G. Optimal
timing of research after anterior cruciate ligament resection in rabbits. Contemp Top Lab Anim
Sci. Nov 2004;43(6):22-7; quiz 58.

123.  Yoshioka M, Coutts RD, Amiel D, Hacker SA. Characterization of a model of
osteoarthritis in the rabbit knee. Osteoarthritis Cartilage. Jun 1996;4(2):87-98.
doi:10.1016/s1063-4584(05)80318-8

124. Cameron M, Buchgraber A, Passler H, et al. The natural history of the anterior cruciate
ligament-deficient knee. Changes in synovial fluid cytokine and keratan sulfate concentrations.
Am J Sports Med. Nov-Dec 1997;25(6):751-4. doi:10.1177/036354659702500605

125. Dahlberg L, Friden T, Roos H, Lark MW, Lohmander LS. A longitudinal study of
cartilage matrix metabolism in patients with cruciate ligament rupture--synovial fluid
concentrations of aggrecan fragments, stromelysin-1 and tissue inhibitor of metalloproteinase-1.
Br J Rheumatol. Dec 1994;33(12):1107-11. doi:10.1093/rheumatology/33.12.1107

126. Harkey MS, Luc BA, Golightly YM, et al. Osteoarthritis-related biomarkers following
anterior cruciate ligament injury and reconstruction: a systematic review. Osteoarthritis
Cartilage. Jan 2015;23(1):1-12. doi:10.1016/j.joca.2014.09.004

127.  Lohmander LS, Roos H, Dahlberg L, Hoerrner LA, Lark MW. Temporal patterns of
stromelysin-1, tissue inhibitor, and proteoglycan fragments in human knee joint fluid after injury
to the cruciate ligament or meniscus. J Orthop Res. Jan 1994;12(1):21-8.
doi:10.1002/jor.1100120104

128. Thomas CM, Fuller CJ, Whittles CE, Sharif M. Chondrocyte death by apoptosis is
associated with the initiation and severity of articular cartilage degradation. /nt J Rheum Dis.
May 2011;14(2):191-8. doi:10.1111/5.1756-185X.2010.01578.x

129.  Buckwalter JA, Brown TD. Joint injury, repair, and remodeling: roles in post-traumatic
osteoarthritis. Clin Orthop Relat Res. Jun 2004;(423):7-16.

130. Guilak F, Fermor B, Keefe FJ, et al. The role of biomechanics and inflammation in
cartilage injury and repair. Clin Orthop Relat Res. Jun 2004;(423):17-26.
do0i:10.1097/01.b10.0000131233.83640.91

131. Karsdal MA, Leeming DJ, Dam EB, et al. Should subchondral bone turnover be targeted
when treating osteoarthritis? Osteoarthritis Cartilage. Jun 2008;16(6):638-46.
doi:10.1016/j.joca.2008.01.014

132. Chiba K, Uetani M, Kido Y, et al. Osteoporotic changes of subchondral trabecular bone
in osteoarthritis of the knee: a 3-T MRI study. Osteoporos Int. Feb 2012;23(2):589-97.
doi:10.1007/s00198-011-1585-2

133.  Meyer EG, Baumer TG, Slade JM, Smith WE, Haut RC. Tibiofemoral contact pressures
and osteochondral microtrauma during anterior cruciate ligament rupture due to excessive

213



compressive loading and internal torque of the human knee. Am J Sports Med. Oct
2008;36(10):1966-77. doi:10.1177/0363546508318046

134. Hayami T, Pickarski M, Zhuo Y, Wesolowski GA, Rodan GA, Duong LT.
Characterization of articular cartilage and subchondral bone changes in the rat anterior cruciate
ligament transection and meniscectomized models of osteoarthritis. Bone. Feb 2006;38(2):234-
43. doi:10.1016/j.bone.2005.08.007

135. Hayami T, Pickarski M, Wesolowski GA, et al. The role of subchondral bone remodeling
in osteoarthritis: reduction of cartilage degeneration and prevention of osteophyte formation by
alendronate in the rat anterior cruciate ligament transection model. Arthritis Rheum. Apr
2004;50(4):1193-206. doi:10.1002/art.20124

136.  Goldring MB, Otero M. Inflammation in osteoarthritis. Curr Opin Rheumatol. Sep
2011;23(5):471-8. doi:10.1097/BOR.0b013e328349c2b1

137.  Coughlin TR, Kennedy OD. The role of subchondral bone damage in post-traumatic
osteoarthritis. Ann N Y Acad Sci. Nov 2016;1383(1):58-66. doi:10.1111/nyas.13261

138. Kamekura S, Kawasaki Y, Hoshi K, et al. Contribution of runt-related transcription factor
2 to the pathogenesis of osteoarthritis in mice after induction of knee joint instability. Arthritis
Rheum. Aug 2006;54(8):2462-70. doi:10.1002/art.22041

139. Brandt KD, Myers SL, Burr D, Albrecht M. Osteoarthritic changes in canine articular
cartilage, subchondral bone, and synovium fifty-four months after transection of the anterior
cruciate ligament. Arthritis Rheum. Dec 1991;34(12):1560-70. doi:10.1002/art.1780341214

140. Birch CE, Mensch KS, Desarno MJ, Beynnon BD, Tourville TW. Subchondral trabecular
bone integrity changes following ACL injury and reconstruction: a cohort study with a nested,
matched case-control analysis. Osteoarthritis Cartilage. Jun 2018;26(6):762-769.
doi:10.1016/j.joca.2018.02.905

141. Messent EA, Ward RJ, Tonkin CJ, Buckland-Wright C. Tibial cancellous bone changes
in patients with knee osteoarthritis. A short-term longitudinal study using Fractal Signature
Analysis. Osteoarthritis Cartilage. Jun 2005;13(6):463-70. doi:10.1016/j.joca.2005.01.007

142. Bhatla JL, Kroker A, Manske SL, Emery CA, Boyd SK. Differences in subchondral bone
plate and cartilage thickness between women with anterior cruciate ligament reconstructions and
uninjured controls. Osteoarthritis Cartilage. Jul 2018;26(7):929-939.
doi:10.1016/j.joca.2018.04.006

143. Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoarthritis: a disease of the
joint as an organ. Arthritis Rheum. Jun 2012;64(6):1697-707. doi:10.1002/art.34453

144. Eckstein F, Burstein D, Link TM. Quantitative MRI of cartilage and bone: degenerative
changes in osteoarthritis. NMR Biomed. Nov 2006;19(7):822-54. doi:10.1002/nbm.1063

145.  Nieminen MT, Rieppo J, Toyras J, et al. T2 relaxation reveals spatial collagen
architecture in articular cartilage: a comparative quantitative MRI and polarized light
microscopic study. Magn Reson Med. Sep 2001;46(3):487-93. doi:10.1002/mrm.1218

146. Souza RB, Stehling C, Wyman BT, et al. The effects of acute loading on T1rho and T2
relaxation times of tibiofemoral articular cartilage. Osteoarthritis Cartilage. Dec
2010;18(12):1557-63. doi:10.1016/j.joca.2010.10.001

147.  Duvvuri U, Kudchodkar S, Reddy R, Leigh JS. T(1rho) relaxation can assess longitudinal
proteoglycan loss from articular cartilage in vitro. Osteoarthritis Cartilage. Nov
2002;10(11):838-44. doi:10.1053/joca.2002.0826

214



148. Li X, Pai A, Blumenkrantz G, et al. Spatial distribution and relationship of T1rho and T2
relaxation times in knee cartilage with osteoarthritis. Magn Reson Med. Jun 2009;61(6):1310-8.
doi:10.1002/mrm.21877

149. Regatte RR, Akella SV, Lonner JH, Kneeland JB, Reddy R. T1rho relaxation mapping in
human osteoarthritis (OA) cartilage: comparison of T1rho with T2. J Magn Reson Imaging. Apr
2006;23(4):547-53. doi:10.1002/jmri.20536

150.  Mosher TJ, Dardzinski BJ. Cartilage MRI T2 relaxation time mapping: overview and
applications. Semin Musculoskelet Radiol. Dec 2004;8(4):355-68. doi:10.1055/5-2004-861764
151. Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis. Ann Rheum Dis.
Dec 1957;16(4):494-502. doi:10.1136/ard.16.4.494

152. PanJ, Pialat JB, Joseph T, et al. Knee cartilage T2 characteristics and evolution in
relation to morphologic abnormalities detected at 3-T MR imaging: a longitudinal study of the
normal control cohort from the Osteoarthritis Initiative. Radiology. Nov 2011;261(2):507-15.
doi:10.1148/radiol. 11102234

153.  Peterfy CG, Guermazi A, Zaim S, et al. Whole-Organ Magnetic Resonance Imaging
Score (WORMY) of the knee in osteoarthritis. Osteoarthritis Cartilage. Mar 2004;12(3):177-90.
doi:10.1016/j.joca.2003.11.003

154. Joseph GB, Baum T, Alizai H, et al. Baseline mean and heterogeneity of MR cartilage T2
are associated with morphologic degeneration of cartilage, meniscus, and bone marrow over 3
years--data from the Osteoarthritis Initiative. Osteoarthritis Cartilage. Jul 2012;20(7):727-35.
doi:10.1016/j.joca.2012.04.003

155. Duvvuri U, Reddy R, Patel SD, Kaufman JH, Kneeland JB, Leigh JS. T1rho-relaxation in
articular cartilage: effects of enzymatic degradation. Magn Reson Med. Dec 1997;38(6):863-7.
do0i:10.1002/mrm.1910380602

156. Li X, Benjamin Ma C, Link TM, et al. In vivo T(1rho) and T(2) mapping of articular
cartilage in osteoarthritis of the knee using 3 T MRI. Osteoarthritis Cartilage. Jul
2007;15(7):789-97. doi:10.1016/j.joca.2007.01.011

157. Li X, Ma BC, Bolbos RI, et al. Quantitative assessment of bone marrow edema-like
lesion and overlying cartilage in knees with osteoarthritis and anterior cruciate ligament tear
using MR imaging and spectroscopic imaging at 3 Tesla. J Magn Reson Imaging. Aug
2008;28(2):453-61. doi:10.1002/jmri.21437

158. Li X, Han ET, Busse RF, Majumdar S. In vivo T(1rho) mapping in cartilage using 3D
magnetization-prepared angle-modulated partitioned k-space spoiled gradient echo snapshots
(3D MAPSS). Magn Reson Med. Feb 2008;59(2):298-307. doi:10.1002/mrm.21414

159. Shao H, Pauli C, Li S, et al. Magic angle effect plays a major role in both T1rho and T2
relaxation in articular cartilage. Osteoarthritis Cartilage. Dec 2017;25(12):2022-2030.
doi:10.1016/j.joca.2017.01.013

160. Koff MF, Amrami KK, Kaufman KR. Clinical evaluation of T2 values of patellar
cartilage in patients with osteoarthritis. Osteoarthritis Cartilage. Feb 2007;15(2):198-204.
doi:10.1016/j.joca.2006.07.007

161. Mlynarik V, Szomolanyi P, Toffanin R, Vittur F, Trattnig S. Transverse relaxation
mechanisms in articular cartilage. J Magn Reson. Aug 2004;169(2):300-7.
doi:10.1016/j.jmr.2004.05.003

162. Liebl H, Joseph G, Nevitt MC, et al. Early T2 changes predict onset of radiographic knee
osteoarthritis: data from the osteoarthritis initiative. Ann Rheum Dis. Jul 2015;74(7):1353-9.
doi:10.1136/annrheumdis-2013-204157

215



163. Potter HG, Jain SK, Ma Y, Black BR, Fung S, Lyman S. Cartilage injury after acute,
isolated anterior cruciate ligament tear: immediate and longitudinal effect with clinical/MRI
follow-up. Am J Sports Med. Feb 2012;40(2):276-85. doi:10.1177/0363546511423380

164. Li X, Kuo D, Theologis A, et al. Cartilage in anterior cruciate ligament-reconstructed
knees: MR imaging T1{rho} and T2--initial experience with 1-year follow-up. Radiology. Feb
2011;258(2):505-14. doi:10.1148/radiol. 10101006

165. Goetschius J, Hertel J, Saliba SA, Brockmeier SF, Hart JM. Gait Biomechanics in
Anterior Cruciate Ligament-reconstructed Knees at Different Time Frames Postsurgery. Med Sci
Sports Exerc. Nov 2018;50(11):2209-2216. doi:10.1249/MSS.0000000000001693

166. Davis-Wilson HC, Pfeiffer SJ, Johnston CD, et al. Bilateral Gait 6 and 12 Months Post-
Anterior Cruciate Ligament Reconstruction Compared with Controls. Med Sci Sports Exerc. Apr
2020;52(4):785-794. doi:10.1249/MSS.0000000000002208

167. Kumar D, Kothari A, Souza RB, Wu S, Benjamin Ma C, Li X. Frontal plane knee
mechanics and medial cartilage MR relaxation times in individuals with ACL reconstruction: A
pilot study. Knee. Oct 2014;21(5):881-5. doi:10.1016/j.knee.2014.06.005

168. Burland JP, Lepley AS, DiStefano LJ, Lepley LK. No shortage of disagreement between
biomechanical and clinical hop symmetry after anterior cruciate ligament reconstruction. Clin
Biomech (Bristol, Avon). Aug 2019;68:144-150. doi:10.1016/j.clinbiomech.2019.05.033

169. White MS, Horton WZ, Burland JP, Seeley MK, Lepley LK. The Utility of Functional
Data Analyses to Reveal Between-Limbs Asymmetries in Those With a History of Anterior
Cruciate Ligament Reconstruction. J Athl Train. Feb 22 2021;doi:10.4085/1062-6050-0081.20
170.  Andriacchi TP, Koo S, Scanlan SF. Gait mechanics influence healthy cartilage
morphology and osteoarthritis of the knee. J Bone Joint Surg Am. Feb 2009;91 Suppl 1:95-101.
doi:10.2106/JBJS.H.01408

171.  Andriacchi TP, Mundermann A. The role of ambulatory mechanics in the initiation and
progression of knee osteoarthritis. Curr Opin Rheumatol. Sep 2006;18(5):514-8.
do0i:10.1097/01.bor.0000240365.16842.4¢

172.  Andriacchi TP, Mundermann A, Smith RL, Alexander EJ, Dyrby CO, Koo S. A
framework for the in vivo pathomechanics of osteoarthritis at the knee. Ann Biomed Eng. Mar
2004;32(3):447-57. doi:10.1023/b:abme.0000017541.82498.37

173.  Hart HF, Culvenor AG, Collins NJ, et al. Knee kinematics and joint moments during gait
following anterior cruciate ligament reconstruction: a systematic review and meta-analysis. Br J
Sports Med. May 2016;50(10):597-612. doi:10.1136/bjsports-2015-094797

174.  Hart JM, Ko JW, Konold T, Pietrosimone B. Sagittal plane knee joint moments following
anterior cruciate ligament injury and reconstruction: a systematic review. Clin Biomech (Bristol,
Avon). May 2010;25(4):277-83. doi:10.1016/j.clinbiomech.2009.12.004

175.  Sigward SM, Lin P, Pratt K. Knee loading asymmetries during gait and running in early
rehabilitation following anterior cruciate ligament reconstruction: A longitudinal study. Clin
Biomech (Bristol, Avon). Feb 2016;32:249-54. doi:10.1016/j.clinbiomech.2015.11.003

176. Hurley MV, Scott DL, Rees J, Newham DJ. Sensorimotor changes and functional
performance in patients with knee osteoarthritis. Ann Rheum Dis. Nov 1997;56(11):641-8.
doi:10.1136/ard.56.11.641

177. Mikesky AE, Mazzuca SA, Brandt KD, Perkins SM, Damush T, Lane KA. Effects of
strength training on the incidence and progression of knee osteoarthritis. Arthritis Rheum. Oct 15
2006;55(5):690-9. doi:10.1002/art.22245

216



178. Palmieri-Smith RM, Thomas AC, Karvonen-Gutierrez C, Sowers MF. Isometric
quadriceps strength in women with mild, moderate, and severe knee osteoarthritis. Am J Phys
Med Rehabil. Jul 2010;89(7):541-8. doi:10.1097/PHM.0b013e3181ddd5c3

179.  Segal NA, Glass NA, Felson DT, et al. Effect of quadriceps strength and proprioception
on risk for knee osteoarthritis. Med Sci Sports Exerc. Nov 2010;42(11):2081-8.
doi:10.1249/MSS.0b013e3181dd902e

180. Slemenda C, Brandt KD, Heilman DK, et al. Quadriceps weakness and osteoarthritis of
the knee. Ann Intern Med. Jul 15 1997;127(2):97-104. doi:10.7326/0003-4819-127-2-
199707150-00001

181. Keays SL, Newcombe PA, Bullock-Saxton JE, Bullock MI, Keays AC. Factors involved
in the development of osteoarthritis after anterior cruciate ligament surgery. Am J Sports Med.
Mar 2010;38(3):455-63. doi:10.1177/0363546509350914

182. Oiestad BE, Holm I, Gunderson R, Myklebust G, Risberg MA. Quadriceps muscle
weakness after anterior cruciate ligament reconstruction: a risk factor for knee osteoarthritis?
Arthritis Care Res (Hoboken). Dec 2010;62(12):1706-14. doi:10.1002/acr.20299

183.  White MS, Brancati RJ, Lepley LK. Relationship between altered knee kinematics and
subchondral bone remodeling in a clinically translational model of ACL injury. J Orthop Res.
Jan 2022;40(1):74-86. doi:10.1002/jor.24943

184. Roos EM. Joint injury causes knee osteoarthritis in young adults. Curr Opin Rheumatol.
Mar 2005;17(2):195-200. doi:10.1097/01.bor.0000151406.64393.00

185. Luc B, Gribble PA, Pietrosimone BG. Osteoarthritis prevalence following anterior
cruciate ligament reconstruction: a systematic review and numbers-needed-to-treat analysis. J
Athl Train. Nov-Dec 2014;49(6):806-19. doi:10.4085/1062-6050-49.3.35

186. Moore JM, Cessford K, Willmott AP, et al. Lower limb biomechanics before and after
anterior cruciate ligament reconstruction: A systematic review. J Biomech. Jun 9
2020;106:109828. doi:10.1016/j.jbiomech.2020.109828

187. Barton KI, Shekarforoush M, Heard BJ, et al. Use of pre-clinical surgically induced
models to understand biomechanical and biological consequences of PTOA development. J
Orthop Res. Mar 2017;35(3):454-465. doi:10.1002/jor.23322

188. Lorenz H, Wenz W, Ivancic M, Steck E, Richter W. Early and stable upregulation of
collagen type II, collagen type I and YKL40 expression levels in cartilage during early
experimental osteoarthritis occurs independent of joint location and histological grading.
Arthritis Res Ther. 2005;7(1):R156-65. doi:10.1186/ar1471

189. Batiste DL, Kirkley A, Laverty S, Thain LM, Spouge AR, Holdsworth DW. Ex vivo
characterization of articular cartilage and bone lesions in a rabbit ACL transection model of
osteoarthritis using MRI and micro-CT. Osteoarthritis Cartilage. Dec 2004;12(12):986-96.
doi:10.1016/j.joca.2004.08.010

190. Silva JMS, Alabarse PVG, Teixeira VON, et al. Muscle wasting in osteoarthritis model
induced by anterior cruciate ligament transection. PLoS One. 2018;13(4):e0196682.
doi:10.1371/journal.pone.0196682

191. Han SK, Ronkainen AP, Saarakkala S, Rieppo L, Herzog W, Korhonen RK. Alterations
in structural macromolecules and chondrocyte deformations in lapine retropatellar cartilage 9
weeks after anterior cruciate ligament transection. J Orthop Res. Jan 2018;36(1):342-350.
doi:10.1002/jor.23650

217



192. Tashman S, Anderst W, Kolowich P, Havstad S, Arnoczky S. Kinematics of the ACL-
deficient canine knee during gait: serial changes over two years. J Orthop Res. Sep
2004;22(5):931-41. doi:10.1016/j.orthres.2004.01.008

193. Jay GD, Elsaid KA, Kelly KA, et al. Prevention of cartilage degeneration and gait
asymmetry by lubricin tribosupplementation in the rat following anterior cruciate ligament
transection. Arthritis Rheum. Apr 2012;64(4):1162-71. doi:10.1002/art.33461

194. Maerz T, Kurdziel M, Newton MD, et al. Subchondral and epiphyseal bone remodeling
following surgical transection and noninvasive rupture of the anterior cruciate ligament as
models of post-traumatic osteoarthritis. Osteoarthritis Cartilage. Apr 2016;24(4):698-708.
doi:10.1016/j.joca.2015.11.005

195. Christiansen BA, Anderson MJ, Lee CA, Williams JC, Yik JH, Haudenschild DR.
Musculoskeletal changes following non-invasive knee injury using a novel mouse model of post-
traumatic osteoarthritis. Osteoarthritis Cartilage. Jul 2012;20(7):773-82.
doi:10.1016/j.joca.2012.04.014

196. Brown SB, Hornyak JA, Jungels RR, et al. Characterization of Post-Traumatic
Osteoarthritis in Rats Following Anterior Cruciate Ligament Rupture by Non-Invasive Knee
Injury (NIKI). J Orthop Res. Feb 2020;38(2):356-367. doi:10.1002/jor.24470

197. Lakes EH, Allen KD. Gait analysis methods for rodent models of arthritic disorders:
reviews and recommendations. Osteoarthritis Cartilage. Nov 2016;24(11):1837-1849.
doi:10.1016/j.joca.2016.03.008

198. Caro AC, Tucker JJ, Yannascoli SM, Dunkman AA, Thomas SJ, Soslowsky LJ. Efficacy
of various analgesics on shoulder function and rotator cuff tendon-to-bone healing in a rat
(Rattus norvegicus) model. J Am Assoc Lab Anim Sci. Mar 2014;53(2):185-92.

199. Hall TJ, Jagher B, Schaeublin M, Wiesenberg 1. The analgesic drug buprenorphine
inhibits osteoclastic bone resorption in vitro, but is proinflammatory in rat adjuvant arthritis.
Inflamm Res. Jun 1996;45(6):299-302. doi:10.1007/BF02280995

200. Huss MK, Felt SA, Pacharinsak C. Influence of Pain and Analgesia on Orthopedic and
Wound-healing Models in Rats and Mice. Comp Med. Dec 1 2019;69(6):535-545.
doi:10.30802/AALAS-CM-19-000013

201. Mathis A, Mamidanna P, Cury KM, et al. DeepLabCut: markerless pose estimation of
user-defined body parts with deep learning. Nat Neurosci. Sep 2018;21(9):1281-1289.
doi:10.1038/s41593-018-0209-y

202. Chen MR, Dragoo JL. The effect of nonsteroidal anti-inflammatory drugs on tissue
healing. Knee Surg Sports Traumatol Arthrosc. Mar 2013;21(3):540-9. doi:10.1007/s00167-012-
2095-2

203. Dahners LE, Gilbert JA, Lester GE, Taft TN, Payne LZ. The effect of a nonsteroidal
antiinflammatory drug on the healing of ligaments. Am J Sports Med. Nov-Dec 1988;16(6):641-
6. doi:10.1177/036354658801600615

204. Mohan G, Perilli E, Kuliwaba JS, Humphries JM, Parkinson IH, Fazzalari NL.
Application of in vivo micro-computed tomography in the temporal characterisation of
subchondral bone architecture in a rat model of low-dose monosodium iodoacetate-induced
osteoarthritis. Arthritis Res Ther. 2011;13(6):R210. doi:10.1186/ar3543

205. LiZ,LiuSY, XuL, XuSY, Ni GX. Effects of treadmill running with different intensity
on rat subchondral bone. Sci Rep. May 16 2017;7(1):1977. doi:10.1038/s41598-017-02126-z

218



206. Noh JH, Lee JW. One-Year Serial Follow-up Magnetic Resonance Imaging Study of
RigidFix for Femoral Fixation in Anterior Cruciate Ligament Reconstruction. Knee Surg Relat
Res. Sep 1 2017;29(3):203-209. doi:10.5792/ksrr.16.073

207. Beaulieu ML, Carey GE, Schlecht SH, Wojtys EM, Ashton-Miller JA. Quantitative
comparison of the microscopic anatomy of the human ACL femoral and tibial entheses. J Orthop
Res. Dec 2015;33(12):1811-7. doi:10.1002/jor.22966

208. Chen J, Kim J, Shao W, et al. An Anterior Cruciate Ligament Failure Mechanism. Am J
Sports Med. Jul 2019;47(9):2067-2076. doi:10.1177/0363546519854450

209. Lui P, Zhang P, Chan K, Qin L. Biology and augmentation of tendon-bone insertion
repair. J Orthop Surg Res. Aug 21 2010;5:59. doi:10.1186/1749-799X-5-59

210. ZongJC, Ma R, Wang H, et al. The Effect of Graft Pretensioning on Bone Tunnel
Diameter and Bone Formation After Anterior Cruciate Ligament Reconstruction in a Rat Model:
Evaluation With Micro-Computed Tomography. Am J Sports Med. May 2017;45(6):1349-1358.
doi:10.1177/0363546516686967

211. Park J, Seeley MK, Francom D, Reese CS, Hopkins JT. Functional vs. Traditional
Analysis in Biomechanical Gait Data: An Alternative Statistical Approach. J Hum Kinet. Dec
2017;60:39-49. doi:10.1515/hukin-2017-0114

212. Mastbergen SC, Lafeber FP. Changes in subchondral bone early in the development of
osteoarthritis. Arthritis Rheum. Sep 2011;63(9):2561-3. doi:10.1002/art.30306

213. Iijima H, Aoyama T, Tajino J, et al. Subchondral plate porosity colocalizes with the point
of mechanical load during ambulation in a rat knee model of post-traumatic osteoarthritis.
Osteoarthritis Cartilage. Feb 2016;24(2):354-63. doi:10.1016/j.joca.2015.09.001

214. Botter SM, van Osch GJ, Clockaerts S, Waarsing JH, Weinans H, van Leeuwen JP.
Osteoarthritis induction leads to early and temporal subchondral plate porosity in the tibial
plateau of mice: an in vivo microfocal computed tomography study. Arthritis Rheum. Sep
2011;63(9):2690-9. doi:10.1002/art.30307

215. Sniekers YH, Intema F, Lafeber FP, et al. A role for subchondral bone changes in the
process of osteoarthritis; a micro-CT study of two canine models. BMC Musculoskelet Disord.
Feb 12 2008;9:20. doi:10.1186/1471-2474-9-20

216. Hwang J, Bae WC, Shieu W, Lewis CW, Bugbee WD, Sah RL. Increased hydraulic
conductance of human articular cartilage and subchondral bone plate with progression of
osteoarthritis. Arthritis Rheum. Dec 2008;58(12):3831-42. doi:10.1002/art.24069

217. Shimizu T, Samaan MA, Tanaka MS, et al. Abnormal Biomechanics at 6 Months Are
Associated With Cartilage Degeneration at 3 Years After Anterior Cruciate Ligament
Reconstruction. Arthroscopy. Feb 2019;35(2):511-520. doi:10.1016/j.arthro.2018.07.033

218. Noehren B, Wilson H, Miller C, Lattermann C. Long-term gait deviations in anterior
cruciate ligament-reconstructed females. Med Sci Sports Exerc. Jul 2013;45(7):1340-7.
doi:10.1249/MSS.0b013e318285c6b6

219. Webster KE, Feller JA, Wittwer JE. Longitudinal changes in knee joint biomechanics
during level walking following anterior cruciate ligament reconstruction surgery. Gait Posture.
Jun 2012;36(2):167-71. doi:10.1016/j.gaitpost.2012.02.004

220. Capin JJ, Zarzycki R, Arundale A, Cummer K, Snyder-Mackler L. Report of the Primary
Outcomes for Gait Mechanics in Men of the ACL-SPORTS Trial: Secondary Prevention With
and Without Perturbation Training Does Not Restore Gait Symmetry in Men 1 or 2 Years After
ACL Reconstruction. Clin Orthop Relat Res. Oct 2017;475(10):2513-2522. doi:10.1007/s11999-
017-5279-8

219



221. Slater LV, Hart JM, Kelly AR, Kuenze CM. Progressive Changes in Walking Kinematics
and Kinetics After Anterior Cruciate Ligament Injury and Reconstruction: A Review and Meta-
Analysis. J Athl Train. Sep 2017;52(9):847-860. doi:10.4085/1062-6050-52.6.06

222.  Shin CS, Chaudhari AM, Dyrby CO, Andriacchi TP. Influence of patellar ligament
insertion angle on quadriceps usage during walking in anterior cruciate ligament reconstructed
subjects. J Orthop Res. Jun 2009;27(6):730-5. doi:10.1002/jor.20806

223. Kline PW, Morgan KD, Johnson DL, Ireland ML, Noehren B. Impaired Quadriceps Rate
of Torque Development and Knee Mechanics After Anterior Cruciate Ligament Reconstruction
With Patellar Tendon Autograft. Am J Sports Med. Oct 2015;43(10):2553-8.
doi:10.1177/0363546515595834

224. Jordan MJ, Aagaard P, Herzog W. Rapid hamstrings/quadriceps strength in ACL-
reconstructed elite Alpine ski racers. Med Sci Sports Exerc. Jan 2015;47(1):109-19.
doi:10.1249/MSS.0000000000000375

225. Rahemi H, Nigam N, Wakeling JM. The effect of intramuscular fat on skeletal muscle
mechanics: implications for the elderly and obese. J R Soc Interface. Aug 6
2015;12(109):20150365. doi:10.1098/rs1f.2015.0365

226. Manini TM, Clark BC, Nalls MA, Goodpaster BH, Ploutz-Snyder LL, Harris TB.
Reduced physical activity increases intermuscular adipose tissue in healthy young adults. Am J
Clin Nutr. Feb 2007;85(2):377-84. doi:10.1093/ajcn/85.2.377

227. Gallagher D, Kelley DE, Yim JE, et al. Adipose tissue distribution is different in type 2
diabetes. Am J Clin Nutr. Mar 2009;89(3):807-14. doi:10.3945/ajcn.2008.26955

228. Uezumi A, Ito T, Morikawa D, et al. Fibrosis and adipogenesis originate from a common
mesenchymal progenitor in skeletal muscle. J Cell Sci. Nov 1 2011;124(Pt 21):3654-64.
doi:10.1242/jcs.086629

229. Tegner Y, Lysholm J. Rating systems in the evaluation of knee ligament injuries. Clin
Orthop Relat Res. Sep 1985;(198):43-9.

230. Salavati M, Akhbari B, Mohammadi F, Mazaheri M, Khorrami M. Knee injury and
Osteoarthritis Outcome Score (KOOS); reliability and validity in competitive athletes after
anterior cruciate ligament reconstruction. Osteoarthritis Cartilage. Apr 2011;19(4):406-10.
doi:10.1016/j.joca.2011.01.010

231.  Roos EM, Roos HP, Ekdahl C, Lohmander LS. Knee injury and Osteoarthritis Outcome
Score (KOOS)--validation of a Swedish version. Scand J Med Sci Sports. Dec 1998;8(6):439-48.
doi:10.1111/5.1600-0838.1998.tb00465.x

232. Garcia SA, Rodriguez KM, Krishnan C, Palmieri-Smith RM. Type of measurement used
influences central and peripheral contributions to quadriceps weakness after anterior cruciate
ligament (ACL) reconstruction. Phys Ther Sport. Nov 2020;46:14-22.
doi:10.1016/.ptsp.2020.08.001

233. Palmieri-Smith RM, Brown SR, Wojtys EM, Krishnan C. Functional Resistance Training
Improves Thigh Muscle Strength after ACL Reconstruction: A Randomized Clinical Trial. Med
Sci Sports Exerc. Oct 1 2022;54(10):1729-1737. doi:10.1249/MSS.0000000000002958

234. Munsch AE, Pietrosimone B, Franz JR. The effects of knee extensor moment
biofeedback on gait biomechanics and quadriceps contractile behavior. PeerJ. 2020;8:¢9509.
doi:10.7717/peerj.9509

235. Luc-Harkey BA, Franz JR, Hackney AC, Blackburn JT, Padua DA, Pietrosimone B.
Lesser lower extremity mechanical loading associates with a greater increase in serum cartilage
oligomeric matrix protein following walking in individuals with anterior cruciate ligament

220



reconstruction. Clin Biomech (Bristol, Avon). Dec 2018;60:13-19.
doi:10.1016/j.clinbiomech.2018.09.024

236. Garcia SA, Vakula MN, Holmes SC, Pamukoff DN. The influence of body mass index
and sex on frontal and sagittal plane knee mechanics during walking in young adults. Gait
Posture. Jan 2021;83:217-222. doi:10.1016/j.gaitpost.2020.10.010

237. Earp JE, Newton RU, Cormie P, Blazevich AJ. The influence of loading intensity on
muscle-tendon unit behavior during maximal knee extensor stretch shortening cycle exercise.
Eur J Appl Physiol. Jan 2014;114(1):59-69. doi:10.1007/s00421-013-2744-2

238.  Davis RB, Ounpuu S, Tyburski D, Gage JR. A gait analysis data collection and reduction
technique. Human Movement Science. 1991/10/01/ 1991;10(5):575-587.
doi:https://doi.org/10.1016/0167-9457(91)90046-Z

239. Pietrosimone B, Davis-Wilson HC, Seeley MK, et al. Gait Biomechanics in Individuals
Meeting Sufficient Quadriceps Strength Cutoffs Following Anterior Cruciate Ligament
Reconstruction. J Ath! Train. Jan 22 2021;d01:10.4085/425-20

240. Cronin NJF, T.; Seynnes, O. Fully automated analysis of muscle architecture from B-
mode ultrasound images with deep learning. arXiv. 2020;doi:10.48550/ARXIV.2009.04790
241. Ando R, Taniguchi K, Saito A, Fujimiya M, Katayose M, Akima H. Validity of fascicle
length estimation in the vastus lateralis and vastus intermedius using ultrasonography. J
Electromyogr Kinesiol. Apr 2014;24(2):214-20. doi:10.1016/j.jelekin.2014.01.003

242. Ogier AC, Heskamp L, Michel CP, et al. A novel segmentation framework dedicated to
the follow-up of fat infiltration in individual muscles of patients with neuromuscular disorders.
Magn Reson Med. May 2020;83(5):1825-1836. doi:10.1002/mrm.28030

243,  Ogier A, Sdika M, Foure A, Le Troter A, Bendahan D. Individual muscle segmentation
in MR images: A 3D propagation through 2D non-linear registration approaches. Annu Int Conf
IEEE Eng Med Biol Soc. Jul 2017;2017:317-320. doi:10.1109/EMBC.2017.8036826

244.  Yushkevich PA, Gerig G. ITK-SNAP: An Intractive Medical Image Segmentation Tool
to Meet the Need for Expert-Guided Segmentation of Complex Medical Images. I[EEE Pulse.
Jul-Aug 2017;8(4):54-57. doi:10.1109/MPUL.2017.2701493

245. Kelp NY, Clemente CJ, Tucker K, Hug F, Pinel S, Dick TJM. Influence of internal
muscle properties on muscle shape change and gearing in the human gastrocnemii. Journal of
Applied Physiology. 2023;doi:10.1152/japplphysiol.00080.2023

246. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods. May
2007;39(2):175-91. doi:10.3758/bf03193146

247. Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Package: Tests in Linear
Mixed Effects Models. Journal of Statistical Software. 12/06 2017;82(13):1 - 26.
doi:10.18637/jss.v082.113

248. Bates D, Méchler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using
lme4. Journal of Statistical Software. 2015 2015;67(1):1-48. doi:10.18637/jss.v067.101

249. Lenth RV. emmeans: Estimated Marginal Means, aka Least-Squares Means. 2023 2023;
250. LongJA. jtools: Analysis and Presentation of Social Scientific Data. 2022 2022;

251. Bloch RJ, Gonzalez-Serratos H. Lateral force transmission across costameres in skeletal
muscle. Exerc Sport Sci Rev. Apr 2003;31(2):73-8. doi:10.1097/00003677-200304000-00004
252. Huijing PA, Baan GC, Rebel GT. Non-myotendinous force transmission in rat extensor
digitorum longus muscle. J Exp Biol. Mar 1998;201(Pt 5):683-91.

221



253. Ramaswamy KS, Palmer Ml Fau - van der Meulen JH, van der Meulen Jh Fau - Renoux
A, et al. Lateral transmission of force is impaired in skeletal muscles of dystrophic mice and very
old rats. (1469-7793 (Electronic))

254. Liao TC, Bird A, Samaan MA, Pedoia V, Majumdar S, Souza RB. Persistent
underloading of patellofemoral joint following hamstring autograft ACL reconstruction is
associated with cartilage health. Osteoarthritis Cartilage. Apr 26
2023;d0i:10.1016/j.joca.2023.04.010

255. Pfeiffer SJ, Spang J, Nissman D, et al. Gait Mechanics and T1rho MRI of Tibiofemoral
Cartilage 6 Months after ACL Reconstruction. Med Sci Sports Exerc. Apr 2019;51(4):630-639.
doi:10.1249/MSS.0000000000001834

256. Wellsandt E, Gardinier ES, Manal K, Axe MJ, Buchanan TS, Snyder-Mackler L.
Decreased Knee Joint Loading Associated With Early Knee Osteoarthritis After Anterior
Cruciate Ligament Injury. Am J Sports Med. Jan 2016;44(1):143-51.
doi:10.1177/0363546515608475

257. Teng HL, Wu D, SuF, et al. Gait Characteristics Associated With a Greater Increase in
Medial Knee Cartilage T1rho and T2 Relaxation Times in Patients Undergoing Anterior Cruciate
Ligament Reconstruction. Am J Sports Med. Dec 2017;45(14):3262-3271.
doi:10.1177/0363546517723007

258. He X, Leong HT, Lau OY, Ong MT, Yung PS. Altered Neuromuscular Activity of the
Lower-Extremities During Landing Tasks in Patients With Anterior Cruciate Ligament
Reconstruction: A Systematic Review of Electromyographic Studies. J Sport Rehabil. Nov 1
2020;29(8):1194-1203. doi:10.1123/jsr.2019-0393

259. Nyland J, Klein S, Caborn DN. Lower extremity compensatory neuromuscular and
biomechanical adaptations 2 to 11 years after anterior cruciate ligament reconstruction.
Arthroscopy. Sep 2010;26(9):1212-25. doi:10.1016/j.arthro.2010.01.003

260. Rocchi JE, Labanca L, Laudani L, Minganti C, Mariani PP, Macaluso A. Timing of
Muscle Activation Is Altered During Single-Leg Landing Tasks After Anterior Cruciate
Ligament Reconstruction at the Time of Return to Sport. Clin J Sport Med. Nov
2020;30(6):e186-e193. doi:10.1097/JSM.0000000000000659

261. Hodges PW, Pengel LH, Herbert RD, Gandevia SC. Measurement of muscle contraction
with ultrasound imaging. Muscle Nerve. Jun 2003;27(6):682-92. doi:10.1002/mus.10375

262. Manal K, Roberts DP, Buchanan TS. Can pennation angles be predicted from EMGs for
the primary ankle plantar and dorsiflexors during isometric contractions? J Biomech. Aug 7
2008;41(11):2492-7. doi:10.1016/j.jbiomech.2008.05.005

263. Narici M, Cerretelli P. Changes in human muscle architecture in disuse-atrophy evaluated
by ultrasound imaging. J Gravit Physiol. Jul 1998;5(1):P73-4.

264. Lepley AS, Grooms DR, Burland JP, Davi SM, Kinsella-Shaw JM, Lepley LK.
Quadriceps muscle function following anterior cruciate ligament reconstruction: systemic
differences in neural and morphological characteristics. Exp Brain Res. May 2019;237(5):1267-
1278. doi:10.1007/s00221-019-05499-x

265. Yang JH, Eun SP, Park DH, Kwak HB, Chang E. The Effects of Anterior Cruciate
Ligament Reconstruction on Individual Quadriceps Muscle Thickness and Circulating
Biomarkers. Int J Environ Res Public Health. Dec 4 2019;16(24)doi:10.3390/ijerph16244895
266. Ando R, Nosaka K, Inami T, et al. Difference in fascicle behaviors between superficial
and deep quadriceps muscles during isometric contractions. Muscle Nerve. May 2016;53(5):797-
802. doi:10.1002/mus.24905

222



267. Blazevich AJ, Gill ND, Zhou S. Intra- and intermuscular variation in human quadriceps
femoris architecture assessed in vivo. J Anat. Sep 2006;209(3):289-310. doi:10.1111/5.1469-
7580.2006.00619.x

268. Reeves ND, Maganaris CN, Maffulli N, Rittweger J. Human patellar tendon stiffness is
restored following graft harvest for anterior cruciate ligament surgery. J Biomech. May 11
2009;42(7):797-803. doi:10.1016/j.jbiomech.2009.01.030

269. Korting C, Schlippe M, Petersson S, et al. In vivo muscle morphology comparison in
post-stroke survivors using ultrasonography and diffusion tensor imaging. Sci Rep. Aug 14
2019;9(1):11836. doi:10.1038/s41598-019-47968-x

270. Takahashi K, Shiotani H, Evangelidis PE, Sado N, Kawakami Y. Three-dimensional
architecture of human medial gastrocnemius fascicles in vivo: Regional variation and its
dependence on muscle size. J Anat. Dec 2022;241(6):1324-1335. doi:10.1111/joa.13750

271. Lee DW, Yeom CH, Kim DH, Kim TM, Kim JG. Prevalence and Predictors of
Patellofemoral Osteoarthritis after Anterior Cruciate Ligament Reconstruction with Hamstring
Tendon Autograft. Clin Orthop Surg. Jun 2018;10(2):181-190. doi:10.4055/¢c10s.2018.10.2.181
272.  Arhos EK, Thoma LM, Grindem H, Logerstedt D, Risberg MA, Snyder-Mackler L.
Association of Quadriceps Strength Symmetry and Surgical Status With Clinical Osteoarthritis
Five Years After Anterior Cruciate Ligament Rupture. Arthritis Care Res (Hoboken). Mar
2022;74(3):386-391. doi:10.1002/acr.24479

273. Pietrosimone B, Pfeiffer SJ, Harkey MS, et al. Quadriceps weakness associates with
greater T1rho relaxation time in the medial femoral articular cartilage 6 months following
anterior cruciate ligament reconstruction. Knee Surg Sports Traumatol Arthrosc. Aug
2019;27(8):2632-2642. doi:10.1007/s00167-018-5290-y

274. Hart HF, Ackland DC, Pandy MG, Crossley KM. Quadriceps volumes are reduced in
people with patellofemoral joint osteoarthritis. Osteoarthritis Cartilage. Aug 2012;20(8):863-8.
doi:10.1016/j.joca.2012.04.009

275. Ruhdorfer AS, Dannhauer T, Wirth W, et al. Thigh muscle cross-sectional areas and
strength in knees with early vs knees without radiographic knee osteoarthritis: a between-knee,
within-person comparison. Osteoarthritis Cartilage. Oct 2014;22(10):1634-8.
doi:10.1016/j.joca.2014.06.002

276. Wilhelm EN, Rech A, Minozzo F, Radaelli R, Botton CE, Pinto RS. Relationship
between quadriceps femoris echo intensity, muscle power, and functional capacity of older men.
Age (Dordr). Jun 2014;36(3):9625. doi:10.1007/s11357-014-9625-4

277. Akazawa N, Okawa N, Tamura K, Moriyama H. Relationships between intramuscular
fat, muscle strength and gait independence in older women: A cross-sectional study. Geriatr
Gerontol Int. Oct 2017;17(10):1683-1688. doi:10.1111/ggi.12869

278. Akazawa N, Harada K, Okawa N, Tamura K, Moriyama H. Muscle mass and
intramuscular fat of the quadriceps are related to muscle strength in non-ambulatory chronic
stroke survivors: A cross-sectional study. PLoS One. 2018;13(8):¢0201789.
doi:10.1371/journal.pone.0201789

279. Dixon WT. Simple proton spectroscopic imaging. Radiology. Oct 1984;153(1):189-94.
doi:10.1148/radiology.153.1.6089263

280. Lee JK, Dixon WT, Ling D, Levitt RG, Murphy WA, Jr. Fatty infiltration of the liver:
demonstration by proton spectroscopic imaging. Preliminary observations. Radiology. Oct
1984;153(1):195-201. doi:10.1148/radiology.153.1.6089264

223



281. Horvath JJ, Austin SL, Case LE, et al. Correlation between quantitative whole-body
muscle magnetic resonance imaging and clinical muscle weakness in Pompe disease. Muscle
Nerve. May 2015;51(5):722-30. doi:10.1002/mus.24437

282. Willis TA, Hollingsworth KG, Coombs A, et al. Quantitative magnetic resonance
imaging in limb-girdle muscular dystrophy 2I: a multinational cross-sectional study. PLoS One.
2014;9(2):€90377. doi:10.1371/journal.pone.0090377

283. Foure A, Le Troter A, Guye M, Mattei JP, Bendahan D, Gondin J. Localization and
quantification of intramuscular damage using statistical parametric mapping and skeletal muscle
parcellation. Sci Rep. Dec 22 2015;5:18580. doi:10.1038/srep18580

284. Heskamp L, Ogier A, Bendahan D, Heerschap A. Whole-muscle fat analysis identifies
distal muscle end as disease initiation site in facioscapulohumeral muscular dystrophy. Commun
Med (Lond). Dec 1 2022;2(1):155. doi:10.1038/s43856-022-00217-1

285. Pang Y, Palmieri-Smith RM, Malyarenko DI, Swanson SD, Chenevert TL. A unique
anisotropic R2 of collagen degeneration (ARCADE) mapping as an efficient alternative to
composite relaxation metric (R2 -R1 rho ) in human knee cartilage study. Magn Reson Med. Jun
2019;81(6):3763-3774. doi:10.1002/mrm.27621

286. Klein S, Staring M, Murphy K, Viergever MA, Pluim JP. elastix: a toolbox for intensity-
based medical image registration. /[EEE Trans Med Imaging. Jan 2010;29(1):196-205.
doi:10.1109/TM1.2009.2035616

287. Bolbos RI, Link TM, Ma CB, Majumdar S, Li X. Tlrho relaxation time of the meniscus
and its relationship with T1rho of adjacent cartilage in knees with acute ACL injuries at 3 T.
Osteoarthritis Cartilage. Jan 2009;17(1):12-8. doi:10.1016/j.joca.2008.05.016

288. Souza RB, Kumar D, Calixto N, et al. Response of knee cartilage T1rho and T2
relaxation times to in vivo mechanical loading in individuals with and without knee
osteoarthritis. Osteoarthritis Cartilage. Oct 2014;22(10):1367-76.
doi:10.1016/j.joca.2014.04.017

289. Jungmann PM, Baum T, Nevitt MC, et al. Degeneration in ACL Injured Knees with and
without Reconstruction in Relation to Muscle Size and Fat Content-Data from the Osteoarthritis
Initiative. PLoS One. 2016;11(12):e0166865. doi:10.1371/journal.pone.0166865

290. Taniguchi M, Fukumoto Y, Yagi M, et al. A higher intramuscular fat in vastus medialis is
associated with functional disabilities and symptoms in early stage of knee osteoarthritis: a case-
control study. Arthritis Res Ther. Apr 14 2023;25(1):61. doi:10.1186/s13075-023-03048-0

291. Teoli A, Martel-Pelletier J, Abram F, Pelletier JP, Robbins SM. Vastus medialis
intramuscular fat is associated with reduced quadriceps strength, but not knee osteoarthritis
severity. Clin Biomech (Bristol, Avon). Jun 2022;96:105669.
doi:10.1016/j.clinbiomech.2022.105669

292. Arangio GA, Chen C, Kalady M, Reed JF, 3rd. Thigh muscle size and strength after
anterior cruciate ligament reconstruction and rehabilitation. J Orthop Sports Phys Ther. Nov
1997;26(5):238-43. d0i:10.2519/jospt.1997.26.5.238

293. Shea KG, Pfeiffer R, Wang JH, Curtin M, Apel PJ. Anterior cruciate ligament injury in
pediatric and adolescent soccer players: an analysis of insurance data. J Pediatr Orthop. Nov-
Dec 2004;24(6):623-8. doi:10.1097/00004694-200411000-00005

294.  Abstracts: ACL Research Retreat VIII, March 14-16, 2019, Greensboro, NC. (1938-162X
(Electronic))

224



295. Carpenter RD, Majumdar S, Ma CB. Magnetic resonance imaging of 3-dimensional in
vivo tibiofemoral kinematics in anterior cruciate ligament-reconstructed knees. Arthroscopy. Jul
2009;25(7):760-6. doi:10.1016/j.arthro.2009.01.014

296. Ithurburn MP, Zbojniewicz AM, Thomas S, et al. Lower patient-reported function at 2
years is associated with elevated knee cartilage T1rho and T2 relaxation times at 5 years in
young athletes after ACL reconstruction. Knee Surg Sports Traumatol Arthrosc. Aug
2019;27(8):2643-2652. doi:10.1007/s00167-018-5291-x

297. Kumar D, Su F, Wu D, et al. Frontal Plane Knee Mechanics and Early Cartilage
Degeneration in People With Anterior Cruciate Ligament Reconstruction: A Longitudinal Study.
Am J Sports Med. Feb 2018;46(2):378-387. doi:10.1177/0363546517739605

298. SuF, Hilton JF, Nardo L, et al. Cartilage morphology and T1rho and T2 quantification in
ACL-reconstructed knees: a 2-year follow-up. Osteoarthritis Cartilage. Aug 2013;21(8):1058-
67. doi:10.1016/j.joca.2013.05.010

299. LilS, Tsai TY, Clancy MM, Lewis CL, Felson DT, Li G. Cartilage contact
characteristics of the knee during gait in individuals with obesity. J Orthop Res. Nov
2022;40(11):2480-2487. doi:10.1002/jor.25288

300. Bolcos PO, Mononen ME, Roach KE, et al. Subject-specific biomechanical analysis to
estimate locations susceptible to osteoarthritis-Finite element modeling and MRI follow-up of
ACL reconstructed patients. J Orthop Res. Aug 2022;40(8):1744-1755. doi:10.1002/jor.25218
301. Souza RB, Baum T, Wu S, et al. Effects of unloading on knee articular cartilage T1rho
and T2 magnetic resonance imaging relaxation times: a case series. J Orthop Sports Phys Ther.
Jun 2012;42(6):511-20. doi:10.2519/jospt.2012.3975

302. Xie D, Tanaka M, Pedoia V, et al. Baseline cartilage T1rho and T2 predicted
patellofemoral joint cartilage lesion progression and patient-reported outcomes after ACL
reconstruction. J Orthop Res. Jun 2023;41(6):1310-1319. doi:10.1002/jor.25473

303. Pedoia V, SuF, Amano K, et al. Analysis of the articular cartilage T(1rho) and T(2)
relaxation times changes after ACL reconstruction in injured and contralateral knees and
relationships with bone shape. J Orthop Res. Mar 2017;35(3):707-717. doi:10.1002/jor.23398
304. Theologis AA, Haughom B, Liang F, et al. Comparison of T1rho relaxation times
between ACL-reconstructed knees and contralateral uninjured knees. Knee Surg Sports
Traumatol Arthrosc. Feb 2014;22(2):298-307. doi:10.1007/s00167-013-2397-z

305. Addison O, Marcus RL, Lastayo PC, Ryan AS. Intermuscular fat: a review of the
consequences and causes. Int J Endocrinol. 2014;2014:309570. doi:10.1155/2014/309570

225



