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ABSTRACT

THE PATH FROM INJURY TO DEGENERATION: MULTI-MODAL

CHARACTERIZATION OF CHRONIC ROTATOR CUFF DEGENERATION

Rotator cuff tendon tears are a prevalent issue worldwide; tears to these tendons can reduce arm
mobility, cause pain, and decrease quality of life. Unfortunately, rotator cuff tendon tear repair
surgeries experience unacceptable failures rates, with comorbidities such as age, chronic rotator
cuff degeneration, or osteoporosis exacerbating these failures. The etiology of chronic
degeneration is not fully understood, and there are no therapies or treatment capable of reversing
or healing that condition. Furthermore, research is hindered due to the inability of current large
animal translational models to faithfully recapitulate the wide range of changes noted in chronic

degeneration.

With that in mind, this work sought to improve the understanding of chronic rotator cuff
degeneration through development of a clinically translatable large animal model and study of the
injury and degeneration cascade. Specifically, this work has five components that will contribute
to this body of knowledge. The first aim was to generate a model through transection of one half
of the width of the tendon; unfortunately, this was found to result in differential changes on the
two halves of the tendon that did not match the embodiment of changes seen clinically. The
inadequacy and learnings from this model led to the generation of aims two and three. It has been
hypothesized that chronic degeneration can result from untreated partial tears that are not

diagnosed or treated with any conservative treatment. Aim 2 was focused on generating a chronic
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degeneration model through a clinically relevant bursal-side partial tear. Whereas Aim 3 was
focused on creating a similar model without damaging the tendon insertion, providing the
opportunity to screen therapies intended at halting or reversing the degeneration cascade. Aim 4
involved assessing tendons in an ovine model of osteoporosis for signs of degeneration as a means
of determining the underlying cause for increased prevalence of rotator cuff repair failure in
patients with osteoporosis. Aim 5 included characterization of the biomechanical, histological, and
gene expression changes in cadaveric human rotator cuff tendons across a spectrum of ages as a
means of better understanding the manifestation of chronic degeneration with the human rotator
cuff. This aim was utilized as positive validation of the ovine models and as a means to generate
design targets for repair scaffold mechanical properties. Aim 6 entailed generating a preliminary
design of a scaffold capable of recapitulating the biomechanical properties of the healthy human
supraspinatus tendons tested in Aim 5. Together, these proposed Aims provide new models of
chronic rotator cuff degeneration, unique and novel data illuminating the multifactorial

degeneration cascade in humans, and a prototype scaffold aimed at improving repair prognosis.
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Chapter 1- Background

Rotator Cuff Tendon Injuries and Healing Dysfunction

Rotator cuff tendon tears (RCTs) can cause pain, instability, and an inability to perform day-to-
day tasks. RCTs are the most common soft tissue injuries in the shoulder, causing pain and
dysfunction; with 250,000 repairs being performed annually in the USA ($3.44B annual societal
impact in the USA) "9 The original insult causing the cuff tears can be multifaceted, but generally
stems from an acute injury resulting in chronic degeneration or emanates from a combination of
overloading and degeneration”®. Previous studies of cadaveric shoulders have found that 18.5%
of the general population has at least partial tears of rotator cuff tendons®!?. As these partial tears
do not typically result in significant impairment of the arm’s function, conservative treatment is
generally implemented in lieu of surgical repair''"”. However, growing clinical and basic science
evidence suggests that these partial tears result in a deleterious degenerative cascade of the rotator
cuff tendon / muscle group, leading to fatty infiltration, loss of muscle strength, and most
importantly, increased probability of full thickness tears at a later point in life'>!3. Additionally,
this chronic degeneration of the tendon(s) (a.k.a., tendinopathy) has a negative impact on the
clinical outcome of repair surgeries on torn tendons, which currently have unacceptable re-tear
rates. Specifically, re-tear rates of arthroscopic repairs have been reported to be as high as 94%
depending on exacerbating risk factors such as tear size, patient’s age, smoking history, obesity,
fatty degeneration, tendon retraction, and quality of the surgical repair’*!”. Therefore, there exists
a need for basic science research to better understand the degeneration cascade and to investigate

potential therapies to improve repair prognosis. The background presented in the following



sections is included to provide the necessary information and justification for the research outlined

in the Specific Aims section.

Rotator Cuff Tendon Anatomy

The rotator cuff is a group of tendons in the shoulder that are responsible for stability and mobility
of the arm. Specifically, the rotator cuff is comprised of four tendons: supraspinatus, infraspinatus,
subscapularis, and teres minor. These tendons attach to the upper humerus and are responsible for
glenohumeral stability and motion of the humerus with respect to the shoulder (Figure 1). While
complex motions are typically accomplished through activation of two or more of these tendons,
each tendon is responsible for specific basic arm motion. The subscapularis allows internal rotation
of the shoulder. The supraspinatus allows for abduction of the arm. The infraspinatus and teres
minor provide for the external rotation. As such, dysfunction or tears to any of these tendons can

cause significant impairment to arm movement and associated pain.

As seen in Figure 1, these tendons insert on the humerus with muscles originating from the scapula,
thus passing through the joint capsule. When passing through the joint capsule, these tendons meld
with the joint capsule resulting in a musculotendinous collar that surrounds the anterior, posterior,

and superior aspects of the humeral head'®.



Figure 1. Muscles and Fascia of the Shoulder, Supraspinatus, Scapula, Humerus, Deltoid,
Infraspinatus, Teres minor and major, Latissimus Dorsi, Triceps brachii. Image taken from
Gray’s Anatomy, Plate 412 existing in the Public Domain.

Tendon

Material Composition and Macrostructure

Tendons play an integral role in skeletal connection and locomotion, being the tissue that connects

muscle to bone. As such, they exhibit complex material properties that allow transmission of large



forces while simultaneously allowing flexibility for adequate mobility of joints. To accomplish

this, tendons are a natural composite material with a specific geometry and unique biomechanical

Fascicle Q i

properties, following their form-function relationship.

Figure 2. Structural organization of a tendon. Image made available under the Creative Commons
CCO 1.0 Universal Public Domain Dedication.

Tendons are arranged in an organized, hierarchical manner. By weight, collagen fibers comprise
the majority of the tissue’s dry weight !® and are primarily type I collagen ®?. These collagen
fibers are organized into microfibrils, sub-fibrils, fibrils, and fascicles, which ultimately comprise

the tendon (
Tendon

Fascicle

Figure 2). Proteoglycans are a major component of the ground substance which binds the
individual collagen fibers together, comprising less than 1% of the dry weight of tendons®". These

collagen fibers are highly organized in parallel, crimped waveforms that align with the long axis


https://commons.wikimedia.org/wiki/File:Tendon_hierarchy_and_organization.png
https://en.wikipedia.org/wiki/en:Creative_Commons
https://creativecommons.org/publicdomain/zero/1.0/deed.en

of the tendon (Figure 3). The combination of molecular bonding between collagen fibrils and
collagen crimping is believed to provide the underlying mechanisms behind the complex
viscoelastic properties exerted by the tendons !*. The endotenon is a fascicular sheath which
separates the fascicles and reduces the friction between adjacent fascicles, allowing the fascicles

to slide with respect to each other, promoting tendon plasticity as the joint articulates.

Figure 3. Ovine enthesis, H&E (10x). Yellow line illustrates transition from tendon to non-
mineralized fibrocartilage. Orange line illustrates transition from non-mineralized to mineralized
fibrocartilage. Green line illustrates transition from mineralized fibrocartilage to bone.



Figure 4. Ovine tendon, H&E (400x). Illustrates the highly organized collagen structure (light
pink) and sparse spindle-shaped tenocytes (purple) between collagen fibrils.

The transitional zone in which the tendon inserts to the bone is referred to as the enthesis. The
enthesis region is complex and composed of several distinct regions including tendon, non-
mineralized fibrocartilage, mineralized fibrocartilage, and bone (Figure 3). Differences in stiffness
between the tendon and the bone result in a large stress concentration at the interface; thus, the
insertion zone is crucial in providing a gradient in material stiffness, reducing the concentration of
stress and improving the robustness of the connection®®??. Cellularity also varies across this
transitional region. Cellularity within the tendon is relatively low, being composed primarily of
specialized fibroblasts, referred to as tenocytes, interspersed between tendon fibrils (Figure 4). In
a healthy tendon, these tenocytes present as spindle-shaped cells aligned with the loading axis of
the tendon. Tenocytes are responsible for generation of the ground substance and fibrillogenesis,
which occur as a result of mechanobiological signaling®>. Cell populations are composed of
fibrochondrocytes within the fibrocartilaginous region and by osteoblasts, osteocytes, and
osteoclasts within the bone**?%. Changes to the tenocyte population with injury and degeneration

are described in the Chronic Rotator Cuff Degeneration section of this document.



Tendon Biomechanics

The collagen structure/molecular bonding within the tendon body and the fibrocartilaginous
insertion play crucial roles in tendon strength, structural integrity, and biomechanical properties.
Tissue loading in vivo is highly dynamic, with immense, dynamic loading imposed on the tissue.
As mentioned previously, tendons exhibit viscoelastic behavior. While elastic material stress
response can be calculated solely based on deformation, viscoelastic material stress response is a
function of both deformation and time. Additionally, the large deformations exhibited by soft
tissues like tendon result in highly nonlinear stress-strain relationships, formally referred to as
hyperelasticity. Therefore, the typical material properties reported for engineering materials that
rely on the assumption of inf