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English summary

Tendon overuse-injuries (tendinopathy) develop from overloading the tissue and occur in
leisure activity as well as occupational activity, representing a significant socio-economic
burden. Patients, often sports athletes, present with symptoms of pain, swelling and feeling of
stiffness. Further examination of the injured tendon reveals hyper-vascularization, disorganized
collagen fibrils and increased GAGs (glycosaminoglycan). It remains unknown how
tendinopathy develops; thus, the early mechanisms that cause these clinical manifestations are
not well-understood. Tendinopathy was previously thought known to be of degenerative
nature with little to no inflammation. Whether inflammation is present at and/or precedes
tendinopathy is still unclear.

The aim of the present work was to demonstrate the spatiotemporal distribution of
pathological changes in early tendinopathy with focus on structure and tissue signaling. Active
athletes with soreness in their Achilles or patella tendon within the last three months were
included and examined by clinical assessment, questionnaires, ultrasound, blood samples,
biomechanical tests, MRI (magnetic resonance imaging) and patella biopsies. They were divided
into three groups based on the duration of their symptoms: 0-1 months, 1-2 months and 2-3
months, but all received same tests. Biopsies were analyzed by PCR for key regulators of
inflammation, tissue remodeling and nociceptive substances.

Ultrasound demonstrated clinical changes with increased thickness and CSA (cross-sectional
area) of the tendon between groups. More US PD (ultrasound power Doppler) was present in
tendinopathic patients than in healthy controls, indicating hypervascularization in the early
phase. However, analysis of patella tendon biopsies showed only discrete changes in anabolic
signaling but increased Substance P. There was no change in biomechanical properties of the
tendon or force production between the tendinopathic and healthy leg of the same person,
indicating an intact whole tissue without tears.

An animal model was developed to study the effects of fibrillin-1 deficiency and subsequently
compromised elastic fibers on tendons under voluntary aerobic exercise. Despite high training-
loads, no signs of tendinopathy were observed, and mechanical properties remained intact.
However, mice with compromised elastic fibers had smaller tendons regardless of exercise.

In conclusion, early tendinopathy presents in the clinic with soreness, hypervascularization and

increased thickness but normal biomechanical properties. These changes suggest that



tendinopathy may be an inflammatory rather than a degenerative condition. One of the earliest
signs of tendinopathy from 0-1 months in study | was increased tendon thickness and
hypervascularization, indicating a component of an inflammatory process. The animal-model in

study Il indicated that elastic fibers did not play a major role in developing tendinopathy.



Dansk resumé

Sene overbelastningsskader (tendinopati) opstar i forbindelse med overbelastning af vaevet og
kan ske i fritiden savel som under arbejde. Tilstanden udggr en stor sociogkonomisk byrde.
Patienterne, herunder oftest sportsatleter, klager over smerte, haevelse og fglelsen af stivhed i
senen. Ydermere fremstar den skadede sene med gget vaskularisering, uorganiseret
kollagenfibriller og gget udskillelse af glykosaminoglykaner (GAGs). Det er stadig uklart
hvorledes tendinopati opstar, og det er uklart hvilke tidlige mekanismer, der fgrer til disse
kliniske symptomer. Man har tidligere antaget at tendinopati skyldes en mekanisk nedbrydning
af veevet med lidt eller ingen inflammation. Om inflammation opstar tidligt i tendinopati eller er
til stede under hele forlgbet er stadig uklart.

Formalet med det foreliggende arbejde var at undersgge det spatiotemporale forhold som
ligger til grund for udviklingen af tidligt tendinopati med fokus pa struktur og vaevssignalering.
Aktive atleter med gmhed i deres Akilles- eller patellasene indenfor de sidste 3 maneder blev
inkluderet og undersggt med kliniske metoder, spgrgeskemaer, ultralydsskanning,
biomekaniske tests, MRI (magnetisk resonans billeddannelse) og patellabiopsier. De blev opdelt
i tre grupper baseret pa varigheden af deres symptomer: 0-1 maneder, 1-2 maneder og 2-3
maneder. Alle tre grupper gennemgik de samme undersggelser. Biopsier blev analyseret med
PCR for mRNA-targets inden for inflammation, vaevsremodellering og nociceptive substanser.
Ultralydsskanninger viste kliniske forandringer svarende til gget tykkelse og CSA
(tveersnitsareal) af senen imellem grupperne. Yderligere var ultralyds PD-signalet gget i
tendinopatiske deltagere sammenlignet med raske kontroller, hvilket indikerer
hypervaskularisering i den tidlige fase. Dog viste analysen af patellabiopsierne kun diskrete
forandringer i anabolsk signalering og forhgjet Substans P. Der var ingen andring i de
biomekaniske egenskaber af senen eller kraftudviklingen mellem atletens tendinopatiske og
raske ben, hvilket indikerer at hele senen er intakt uden tegn pa mikroruptur.

En dyremodel blev udviklet til at studere effekten af fibrillin-1-mangel og deraf sveekkede
elastiske fibre i sener under frivillig traening. Trods hgj traeningsmaengde var der ingen tegn pa
tendinopati, og de mekaniske egenskaber forblev uaendrede. Mus med sveekkede elastiske fibre
fik mindre sener uafhaengigt af traening.

Konklusionen er, at tidlig tendinopati prasenterer klinisk med gmhed, gget vaskularisering og

stgrre tykkelse, men normal biomekaniske egenskaber. Disse aeendringer indikerer, at



tendinopati er en inflammatorisk proces snarere end en degenerativ tilstand. Et af de tidligste
tegn pa tendinopati fra 0-1 maneder fra studie | var gget senefortykkelse og
hypervaskularisering, hvilket indikerer, at der er tale om en inflammatorisk proces.

Dyremodellen fra studie Il viser, at elastiske fibre ikke spiller en stor rolle i udvikling af

tendinopati.



Introduction

Healthy tendons

Tendons

Locomotion has always played a vital role in human evolution and therefore places special
emphasis on the importance of tendons?. Tendons are densely packed connective tissues with a
hierarchical structure of collagen (80 % dry-weight) and elastic fibers (2 % dry-weight) together
with extracellular proteins?. A majority of these fibers are collagen 1 and are packed in fascicles
resembling cables, emphasizing the importance of tensile strength that tendons have during
force transmission from muscle to bone? (Figure 1). Among these fibers reside fibroblasts,
endothelial cells, immune cells, nerve cells and proteoglycans®*>. While collagen fibers in
tendons have been studied extensively, there is still little knowledge of elastic fibers in tendons
since most studies have focused on elastic fibers in blood vessels®®. However, elastic fibers
may provide other mechanical properties to tendons than collagen fibers and therefore should
not be disregarded. Tendons must also show viscoelastic properties and be capable of storing
elastic energy for efficient function during different loading situations, thus reducing overall
energy expenditure during movement®. Much of this has been attributed to the inter-fascicular
matrix where an abundance of elastic fibers exhibits low stiffness and high fatigue
resistancel®!, While collagen fibers provide stiffness to tendons there is also a need for elastic
recoil provided by elastin, making force generation more economical'?. Both types of fibers are

produced by fibroblasts that are regarded as power-horse cells of the tendon.

Diameter | 1.5nm | 10nm |  10-350nm | 1-20pm | 50-300ym | 15 mm |
Collagen Fibril Collagen fibril Collagen fibre Fascicle ‘ Whole tendon ‘
molecule | subunit

‘ Interfascicular
| tenocytes

Intrafascicular , Nerves and
tenocytes  blood vessels

7 Endotenon

Epitenon

Figure 1 Structure of the tendon. From Thorpe®3.



As physiological demands are different for the two fibers, collagen and elastin, they also differ
from each other in their composition. Collagen is made from procollagen intracellularly but is
believed to form mature fibers in the extracellular matrix and requires ascorbate acid for this
process'®. There are at least 16 types of collagen, but all share a common structure of triple
helices with repeating amino acid motifs and microfibrils. Post-translational modifications of
collagen fibers include hydroxylation and cross-linking to increase fiber stability*°.

Elastin is the most abundant protein in elastic fibers and accounts for more than 90 % of the
mature structure. Elastic fibers are cross-linked to provide stability during stretching and are
therefore responsible for the resilience behavior of elastic fibers in tissues (skin, lungs, tendons,
etc.)'®28 The core of elastic fibers are elastin and fibrillin-1 proteins in series connected to each
other by MFAP-4. Gene-expression of elastin declines with age and is shown to compromise
elastic fibers in the inter-fascicular matrix (IFM) of tendons®~22, This is especially relevant for
the increasing number of master athletes but also for the elderly population in general. Despite
their sparse distribution in tendons, elastic fibers have also been suggested to play an
important role for shear stress and tendon length through interactions with collagen?324, Thus,

elastic fibers may allow collagen to stretch and recoil efficiently*! (Figure 2).

Figure 2 Three-dimensional representation of a longitudinal AT tendon at rest. Collagen fibrils (green)
and elastic fibers (cyan) are crimped. The tenocytes (red) are in close pericellular relationship with

elastin. From Pang?.



Recently, animal studies on elastin knockout have shown that degradation of elastic fibers
causes signs of chronic tendinopathy (overuse-injuries) while fibrillin-1 is upregulated in torn
tendons26-28, However, elastin knockout mice (EIn7") are unsuitable for models of chronic
tendinopathy as the die perinatally. Also, most studies use elastase treatment on EIn*/- mice
that may have off-target effects and/or may not resemble chronic tendinopathy?>:3°. Another
protein relevant for elastin is fibrillin-1; A glycoprotein that surrounds elastin to form a sheath
and has been known to guide elastogenesis by providing a scaffold for elastin to be laterally
packed inside3! (Figure 3). Fibrillin-1 and elastin are therefore known to be associated with each
other in almost all tissues (including tendons) except for some such as the ciliary zonule of the
eye32, Overall, collagen and elastic fibers work in concert to meet the physiological
requirements of the given tissue whether it be the positional tendons (e.g. the patellar tendon)

or energy-storing tendons (e.g. the Achilles tendon).

Normal condition

l Fibroblasts

%, H
Tropoelastin MFAP-4 Fibrillin-1
coacervate assemble

dgF —=—a—
- OX Microfibrils
= Fibulin-4

cross-link

Gt

Mature elastic fiber

Figure 3 Elastogenesis involving fibrillin-1. From Kasamatsu®?

Overall the Achilles tendon (AT) and patellar tendon (PT) are important for two different
purposes; AT is capable of storing potential energy to be used for forward propulsion while the
PT withstands strong forces and is part of the anti-gravity muscles to maintain human
bipedalism3*. Microscopic changes also occur within the tendon itself during force generation.
As a tendon is pulled by muscles, the fibers are being stretched in a three-dimensional manner
but mainly uniaxial to any force applied. Fascicles slide independently of each other to cope
with changing joint-angles but do increase with shear stress®. Elastin may help collagen fibers
recover to their hierarchical and undulated form, thereby reducing shear stress on the tissue3®.
Certain cells in tendons, e.g. fibroblasts, are more active than previously thought, as they are
constantly sensing and responding to changes in mechanical loading®’. Cells and proteoglycans

10



are abundant in the inter-fascicular matrix, the same compartment that is believed to facilitate
the sliding movement of fibers?°. More and more evidence now points to a complex of cells,

proteins and fibers responding to mechanical stimuli for this humble (but yet complex) tissue.

11



Biomechanics

The physiological demand of tendons is to transmit force through pulling, and therefore tendon
mechanical properties are important to consider when looking at function in vivo. Two major
characterizations of mechanical properties exist: intensive and extensive properties®. Intensive
properties display volume-independent mechanical properties whereas extensive properties
are volume-dependent. Any differences in mechanical properties between two tendons that
disappears after normalization to tendon dimensions is interpreted as a result of extensive
properties such as size, volume or mass. Thus, mechanical differences caused by tendon
guantity is called extensive properties while intensive properties can explain the mechanical
differences in tendon quality. The stress-strain graph has strain (%) on the x-axis and stress on
the y-axis (MPa), both values normalized to the object’s dimensions (Figure 4). The
physiological range (also called elastic region) defines a region of reversible deformation,
meaning that no damage has occurred within the material. Any applied force within the elastic
region will only cause transient deformation and once the force is released the material will
revert back to its original shape following the same stress-strain curve. For the AT, elastic fibers
contribute mostly at 0-1 % strain while more collagen is involved at higher strains?!. Thus,
collagen fibers also contribute to the toe region as they unpack from their wavy/undulating
pattern while elastic fibers make it possible for collagen to recover once force is released??%. In
contrast, the plastic region causes accumulation of damage or micro tears and thus, believed to
play a major role in the development of over-use injuries®’. Beyond the plastic region comes a
failure point in which the stress suddenly drops to zero as the object is now completely
broken*!. There are two interesting mechanical values in this region: The modulus (E) as a
normalized value and material stiffness as an absolute value. Modulus is another measurement
for the maximum slope of a stress-strain curve and therefore a point of maximum highest

resistance from the material against any applied force:

Lo .
Modulus = CSA Stif fness

and stiffness is given by:

Force
Stif fness =

1

L1 is the new length upon deformation and Lo is the initial length of the material before any

force is applied. Thus, modulus is stiffness normalized to the dimensions of the object and
12



therefore represents an extensive property while stiffness is independent of dimensions
(intensive property). A small partial rupture in the tendon would therefore indicate changes in
modulus and/or stiffness, indicating a loss of resistance from the tissue.

Cyclic load/unloading can determine how much mechanical energy is lost in the system as
heat*?. Prolonged cyclic loading in vivo might introduce irreversible damage to the tendon
tissue even though the strain is very low (material fatigue). However, it is not always possible to
achieve material fatigue in the lab due to the experimental setup and time constraint (requires
many cycles of load/unload). Extrapolating the results from a laboratory experiment to real-life
situations requires additional factors such as rate of loading (viscoelasticity) and duration of
stress at a given strain (stress relaxation). Furthermore, it is nearly impossible for any
machinery to load/unload a tendon (=0,05 Hz) as fast as a person who is running (2 Hz) and

therefore in vitro mechanical testing has its flaws by technological advances or lack hereof*3.
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Figure 4 Stress-strain graph. From Arnoczky®.
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Early tendinopathy

Loading and overloading

Overloading of tendon tissue (tendinopathy) is a common disorder among all people, poorly
understood and therefore difficult to treat*#>. Tendons can be overloaded in all situations but
frequently observed in occupational-, leisure- and sports-activity to cause impaired
performance and occupational capacity*. However, loading of tendons is absolutely necessary
for a high life-quality and therefore balanced loading is a viable approach to healthy tendons.
Tendon tissue can withstand very high loads (approximately 8-13 times body weight), far
exceeding the physiological demands as a fail-safe mechanism*”#. In most cases, it is not even
possible for athletes to reach failure point by normal neuromuscular activation. In healthy
human tendon it is known that single fibrils run throughout the entire tendon length and the
whole tendon is loaded homogenously in uniaxial direction?>°°. It has been very difficult to
document any imaging signs of tendon discontinuity in human tendon, and only 10 % of
patients with tendon rupture had pre-existing Achilles tendinopathy although many more could
have sub-clinical tendinopathy®>2, Loading of tendons involves all its fibers within the tendon
tissue but the evidence of a connection between tendon rupture and tendinopathy is still very
weak. Different compartments within the tendon have various degrees of turnover and could
contribute to tendon adaptations based on how high the local turnover is. Although previously
known to be an inert tissue it is now widely accepted that tendons are active tissues and may
even have a high turnover in specific compartments, at least in inter-fascicular matrix (IFM)>3.
Evidence now supports that IFM plays a major role in both positive adaptations and
pathology!202254 |Loading may also occur at the cellular level with cytoskeleton and cells
becoming pathologic whenever overloading is applied®. Physical activity has been shown to
increase both stiffness and cross sectional area (CSA) of tendons but may require years before
these adaptations occur, whereas immobilization quickly deteriorates mechanical properties
within weeks>®™>°. Other structures, like the tendon core, is primarily formed during childhood
and adolescence and shows no signs of renewal afterwards®®. Thus, adaptations to physical
activity can influence both tendon tissue quality and/or quantity without one necessarily
affecting the other. In regard to sports-performance there is no preference for a bigger tendon
over a tendon of higher quality and vice versa. What matters more is whether the tendon

meets the physical demands of the chosen sport [the reader is referred to the story of two high
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jumpers: Stefan Holm and Donald Thomas]®!. However, it is hypothesized that positive
adaptations does not occur a cell or tissue if a tendon is being continuously loaded without
adequate restitution (Figure 5)%. Thus, physiological adaptions occur when homeostasis is
transiently violated but then allowed enough time for adaptions to take place. Overloading
occurs when there is insufficient capacity or recovery to achieve a new level of homeostasis
(adaptation), potentially leading to tendinopathy. However, tendinopathy could also be
interpreted as another level of homeostasis although it is as a pathological condition since life-
guality has now declined. The concept of insulting a tissue to achieve adaptation or
supercompensation in training seems reasonable based on observations of all biological

systems in nature®?,
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Figure 5 Loading and adaptation. From Arnoczky*.
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Aetiology of tendinopathy

The etiology of tendinopathy still remains unknown, but several factors have gained interest:
Flouroquinolone, temperature-induced, genetic disposition, metabolic syndrome and running
gait®3% The etiology of tendinopathy seems to be both complex and multifactorial, involving a
combination of internal (e.g. age, gender and genetics) and external factors (e.g. shoes,
training-surface and BMI). This is also reflected by the various treatments for tendinopathy
such as platelet-rich plasma, shockwave, high volume injection, acupuncture and massage but
heavy slow resistance (HSR) training has been proven to be most effective®". Other
treatments than HSR are therefore frequently offered in conjunction with HSR”%73,
Rehabilitation from tendinopathy may take months, years or may never resolve, depending on
the aetiology, type of tendinopathy and how effectively it can be treated. It is important to
detect early signs or risk factors of tendinopathy to start rehabilitation/prevention-training as
soon as possible. Any delay in diagnosis and treatment could cause tendinopathy to become
chronic. This is further complicated by the fact that tendinopathy might already be present long
before clinical symptoms appear’. Thus, preventive measures are always preferable and
detecting risk factors plays a crucible role in this algorithm. However, limitations by state-of-art
technology and lack of knowledge makes it impossible to determine very early signs of
tendinopathy even before the patient becomes aware of any soreness or pain in their tendons.
Certain substances are suspected to increase the risk of tendinopathy. Fluoroquinolone of
particular interest as it interferes with DNA gyrase that might be vital in the formation for
collagen fibers®4. NSAIDs (non-steroidal anti-inflammatory drugs) can indirectly prolong
tendinopathy because they inhibit the inflammation process needed for healing and decrease
symptoms from the injured tendon’>. In addition, NSAIDs are known to relieve the pain from
tendons and thus, motivate the patient to exercise beyond their natural pain-tolerance and
further worsen tendinopathy.

Temperature has been suggested to cause tendinopathy by affecting the resident cells and
fibers’®. It has also been suggested that systemic factors from heat-induced processes may
influence the Achilles tendon negatively®®. During physical activity the core temperature is
increased beyond the physiological range of 36,5°C - 37,5°C. Given the narrow range of optimal
body-temperature it is fair to assume that tendon tissue can suffer from intra-tendinous
hyperthermia, especially when the tendon core-temperature has been predicted to increase to

over 41°C in runners’®. Elastic and collagen fibers experience temperature-fatigue caused by
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repetitive tissue loading and could also be accelerated by intra-tendinous hyperthermia.
However, temperature-induced tendinopathy may be confounded by other factors as seasonal
variations in the incidence of tendinopathy has not been proven’’7°.

Human genetic diseases can provide insight into the consequences of abnormal fiber
formation, leading to clinical manifestations. Ehlers-Danlos syndrome (EDS) is a classic example
of inherited connective tissue disorder with clinical symptoms such as aortic dissection, joint
hypermobility, scoliosis and early osteoarthritis®. Patients with EDS typically have mutations in
type V collagen encoding genes which gives rise to lower tendon stiffness and structural tendon
pathology®™8. Of special interest are patients with Marfan syndrome (MFS) because of the
increased risk of aorta dissection followed by aortic rupture. The outcome for patients with
MFS can therefore be fatal if preventative measures are not taken®. MFS is an inherited
connective-tissue disorder caused by a mutation in the fibrillin-1 gene of chromosome 15 and
has systemic symptoms related to compromised elastic fibers that becomes weakened under
stress®>88, Other than the cardiovascular system patients with MFS can experience problems
with eyes, bones and lungs, but cases of tendinopathy have not yet been reported. This is
probably due to the fact that MFS patients are advised to refrain from strenuous activities once
diagnosed in order to prevent further progression of cardiovascular complications®’%°. Most
recommendations for physical activity range from low to moderate intensity and thus, MFS
patients may never truly overload their tendons enough to develop tendinopathy. The tendons
of MFS patients have not yet been studied but could provide details on the role of elastic fibers
in tendons if they are compromised. However, it is speculative whether MFS patients have
completely non-functional elastic fibers.

People with HLA-B27 defects are at risk for IBD (inflammatory bowel disease), and there is a
strong association between IBD and enthesopathy of the AT*°. Enthesopathy is a type of
tendinopathy that is restricted to the insertion-site of the tendon into the bone and provides
some evidence that systemic factors may be involved in tendinopathy®l. People with metabolic
syndrome or diabetes have been of interest because of their dysregulation of blood-sugar®?.
Prolonged elevated blood-sugar or hyperglycemia have been shown to influence nerves, organs
and blood vessels®®. Diabetic patients were shown to have increased tendon stiffness as a result
of intra-tendinous hyperglycemia. Having a high concentration of sugar in the tendon has been
shown to increase end-glycation products and potentially weaken the tendon, but whether this

leads to tendinopathy is unknown®. Hyperglycemia can also directly influence the resident cells
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to become dysregulated or even pathological. This is also directly related to diet if it contains
caramelized sugar or proteins®. However, studies on lifestyle factors for tendinopathy often
establish correlations - not causation and therefore pose a “chicken or the egg” problem.
People with metabolic syndrome or diabetes may be generally unhealthy with little physical
exercise and therefore predisposed to tendinopathy. Thus, there is need to conduct cohort-
studies on lifestyle factors and follow individuals over a longer period with frequent check-ups
of their tendons.

Lastly, running gait is still a hot topic within sports-science and continues to be of considerable
research interest. More and more drills, e.g. core-exercises, are now being implemented by
athletes as auxiliary training to their main sport®. Within patho-mechanics, it is believed that
correcting imbalances or improving running technique will prevent injuries and improve
running economy®®. Running barefoot or with minimalist shoes are an example of the latest
trend to run more “naturally”®’. However, it must be noted that neither core nor running
technique drills have been proven to effectively prevent injuries. Different running-forms are
often displayed across the elite field, but a common denominator for them all is that they look
very efficient when running at top speeds®. There is still much research to be done in this field
so that drills can be developed in a way that benefits athletes without injuries and the athletes

with specific imbalances at risk for tendinopathy can train these drills to prevent injuries.
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Clinical changes in patients with early tendinopathy

The term tendinopathy is used to describe painful over-use injuries in tendons and covers a
both objective and subjective findings. Objective findings on ultrasound include increased
tendon size, hyper-vascularization and loss of fibrillary structure®. Subjectively, patients in the
clinic complain about soreness or pain related to their tendon. Daily-life activities are usually
affected and range from mild soreness to severely painful situations, often accompanied by
tendon swelling!°%1%1, The structural integrity of the AT may be compromised and show signs of
tendinopathy on US but it does not correlate with the degree or severity of clinical
symptoms102103 There is still much controversy whether abnormal findings on US or magnetic
resonance imaging (MRI) are necessary and sufficient for diagnosing tendinopathy in the very
early phase. Furthermore, discrepancies also occur when attempting to correlate histological
findings, degree of inflammation and pathological US findings with severity of symptoms
experienced by patients and vice versal®10>, For example, hyper-vascularization is found to be
associated with chronic tendinopathy, but how early this develops in the disease phase is
unclear!, Athletes with moderate symptoms of tendinopathy have increased sustained blood
flow for prolonged time after exercise (measured by US), but this hyper-vascularization is not
shown to be correlated severity of symptoms’#1%, In fact, hyper-vascularization has been
found in symptom-free runners without any history of tendon pain and was even protective of
tendinopathy following exercise'®”1%, Thus, most studies have reported objective findings that
at most fulfil a necessary condition for tendinopathy but none are sufficient [the reader is
encouraged to read about necessity and sufficiency]'?. Biochemical changes in AT
tendinopathy correlate even more poorly with clinical symptoms and again reflect the complex
nature of this condition!'%11, Some correlations between clinical symptoms and objective
findings are more pronounced than others, but none are necessary nor sufficient for
tendinopathy. Thickness of the tendon has shown promising results; Increased thickness of the
injured tendon compared to the healthy side might indicate tendinopathy!'%113, Recently,
studies have focused on changes in sono-elastography as proxy for altered biomechanics in AT
tendinopathy compared to healthy AT although more data is needed to confirm this!4115,
Many of these objective findings are found to be confounded by the fact that some athletes
have a dominant leg in their discipline and therefore naturally bigger and/or stiffer tendons on

their dominant leg>®116,
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There are numerous clinical tests to diagnose tendinopathy, but pain or soreness is a certain
criteriall’. However, symptoms are difficult to quantify or qualify objectively. The
interpretation of symptoms varies not only between individuals but also within each individual.
Factors like socio-economic status, age, pain in other places and mood can severely affect how
patients report their experience of pain!!®!19 The patients self-reported experience of pain is
included in the criteria of tendinopathy and therefore makes a valid point of treating the
symptoms first - not the tendinopathy itself. Also, relieving symptoms might even pose more
relevance to the patient than improvements in any biomarkers. In research, understanding
complaints from patients requires a method to qualify and quantify subjective pain and
soreness. Two systems are widely used and accepted in the research area: the Numeric Rating
Scale (NRS) and the Visual Analog Scale (VAS)'2°. Both provide quantification of perceived pain
but no information on the quality (what kind) of pain. Another limitation is that their two-
dimensional build-up only allows patients to quantify pain in a specific situation and not how it
has progressed through time. Viable information may be lost by not creating a coherent picture
of how the pain has progressed through time, especially if soreness is one of the most
promising early signs of tendinopathy!!’. Full-blown tendinopathy occurs in cases where the
patient is reluctant to reduce training load or seek treatment. At this stage the pain is so severe
that walking gait is affected, the patient may walk down the stairs “backwards” and some
exercises would be extremely painful. As tendinopathy progresses the pain can also be present
during rest and when transitioning from sit-to-stand. There is usually a small relief when the
tendon is warmed up during the day, but the pain worsens again in the evening because of
accumulated tendon-overloading and exhaustion of supportive muscles®*'2!, Sometimes the
patient becomes aware of how much larger the affected tendon has grown compared to the
healthy side. The patient might even have trouble fitting into their regular shoes.
Unfortunately, symptoms of tendinopathy can as well develop on the contra-lateral side, and
the reason for this is unknown!?2. Possible explanations are thought to over-compensation by
the healthy side or systemic factors released from the chronic tendinopathy®3123, Either way
there seems to be an increased risk of bilateral tendinopathy once a patient has been

diagnosed with unilateral tendinopathy.
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Healthy tendons gone tendinopathic

Inflammation and degeneration

It is still unclear how and what mechanisms cause tendinopathy but patients typically present
with soreness, swelling and stiffness in the tendon!?*. Based on clinical observations it seems
plausible that tendinopathy involves some kind of inflammation. Histological findings shows
signs of tissue calcium deposits and altered cell morphology, indicating degeneration of the
tissue!?® (Figure 6). These pathological changes support the oldest hypothesis of collagen
tearing, favoring a degenerative nature of tendinopathy. A central feature in the degeneration
model is that partial ruptures or tearing causes tendinopathy by under-stimulating resident
tendon cells (due to the lack of load transmission) and causing the cells to pathologically
proliferate or even undergo apoptosis?®!?®, Supporting this hypothesis is the increased
collagenase activity with MMP-2 and 3 (metalloproteinases), deteriorating the quantity of the
collagen network!?7:128,

(@)

Figure 6 Normal AT from a cadaver (a) compared to a surgical specimen from a patient with chronic
tendinopathy (b). Major findings in chronic tendinopathy involves blood vessel (BV) infiltration, cellular
proliferation, tissue degeneration and disorganization. However, no inflammatory cells are visible. From

Riley??.

Another hypothesis involves inflammation in response to overloading. Although being a newer
hypothesis, a growing number of studies now supports that inflammation is present in
tendinopathy. Inflammation is used to describe clinical features of calor (heat), dolor (pain),
rubor (redness), tumor (swelling) and functio laesa (loss of function)!'’. Some studies might
indicate the presence of inflammation in tendinopathy as they reported symptom-relief with
anti-inflammatory drugs such as NSAIDS and glucocorticoids, but the effect is usually short-
term, not curative®*°. From a histological perspective there is still much controversy for the
existence of an inflammatory component in tendinopathy. Inflammatory cells (e.g.
macrophages) and mRNA markers of inflammation have been found in tendinopathy, at least in
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the early phase®3L. Studies on early AT tendinopathy are scarce, but the time pattern of
inflammation in early tendinopathy has been addressed in shoulder tendons!3!, demonstrating
inflammatory mRNA signs and cell infiltration during the early phase. Furthermore, different
stages of disease from tendinopathic to fully ruptured has indicated inflammatory activation
signatures present to varying degrees throughout stages of tendinopathy and included signs of
resident stromal cells maintaining chronic inflammation327134, Signs of inflammation was also
found in biopsies from patients with chronic AT tendinopathy (symptoms over three months).
However, another study found no significant change in inflammatory cells in patients with AT
tendinopathy compared to healthy controls3>3¢, The paucity of inflammatory signs in chronic
tendinopathy is further supported by studies that show no long-lasting effects of anti-
inflammatory medical treatments in treating these often protracted conditions’>37138 Thus, it
is likely that inflammation is only present in the early phase of tendinopathy. Increased
expression of important key cells in the early phase of inflammation includes (but is not limited

to) macrophages, tenocytes and mast cells3®

. More importantly, the resident stromal cells
from AT tendinopathy were found to be “primed” for inflammation32, The authors speculate
that stromal memory cells appeared to be sensitized or primed to pro-inflammatory mediators
more than cells from healthy hamstrings, potentially lowering the threshold for an
inflammatory condition in the AT. It may be that inflammation peaks in the early phase of
tendinopathy and then subside to a more low-grade chronic matter, thereby causing the
discrepancy between the findings of various studies. Thus, resolution normally follows
inflammation, but the two events are not always coupled!*°. Chronic inflammation is known to
cause extravasation of macrophages into the tissue in an inflammatory environment (primed by
other cells) to become pro-inflammatory4!. This state of “inflamma-scence state” in the tissue
alters the phenotype of local macrophages; Chemo attractants are being secreted by
macrophages to attract more cells, and so the cascade continues. Blood vessels begins to
invade the tissue in order to provide nutrients and cells for healing. However, the cascade
becomes a closed circuit of inflammation and therefore the blood vessels keep growing. Thus,
tendinopathy could represent a condition of failed healing as well as non-resolving
inflammation: the pathological transition from stability to an “unstable” equilibrium or

homeostasis*4?143 (Figure 7).
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Figure 7 Stable vs. unstable equilibrium. From Danglot!*.

Nerves have been hypothesized to follow blood vessels as neo-angiogenesis becomes more
pronounced during AT tendinopathy!#*. Thus, newly formed blood vessels invades the tendon
tissue and are then later accompanied by nerve ingrowth, ultimately leading to a painful
sensation'*. The ingrowth of blood vessels and nerves seems to be detrimental for proper
tendon function, but this has not been clinically confirmed. Asymptomatic athletes with hyper-
vascularization in their tendons perform without any problems and equally as well as their
peersi®, Hyper-vascularization in the tendon can also be seen after physical activity without
any other sign of tendinopathy, suggesting that in some cases blood vessel may already be
present in the tendon and not as a result of neovascularization”14¢, Whether these blood
vessels have accompanying nerves or not remains unclear. Also, it is not clear whether such
blood vessels differ from blood vessels present in tendinopathy. People with hyper-
vascularization may are already at risk of developing tendinopathy. However, the detrimental
effects of neovascularization or hyper-vascularization is being challenged by the fact that hyper-
vascularization within the tendon after physical exercise have also being shown to protect
against tendinopathy!®. It is unknown to what extent the quality of nerves and nociceptive
substances are related to blood vessels during early tendinopathy, but sympathetic innervation
has not been shown to increase!#’. Vascularized paratendinous tissue may become hyper-
sensitive to neuronal input and drive abnormal tenocytes to produce neurotrophic substances,
thereby by-passing normal sympathetic innervation4814°,

In summary, two main hypotheses predominantly exist about the origins of tendinopathy, but
they are not necessarily mutually exclusive. In addition, inflammation could be an umbrella-
term that covers multiple events, including e.g. hyper-vascularization and degeneration.
Whether inflammation and degeneration can be regarded as separate events or in conjunction
is still debatable but regardless of definitions they have both been shown to occur in

tendinopathy®®°. Available data now supports at least one or more events occurring in the
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development of tendinopathy that differentiate an affected tendon from a normally
functioning tendon, even though some may signs more controversial than others'®!. The
sequence of development regarding these changes in the early phase of tendinopathy is
currently unknown. Overall, tendinopathy could start with degeneration which evokes an
inflammative response and then subside to an inflamma-scence state. This pathological state
damages the tissue over time by accelerating a degenerative condition. This further lowers the
threshold for the tissue to withstand loading, and without sufficient restitution from exercise it
will become even more degenerative. Ultimately, more inflammatory cells will enter and cause

further degeneration of the tissue.

Pathophysiology of tendinopathy

Although substantial knowledge has been accumulated regarding how healthy tendons respond
to physical activity>3°87>150.152153 ‘the pathogenesis of tendinopathy is poorly understood and
therefore tendinopathy represents a challenge to treat**%>. With emphasis on the multiple
causes of tendinopathy, there is now compelling evidence to suggest that the pathophysiology
of tendinopathy is also more complex than first anticipated. In addition to pain, chronic
tendinopathy is associated with imaging findings by e.g. ultrasonography, MRI or electron
microscopy such as increased tendon size, hyper-vascularization, altered fibrillary structure,
increased ground substance and areas of altered cell morphology!3”/154155 There are more
definitive changes regarding the extracellular matrix (although not an exhaustive list): Cell
rounding, increased cellularity, proteoglycan accumulation and loss of collagen organization®,
In accordance with these ‘degenerative’ changes it has been hypothesized that tendinopathy
results from partial rupture followed by altered biomechanical stimulation of resident cells and
little to no inflammation®®*6, As previously discussed, more compelling evidence now supports
inflammation in tendinopathy, but the process is complicated as it depends on systemic factors,
time, region, clinical symptoms and etiology!31>>157_ Furthermore, different definitions and
nomenclature among researchers may contribute to the mixed results. All of which could alter
the mechanisms of tendinopathy. This may explain heterogeneities in observations made
during decades of research in an attempt to understand the development of tendinopathy even

though the two hypotheses, degeneration vs. inflammation, could be intertwined*?.
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A qualified guess of the pathophysiology of tendinopathy must take into account all these
variables, and that is what is attempted in the following. Even though the aetiology of
tendinopathy is multi-faceted, there is evidence that shear stress plays an important role in
proper tendon function and that multiple factors can influence shear stress, possibly by
deterioration of elastic fiber in IFM121.158-160 |EM has one of the highest turnovers of any
compartment in the tendon and therefore makes it a viable target for pathological processes to
occurt®161,162 ‘One hypothesis could be that overloading of tendons increases shear stress,
putting stress on the fibers and cells within the inter-fascicular matrix. This mechanical stimulus
might be vital for tendon homeostasis while too much repeated stress may be
detrimental®®1%4, Studies have shown that repetitive cycles of tendon-loading, resembling
running or walking causes an increased inflammatory response?1°816> However, inflammation
is important for any tissue to adapt and overcome. It is thought to clear out old cells or
damaged tissue that occurred during loading and thereby allowing new tissue to be formed
during resolution!321® (Figure 8). It resembles building a new house: The old house has to be
destroyed (inflammation) and cleared (resolution) before the new house can be built on top.
Therefore, the inter-fascicular compartment plays a major role being as metabolically active
that it is. Special emphasis has been placed on elastic fibers in IFM, as they contribute to the
initial toe-region and therefore are expected to withstand long stretching as the collagen fibers
unfolds?23°. Accumulated damage of elastic fibers needs to be repaired and improved to
overcome new levels of mechanical stress. Interestingly, prior tendinopathy does not increase
the risk of tendon rupture substantially (4 %), indicating structurally damage in other
compartments such as the IFM*®’. It may be that elastic fibers are improperly repaired if there
is insufficient rest between training sessions. Consequently, it can alter the mechanical stress of
adjacent cells and increase the stress on collagen fibers. Elastic fibers or other proteins in the
IFM may be important for the resident cells to experience the right mechanical eustress
through modulation of shear stress?®>>%8_QOne of the resident cells, fibroblasts, are normally
spindle-shaped but in tendinopathy become irregular- or even round-shaped>*%>>, This could
be a process of reduced mechanical loading, as the cells no longer sense a uniaxial direction of
mechanical stretching. It could also be overloading of other cells, since they now have to take
the load and respond by becoming more active. Regardless of the discussion on over-
stimulation or the under-stimulation causing tendinopathy there are morphological changes in

tendon cells, indicating changed cell metabolism.
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Figure 8 Process of adaptation to mechanical stress. From Magnusson®°.

The cells start the inflammatory process to remodel the tissue3%149, |f the inflammatory
process never resolves then it creates a sustained pro-inflammatory environment for the
cells'®®, Resident cells are in limbo; on the one hand the overloaded tendon needs repair, but
on the other hand there is not sufficient time and/or nutrients to repair. Repairing intra-
tendinous injuries requires the full package of inflammation, resolution and repair. Thus,
resolution is not solely about restoring tissue homeostasis after injury but introduce adaptation
to another level of homeostasis or baseline of function. The first step (inflammation) takes
time, cells and nutrients that may require blood-vessels to deliver, but problems occur if
insufficient time for recovery is given between injuries. Over time, resident cells become
primed to inflammation, as resolution never occurs. Autocrine and paracrine pro-inflammatory
factors keep this environment self-sustained and chemo-attractants start to leak to nearby
blood vessels, promoting angiogenesis*’%172, Among the secreted factors from the primed cells
are VEGF (vascular endothelial growth factors) and ANGPTL4 (angiopoietin-like 4) to encourage
neo-vascularization of the tendon?’3'74 However, later stages might depend on other factors
for blood-vessels to persist in chronic tendinopathy’>. This process resembles a demolished
house that is not cleared while the roads accessing the construction-site (blood-vessels) are
cleared in order to recruit more workers (cells and nutrients) for rebuilding the new house, but
they are unable to do so because the old house is still in ruins. To speed up the adaptation-
process, even more roads are built, and more workers are recruited to the construction-site.
The problem is that the foundation (injured tissue) has not been cleared and that new blood
vessels invade tissues without respecting tendon-architecture, showing somewhat sporadic-

sprouting behavior. However, it is important to distinguish between acute and chronic events;
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e.g. acute hyper-vascularization following tendon-loading in exercise is a vital part of an
adaptation-process but detrimental in situations with overloading. The same is true for
inflammation in generalt’67178,

Proteoglycans are osmotically active molecules that have been shown to be increased in
tendinopathy, thereby attracting water to cause swelling'’®-181, Whether proteoglycans are
increased as a by-product of inflammation or as leaks from newly formed intra-tendinous
blood-vessels is still unclear. The preferred substrate of choice for energy metabolism in nerves
is glucose, and therefore nerves are often found near blood-vessels that have an abundance of
glucose!®7184 Glucose-uptake in nerves is independent of insulin, relying on passive diffusion
and facilitated transporters like GLUT1 85186 The close proximity between nerves and blood-
vessels coupled with the complex neuronal glucose up-take spikes two hypothesis about nerve
ingrowth: 1) It occurs after angiogenesis, and 2) It follows the path of angiogenesis in the
tendon. Assuming nerve ingrowth occurs late in tendinopathy, this could explain the latency of
clinical symptoms despite having developed tendinopathy. It is the nerve ingrowth that makes a
patient feel something is wrong with their tendon — they start to experience soreness or
pain®-189 Thus, inflammation can precede clinical symptoms but is part of an early-stage
disease with some events leading up to inflammation (e.g. hyper-vascularization), while others
are present in later stages when inflammation subsides (e.g. nerve ingrowth and swelling), and
therefore the timing of these events is crucialt371%,

In summary, physical activity and/or exercise increases tendon-loading that causes repetitive
stress to elastic fibers within IFM. Insufficient recovery results in degradation of elastic fibers,
compromising the IFM while collagen fibers remain intact. This narrows the physiological range
of the stress-strain curve and therefore increases the range for tendinopathy (Figure 4 and
Figure 9). Intra-tendinous resident cells become pathological: Cells are affected by damaged
elastic fibers and become under-stimulated while unaffected cells get over-stimulated by
consecutive tendon-loading. Lack of sufficient recovery and nutrients to a certain “point of no
return” causes the cells to be in limbo between inflammation and resolution. There is now a
self-sustained “inflamma-scence” state. Subsequently, a process of angiogenesis starts in order
to deliver sufficient nutrients and cells for repairing damaged tendon tissue. Nerve ingrowth
follows blood-vessels into the tendon, and therefore the patient will experience tendon-related
symptoms. Meanwhile proteoglycans are upregulated during inflammation and leak out from

newly formed blood-vessels, contributing to tendon-swelling. Tendinopathy is now full-blown
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and seen as narrowing of the physiological area (stress-strain curve) which again increases the

stress on the tissue, thus repeating a viscous cycle (Figure 4 and Figure 9).
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Figure 9 Narrowing of the physiological range in tendons with inadequate recovery. With damaged
elastic fibers, the collagen fibers are no longer crimped at lower strain but wavy, indicating a slack in
collagen fibers. Also notice the narrowed physiological range as the range for overuse injuries keeps

expanding during overtraining. Compare this figure to Figure 4. Reproduced from Arnoczky*.

As with every other biological tissue these events are expected to be present on a continuum of
cells and proteins with changing roles [the reader is encouraged to read about Schrodinger’s cat
and Heisenberg’s uncertainty principle]***1°2, Thus, the proposed model follows a sequence of
events only for simplicity and better understanding (Figure 10). It is not a compelling nor

comprehensive model of the pathophysiology of tendinopathy.

Inadequate elastic Soreness Painful
fiber repair during during
Exercise  before exercise exercise Inflamma-scence exercise ‘ .
T A A A A Angiogenesis
2 ; .
= Tendon size -
Na) /Neur()genesm
]
=}
< . .
ime
Inflammation T
-2
IS
<
-
<
O \/\//
\,/\/—g

Tissue homeostasis
Figure 10 Pathophysiology of tendinopathy. Schematic representation of how tendinopathy could
develop in a runner with inadequate recovery between exercise sessions. The dotted lines indicate each
exercise session and as soreness in the tendon is experienced by the runner, exercise sessions become

increasingly spaced out.

28



Bridging the gap

Numerous animal models and lab techniques have been suggested in order to study the
pathophysiology of tendinopathy in humans. It is noticeable that the majority of these studies
use different and often vague definitions of early tendinopathy with emphasis on an early event
based solely on the time frame. While time could play a role in progression of injuries or
disease, progression may as well be time-independent but related to other factors such as
activity level, pain scores or biochemical markers. Generally, physicians agree that early
tendinopathy is related to symptoms under three months while chronic tendinopathy is over
three months%,

Another challenge is the different definitions of tendinopathy, reflecting different
understandings of this complex condition. Experiments in the laboratory provide a safe and
controllable environment to study early tendinopathy but often lack translational purpose.
Thus, a deductive approach that includes injecting known substances into cells in vitro and
studying the end result is not translatable to clinical tendinopathy in patients given the
complexity of tendinopathy. Another reason why early tendinopathy is difficult to study seems
to be that no good animal or in vitro models exist for tendinopathy — besides athletic horses
140,194,195 ' Athletic racing horses may develop tendinopathy in the same way as humans (by
overloading) but, studies relying on racing horses face two major challenges: i) It is difficult to
interpret symptoms from horses and thus determine if the tendinopathy is early or not and ii)
Horses are an extremely labor-intensive and expensive model to work with.

Often rodent are chosen for these methods as rodents are easier to handle and cost-effective.
However, studies on rodents also present potential problems when extrapolating to humane
studies. First, their quadrupedal locomotion causes different tendon- and muscle-loading
compared to bipedal primates. Worth mentioning is that the soleus muscles in rodents do
hypertrophy much more than humans®®, Second, rodents have a unique physical activity level
and do most of their running during the night as they are nocturnal creatures. Some rodents
can run 10 kilometers per day, and with a stride length of 5-6 cm this equals 100.000 steps®’~
199 This is incomparable to humans, as that many steps would equal 150 kilometers per day
given a stride length of 1,5 m, and even the greatest Danish distance-runner of all time, Henrik
Jorgensen, reported “only” 150 - 200 Km per week?°%29% Thus, rodents achieve very high levels
of physical activity without tendinopathy and it would be unrealistic to any human run the

same quantity without injury or overtraining. Lastly, tendinopathy is a painful condition, but
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rodents may never show any signs of discomfort. A vital part of their survival is based on agility
and any form of limping would expose their weaknesses to potential predators. Charts have
been designed to evaluate rodents’ facial expressions to give a suffer score, but these can be
inaccurate and observer-biased?%2.

Human studies have looked into supraspinatus tear for a better understanding of tendinopathy.
A partial tear or rupture of a tendon can serve as a model for tendinopathy, but it may not
apply specifically to AT tendinopathy. The cellular signaling of matrix regulating proteins is very
different between tendinopathy and tendon rupture?°®, Overuse-injuries in the supraspinatus
tendon are often caused by mechanical impingement against the osteoclast ceiling of acromion
and therefore could represent a degenerative condition?%4. This may not be comparable to AT
tendinopathy that has a completely different loading mechanism and physiological demand.
Other treatments of tendinopathy include: Heat-ablation, surgery, collagenase injection and
running downhill. Surgery, collagenase and downhill running all introduce structural damage
within the tendon and have been classified as tendinopathy, probably as part of a degenerative
model. Whether these conditions represent bona fide tendinopathy (an over-use injury) or
solely a mechanical injury is debatable. In fact, it may be advisable to distinguish between an
acute injury caused by mechanically destroying collagen fibers versus overloading the tendon
without adequate rest. The mechanisms could be entirely different depending on how the
insult was introduced and therefore so would the outcome. Thus, a consensus on the term
early tendinopathy has to be achieved among researchers before models for tendinopathy can
become effectivel®.

In summary, the goal is to bridge the gap between characteristics of a healthy tendon with
those of tendinopathy; two conditions of a tendon on each side of the continuous biological
spectrum. The most important objective is to find inflammation in early tendinopathy and
thereafter assemble the puzzle with jigsaws of clinical symptoms, tendon swelling,

hypervascularization and nerve-ingrowth.
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Aims and Hypotheses

Aims

The primary goal of this PhD thesis was to demonstrate the time pattern and magnitude of
pathological changes in structure and tissue signaling in the early development of
tendinopathy. This includes tendon size and stiffness, angiogenesis and inflammatory activity as
well as tissue anabolic/catabolic and nociceptive signaling. Further, we aimed at testing an
animal model with disorders in extracellular matrix (Marfan Syndrome) for early development

of tendinopathy.

Hypotheses

In study 1 on humans we hypothesize that a mismatch between anabolic and catabolic
pathways causes tendinopathy by triggering the following processes in this specific order: 1)
Inflammatory activity with hyper-vascularized tissue and inflammatory signaling markers; 2)

Increased nociceptive and anabolic/catabolic signaling, and 3) Increased tendon size.

We hypothesize that inflammation peaks within the first month of early tendinopathy and
subsides in a time-dependent matter from one to three months. Inflammation leads to
accumulation of osmotically active proteoglycans to cause tendon swelling and induce
production of cytokines to promote angiogenesis. Newly formed blood-vessels then invade the
tendon tissue. This process is later accompanied by nerve ingrowth, ultimately leading to a
painful sensation. In accordance with this, we hypothesize that clinical symptoms are minimal
during inflammation and that clinical symptoms are therefore expected to peak at later time
points from two to three months. It is our primary goal to demonstrate the spatiotemporal
distribution of these events as well as what tendon-related measurements are vital for the
development of tendinopathy. In the present cross-sectional study, we included 200 patients
with soreness lasting no later than three months in either the AT or PT to investigate early
tendinopathy. These 200 patients were unique in that they had no history of tendinopathy or
prior soreness in their tendons, providing the opportunity to study first-time occurrence of

these events in the development of tendinopathy.
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Study 2 on mice with Marfan Syndrome will reveal if compromised elastic fibers cause overloading
of the tendon, thereby lowering the threshold for tendinopathy. We hypothesize that the lack of
elastic fibers does contribute to tendinopathy in this model, and that this could play a role for
some of the mechanisms seen in early tendinopathy of study I. We used three different genotypes
of 3-4-week-old mice: Wild type (n=25), less-severe (n=27) and more-severe (n=43) in two groups.
The mice were then randomized to either a sedentary control group (n=54) or voluntary aerobic

exercise (n=41) for 4 weeks before being euthanatized when 8 weeks old.
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Methods

Study |

Study design

Two hundred patients with soreness in either AT (n=155) or PT (n=45) were included in this
cross-sectional study. Furthermore, 50 healthy controls with no history of tendon soreness
were included in the control group. The three main criteria for AT or PT tendinopathy regarding
soreness were: 1) Soreness in relation to physical activity, 2) Tendons must be sore on
palpation during clinical examination, and 3) The soreness had to be within the last three
months (not lasted >3 months). Patients were divided into three groups: symptoms for 0-1
months (T1), 1-2 months (T2) or 2-3 months (T3). They were excluded if they had any history of
chronic tendinopathy or had previously experienced pain on the affected side. Any patients
who had undergone invasive treatments such as corticoid injections, HVI (High volume
injection), PRP (plasma rich platelet) or dry needling were also excluded. Oral or topic NSAIDS
were acceptable but had to be noted. Those who tried HSR training for their tendons were
evaluated according to their symptoms, what exercise they had been doing, for how long and
the intensity. Some patients who had used HSR systematically because they had previously
experience pain in their tendons were also excluded. All participants were physically active but
ranged in sports-level from recreational amateurs to Olympic elite athletes. Recruitment was
done face-to-face, through the internet and by hanging up flyers in Copenhagen-based running-
clubs such as Sparta, KIF and Runners United. Many recreational runners and triathletes were
reached by Facebook groups. Some of the investigators were avid runners themselves and
therefore recruited patients directly after races or even training. Participants were screened
through a self-administered online questionnaire followed by a telephone interview (Figure 11).
Since the study was on early tendinopathy the investigators strived to include relevant patients
as fast as possible. Therefore, the experimental day was often placed a few days after the
telephone interview. The experimental day consists of: Clinical examination, ultrasound-
scanning, filling of questionnaires (including VISA A or P) and blood samples drawn from v.
cubiti antebrachi. Participants were then MR-scanned and followed two pathways depending
on whether they were experiencing early AT or PT tendinopathy. Patients with AT tendinopathy

were offered rehabilitation training by a physiotherapist at Bispebjerg Hospital after MR-scans
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while PT tendinopathic patients would return after MR-scans for PT biopsies (bilateral) and
ultrasound isometric for biomechanical testing of their PT. Finally, patients with tendinopathic
PT were also offered rehabilitation training after mechanical testing. Healthy controls followed
the same procedures as patients with AT tendinopathy and thus did not undergo biopsy or
biomechanical testing. There was no follow-up after rehabilitation training, but patients were
offered extra sessions with a physiotherapist if their symptoms persisted. The rehabilitation
training was performed according to best practice for all regular patients with tendinopathy

submitted to a physiotherapist at Bispebjerg Hospital.
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Recruitment:

eSoreness
ePain
< 3 months
(1250 Participants )
=155 (T1:42,T2: 52 & T3: 61)
n, .= 45 (T1: 14, T2: 17 & T3: 14)
_ Deatthy controls— 50
[ Clinical evaluation: )
eMedical history—— > Basic info, VISA A/P & NRS
Day 1 le Examination ———————Inspection, palpation & tests
e Ultrasound—————}>Conventional & P-Doppler
eBlood samplesﬁ_.sﬂum, plasma & whole-blood
Healthy controls
=123 (T1:31,T2: 41 & T3: 51)
N34 (T1:9, T2 13 &T3: 12)
D eatthy controls— 48
Conventional
Day 2 .
| MR-scanning

n, =39 (T1:11, T2:16 & T3: 12)

Patella

Day 3 —( Bilateral patella biopsies )

n, =39 (TL1l, T2:16 & T3: 12)

Patella

Day 3 —(Ultrasound isometric )
0, ies= 195
n =45

Patella

Day 4 (Physical therapy )

Figure 11 Flow-chart of study I, TESINaC. The project is a cross-sectional study on physically active
individuals with soreness in either their AT or PT within the last three months. Healthy controls had

never experienced any soreness in the respective tendons.

Clinical examination

Clinical examinations were performed by the investigators at Bispebjerg Hospital. Participants
were asked about their training history, symptoms and treatments. Other relevant information
was filled by the patients themselves in questionnaires (e.g. medical history, family history,
medication, etc.). After medical history they were asked to take off shoes and pants in order to

allow visual inspection of the tendon. Height and weight were measured. Participants were
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then asked to perform two tasks to test core-stability: Half-squats on one leg and pelvic thrusts
in supine position. Core-stability is emphasized by many physiotherapists as crucial for stability
during running to prevent injuries including tendinopathy. It would therefore be relevant to
include observations of any asymmetry or pelvic drop during testing. The most important
criteria for diagnosis of AT or PT tendinopathy was soreness on palpation of the tendon and this
was sufficient for inclusion. Thus, patients were included in the study regardless of any findings
on other clinical tests or US-scanning if the soreness had persisted under three months (taking
into account no exclusion-criteria were met). For AT-tendinopathic patients the tendon-area
with maximum soreness was marked as area of interest and measured as a distance from the
calcaneal insertion. For PT tendinopathic patients the distance was measured from tuberositas
tibiae to where the soreness is (area of interest). Some patients had symptoms on both legs
(bilateral symptoms), but then the leg with the most severe symptoms was chosen as primary.
If both legs had equally severe symptoms, the one with most longevity within three months
was chosen as primary. In a few rare cases, if symptoms and longevity were equal on both
affected legs, the ultrasound findings would determine the primary leg. This assessment was
based on pathological findings of tendon morphology: Dimensions, fibrillary structure,
vascularity and hyper- or hypoechoic areas. Patients with bilateral symptoms were examined
with US PD and MRI as these measurements were not normalized to the healthy contra-lateral

leg within the same patient.

Ultrasound-scanning

A protocol was developed to ensure standardized settings for all ultrasound machines and to
ensure that all investigators followed the same procedure. For AT: The participant must be in
prone position (on their stomach) with both ankles floating freely off the examination table.
The ultrasound (US) machine was set according to protocol prior to scanning, and the affected
leg was always chosen first for scanning. Both ATs were fully scanned in order to establish the
area with most US PD-signal and where the tendon had the largest dimensions. US PD area was
determined only within the tendon substance, and tendon dimensions were measured on the
ultrasound-screen as a perpendicular line from one border of the tendon to its opposite site
(Figure 12). US PD was chosen over conventional color flow Doppler as the method is more

sensitive. However, while the method is more sensitive, US PD also enhances background noise,
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requiring the probe to be held completely still during examination. Holding the probe
completely still allowed the investigator to more reliably distinguish pulsating signals in blood
vessels from background noise. Both US PD-signal and tendon dimensions relied on the
investigator’s observation and interpretation to find the best angle for visualizing these findings
within area of interest (maximum soreness). The area of interest was defined as the point of
maximum soreness during clinical examination. Often, this would correlate with the area of
maximal soreness that had been marked previously (within 5 mm), but not always. If there was
a discrepancy between the area of most pathological findings on US and soreness, the latter
would be considered most important (area of interest). The area of interest was recorded on
the US machine and composed to a video-film of 5-10 sec in length or at least 3-4 heartbeats.
This was done in both a longitudinal and transverse plan on the same area of interest to give
more reliable 3-dimensional confirmation of the findings. The contra-lateral leg was scanned
and video-filmed according to the affected leg’s area of soreness. Thus, recordings of US-
findings for the contra-lateral leg was performed at the same anatomical level as the affected
level. PT participants were instructed to assume supine position with their knees at 90°-flexion.
This position of the knee was chosen as a middle ground for optimal visualization on
ultrasound. Too much flexion would stretch the PT too much and risk compressing any fine
blood vessels. Too little flexion can make the PT slack, and it will often appear “bulging” on US,
making measurements of tendon-dimensions challenging. Healthy controls were scanned on
the thickest part of their tendon, often mid-portion and then on the same anatomical level on
the contra-lateral leg. A pilot study determined the mid-portion region to be the most
representative area for whole tendon morphology. Healthy controls usually had no area with
US PD-signal and therefore the thickest mid-portion region was chosen for US-scan (both US PD
and tendon dimensions). Tendon dimensions and US PD-recordings on the contra-lateral
healthy tendon of patients were determined at the same anatomical level as on the
tendinopathic side within the same patient. The anatomical level on the tendons of patients
and healthy controls were measured by a ruler. US videos were analyzed in Fiji Imagel)2
(freeware) by using a PD macro. An area of interest (maximum soreness in patients during
clinical examination or thickest mid-portion measured by US in healthy controls) was marked
for analysis and the macro would quantify the number of pixels that corresponds to US PD-
signals. The area of interest was chosen inside the tendon borders. The macro analyzed all

video-frames within the chosen borders and automatically selected the frame with the most
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relevant US PD-signal. Sometimes the zoom on US was changed, but this had been taken into
account during data-analysis and corrected for so it could be compared to the standardized 15
mm zoom. Some video films had too much noise within the tendon and therefore would give
higher false-positive pixels of US PD activity. Since the video films are 5— 10 seconds in length it
was possible to: 1) Valuate if the signal was from blood vessels or background by scrolling
through frames looking at pulsation, and 2) Make a substack (stack of a stack) in ImageJ to
select a range of relevant frames without much background. This ensures that only the bona
fide US PD-signal was quantified, leaving behind any background-noise. US measurement of
thickness, diameter and CSA were performed on the frame with most US PD activity chosen by
Imagel) (macro Doppler). If it was not possible to appropriately measure the tendon dimensions,

another frame closest to maximum US PD-signal was chosen. This was done on longitudinal and

transverse sections for both legs.

Figure 12 US-scanning of AT. Left image: Red lines indicate measurement of width and A-P thickness on
transverse section. Right image: US PD-signal seen as yellow color near insertion in a longitudinal

section.

Questionnaires

Three types of questionnaires were handed to the participants: Basic info, VISA A or P and NRS.
The questionnaires were filled in entirely by the participants themselves, but if required,
assistance was provided by the investigators. Participants were encouraged to answer all
guestions although some questions were unclear and therefore required further elaboration by
the investigators. Investigators were briefed on the interpretation of questionnaires so that a
consensus was achieved. If participants left questions unanswered and were out of reach, they
would be reached by telephone later on. In such cases the investigator would fill out the blank
spaces in collaboration with the participant. The first questionnaire involved basic information
about the participant: Medical history, family history, any ongoing infections, medication and

job. Furthermore, there were questions regarding physical activity and injuries during the
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participant’s lifetime: Previous sport, level of previous sport, current sport, how much time is
dedicated, intensity, previous injuries and how long they had to recover from previous injuries.
The “Basic info” questionnaire was completely designed by the investigators and has not been
used in any other studies. It was created to provide an overview of health and training status in
the past and present. VISA A or P are validated questionnaires that have been used in
numerous studies. However, participants were often confused by the questions in VISA and
often relied on the investigator to help elaborate. The NRS questionnaire consisted of a few
guestions regarding the participant’s average pain-score at present using NRS (Numeric Rating
Scale): How much does it hurt during training/after training/rest, rating from 1 — 10, and does
the tendon feel stiff in the morning?

NRS graphs are a concept developed by the investigators to quantify the symptoms over time
to provide a more coherent picture of the symptom-history (Figure 13). The y-axis consists of
values from 1 — 10 and resembles traditional NRS to quantify symptoms. The x-axis represents
time and is entirely dependent on when the symptom was first felt. Patients had to remember
the start-date of their symptoms to place it on baseline while the end-date is an arbitrary
distance on the x-axis but often as far away as possible from start-date. Patients are then
encouraged to draw a line, representing the average NRS-score of their symptoms, from start-
to end-date. The constructed graph made it possible to back-track how symptoms had
developed through time. Since NRS graphs were invented and used only in this study, it has not
been validated in any studies, but a pilot-study conducted by the investigators seems to be
reproducible. Patients made a plethora of different graphs that seem unique to their situation,
but this was expected given the heterogeneity by freehand drawing a graph. Analyzing NRS
graphs required several steps. First, graphs were divided into a grid using transparent
millimeter paper by superimposing and aligning two papers with each other. Second, every
square related to the graph was noted as an x- and y-coordinate. The distance between start-
and end-date on the y-axis was divided into squares and would correspond to a day on the x-
axis. Third, graphs were reproduced in Excel with an accuracy to 0,25 Units on the NRS. All
graphs made in Excel closely resembled the original graphs drawn by the participants. The x-
axis was then normalized to the duration of symptoms [Graphs from each patient are
represented in the front page of this thesis]. E.g. if a patient A had symptoms for 10 days and
the graph expanded over 50 squares on the x-axis, it would amount to 0,2 days per square. This

could be compared to another patient B with symptoms for 7 days over 50 squares (0,14 days
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per square). If the two patients are compared it would only be 35 squares from patient A (7
days from patient B divided by 0,2 squares per day from patient A) vs. 50 squares from patient
B. Thus, it would only be possible to compare the first seven days of patient A with the total
seven days from patient B. Comparing beyond seven days has little relevance, as patient B only
had symptoms for seven days and therefore the patient with the shortest time-frame of
symptoms determines the maximum limit for days to compare.

Despite all efforts to have the participants answer every question, there would still be some
blank spaces left. If a participant’s writing was unclear, or if the questions were left
unanswered, it would appear as N/A and therefore not be included in the final dataset. Also,
guestions that were misunderstood by participants and answers that did not make any sense
were noted N/A. Sometimes participants would answer “A few per week” in e.g. drinks and
tobacco consumption. Such entries were converted to 2-3 by investigators to have a numeric
value for comparison. If there were multiple answers, the investigators would choose between
listing the most severe first or take the average depending on what was relevant for the
question. Several assumptions had to be made for “Basic Info”: 1) Family history was only
confined to siblings, parents and grandparents; 2) Medication was listed with the active
pharmaceutical ingredient by searching pro.medicin.dk on specific advertised brand or generic
names, and 3) Working in office is an umbrella-term for jobs that include sitting in front of a
desk for prolonged time (e.g. student, operating telephones and software-related jobs).
Sometimes participants had multiple primary sports, in which case the one with the highest

impact on the Achilles or PT was prioritized as most important.

Intensitet

Hvis du har bemzerket nogle symptomer i de sidste 3 maneder — Tegn det ind pa figuren som en graf herunder
hvordan symptomerne/smerterne har varieret i styrke siden farste gang du maerkede dem indtil nu
Verste smerter (e.g tortur)

Ingen smerter 1 t >
Forste gang \dag
(dato) (dato)

Figure 13 Blank NRS-graph in Danish. Patients were asked to draw a graph starting from their first
symptom to today focusing on NRS 0 - 10. For simplicity, patients rated only on average how NRS had

developed in the specific period.
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Blood samples

All participants had approximately 10 milliliter blood drawn from v. antebrachi cubiti into three
vials for plasma, serum and whole blood. Participants were observed by staff in the waiting
room while blood samples were processed according to protocol. Three different tubes were
used to store the blood samples: 1) BD 362753 Vacutainer CPT for whole blood; 2) Vacuette
454204 Serum Clot Activator for serum, and 3) Vacuette 454217 K3EDTA for plasma. Serum was
always transported in ice-bath. The vials were left to rest in the laboratory for 30 minutes
before centrifugation at their required rpm (rotations per minute): 1) Whole-blood required
centrifugation at 20° Celsius at 3000 rpm for 20 minutes, and 2) Serum and plasma were
centrifuged at 4° Celsius at 4000 rpm for 4 minutes. Vacutainers would develop a cloudy
substance in the supernatant above the gel that would be extracted as it represents leucocytes.
Whole-blood, serum and plasma were divided into several Eppendorf tubes and stored at -80°
Celsius before analysis. Blood samples are used for genome analysis and routine tests
(triglycerides, cholesterol, HbAlc, etc.) but laboratory results are expected to be released after

submission of this thesis.

Magnetic Resonance

Participants were screened for MR (Magnetic Resonance) contraindications at their first visit
and were then instructed not to perform any strenuous activities right before MR-scanning at
Frederiksberg Hospital. Experienced radiologists worked with at least one investigator from the
project to ensure a comparable process for participants and standardized MR-scans within the
tendon’s area of interest (maximum soreness in patients during clinical examination or thickest
mid-portion measured by US in healthy controls). Only the affected leg was MR-scanned
because the whole protocol, with multiple sequences, took approximately 40 minutes. Having
both legs scanned would expose the participants to too much SAR (Specific Absorption Rate).
Even though MR-scans do not emit X-rays, they do produce strong radiofrequencies to align
magnetics fields, and therefore they increase the core-temperature of the participant. SAR is an
expression for the radiofrequency power disposition in the participant given as watts per kg.
Participants with reduced thermoregulatory capacity (elderly, diabetes, fever, etc.) are at
increased risk for hyperthermia with subsequent fatal outcomes if SAR is not reduced in time.

However, none of our participants were at risk as the majority were young and healthy. Some
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had metal implants but of non-magnetic type and were MR-scanned without any problems.
Whenever the investigators and radiologists were in doubt of contraindications it would be the
responsibility of the investigator to contact Philip Hansen, the primary radiologist on the
project. Conventional MR-scans were performed on participants. Conventional is excellent for
measuring tendon dimensions such as length, thickness, width and cross-sectional area.
Analysis of conventional MR-images was performed on Horos 3.0 (freeware) and according to
standard configurations: 1) The zoom was set to 2000 %; 2) WL/WW: 0 — 1500, and 3)
Conventional images of type pd_tra_lille was used. In-program functions like “Pencil” and
“Repulsor” were used to measure the tendon dimensions (Figure 14). Patients were measured
at the tendon’s specific area of interest (maximum soreness in patients during clinical
examination or thickest mid-portion measured by US in healthy controls) that was observed
from clinical examination as a distance from tuberositas tibiae or calcaneus insertion to the
area of maximum soreness. The images represent slices of patients, but sometimes the area of
interest was between two slices in which the two nearest slices (one before and one after)
were measured and averaged. Healthy controls were measured in the middle of their tendons;
a position that typically corresponds to the thickest area measured by US. Compositional MR-
images were converted with a custom-made program coded in C++ and was run by Homebrew
on Mac OS X. ITK-SNAP was then used to mark ROI (region of interest) to be analyzed in Matlab
using a macro developed by René Svensson. The whole procedure is highly experimental, but
there may be a considerable potential for future studies; Compositional MR-scans are
minimally invasive and offer insight on a macromolecular level of tissues without taking a

biopsy.

Figure 14 Tendon measurements on Achilles patients (left) and Patella patients (right) were performed
in Horos. In this example, A-P thickness for AT and PT is 6.52 mm and 4.90 mm, respectively. Width for
AT and PT is 15.10 mm and 33.64 mm, respectively. Measurements were performed only on transverse

images.
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Patellar biopsies

PT biopsies were performed at M81, Bispebjerg Hospital. Patients with soreness in PT received
PT biopsies on both legs after informed consent. 45 PT patients were included but six refused
biopsies, leaving 39 patients for bilateral PT biopsies. The response to biopsies was mixed and
ranged from some pain to pain-relief. Interestingly, some patients reported an immediate relief
of their symptoms after a biopsy was taken and experienced reduced soreness during their
sports. However, most patients were unaffected by the biopsies and could return to regular
daily activities within a day. The PT is easily accessible because it is located right under the skin.
There are no vital structures nearby and therefore performing a biopsy does not pose any
health risks for the patient. The department is very experienced in biopsies: procedures are
performed routinely and have been described as safe in previous publications?%>2%, |n this
project, a semi-automated biopsy instrument (Bard Magnum, Bard Biopsy Systems) with caliber
14G was used for PT biopsies. PT patients were in supine position with their knees flexed at 45°,
and a pillow was placed under the knees to keep the position fixed (Figure 15). Using sterile
procedure and local anesthesia an incision of 15 millimeters in width was made through the
skin 10 millimeters distally from the PT apex. The semi-automated biopsy instrument was
angled at approximately 25° to the knee before insertion. This was to align the biopsy needle
along the tendon and to allow it to “scratch” a sample of the tendon, thereby increasing the
chance of a successful biopsy. A high-pitched clicking sound would indicate that a biopsy had
been taken and would cause a brief discomfort in the patient. Sample size was normally 10 — 20
milligrams of tendon tissue per biopsy, and only one biopsy was taken from each leg. Even
though biopsies can provide detailed information about the tissue ranging from tissue
architecture to gene expression, it must be noted that 20 mg only represents a small part of the
whole tendon and therefore not necessarily precisely from the area of interest. Thus, it may be
difficult to sample from a pathological area if tendinopathy is a very localized process.
Sometimes acquiring an acceptable biopsy would require two or three trials if no tissue was
visible under the microscope, and the same incision was used multiple times. However,
multiple biopsies from the same tissue might induce several acute inflammatory markers
following the first biopsy. The investigators did not use ultrasound-guide biopsies because it
was not possible to determine an exact ROl within the tendon at this early stage of
tendinopathy. After successful biopsies on each leg, the incision was ligated by Steri-strips and

a plaster was applied. Patients were told to change plasters every day and after bathing.
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Samples were taken according to the department’s standardized procedure for PT biopsies.
One investigator took the biopsy and handed it over to another investigator to analyze the
sample under microscope. Samples were dissected to free tendon tissue from fat and
subcutaneous tissue. It was then divided into two pieces: A small sample for EM analysis of the
ultrastructure and the rest for biochemical analysis later on. The latter was instantly frozen in

liquid nitrogen and stored at -80° C until biochemical analysis was performed.

Figure 15 Position of patient before biopsy. A 15 mm incision was made under local anesthesia near the

PT apex and a biopsy needle was inserted at 25° relative to the knee for obtaining a sample of PT tissue.
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Biochemical analysis of Patellar biopsies

PT biopsies were analyzed for levels of mRNA expression with real-time-RT-PCR by Peter
Schjerling at M81, Bispebjerg Hospital, Denmark. PCR (Polymerase Chain Reaction) uses a
temperature-stable polymerase, primers, cDNA and SYBR green to amplify target sequences
through cycles of different temperatures. High temperature dissociates double-stranded cDNA
while low temperature allows primers to bind and be elongated by polymerases. This process is
repeated with the newly made double-stranded cDNA, and the number of target molecules
created is given by the formula: Xn=Xo(1+E)N-?, in which X»: Number of target molecules; Xo:
Number of starting target molecules; E: Efficiency of reaction from 0 —1; and N: Number of
cycles. Although it resembles exponential growth at first, the reaction becomes saturated and
efficiency is expected to decline. SYBR green is a fluorescent dye that binds all double-stranded
DNA, enabling quantification of X,. Afterwards, melting curves are used to test if SYBR green
actually did bind target molecule. Three step-wise procedures are used to obtain mRNA from
PT biopsies: 1) Dissection of samples; 2) RNA extraction, and 3) Real-time RT-PCR’>. Briefly,
tendon samples are cleaned for subcutaneous tissue, cut into 0.5 mm slices and then weighted.
Stainless-steel balls of 2.3 mm together with sharp particles are used to homogenize the slices
of the tendon tissue. Bromo-chloropropane separates the sample into an aqueous and organic
phase, but only the former is used. Glycogen is then added to the aqueous phase to facilitate
RNA precipitation. Finally, extracted tendon RNA is converted into cDNA, using reverse
transcriptase, and loaded on real-time PCR with primers for specific targets (Table 1). The same
procedure is used to analyze Achilles tendon tissue in study Il. Expressed values are normalized
to the internal control, RPLPO, an mRNA that codes for the large ribosomal protein PO. GAPDH
MRNA was then used to validate RPLPO. The rationale for using two unrelated housekeeping
MRNAs is the lack of bona fide constitutive RNA. While an increase in target mRNA could mean
a decrease in housekeeping mRNA and vice versa this method of validation minimizes the risk
of such a situation. Increased target mRNA expression would be an actual upregulation,
because downregulation of RPLPO is unusual. This assumption is further strengthened by using
a second housekeeping mRNA to validate RPLPO. Given that no relationship exists between
RPLPO and GAPDH, it was expected to see no significant difference between the two. However,
it remains debatable if MRNA expression actually reflects gene expression and/or protein

production.

45



Target Primer name Sense Anti-sense

RPLPO NM_053275. GGAAACTCTGCATTCTCGCT CCAGGACTCGTTTGTACCCG
3 TCCT TTG

GAPDH NM_002046. CCTCCTGCACCACCAACTGC GAGGGGCCATCCACAGTCTT
4 TT CcT

COL1A1 NM_000088. GGCAACAGCCGCTTCACCTA GCGGGAGGTCTTGGTGGTTT
3 C T

COL3A1 NM_000090. CACGGAAACACTGGTGGAC ATGCCAGCTGCACATCAAGG
3 AGATT AC

Tenascin NM_002160. CAGCCAAGATCCAGGCACT GTCCTTGGGGAAGGGGTAC

C 3 CAA AGG

Decorin NM_001920. GGTGGGCTGGCAGAGCATA TGTCCAGGTGGGCAGAAGTC
5 AGT A

Fibronec NM_212482. TTTGCTCCTGCACATGCTTT TAGTGCCTTCGGGACTGGGT

tin 3 TC

Tenomo NM_022144. GCGCCAGACAAGCAAGTGA TCTCATCCAGCATGGGGTCA

dulin 3 AGA AA

MMP2 NM_004530. CCGCCTTTAACTGGAGCAAA TTGGGGAAGCCAGGATCCAT
5 AACA TT

MMP3 NM_002422. GATCCTGCTTTGTCCTTTGA CTGAGGGATTTGCGCCAAAA
4 TGCTGT GTG

TGFb1 NM_000660. GAGGTCACCCGCGTGCTAA CACGGGTTCAGGTACCGCTT
6 TG CcT

TGFB2 NM_003238. CCCAAAAGCCAGAGTGCCT ATGTAGCGCTGGGTTGGAG
4 GAA ATG

TGFb3 NM_003239. TGCCAAAGAGATCCATAAA CCTTAGAGGTAATTCCTTTG
4 TTCGACA GGGCA

IGF1-Ea NM_000618. GACATGCCCAAGACCCAGA CGGTGGCATGTCACTCTTCA
3 AGGA CTC

CTGF NM_001901. TGCGAAGCTGACCTGGAAG GCCGTCGGTACATACTCCAC
3 AGA AGAA

ITGB1 NM_002211. GGATATTACTCAGATCCAAC TCAATGGGATAGTCTTCAGC
4 CACAGCA TCTCTTG

EGR1 NM_001964. GCAGCCCTACGAGCACCTG AACTGGTCTCCACCAGCACC
3 ACC TTC

PDGFRA NM_006206. AAGTTGCCCGAGGAATGGA AGCCAGATCACGGTGGACAC
6 GTTTTT AA

SubstP NM_013996. TGGTACGACAGCGACCAGA TCTCTGCAGAAGATGCTCAA
2 TCAA AGGG

HSP70 NM_005345. GTGGCTGGACGCCAACACC TTACACACCTGCTCCAGCTCC
5 T TTC

ATF3 NM_001674. GCTGCAAAGTGCCGAAACA TGAGCCTTCAGTTCAGCATTC
4 AGA ACA

ATF4 NM_001675. GGTCAGTCCCTCCAACAACA TCCAAGTCGAACTCCTTCAA
4 GCA ATCCA
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COX-1 NM_000962. GGTTTGGCATGAAACCCTAC CCTCCAACTCTGCTGCCATCT
3 ACCT

PTGFR NM_000959. TGTATTTGTTGGAGCCCATT GGAGAGCAAAAAGTGTTGTT
4 TCTGGTT TCACAGG

VEGFA NM_001025 ATGACGAGGGCCTGGAGTG CTCCTATGTGCTGGCCTTGGT
366.2 TGT G

ANGPTL4 NM_139314. GGGACAAGAACTGCGCCAA ACTGGCCGTTGAGGTTGGAA
3 GA TG

ATG12 NM_004707. CCAGACCAAGAAGTTGGAA GCAAGTTGATTTTCTTTGTGG
4 CTCTCTAT TTC

Beclinl NM_003766. CGCAGCTGGATAAGCTGAA CGACCCAGCCTGAAGTTATT
4 GAAAACC GATTG

MAP1LC NM_022818. CAGATCCCTGCACCATGCCG TTGGTTGGATGCTGCTCTCG

3B 5 T AAT

HBB NM_000518. CTCAAGGGCACCTTTGCCAC ATGGGCCAGCACACAGACCA
5 AC G

Table 1 Primers for real-time RT-PC.

Ultrasound isometric

Ultrasound isometric was used to evaluate tendon biomechanics in vivo and was performed at

M81, Bispebjerg Hospital. It is a non-invasive procedure, but one that requires physical effort

from PT patients, and which can be challenging after having biopsies taken from both PT. Only

PT patients had to perform ultrasound isometric. The principle is a simultaneous tracking of

tendon movement with generation of force. The setup is complex and often involves several

trials before the patient was comfortable with the given instructions (Figure 16). Most tests

were carried out by the same two investigators in order to minimize variation, and one of the

main investigators was always present together with an assistant because of the labor-intensive

procedure. First, the patient had to change clothes to shorts and warm up on a stationary bike

for 10 minutes. This was to mimic a usual warm-up procedure before any sports-event to

prevent injuries and loosen up muscles. It has also been proven to precondition the tendon,

making results more reproducible?’. Second, after warm-up the patient was placed in a custom

chair resembling an in-flight seat, and the patient was then told to buckle up. Backrest was

adjusted for knees to just come over the chair’s edge and allow the legs to hang loosely over

the ground. An ultrasound-machine was used to visualize the deformation of PT in vivo. The

ultrasound-probe was fixed on the patient’s knee using a holster with straps. To visualize the

whole PT from origin to insertion, a 100 mm probe was used. An ankle shackle with force-
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measurement capability was attached to the tested leg, and only one leg was tested at a time.
Third, the investigator would slowly count to eight and the patient was instructed to make one
single long kick for eight seconds, increasing the force every second. Since their leg was fixed
movements were minuscule, but the measured force would increase (seen on PC) together
with tendon deformation (seen on ultrasound). After eight seconds the patient was told to
relax before another round of contraction. This was repeated at least three consecutive times
on one leg with 1-2 minutes of pause before testing the other leg. Some patients complained of
soreness in their PT as they had just been through the biopsy procedure a couple of minutes
ago. In some cases, there was blood on the plaster, complicating visualization of the tendon. In
such cases the plaster had to be changed and the patient had an extended break before the
next maximal contraction. Finally, femur and tibia length were measured to determine knee-

joint moment arm.

Figure 16 Setup of ultrasound isometric. One investigator is holding the ultrasound probe in place while
another investigator (not seen) triggers the measurement of force and tells the patient to start one

slowly increasing isometric kick over 8 seconds.

Tendon force was analyzed in Matlab R2016b with a macro made by René Svensson to track
tendon movement by using dots (Figure 17). Tracking was performed two times on apex of the
PT and tibia on separate occasions, representing the tendon origin and insertion respectively.
Around 10 — 20 tracking dots, evenly spaced, were placed within the area of the PT. Each video
was tracked four times: Two times on PT apex and two times on tibia. The best videos were
selected by the investigator based on three criteria: 1) Full visualization of PT origin from apex
Patellar to insertion on tuberositas tibiae; 2) Synchronized force and deformation data, and 3)
Natural movement of the tendon and bones to produce smooth curves with minimal noise.
Some videos were difficult to track due to biopsy bleeding that blurred relevant areas and/or

static objects on the video that would interfere with the tracking dots. The investigator tried to
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overcome these problems by finding alternative places within the PT to track; however, the
problem could not be solved, leading to seven out of 45 patients being omitted due to bad
videos. Tracking-results were copy-pasted to an Excel template made by René Svensson: “US
Force + Def Template_uitrack_1". Recorded force data was also copy-pasted into the same
template. Under the “Results” tab it was possible to see the correlation between force and

deformation. Tibia and femur length were included in the template to calibrate the tendon

2 oM F b R
Figure 17 Tracking of PT using Matlab. Red tracking dots in the yellow area on PT mark points that follow

the movement of the PT during contraction.

Deformation and tendon force data were synchronized as there would be a slight lag from the
equipment used to measure force (Figure 18). Data from the template was copy-pasted to
SigmaPlot 10.0. Force-curves were generated by second degree polynomial in SigmaPlot, and
values for the graph were copy-pasted into another template made by René Svensson:
“Tendon_properties”. The same template required length and CSA of the PT. MRI scans were
only performed on the affected leg, and ultrasound is unreliable for length measurements. A
compromise was made to choose MRI for length on the affected side, and it was then assumed
that the length on the unaffected side was the same. CSA was expected to be changed between
the two sides and therefore ultrasound from ultrasound isometric videos was used as the
whole tendon was visualized with this probe. Length was measured on the most superficial part
of apex Patellar to a hyperechoic plateau on tibia. Since not all patients (only the first 50) had
MR-scans, length was measured on ultrasound. For patients for whom both MR and ultrasound
data were available, the two datasets were compared with each other using IMAGEJ. Length

and CSA was used for the template to calculate appropriate tendon biomechanics.
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Figure 18 Force-deformation curve from ultrasound isometric. Ultrasound tracking provides data on
deformation while the ankle-cuff provides data on force. The two, deformation and force, are

synchronized in the Excel template.

Statistics

In study I, data was separated over AT and PT according to duration of symptomes, i.e. T1, T2 and
T3 with mean + SEM (standard error of mean) indicated in graphs and text. Patients with normal
contra-lateral leg was pooled into group C while healthy controls were pooled into group HC. MRI
tendon dimensions were normalized to an average of T1. US tendon dimensions, tendon
mechanics and mRNA-expression were normalized to the normal contra-lateral leg (C) of patients.
Gene expressions were log-transformed before statistical analysis and represented on graphs with
geometric means * back-transformed SEM. A one-way ANOVA was performed between groups T1,
T2 and T3. Following a significant one-way ANOVA, individual differences between T1, T2 and T3
were tested with a post hoc test (Tukey). A paired t-test was performed between normal contra-
lateral leg (C) and affected leg (T all), while an unpaired t-test was performed between healthy
control participants (HC) and tendinopathic patients (T all). As a US PD area for the healthy legs
was often not present, comparisons to those were performed with non-parametric equivalents to
the t-test, Mann-Whitney U-test and Wilcoxon. Differences were considered significant when P <

0.05. All statistical analyses were performed using Graphpad Prism 8.
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Study Il

Study design

Study Il was performed at Icahn School of Medicine, Mount Sinai in New York City, USA while
most of the data analysis was done at M81, Bispebjerg Hospital, Denmark. Three different
genotypes of mice were used: One more-severe type similar to MFS patients,

Fbn1me*/meR (n=43), one less severe, Fbn1*- (n=27), and one healthy wild-type group (n=25). For
each genotype, mice were separated into either a voluntary running wheel exercise group
(n=41) or served as sedentary controls (n=54) for 4 weeks (Figure 19). The running wheels were
programmed to measure rotations per second and were used to calculate running kinetics. The
mice had access to food and water ad libitum. Bedding was also provided to increase comfort.
A veterinarian attended the mice once a day. Mice in the sedentary control groups were pooled
in the same cage according to their genotype while those randomized to running wheels were
single-housed. Mice were studied after 4 weeks of exercise intervention (8 weeks old). After
euthanasia by carbon-dioxide, the extremities were collected for analysis. Histology was done
on the AT in situ, i.e. the AT stayed connected to muscle and bone. The two back hind limbs
were used for biomechanical testing with Instrén, mRNA and AFM; FDL for biomechanical
testing and AT for mRNA and AFM (waiting for analysis). During the 4-week intervention some
of the mice were selected for ultrasound-scanning of the aortic arch since there was a risk for
aortic dissection among severe MFS-mice. Some tendons from the mice were discarded due to

damages during sampling or lost data from a power cut (Figure 20).

Exercise-regimen: Each mouse were single-housed
with a running wheel in their cage

4 weeks

Pups are pooled together in same cage as their mother Randomization Euthanasize
Age: 29 days (average), Age: 58 days (average),
3-4 weeks 26 - 32 days (range) 54 - 64 days (range)

Control: Mice were pooled together in
the same cage without a running wheel

4 weeks
Day 0: Born
Figure 19 Flow-chart of study Il on MFS mice. Tendons from two different genotypes of mice were

compared to wild type after 4 weeks of aerobic exercise. Also, tendons from exercising mice were
compared to control mice with no access to a running wheel. Exercising mice were single housed with a

running wheel while controls were pooled together in the same cage without running wheel.
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>
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Two less-severe mice died too early
(<5-week-old) and was discarded

Data on
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Two less-severe mice died during intervention
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Six more-severe mice died during intervention*

*One died right before 8 weeks but was included for analysis

Wild-type mice (n=11)
Less-severe mice (n=11)
[More-severe mice (n=11)

FDL tendon from hindlimb
Tendon

dimensions

Data on tendon dimensions was
lost on one more-severe mice

\/

Achilles tendon from hindlimb|

Y
Mechanical
test

Less-severe mice (n=13)
More-severe mice (n=27)

[Seven more-severe

Y

mice died during intervention

Wild-type mice (n=14)
Less-severe mice (n=13)

More-severe mice (n=20)

11 more-severe mi

Y

ce were used by other groups

One less-severe mice was used for a pilot study

Wild-type mice (n=14)
Less-severe mice (n=12)
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Tendon

More-severe mice (n=9)

dimensions

limb
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used for
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Mechanical
test

Wild-type mice (n=3)
Less-severe mice (n=3)
More-severe mice (n=3)

Wild-type mice (n=8)
Less-severe mice (n=8)
More-severe mice (n=8)

Wild-type mice (n=3)
Less-severe mice (n=3)
More-severe mice (n=3)

Wild-type mice (n=11)
Less-severe mice (n=9)
More-severe mice (n=6)

Waiting for
EM + AFM

Staining +

microscopy

Five wild-type mice were discarded

Waiting for
EM + AFM

One less-severe mice were discarded
‘Three more-severe mice were discarded

Staining +
microscopy

‘Three wild-type mice were discarded
Five less-severe mice were discarded
Three more-severe mice were discarded

Figure 20 Overview of how the samples were treated and how many samples were available for each

experiment. A noticeable number of samples were discarded during tissue preparation for picrosirius

red straining (a more detailed description is provided under the method section for study Il). Some mice

were used for pilot studies to test different procedures and design optimal protocols.
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Mice genotypes

Study Il in NYC used three different genotypes of mice: One more-severe similar to MFS
(Marfan Syndrome) patients, Fbon1me*/meR (n=43), one less-severe, Fbn1*/- (n=27) and one
healthy wild-type group (n=25). The Institutional Animal Care and Use Committees of the Icahn
School of Medicine at Mount Sinai in New York City reviewed and approved all animal studies.
Fibrillin-1 deficiency was a global knock-out and not specifically related to tendons. Fbn1*- or
Fbn1*/meA are heterozygous hypomorphic mice with a 6kb neomycin-resistance expression
cassette in exons 19-24 of the Fbn1 gene?®®. In-frame deletion of these exons causes a fall of
normal fibrillin-1 production-level to 50 %. Fbn1*/™eA were created by injection of mgA-cells
into blastocysts to produce a chimeric mouse and then mating it with a C57BL/6) female
(Jackson Laboratory, B6(Cg)-Tyrc?/J, stock no: 000058). The mice in this project were
backcrossed for at least 5 generations into the C57B1/6J background. Fbn1me¥/meR js 5
homozygous hypomorphic mouse that is identical to mgA-line but still has exon 19 intact and
produces normal fibrillin-1 at 20 % capacity?®. It must be noted that Fbn1*-and Fon1met/meR
produce normal Fibrillin-1, only the amount is smaller than in the wild-type. They are expected
to have some Fibrillin-1 as the most severe, Fobn1™8¥/meR still has 20 % production-level and
therefore elastic fibers are not completely compromised. The reasons for not using Fbn1 meA/meA
relates to their survival. Mice with Fbn1™8/meA 0 % production of fibrillin-1, dies perinatally
and thus, were not suitable for the intervention in this project. In contrast, Fon1 me®/meR 3re
born with normal frequency, show no phenotypic abnormalities at birth and have a 3-month
median survival rate. The project used 3-4-week-old mice to run on running wheels for 4 weeks
(week 4 to week 8), totaling 8 weeks of survival before euthanasia. The mice had to be at least
3-week-old for two reasons: 1) They needed to be able to support themselves without their
mother, because those with running wheels would be single-housed and; 2) They needed to be
old enough to learn how the running wheel works and be strong enough to keep using it.
However, the mice may even be too young, but a compromise must be made because they do
not survive long either. The investigators settled for 8 weeks in total as a realistic goal given the
circumstances and for practical reasons. Fbn1*/ are sub-clinical and were not expected to show
any traits similar to MFS-patients. They have a median survival rates equal to those of wild
types (24 months). In contrast, Fon1 me*/meR are prone to develop severe clinical manifestations
such as kyphosis, elongated musculo-skeletal system and aortic aneurysm. Most Fbn1 me®/meR

die because the aortic aneurysm progresses to aorta dissection and ultimately aorta rupture. A
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rare cause of death is diaphragmatic hernia because of respiratory distress that leads to
respiratory failure. Wild types show survival rates comparable to normal mice in cages, and
these mice typically live for 24 months. They were litters of Fon1*/™&* and Fbn1*/meR, The

average weight (~23 gram) did not differ between genotypes.

Running wheel

Running wheels were custom-made by Annesofie Thorup Olesen at M81, Institute of Sports
Medicine, Bispebjerg Hospital. A rod connects the wheel with a plastic plate with four holes
(Figure 21). On one side of the plastic plate is a diode, and the other side has the light-receiver.
Every rotation of the wheel will simultaneously rotate the plastic plate which allows light to
pass through the holes. One full rotation will cause light to pass through the holes four times,
making each hole a 45° degrees rotation. Since the light-receiver detects changes in light
intensity there are eight signals during one rotation or two per 45° degrees rotation (light — no
light). The running wheel had a diameter of 11,5 cm and was connected to a sampling box of
15x5 cm that could fit in the cage if the roof was lifted by 1 cm. It was advised not to lift the
roof further, as the mice would then be able to escape the cage. However, by using this method
the running wheel could rotate freely, even though there was bedding at the bottom. In some
cases, the mice would gather bedding at the running wheel, but the investigators checked on
the mice daily and removed any excess bedding that would hamper the running wheel. The
wheels had an internal resistance of 1,45 g on average (min: 1,03 g and max: 2,00 g), and
therefore the investigators chose to calibrate all the running wheels to 2,00 g in order to
minimize variation. The cages were Polycarbonate regular-temperature mice cages with
dimensions 257mm x 483mm x 152mm (PC10196-RT, Allentown) with wire bar lids in stainless
steel (WBL 1019 MMB, Rim Rod Design, Allentown).

For every second the data would be stored on SD-cards in Notepad format. There was a single
event of power-shortage that caused the SD-cards to be overwritten by new data because the
running wheels were restarted. Another technical issue caused the SD-cards to stop storing
new data. There seems to be a limited amount of read/write cycles for SD-cards, and since it
was told to read/write every second this would amount to 2.592.000 million times for 30 days.
However, this was quickly discovered by the investigators who attended the mice every day,

and the SD-cards were replaced with new ones on the same day. This happened during the day
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when the mice were not normally active and only a few hours of running were left
unregistered. A few hours of data were lost on the seven mice, but they were included in the
analysis since the power cut would have minimal effect on total running dynamics over 30 days.
These data can be converted to distance and velocity: Distance = 2*PI*R*#rotations. By dividing
the number of signals by eight to arrive at rotations and using the formula above it was possible
to calculate running distance. The velocity was calculated by dividing the distance by time. This

was automatically calculated using a code made by Annesofie Thorup Olesen.

Figure 21 Running wheel. The black band was adjusted to provide minimal friction in order to achieve

the same resistance on all running-wheels.

Tissue preparation

At 8 weeks the mice were euthanized by 100 % carbon-dioxide at flow 3 L/min followed by
cervical dislocation. Mice that died before 8 weeks were dissected in order to determine the
cause of death but were not included for analysis (Figure 20). However, one mouse died just 2
days before being 8-week-old (lived to 54 days) and was included in final analysis. None of the
wild-type mice died, but more-severe and less-severe MFS mice did. For most-severe MFS we
found blood in the thorax, indicating that they died of aortic rupture. To prepare the mice for
tissue analysis we removed the limbs and carefully disinfected instruments after procedures.
From the right hindlimbs we dissected the AT and flexor digitorum longus tendons (FDL) free of
other tissues (skin, muscle, blood, etc.) while the left hindlimbs were saved with other tissues
intact for histology. Two less-severe mice were used in a pilot study to create protocols for
correct staining and streamline flow-capacity of samples (Figure 20). It was determined to use
less-severe mice in the pilot study as they represented a realistic middle-ground between wild

type and more-severe mice.
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Biomechanical testing

FDL of mice were shipped to Denmark for biomechanical testing at M81, Bispebjerg Hospital.
They tendons were stored with PBS (Phosphate Buffered Saline) at -80° C during transportation
using dry -ice and were kept at the same temperature in the freezer until use for analysis. It was
preferred to use FDL instead of the AT because the FDL is longer and therefore easier to test on
the mechanical rig. On average, the FDL was 15 mm long (average) while the AT was only 8-10
mm long (average) and the mechanical rig required the sample to be at least 10 mm. Although
they are different tendons, it was assumed that the physiological demands are more or less the
same. FDLs were soaked in PBS at room temperature to quickly thaw them and then placed
between two clamps. A thin piece of gauze with PBS was wrapped around the middle part of
the tendon to keep the tendon moist. Tendon ends were left to dry in order to be glued on the
clamps. Regular superglue was used to glue both sides of the tendon ends: One side for the
clamp and the other side for a metal plate. Mechanical tests cause stress on the tendon, and
therefore it was necessary to ensure that each end was properly fixed. This was achieved by
super-gluing the tendon between two pieces of metal. The clamps are a part of the custom-
made Deben mechanical rig (20N tensile stage, Petri dish version, Deben Ltd, Stuffolk, UK) and
can be pulled or retracted by the machinery (Figure 22). This was done in PBS after the ends
were tightly glued and completely dry because dehydration could affect the biomechanical
features of the tendon. The Deben software was used to operate the mechanical rig in regard
to the velocity of clamp-movement. The Deben software displays force on the y-axis and length
on the x-axis. One loading/unloading cycle consists of pulling the clamps away from each other
to a certain distance and then retracting the clamps back to their initial starting position. The
testing protocol was: 6 preconditioning cycles, 10 testing cycles, finishing with a maximum test.
Before the preconditioning phase, the tendon dimensions were measured and recorded using
an Olympus light microscopy (20x zoom) with Leica camera attached. These measurements
included diameter, thickness using a mirror prism and length. The length had to be re-
measured after preconditioning, because the 6 cycles of loading and unloading had changed
the tendon characteristics. Preconditioning was necessary because freezing and thawing can
alter the tendon. There are three reasons for warming up the tendon before the actual testing:
1) Freezing and thawing can misalign the fibers within the tendon; 2) The tendon is elongated
(slack) after the first few cycles, but the length remains constant afterwards, and 3) The zero-

offset or baseline force is changed after preconditioning, meaning that a new calibration of
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force was made to 0,1 N. It is uncertain why these changes occur during preconditioning, but
after thorough testing it was observed that no more changes were induced after 3-4 cycles. For
both preconditioning and testing cycles the investigators were determined to use a 2.5 % strain
and 4 mm/second speed after trial and error in a pilot study on a wild-type mouse (Figure 20). It
was not possible to increase the speed further to mimic a tendon (< 2 mm/second) under
physiological conditions due to limitations within the machinery itself. The strain was calculated
by Extension (L1)/initial length(Lo). Too much strain and the tissue would break. Too little strain
and it might not be enough to see any biomechanical differences between the mice. A
compromise was made based on the most-severe mice, assuming that they had the weakest
tendons. The purpose was to find the maximum strain that could be tolerated by these mice
before they would break. The pilot study confirmed that 2.5 % was ideal, as it allowed most
tendons to last through the cycles while still applying significant stress on the tissue. If the
preconditioning-phase was omitted, it would result in a slacker tendon during loading to 2.5 %
strain, as the tendon was now permanently longer and therefore 2.5 % would not be relative to
its current length but much less. The maximum test involved moving the clamps away from

each other until the tendon would break into two separate pieces and the measured force

would drop to baseline.

Figure 22 Setup in Deben. The two clamps holding FDL was immerged in PBS after the glue was

completely dry. A side mirror was placed in order to measure the tendon diameter.

Data analysis was performed by the main investigator with the help of René Svensson. The
cross-sectional area was calculated from following formula: pi*0,5*thickness*0,5*diameter.
René Svensson made an Excel template to graph the stress-strain curve using force- and
position-data from Deben during the mechanical test (Figure 23). Since stress on the y-axis is
given by Force/CSA it was necessary to use the calculated CSA to calibrate the y-axis. Obtaining
normalized stress-strain graphs for each mouse made it possible to calculate biomechanical

properties which could then be compared across genotypes and training groups. There are
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mainly two types of properties: Intensive and extensive. Intensive are independent of
dimensions and include: Max stress, strain at max stress, max modulus, stress at max modulus,
strain at max modulus, yield stress, yield strain, energy density at yield, energy density at failure
and energy density total. In contrast, extensive properties are dependent on material
properties: Length at onset, max force, deformation at max force, max stiffness, force at max
stiffness, deformation at max stiffness, yield force, yield deformation, energy at yield, energy at
failure and energy total. Thus, intensive properties are the normalized values, in respect to
tendon dimensions, of extensive properties. Although not an exhaustive list, the investigators
chose to focus only on relevant properties that could be meaningful to the athlete: Tendon
dimensions, max force, max stiffness and max modulus. Lastly, the hysteresis was calculated
from repeated cycles and defined as how much energy is lost in the system during those
consecutive cycles. This was calculated by the area under the loading-curve subtracted by the
area under the unloading curve. It was sometimes difficult to calculate hysteresis if the graphs
for each cycle did not overlap. Typically, this problem arose due to technical errors in the
equipment or the software. The investigators tried to include as many cycles as possible, aiming
for the maximum of 10 cycles without compromising the quality of data. This would be a
compromise between the quantity of cycles versus the quality of data (overlapping graphs).
However, it was possible to achieve data from at least 5 overlapping cycles for every tendon
and this would be sufficient for calculating hysteresis. Given that the graphs overlap each cycle,
the difference in area between the loading and unloading curves is the energy lost in the
system, for instance as thermic energy (heat). Hysteresis is relevant to the athletes as well since
their tendons can be under tremendous loading/unloading cycles during training. Hysteresis

was calculated using the same template by René Svensson and is given by Kj/m3.
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Figure 23 Stress-strain curve obtained from Deben data.
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Preparation of tendon tissue

The AT were prepared for histology at Icahn School of Medicine, Mount Sinai, USA. The samples
were later shipped to Denmark for analysis. Three protocols were used: Formalin was used for
tissue fixation, EDTA to decalcify the bones and paraffin to embed the tissue. Formalin-fixation
was performed according to protocol and uses the technique of immersion fixation with neutral
buffered formalin. Whole hindlimb from mice was used for formalin fixation and contains foot,
ankle, tibia, fibula and femur with all connective tissues intact. The samples were fixed in 4 %
paraformaldehyde for 48 hours at 4°C to prevent the tissue from decaying, but the process also
masks epitopes. Previous experience from the department had shown that it was possible to
preserve the tissue without masking epitopes too much using this protocol?!°. Even though this
project uses different antibodies than what the lab had previously worked with, it was still
relevant to use the same protocol given their experience with the tissue in general. It was
decided to prepare the Achilles tendon in situ, meaning that the tendon would still be attached
to the muscles and heel-bone. This way of preserving the tissue provides important landmarks
during microscopy as the heel bone and muscles are easier to stain. Another important feature
is the preservation of the AT’s fibers between calf muscle and heel bone in a natural way.
However, this approach requires an extra step of decalcification to soften the bones enough for
microtome-slicing, and that may mask epitopes even more. Decalcification is a process of
extracting calcium out of bones with EDTA. The tissue is immersed in EDTA solution at pH 7.4
for several days until all the bones are soft. This process takes approximately 72 hours, but the
time required varies among tissues and therefore the tissue was tested by injecting a needle
into the femur bone. The investigator would feel the feedback during needle injection, and if it
felt soft, the tissue was ready for paraffin embedding. Lastly, paraffin embedding involves
progressive dehydration with ethanol followed by immersion in melted paraffin for 60 minutes
at 65°C. The AT was placed in a vertical position with the ankle in neutral position and femur in
45° to tibia. A microtome was used for obtaining samples from paraffin blocks and was set to 2
micrometers. Setting the thickness to 2 micrometers was chosen as the middle ground
regarding thickness of sections. Very thin sections are hard to cut and especially if the tissue
contains bones. Even though EDTA decalcification softens the bones it is still difficult for
paraffin to completely infiltrate bones, resulting in shredding during microtome-sectioning. In
contrast, thick sections are easier to obtain but more difficult to stain due to masking of

epitomes. Sections obtained from the microtome were transferred to a 37°C water bath to be
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sampled on glass slides (Superfrost, Thermo Fisher Scientific) and then left to dry at 32°C. It was
necessary to place the sections into water baths for two reasons: 1) The surface tension of
water was used to unfold and stretch out the sections, and 2) It was easier to collect the
sections with glass slides once they were floating on the water. There were 2-4 sections on
each glass slide and 30-35 glass slides for every hind limb. One major challenge was to obtain
intact sections that were not shredded during microtome handling. A few times, the
investigators would hear an odd sound while cutting the sections, which may indicate bones
that were not fully decalcified. It is worth noting that the sections would then shred into strips
when approaching tibia. Why some samples were tougher to decalcify than others remain
unclear. Another critical step in histology preparation was to transfer the sections to the water
bath as it involved using two non-toothed forceps with steady but quick movement. If the pace
was too slow, the paraffin slides would melt on the forceps. Dry ice was used to cool the
paraffin blocks during sectioning and freezing the tips of forceps for better handling of sections.
Despite efforts to minimize loss, it was estimated that around half of the sections were lost
during this process. Thus, preparation of tendon tissue proved to be extremely difficult and
therefore many samples were unfortunately discarded (Figure 20). Either there were no slides to
stain with picrosirius red or the investigators were unable to identify any relevant structures

under the microscopy.
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Histological staining

Histology was performed at Icahn School of Medicine Mount Sinai, USA. Three different stains
were used for paraffin histology: HE (hematoxylin and eosin), picrosirius red and Alcian Blue.
Histology was performed according to protocol. HE was combined with alcian blue as alcian
blue HE while staining with picrosirius red was done separately. Alcian blue HE stains three
things: 1) Hematoxylin stains nuclei/purple; 2) Eosin stains cytoplasm red, and 3) Alcian Blue
stains proteoglycans blue. There are more resident cells in tendinopathic tissue and their shape
changes from spindle shape to be more rounded. Proteoglycans are increased as well, probably
due to more stress on the tissue and therefore reflect ongoing adaptation to mimic a cartilage
phenotype. Staining with hematoxylin makes it easier to count the number of cells, while eosin
provides information about morphology. Staining with alcian blue for proteoglycans would
reveal proteoglycans in the tendon but was also expected to stain cartilage and bones. The
main focus was tendons, but bones were assumed to be an important landmark because
identifying calcaneus would help locate the Achilles tendon. The investigators tried alcian blue
HE on sagittal and transverse sections, but the staining produced odd colors: Cell nuclei were
difficult to spot, cytoplasm stained blue and the tendon tissue became purple. Bones and
cartilage were correctly identified by blue color with large cells. It was difficult for the
investigators to distinguish tendon tissue from skin because of a predominantly purple color in
both tissues. At transverse sections the tendon was stained blue and infiltrated by large cells,
indicating the insertion of Achilles tendon to calcaneus. This part of the Achilles tendon is
characterized as a fibrocartilage-like phenotype. However, despite multiple protocols to
optimize the alcian blue HE protocol, there was no improvement observed and the
investigators ultimately decided to not proceed further. Problems with alcian blue HE staining
was rooted back to three possible problems: 1) Some batches of staining might have been
exposed to light, have been contaminated or be too old, although alcian blue seemed to have
worked based on the color of the cartilage; 2) EDTA decalcification can complicate the staining
procedure by masking the tissue, and 3) HE are well-tested basic stains, but can be altered
when combined with alcian blue. The investigators attempted to stain without alcian Blue, and
the odd colors persisted, indicating that the problematic batch was probably HE. Histology was
performed at the end of the investigators’ stay in New York, and therefore it was not possible
to wait for a new batch of HE to arrive. The investigators managed to stain all genotypes in the

two groups, both sagittal and transverse section. It was decided to save the remaining slides for
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future staining. Picrosirius red (Direct red 80, CAT#365548, Sigma-Aldrich) was used to stain
sections for visualization of collagen fibers and was performed after standard protocol 2127213, In
contrast to alcian blue HE, picrosirius red proved to be successful on all samples. The sections
were deparaffinated with xylene two times before hydration in ethanol of decreasing
concentration. Afterwards sections were left to stain in picrosirius red working solution (i.e., 1
mg Sirius red added to 1L 1.3 % (w/v) picric acid solution in diH,0) at room temperature for 1 h
and then washed two times in 5 % glacial acetic acid. Sections were rehydrated with ethanol
before being mounted with Cytoseal® and coverslips. At CFIM (Core Facility for Integrated
Microscopy, Panum) a brightfield microscope equipped for polarization microscopy (Axio
Lab.Al, Zeiss, Germany) was used for visualization of particularly two colors under 20x zoom
(20x/0.45 Pol, N-Achroplan, 0.227 7um/pi, Zeiss, Germany): Red for mature collagen fibers and
green for unmatured collagen fibers. The stage of the microscopy was manually rotated in
incremental degrees of 10° from 0° - 180° to observe changes in color intensity, and pictures
were then taken for every 10° using a mounted 6Mpx camera (AxioCam 506, Zeiss, Germany).
Pictures were taken with the software ZEN Lite (Zen Lite 2.3, Windows, Zeiss) with the following
configurations: Camera acquisition ROI size 2048 and offset 352 80. Exposure set to 20.000 ms
with 10 cycles (time series). Data-analysis of the pictures was done in Fiji Imagel2 (2.0.0-rc-
69/1.52i, macOS) by measuring the color intensity of red and green. An intensive red light was
observable for fibers that were aligned under polarized light, while fibers arranged 90° to the
light would become dim. Rotating from 0° - 360° would vary the light intensity of the sample
and therefore samples could be plotted as a sinus-curve with 27t period. Maximum light
intensity is given value 1 or -1 on the y-axis while 0 is for minimum light intensity (dim). Given
that every periodic 7 (180°) would give the same signal as 0°, ©/2 would reveal maximum light
intensity, and the percentage of light intensity could be measured as relative to 27. This takes
into account the fact that an absolute lack of light or dimness is not achievable because some
fibers will always be aligned to a given angle. An absolute 100 % light intensity is an expression
of completely unreflective light passing through the sample and is impossible to achieve due to

some fibers being out of alignment.

62



Statistics

In study Il, survival rates of mice in the exercise and control groups within genotypes was
analyzed using a Mantel-Cox test (logrank test). Running data, distance and velocity were
analyzed using a one-way ANOVA. For other data a two-way ANOVA was performed to
determine any effects of genotype, groups and their interaction with tendon composition,
dimensions and mechanical properties. If the two-way ANOVA was significant, individual
differences within genotype and groups were tested with a post hoc test (Tukey). Statistical
analysis was performed in Prism (GraphPad, Prism 8.0.1, MacOS), and in all cases, a p-value less
than 0.05 was considered significant. Data are presented as mean + standard error of the mean

unless otherwise stated in the text under the figure or table.
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Results

Study |

The results from study | and study Il are meant to complement each other. Study | demonstrate
increased anterior-posterior thickness and vascularization but normal biomechanical properties

of tendons during early tendinopathy.

Demographic data

The study included 200 patients with soreness in either the Achilles (n=155) or PT (n=45). In
addition, 50 healthy controls were included with no soreness in the respective tendons (Table
2). Patients were grouped into T all (45.8+1.6 days (mean and SEM)), T1 (17.3+1.0 days), T2
(43.9+1.1 days) and T3 (70.6%1.0 days) according to their duration of symptoms measured in
days. Patients were predominantly males (Achilles: 110 males and 45 females; Patellar: 30
males and 15 females) (Figure 24). 12 % of Achilles patients, 22 % of Patellar patients and 14.5
% of healthy controls had suffered an ongoing infection within three weeks before inclusion.
Their working hours involved minimum physical activity as the majority were students or
worked in an office-based setting. In general, participants were in good health with no ongoing
diseases or infection. Patients were significantly older (age: 37.99+0.75 years (mean and SEM)),
and had higher BMI (BMI: 24.1840.20 kg/m?) than healthy controls (age: 30.58+1.09 years,
BMI: 21.12+0.39 kg/m2) but had the same training experience (Table 3). Within the three
variables to estimate training-load (duration, frequency and intensity), only frequency was
significantly higher in patients, with 5 sessions per week compared to 4 sessions per week for
healthy controls. Training intensity was on average 15 for all participants given by the Borg
scale, ranging from 7 (very, very light) — 20 (very, very hard). Participants provided the
investigators with an average training intensity program for their whole week despite the fact
that intensity did vary from session to session. Sports-activities ranged broadly from diving to
team sports, but most participants were predominantly runners. Participants with running as
their primary sport did 15 - 35 kilometers per week and ran most of their sessions on asphalt.
The majority of patients increased their training-load within three months of inclusion
compared to healthy controls (Figure 25). Participants increased their training-load by spending

more time on each session, followed by intensity and then frequency (Figure 25).
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Tendinopathic patients

(n=200)

Healthy
control

persons (n=50)

Tendinopathic tendon Contra-lateral healthy Healthy
tendon tendon
Achilles tendon
(n=155)
us n=1552 n=118? n=35
(T1:42,T2: 52 & T3:61) (T1:32,T2: 41 & T3: 45)
MRI n=123
(T1:31,T2:41 & T3: 51)
Patellar tendon
(n=45)
us n=452 n=342 n=15
(T1: 14, T2: 17 & T3: 14) (T1:11,T2:12 & T3: 11)
MRI n=34

(T1:9,T2: 13 & T3: 12)

Mechanical test

n=39
(T1:11,72: 16 & T3:12)

n=282
(T1:8,T2: 11 & T3: 9)

Biopsy

n=39
(T1:11,72: 16 & T3:12)

n=292
(T1:9,T2: 11 & T3: 9)

Table 2 Overview of tendinopathic patients and healthy control persons. In total, 250 participants were

included in the study. Patients with Achilles or Patellar underwent US and MRI investigations. In

addition, patients with Patellar tendinopathy had tendon biopsies sampled and mechanical properties

examined. Healthy control participants underwent examination of their tendons bilaterally.

2ln 37 patients with Achilles tendinopathy (10 in month one, 11 in month two and 16 in month three)

and in 11 patients with Patellar tendinopathy (3 in month one, 5 in month two and 3 in month three)

bilateral symptoms were present, thus excluding the use of the contra-lateral tendon as healthy control

participants. Patients with bilateral symptoms were examined only with US PD and MRI.
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Figure 24 Distribution of gender in Achilles (110 males and 45 females) patients, Patellar (30 males and

15 females) patients and healthy controls (27 males and 23 females). Achilles and Patellar patients are

pooled together under Tendinopathic.
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Overall tendinopathic (T all, n=200) Mean Min Max SEM
Age (years) 37.99* 18 66 0.7583
BMI (kg/m?) 24.18* 17.51 37.88 0.2096
Training experience (years) 10.15 0.500 50.00 0.7542
Training duration (hours/session) 7.46 0 30 0.3038
Training frequency (sessions/week) 5.50* 1.00 22.00 0.1893
Training intensity (Borg: 7 — 20) 15.50 12.00 19.00 0.1010
Healthy control (HC, n=50) Mean Min Max SEM
Age (years) 30.58* 22 53 1.093
BMI (kg/m?) 21.12* 16.47 27.63 0.3938
Training experience (years) 7.25 1.00 20.00 0.9211
Training duration (hours/session) 6.48 1.00 13.00 0.4567
Training frequency (sessions/week) 4.42% 1.00 8.00 0.2576
Training intensity (Borg: 7 — 20) 15.26 12.00 18.00 0.2046

Table 3 Basic information. Mean, SD: Standard deviation, Min: Minimum, Max: Maximum, and SEM:

Standard error of mean. *P < 0.05.
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Increased training
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Figure 25 Increased training. Participants were asked if they had increased their training recently within
three months of inclusion. Those who increased their training were further asked how they did so based
on volume (duration of each training session), training intensity (average Borg-scale of each training

session) and training frequency (training-sessions per week). Results are means + SEM.

Clinical symptoms

Achilles and Patellar patients had similar severity upon inclusion, measured on NRS as average
pain throughout the day (Figure 26). Most patients reported problems in the mid-portion of
their Achilles (4.19+0.19 cm (mean and SEM)) or Patellar tendon (3.21+£1.07 cm) measured as
distance from calcaneus or tuberositas tibiae, respectively (Figure 27). Patients frequently had
other problems than their presenting complaint. Achilles patients mostly had knee problems
while patellar patients had problems with their SlJ (sacroiliac joint). Healthy controls were
relatively symptom-free. In patients, pain level measured on NRS was significantly higher during
training (Achilles: 4.71+0.19 and Patellar: 4.69%0.32) and right after training (Achilles:
3.6910.23 and Patellar: 4.161+0.44) compared to rest (Achilles: 2.48+0.22 and Patellar:
2.0340.37) (Figure 28). When split into individual groups (T1, T2 and T3) both Achilles and
Patellar patients reported a similar pain level measured as NRS on average during training and
right after training (Figure 29, A-D). Only NRS at rest was significantly lower in T1 compared to
T2 for Patellar patients (Figure 29, F). Progression of average symptoms from onset to present
did differ by T2 having significantly fewer symptoms than T3 at day 44 (Figure 30). The mean

VISA score was 70.29+1.11 points (of 100) and was similar in all three groups (Figure 31).
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Figure 26 Subjective tendon pain score for Achilles (n=145) and Patellar patients (n=43). Average
Numeric Rating Scale (NRS) for pain throughout the day was recorded for each patient (12 patients did
not report NRS upon inclusion) during their first visit at the outpatient clinic. Severity of symptoms did

not differ between the three groups (p > 0.05). Results are means + SEM.
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Figure 27 Maximum soreness in tendinopathic patients. Distance was measured from calcaneus
(Achilles) or tuberositas tibiae (Patellar) to point of maximum soreness reported by the patient.
Maximum soreness was found using bi-digital palpation along the uniaxial line of the tendon while

receiving feedback from the patient. Results are means + SEM.

69



Achilles Patellar

J
.

X
& & & & S
6\0 ,&\0 X 6\0 ,&\0 X
RS v RS
O & O &
$7 & NS
S W\
) \'b ) \'b
oS NS
& &

Figure 28 Subjective tendon pain score for Achilles (n=145) and Patellar patients (n=43) on NRS. All three
groups were included for Achilles and Patellar patients in three situations: During training, right after

training and at rest. *P < 0.05. Results are means + SEM.
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Figure 29 Subjective tendon pain score for Achilles (n=145) and Patellar patients (n=43). Patients were

asked to rate their average pain level during training (A-B), right after training (C-D) and at rest (E-F) on

the Numeric Rating Scale (NRS). *P < 0.05. Results are means + SEM.
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Figure 30 Progression of NRS for Achilles (n=145) and Patellar patients (n=41). Patients were asked to
graph their average NRS throughout the day from onset of first symptom to present at their first visit in
the out-patient clinic. Patients were grouped according to their duration of symptoms in either T1 (0- 1
month), T2 (1 - 2 months) and T3 (2 - 3 months). The average duration of symptoms (x-axis) within T1,
T2 and T3 were 17 days, 44 days and 71 days, respectively. Only patients in their respective groups (T1,
T2 and T3) were used to calculate the average duration of symptoms within the same group. Average
NRS (y-axis) for day 17 contained data from T1, T2 and T3 while day 44 used data from T2 and T3. Lastly,

average NRS for day 71 used only data from T3. *P < 0.05. Results are means + SEM.
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Figure 31 VISA scores for Achilles (n=145) and Patellar patients (n=43). VISA questionnaires were filled in
by each patient during their first visit at the outpatient clinic. Points are given from 0 - 100 (where 100

represents an asymptomatic, fully performing individual). *P < 0.05. Results are means + SEM.
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Tendon morphology and hyper-vascularization

Ultrasound-scanning was used to determine tendon dimensions on participants (Figure 32 and
Figure 33). Tendon cross-sectional area (CSA) was larger in Achilles tendinopathy patients overall
(T all) compared to both contra-lateral healthy tendons (C) and tendons of healthy control
individuals (HC) (Figure 32, A). A similar result was observed in Patellar patients when CSA was
compared to C (except for T2), but Patellar patients did not have larger CSA compared to HC
(Figure 33, A). In addition, there was an effect of time over T1, T2 and T3 in CSA of Patellar
patients. CSA measured by MRI did not show any clear difference between groups (T1, T2 and T3)
in early tendinopathy development for neither Achilles nor Patellar tendon (Figure 32, A and
Figure 33, A). In both Achilles and Patellar patients there was an increase in tendon anterior-
posterior (A-P) thickness determined by US in T all compared to HC (Figure 32, C and Figure 33, C).
Thus, early tendinopathy does increase A-P thickness, although no difference was found over time
between groups T1, T2 and T3. A-P thickness was larger than Cin Achilles patients already at T1,
whereas this occurred late in Patellar patients as only T3 was larger than C. However, T2 in Achilles
patients was no larger than C. No difference between subgroups T1, T2 and T3 was found by MRI
for Achilles or Patellar patients (Figure 32 and Figure 33). Interestingly, tendon width determined
by US was elevated in T3 compared to C of both Achilles and Patellar patients. Overall width in
tendinopathy (T all) was not elevated compared to HC in Patellar patients, while the width of
tendinopathy was elevated in Achilles patients (Figure 32, E and Figure 33, E). Also, T all in Achilles
patients was elevated compared to C, but this was not observed for Patellar patients. Tendon
width/A-P thickness ratio remained unchanged (Figure 34). Measurements of CSA, A-P thickness
and width in MRI was significantly larger than US (Figure 35). No correlation was observed
between CSA and anthropometric measurements of participants such as weight, height and BMI
(Figure 36). In addition, max force in Patellar patients did not correlate with CSA. Hyper-
vascularized areas determined by US PD of tendinopathic tendons (all three groups of both
Achilles and patellar tendons pooled) were always larger than the ones observed in contra-lateral
control tendons (Figure 37).

Overall there was a significant increase in CSA, A-P thickness, width and US PD when compared to

HC and C, but not between tendinopathic groups.
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Figure 32 Tendon dimensions of Achilles tendinopathy patients with unilateral symptoms and healthy
control participants (n=35). Ultrasound-scanning (US) was performed on both legs (n=155). The affected
leg was then normalized to contra-lateral leg within each patient (A, C, E). Healthy controls were
measured on the mid-portion of their tendon and then normalized to the same anatomical level on their
contra-lateral leg. MRI was performed unilaterally on each patient (n=123, bilateral symptoms included)
and normalized to an average of T1 (n=31; CSA: 89.28 mm?; A-P Thickness: 6.76 mm, and Width: 16.08
mm). CSA (A-B), A-P thickness (anterior-posterior thickness) (C-D) and width (E-F) were measured on
transverse images corresponding to the tendon area with most soreness. HC: Healthy control group. *P

< 0.05 versus healthy controls and 2P < 0.05 versus the contra-lateral leg. Results are means + SEM.
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Figure 33 Tendon dimensions of patellar tendinopathy patients with unilateral symptoms and healthy
control participants (n=13). Ultrasound-scanning (US) was performed on both legs (n=45). The affected
leg was then normalized to contra-lateral leg within each patient. MRI was performed unilaterally on
each patient (n=34, bilateral symptoms included) and normalized to an average of T1 (n=9; CSA: 90.07
mm?; A-P Thickness: 4.35 mm and Width: 24.52 mm). CSA (A-B), A-P thickness (anterior-posterior
thickness, C-D) and width (E-F) were measured on transverse images corresponding to the tendon area
with most soreness. *P < 0.05 versus healthy controls and 2P < 0.05 versus the contra-lateral leg. Results

are means = SEM.
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Figure 34 Tendon width/A-P Thickness ratio of Achilles patients (bilateral symptoms included), Patellar

patients (bilateral symptoms included, n=34) and healthy control participants (Achilles: n=32 and

Patellar: n=16). MRI was performed unilaterally on each Achilles patient, Patellar patient and healthy

control. Width and A-P Thickness were measured on transverse images corresponding to the tendon

area with most soreness. *P < 0.05 versus healthy controls. Results are means + SEM.
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Figure 36 Correlation between CSA and anthropometric measurements in participants (n=250). Max

force was measured during mechanical testing of Patellar patients (n=38). CSA was measured by US on

both legs of each participant.
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Figure 37 Ultrasound PD area on affected leg of patients (bilateral symptoms included, n=200) and
normal leg of healthy control participants (n=48). US PD was visualized from the tendon area with most
soreness in patients while it was visualized from the mid-portion of healthy control participants. US PD
area is expressed as absolute values in cm?. Statistically significant differences were calculated using
one-way ANOVA for T1, T2, and T3 with Tukey’s post hoc test. Differences between T all and HC (and
between T1, T2 and T3, respectively, with HC) were examined with a Mann-Whitney U-test. A Wilcoxon
was performed to compare T all, T1, T2 and T3 to their contra-lateral leg of C1, C2 and C3, respectively.

*P < 0.05 versus healthy controls and “P < 0.05 versus the contra-lateral leg. Results are means + SEM.

Gene expression

Biopsies taken on Patellar tendinopathy patients with unilateral symptoms demonstrated that
mRNA for catabolic/anabolic signaling remained unchanged in the tissue of early tendinopathy.
Only mRNA for TGF-beta 1 was significantly elevated in T3 compared to T2, and mRNA for MMP
(matrix metalloproteinase) was significantly elevated in T all compared to group C (Figure 38).
Further, markers of cell stress, inflammation, autophagy and angiogenesis remained unchanged
in all three groups (Figure 39). Finally, the nociceptive marker substance P was significantly

higher in T3 compared to T1 (Figure 39).
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Tendon matrix proteins and turnover
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Figure 38 mRNA-expression in patellar biopsies for tendon turnover and growth. Values are normalized
to normal contra-lateral leg within each patient (n=29, no patients with bilateral symptoms included). C:
Normal contra-lateral leg of each patient. COL1A1: Collagen type | Alpha 1 chain. COL3A1: Collagen type
3 Alpha 1 chain. MMP: Matrix Metalloproteinase. TGFb: Transforming Growth Factor beta. IGF: Insulin-
like Growth Factor. CTGF: Connective Tissue Growth Factor. ITGB1: Integrin beta-1. EGR1: Early Growth
Response protein 1. PDGFRA: Platelet-Derived Growth Factor Receptor A. *P < 0.05 between indicated

groups. Results are geometric means + back-transformed SEM.
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Nociception, cells stress and inflammation
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Figure 39 mRNA-expression in patellar biopsies for tendon inflammation. Values are normalized to

A

normal contra-lateral leg (n=29, no patients with bilateral symptoms included). SubstP: Substance P.

HSP70: 70 kilodalton heat shock proteins. ATF3: Activating Transcription Factor 3. COX-1:

Cyclooxygenase 1. PTGFR: Prostaglandin F Receptor. VEGFA: Vascular Endothelial Growth Factor A.

ANGPTL4: Angiopoietin Like 4. ATG12: Autophagy Related 12. MAP1LC3B: Microtubule Associated

Protein 1 Light Chain 3 Beta. HBB: Hemoglobin subunit beta. *P < 0.05 between indicated groups.

Results are geometric means + back-transformed SEM.
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Patellar tendon biomechanical properties

Biomechanical properties measured at max force revealed that tendon stiffness remained
completely unchanged in the affected tendon compared to the contra-lateral healthy tendon in all
groups (Figure 40, A). Absolute values for modulus was significantly different in T all and T3
compared to values in normal healthy contra-lateral leg, but not when normalized values were
compared (Figure 40, B). Max force in T all was significantly higher compared to normal healthy
contra-lateral leg in absolute values (Figure 40, C). However, no difference was observed in
normalized max force between groups. In absolute values, deformation was higher in T all and T3
compared to their respective group of normal contra-lateral leg (Figure 40, D). Both absolute and
normalized values for stress were significantly lower in T all compared to normal contra-lateral leg
(Figure 40, E). In addition, absolute values for stress were significantly lower in T3 compared to
normal contra-lateral leg, C3. Absolute values for strain were significantly lower in T all and T3
compared to C and C3, respectively (Figure 40, F). Overall, T all and T3 was significantly different
from C in absolute values, while only normalized stress was significantly lower in T all compared to

C.
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Figure 40 Mechanical properties of patellar tendons at maximal force. For each patient, measurements

on the affected side were relative to the unaffected contra-lateral leg (C) (no bilateral patients
included). All of the affected legs are grouped in T all (n=28). Patients were additionally grouped in T1

(n=8), T2 (n=11) and T3 (n=9) according to symptom duration. Values are expressed as a normalized

value. *P < 0.05 versus healthy controls and P < 0.05 versus the contra-lateral leg. Results are means *

SEM.
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Study Il

Voluntarily aerobic exercise and survival

The mice performed voluntary aerobic exercise during 10 PM to 9 AM, approximately three
hours after the lights of the animal facility were switched off, and all groups with access to
running wheels ran 3-4 km/24 h (Table 4). It was observed that WT (Wild-Type) had the highest
standard deviation in both distance and average velocity (Table 4). Some WT were capable of
covering 214.6 km in 30 days while one WT covered only 31.87 km and especially two mice
were reported by the investigators as extremely sedentary. In addition, two less-severe mice
spent very limited time on the running wheel during the 4-week period (2.45 km and 6.84 km),
but there was still no significant difference between genotypes when they were removed as
outliers (P =0.3213 and P = 0.5193 for distance and velocity, respectively). Also, no significant
difference was seen when the most sedentary mice from WT were removed as outliers. There
was no significant difference between genotypes for running distance and average running
velocity (Table 4). After 4 weeks of voluntary aerobic exercise there was no significant change in
survival of more-severe and less-severe mice when compared to controls (Figure 41). All WT
mice survived without any decrease in survival regardless of exercise. Two out of 14 less-severe
MFS mice in the exercise group died at days 35 and 36. Thus, the survival rate of less-severe
mice was 85.71 % after 4 weeks of exercise but was not statistically significant when compared
to the survival rate of the same mutant animals in the control group (Figure 41, B). Six and
seven of the more-severe MFS mice died in the exercise and control groups, respectively. After
8 weeks the survival rate of exercised more-severe MFS mice was 62.5 %, while more-severe
controls dropped to 74.07 % (Figure 41, C). More-severe MFS mice have a natural median life-
span of three months and the cause of death is usually ruptured aorta aneurysm?%, Dissections
of the mice that died during this study before 8 weeks all revealed traces of blood in their
thorax, indicating ruptured aorta aneurysm as a possible cause of death, although aneurysms
could not be distinguished from rarer conditions such as intrathoracic hernia. However, there
was a significant reduction in the survival rate of more-severe MFS mice when compared to WT

(exercise: P <0.0121 and control: P < 0.0427) regardless of exercise (Figure 41, D).
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Number

Distance (km) Mean +/- SE
of mice
Wild-type 11 116+/-22
Less-severe 14 102+/-15
More-severe 14 89+/-13
Average
Mean
velocity (m/s)
Wild-type 11 0.20+/-0.02
Less-severe 14 0.21+/-0.01
More-severe 14 0.22+/-0.01

Table 4 Running data over 30 days for mice on running wheel. Distance (km) was calculated as total
distance during the 4 weeks period. Average velocity (m/s) is a measured distance for each exercise-
bout that resulted in a rotation of the wheel more than 45° during 1 second divided by time until it no

longer exceeded the threshold of 45° per second. SE: Standard Error of mean.
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Figure 41 Survival curves for all three genotypes over 8 weeks. There was no difference in survival
between the exercise group and controls. More-severe MFS mice were expected to have a median
survival of 10 weeks regardless of exercise and therefore showed significantly lower survival rates when

compared to wild-type.
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Tendon morphology

There was a significant difference in tendon dimensions between genotypes but not within
genotypes considering exercise versus control (Figure 42). More-severe mice had significantly
smaller cross-sectional area (CSA) when compared to WT controls (Figure 42, C). This was due
to a decreased anterior-posterior thickness of tendon of more-severe mice in the exercise
group when compared to WT controls. Less-severe mice had smaller CSA when compared to
WT controls in both the control group and exercise group due to larger diameter (data not
shown). Thus, there was no significant difference in thickness of WT compared to less-severe
regardless of groups. Immature collagen and fiber alignment were not significantly different
between genotypes (Figure 43). Also, regular exercise had no significant impact on the quality
of tendons in any of the groups, and even when genotypes were pooled together in either a
sedentary control group or an exercise group, no difference was observed between active and

sedentary mice (Figure 43, D).

Il No wheel
Wheel

Il No wheel
Wheel

Diameter (mm)

Figure 42 Tendon (FDL) dimensions of mice in both the exercise group and control group. Diameter of
more-severe was significantly less than wild-type and the same with thickness. Therefore, cross-
sectional area was significantly smaller in more-severe when compared to wild-type. There was no
significant difference between less severe when compared to other genotypes regardless of groups. In
control-group: Nwilg-type=14, Niess-severe=12, and Nmore-severe=9. In exercise-group: Nwiid-type=11, Niess-severe=11,

and Nwore-severe=10.
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Figure 43 Results from picrosirius staining of the Achilles tendon in control group and exercise group.
The green color is indicative of collagen dispersion, meaning that green color intensity increases the
more immature the collagen is. Collagen alignment is seen in relation to other neighboring collagen
fibers, thus 100 % represents completely aligned collagen fibrils in the picture. In control group: Nwiq-

type:8, NLess—severe:4, and Nmoresevere=3. In exercise group: NWiId—type:3, NLess—severe:7, and Nuore-severe=5.

Mechanical properties

More-severe mice had the weakest tendons of all genotypes regardless of exercise and were
significantly lower in max force when compared to WT (control: P = 0.0083, and exercise: P =
0.0024) but not when compared to less-severe (Figure 44, A). Less severe did not differ in max
force from WT in neither the control nor the exercise group. Thus, tendons of less-severe mice
were not weaker than WT. Exercise had no influence on tendon strength. Max stiffness was
significantly lower in more-severe mice compared to WT regardless of exercise (Figure 44, B).
Finally, less-severe mice were significantly lower in max stiffness than WT but higher than
more-severe mice in the exercise group (P = 0.0382). Only WT had an effect of exercise on
tendon max stiffness (P = 0.00675), but when max stiffness was normalized to tendon
dimensions, there was no significant difference between genotypes and groups regarding max
modulus (Figure 44, C). In addition, hysteresis remained unchanged between genotypes
regardless of exercise (Figure 44, D). Finally, there was no significant difference between

genotypes and groups in other parameters of tendon mechanics (data not shown).

89



A
8
7
Z6
8 5
2
4
Lo Il Control
é 2 Wheel
1
]
(¢}
600
w
o
£
% 400
2 I
3 Hl Control
2 200 T Wheel
3
=
]
2 g
S\Qw !}4@ .fw"”ﬁ
4&‘\6 \9,;7 \‘\0@

Hysteresis (KJ/m3)

Max stiffness (N/mm)
CO_2ANWARNON®O®

Il Control
Wheel
D
100
50
-l- T Il Control
T Wheel
0
g g
N X
b"éQ 9.9'2' J’G
& & @9‘

Figure 44 Mechanical data from genotypes of control and exercise groups. More-severe mice had

significantly lower max force and max stiffness when compared to wild-type. This was independent of

whether more-severe mice did exercise or not during the 30-day period. In control group: Nwiid-type=13,

NLess—severe:]-z, and Nworesevere=9. In exercise group: NWiId—type:]-l, Niesssevere=11, and Nwore-severe=11.
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Discussion

The present thesis demonstrates that a sequence of events occurs in early tendinopathy following
onset of tendon soreness in patients. Overall, angiogenesis and some tissue anabolic/catabolic
signaling were increased, and tendon A-P thickness increased before width, but with no
accompanying change in tendon mechanical tissue properties. These findings suggest that
tendinopathy pathogenesis represents a disturbed tissue homeostasis in response to repeated

tendon overloading.

Study |

Clinical symptoms

The patients in our study did not deviate from the typical patient with tendinopathy presented in a
health care setting since they experienced moderate pain (Figure 26) related to the mid-portion of
their tendon (Figure 27)*>%°. Symptoms in our patients seems to improve over time, and there was
no difference in severity between groups except at day 44 (Figure 30). Our study shows that
increased training load in form of frequency (sessions per week) seems to be a risk factor for
tendinopathy, but not volume or intensity (Figure 25). Another study on runners that exercised
with either a volume- or intensity-focused schedule with progression found no significant
differences in risk between the two groups but that they did not look into training frequency’®.
They used schedules involving running 3 times per week during the entire 24-week intervention
and it could be speculated that recovery-time between each run was achieved. A more intensive
schedule with additional progression in frequency from 3 to 6 runs per week, leaving less recovery
between each session, could have changed the outcome although such a design is highly
qguestionable from an ethical viewpoint. Other studies have confirmed that adequate rest without
any other intervention (e.g. HSR) does improve function, at least in lateral epicondylitis and gluteal
tendinopathy?'#21> Whether an optimal load does exist for tendinopathy is still controversial,
although completely rest is also not recommended if a patient has developed AT or PT
tendinopathy. Our study shows that pain was related to activity as expected (Figure 28 and Figure
29). Interestingly, VISA scores from our patients seems to improve over time for AT tendinopathy

(Figure 31) and especially group T3 is declining in average NRS from day 41 to day 71 (Figure 30). It
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remains unclear whether our patients in this study consciously/unconsciously unload their
tendons or if there is in fact a spontaneous healing process regardless of loading. Some studies
have shown that patients change their tendon-load in training and/or daily physical activities
(walking, standing, etc.) and therefore guard their injured leg?'¢-218, Another study on mice found
signs of tendinopathy in the contra-lateral leg after unilateral tenotomy and indicates that: 1)
Patients with unilateral tendinopathy could have subclinical tendinopathy in their presumed
healthy leg, and 2) Patients unload their injured leg and therefore overload their healthy leg?®°.
Thus, improvement of function over time can be a combination of loading in both its intensity and
direction. Our results also show an increase in symptoms from day 17 to day 44 in T3 (Figure 30),
indicating that symptoms may initially become more severe before finally declining. It seems that
a pathological asymptomatic process may precede the stage where patients begin to feel soreness
or pain in their Achilles tendon. This process increases the severity of symptoms in the early phase
of tendinopathy but given enough time will subside which again improves function. However, not
all patients spontaneously heal themselves back to completely normal function within short time

and therefore this process could still be ongoing after several months.

Tendon morphology and vascularization

Our study shows that tendon cross-sectional area (CSA) measured on US was larger in patients
when compared to their contra-lateral non-symptomatic side and healthy controls, which is
consistent with findings in previous studies on chronic tendinopathy?2°-223, The increase in
thickness was already present at T1 and thus, the increase in CSA during early tendinopathy
was primarily due to increased thickness rather than increased width (Figure 32). Interestingly,
A-P thickness in our patients were smaller in T2 for AT tendinopathy while CSA was smaller in
T2 for PT tendinopathy (Figure 33). In our patients with PT tendinopathy, increased A-P
thickness was only observed in T3. There is no certain explanation for the variation seen within
groups of one particular type of tendinopathy and also across types of tendinopathy. However,
sample sizes do differ with 155 and 45 for patients with AT and PT tendinopathy, respectively.
Almost no US PD was present in healthy controls in our study, whereas the signal was
significantly elevated in patients in all groups, indicating signs of pronounced hyper-
vascularization (Figure 37). In addition, the changes in US PD of our patients seemed to

accompany the pattern of increasing tendon CSA that we observed, but TGF betal was only
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elevated between T2 and T3, suggesting a slight tissue-anabolic stimulus in the later stage of
tendinopathy (Figure 38). Surprisingly, angiogenetic factors in our patients remained unchanged
over time in tendinopathy. This indicates stimulation of angiogenesis in the very early phase of
subclinical tendinopathy (Figure 39). It might be that no further proliferation of vessels occurs 1-
3 months into the development of tendinopathy. It is not possible to determine the role of
angiogenesis, edema and new tendon tissue formation over the course of early tendinopathy
from the present data. Variations of US PD in the groups are of particular interest, since such
variations indicate angiogenesis but not necessarily hyper-vascularization. US PD has been
shown to be influenced by prior activity level in other studies’#14¢:224_ Qur patients may have a
potential to increase blood flow to their injured tendons on a much larger scale than healthy
controls, but actual “snap-shot” measurements of US PD in this study may rather reflect
training or daily activities in the days leading up to US during clinical examination. It remains
speculative whether healthy controls possess the same degree of hyper-vascularization as
patients when corrected for physical activity or if patients actually have bona fide neo-
vascularization. Other studies have demonstrated hyper-vascularization and increased VEGF in
competitive athletes despite no signs or symptoms of tendinopathy in the Achilles tendon
following mechanical loading 173224225 Clearly, these cross-sectional studies have limitations,
but it nevertheless has a large sample size to characterize the pathological processes in early

tendinopathy.

Matrix turnover and inflammation

Markers for tendinopathy in this study were chosen on the basis of known key regulators in
tendon pathology regardless of outcome. Other studies have shown that chronic tendinopathy
upregulate mRNA expression for anabolic tendon (collagen | and Ill) but also upregulate matrix
degradation (TGF-beta and MMP factors)137:155226-228 'A|so, other proteins such as versican,
aggrecan and fibromodulin are increased in chronic tendinopathy’>2?2%, Our study shows only
discrete changes in very early tendinopathy on both anabolic and catabolic sides of signaling
(Figure 38). This is much in line with other studies on both healthy tendons where tissue
renewal is minimal in AT after adolescent and tendinopathic AT after exercise®®%, In contrast,
other studies have shown an increase in MMPs as a sign of extracellular matrix degradation,

although not consistenly!28155203230.231 ‘Also we observed that fibronectin and tenascin C were

93



not significantly increased, thus not indicating tendon remodeling like other studies have
found?32233, Other studies have shown that Decorin is one of the most abundant proteoglycans
in tendons and also osmotically active!”*234235 Surprisingly, our biopsies did not show any
increase in Decorin, suggesting that tendon swelling in early tendinopathy is caused by other
factors than osmotically active proteoglycans attracting water. However, most studies have
examined chronic tendinopathy which may limit the extent to which those results can be
compared to ours on early tendinopathy. Other targets for mRNA included markers for cell
stress, autophagy and inflammation, but these were not elevated in our study, suggesting a
difference in changes during the very early phase versus chronic phase of tendinopathy (Figure
39). Surprisingly, we saw no change in signs of inflammation (COX-1 and prostaglandin F
receptor) even though these signs have been shown to be elevated in chronic tendinopathy in
other studies’>131,:132,226,227,236 (Eigyre 39). A study has shown that COX-2 is an inducible enzyme
that increases quickly in response to inflammatory cytokines but subsides in an anti-
inflammatory environment?3’. We speculate that inflammation in our patients may have been
present before clinical symptoms and is therefore now diminished, reflecting the low levels of
COX-2 we see. VEGF, a marker for angiogenesis, increases in tendinopathy and may even
precede clinical symptoms as shown by other studies!’322>238-240 |nterestingly, VEGF and other
markers for angiogenesis were not elevated in our study, indicating no angiogenesis in early
tendinopathy, at least not after clinical symptoms have appeared (Figure 39). One possible
explanation for our observations is inter-variable degrees of physical activity among our
patients given that tendon loading can influence blood flow as well as tendinopathy!. Overall,
the picture does not imply a strong inflammatory component in early tendinopathy among our
patients. Thus, the discrete changes in early tendinopathy resemble processes appearing more
in healthy tendons rather than in chronic tendinopathy as reported by other studies. Key
regulators for resolution were not investigated in the present study, even though they might
indicate low-grade inflammation!33132, The present study reported mRNA results normalized to
results obtained to the contra-lateral asymptomatic tendon and may underestimate individuals
with subclinical tendinopathy on the contra-lateral side. Thus, the process of ongoing
subclinical tendinopathy on the contra-lateral leg might dilute any biological markers in

patients with unilateral tendinopathy.
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Nociception and tendinopathy

Our study shows that Substance-P was substantially increasing over time in early tendinopathy
and is of special interest given the involvement of Substance-P in nerve-endings?41~243, The
higher levels of Substance-P we see in T3 compared to T1 suggests a gradual increase in
nociceptive pathway stimulation in early tendinopathy (Figure 39). This would then be
interpreted by the patient, depending on the individual’s perception of pain, as an increase in
tendon soreness and/or pain. In fact, previous studies have shown elevated levels of Substance-
P in chronic tendinopathy and that Substance P can be stimulated by loading?4%243, In addition,
other studies have shown that exogenous administration of Substance-P during tendon rupture
healing does stimulate both angiogenesis and collagen organization, suggesting a coupling
between the increased US PD and Substance-P seen in our study although speculative at this
point?*+2%5 |t is noticeable that the present study shows both elevated levels of Substance-P
and improved function in T3. Although one finding might contradict another there is a possible
explanation. VISA does not measure pain sensation directly, and therefore neuro-modulative
adaptations could take place in patients to cope with increased pain perception (Figure 39).
Thus, elevated local neurotransmitters for pain should be distinguished from actual pain
perception, a process that occurs in the central nervous system. It could be that, preceding
symptoms, there was an increase in angiogenesis accompanied by an increase in Substance-P.
However, angiogenetic factors would later on decline when all the possible angiogenetic

processes have taken place inside the tendon.

Mechanical properties

Tendon stiffness in our study shows that maximal force was unchanged relative to the contra-
lateral leg, suggesting that tendinopathy does not interfere with mechanical properties in the
early phase (Figure 40). This is consistent with literature on chronic tendinopathy, although
some studies did find decreased stiffness and modulus?2::246.247 |n contrast to other studies, the
present study focused on early tendinopathy, and it is therefore possible that mechanical
properties are changed at later time points (> 3 months). Another study have shown that
unilateral tendinopathy predisposes the contra-lateral leg to tendinopathy as well, and

therefore it is questionable whether a bona fide healthy contra-lateral leg does exist in
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unilateral tendinopathic patients?*®. A meta-analysis comparing healthy tendons and
symptomatic tendons showed increased stiffness in tendinopathy?*°. The present study did not
measure mechanical properties on healthy controls, but it is still uncertain whether
tendinopathy and/or a change of loading caused altered mechanical properties. Altered loading
has been shown by another study to change tendon mechanics, and a period of unloading
(caused by tendon pain) could induce changes in mechanical properties as the patient is
guarding the tendinopathic leg?°. Also, changes in direction of loading could influence tendon
mechanics, as patients with AT have been shown by other studies to increase external hip
movement and alter activation of neuromotor patterns in triceps surae during running2%-216,
Even short periods of immobilization have been shown to decrease tendon stiffness and thus,
studies that find reduced tendon stiffness might in fact demonstrate the effect of reduced
loading on the tendinopathic tendon rather than pathological changes associated with
tendinopathy?>12>2, Tendon mechanics could be influenced by other factors such as enzymatic
as well as non-enzymatic cross-links, but it is beyond the scope of the present study to measure
these factors?3. However, the fact that our patients shows no changes in tendon stiffness
during the first 3 months of tendinopathy supports the notion that no major disruption of
tendon tissue occurs to initiate tendinopathy. Degeneration of tendon tissue would influence
load-bearing fibrils of tendon tissue and degrade them over time. Fibrils run throughout the
entire tendon, and since loading is distributed homogenously, this would suggest the absence
of a partial rupture or mechanical trauma in initiation of tendinopathy*®*°. Thus, the present
finding demonstrates that tendinopathic tendons maintain the microstructural pattern of an

intact tendon with fibrils spanning the entire tendon length.

Limitations

There are numerous studies on chronic tendinopathy, but these studies are not directly
comparable to the present study on early tendinopathy. Different types of injuries on different
tendons can explain the heterogeneity seen among studies: Chronic vs. acute and subscapularis
vs. AT194, Taking these observations into account might be like comparing “apples and oranges”,
because to our knowledge no one has conducted a similar study to the present one. Thus, the
uniqueness of this study is therefore also a weakness in that it shares few similarities with

previous studies. Gene expression is limited as seen by variation in the levels of mRNA. This
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finding could be explained by two factors: 1) Tendinopathic events are region-specific within
the tendon, or 2) The area of tendinopathy is very small compared to our needle biopsy. Other
factors that might be relevant include physical activity (or lack thereof), training, type of sport,
etiology, etc. The simple but yet subjective inclusion-criterion based on tendon soreness under
three months has limitations. Firstly, it relies on the patient’s history without any objective
measurement. Secondly, pain perception is difficult to measure and varies among patients -
what is sore or painful for one patient is not necessarily the same for another patient. However,
lacking an objective system and given the resources available, this approach was probably the
best choice to study early changes in tendinopathy. Future studies would ideally include a large
group of asymptomatic runners and follow them through time with measurements of
tendinopathy, although such studies would be labor-intensive. Thus, the current study only
provides a brief “snap-shot” of events at each timepoint and therefore not enough information

to conclude if these events are connected in the development of tendinopathy.

Conclusion

In summary, the present study demonstrates a sequence of events over time in early
tendinopathy of humans regarding physiological and pathological changes. US PD and tendon
thickness were increased in the first month of tendinopathy development, whereas no change
was observed for mechanical properties. The discrete changes in anabolic signaling suggests
that tendinopathy represents an altered tissue homeostasis caused by repeated mechanical
overloading with inadequate adaptive response rather than initiation by a partial rupture of the

tendon.
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Study Il

There were three crucible determinants of this study in order establish a potential animal
model for tendinopathy. First, to determine whether more-severe MFS and less-severe MFS
mice were able to voluntarily load their tendons on the running wheel despite musculoskeletal
abnormalities. Second, if more-severe and less-severe mice were able to survive until the end
of intervention (week 8). Third, whether more-severe and less-severe mice were able to load
their tendons as much as wild-type mice. This study shows that loading of tendons in MFS mice
did not differ from wild-type mice and thus demonstrate an isolated effect of genotype on
tendon tissue. MFS affected size rather than quality of the tendon. However, the smaller
tendons of MFS mice did not display any pathological changes when loaded with voluntary

running.

Tendon morphology

Our study shows that more-severe mice had the smallest tendons, as both anterior-posterior
thickness and diameter were smaller than WT mice (Figure 42). Whether tendon thickness or
diameter contributed most to the smaller CSA in more-severe mice is unknown. Interestingly,
we observed that exercised mice seem to have smaller tendons than their sedentary
counterparts regardless of genotype. Another study on haploinsufficient mice (EIn*/) with 50 %
of normal elastin expression showed no significant difference in CSA of Achilles tendons when
compared to wild-type3°. They saw that collagen content was not affected, but fibril diameter
distribution changed from fewer small (<50 nm) to larger (> 170 nm) fibrils compared to WT
mice. We speculate that despite lower elastin content there might be sufficient compensatory
mechanisms to keep tendon CSA within normal range. A possible explanation for the difference
in fibrillin-1 and elastin concerns productivity. The present MFS animal model is based on 20 %
production of fibrillin-1 while the animal model of the other study is a 50 % reduction in elastin.
Compensatory mechanisms might be compromised if production of elastin was further
lowered, but animal viability is decreased significantly when elastin levels are below 30 % of WT
mice2>4. From picrosirius red there was no change in collagen orientation and thus, tendon
quality is unchanged between genotypes (Figure 43). In addition, we did not see any difference
in collagen maturation between genotypes, and therefore it remains speculative whether any

compensatory mechanisms did alter tendon ultrastructure. This finding contrasts with other
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studies working with blood vessels from MFS patients as they have reported different findings
in collagen alignment?>>=2>7, However, none of them looked at tendon tissue as it may differ

from blood vessels.

Tendon mechanics

Two significant mechanical parameters are presented in this study: tendon mechanics at max
force and max stiffness (Figure 44). We observed that more-severe mice had weaker and less
stiff tendons compared to WT mice regardless of exercise. However, no difference in
mechanical strength was observed after values were normalized to tendon CSA, and thus,
more-severe mice had weaker tendons, probably due to smaller tendons in general. Another
study observed lower peak stress in ligaments after treatment with elastase, even though
elastin makes up only 4 % of the dry weight it supports up to 30 % of tensile stress?#2°%, The
discrepancy between their study and what we observed could be explained by differences
between ligaments and tendons. Interestingly, we saw that tendons of more-severe mice were
less stiff compared to WT mice, which may appear counter-intuitive since elastin is supposed to
be compromised. Tendons of more-severe mice are expected to be stiffer because there is a
more complete engagement of collagen fibers to tendon-loading, and this is also found in other
studies on elastin haploinsufficient mice3%2°92%0, Also, we saw that more-severe mice seem to
have longer tendons than WT mice which could play a potential role in collagen crimp?°® (data
not shown). Other studies show that fascicles are capable of sliding relative to each other, and
elastic fibers in IFM are believed to facilitate this sliding with minimal shear stress'>%160.261 |f 5o,
compromised elastic fibers will increase shear stress as well?3. This could explain why the
tendons of more-severe mice in our study are less stiff since collagen was unable to crimp
properly and therefore display features of being permanently elongated. Also, cross-linkings
mediated by the enzyme lysyl oxidase have been shown by other studies to influence
mechanical properties?62263, We found no differences across genotypes when stiffness was
normalized to tendon CSA, which is similar to the observation of tendon strength. Thus, more-
severe mice in our study had smaller tendons, and therefore weaker and less stiff tendons
compared to WT mice.

Lastly, hysteresis in our study was unaffected by genotype and exercise, indicating that a

secondary source of elastic recoil might be present?* (Figure 44). Our findings demonstrate
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different effects of two distinguishable but yet adjacent molecules: Elastin primarily influences
tendon mechanical properties, whereas fibrillin-1 is predominantly involved in tendon
growth3?, It was intriguing to find that, despite the smaller tendons, more-severe mice in this
study were found to run the same distance and at the same velocity as WT mice. Thus, fibrillin-
1 deficiency does not seem to influence the risk of developing tendinopathy, nor is it expected
to elicit any symptoms since more-severe mice were able to withhold their training-load.
Another possible explanation is the use of voluntary aerobic exercise instead of forced aerobic
exercise. It remains questionable whether the protocol of voluntary aerobic exercise is
sufficient to exceed a certain threshold to develop tendinopathy, even though this threshold
might be even lower in more-severe mice. In fact, another study on MFS mice has shown an
exercise optimum for mitigating aortic aneurysm corresponds to moderate effort?®4. The
protocol of mechanical testing in the current study did not exceed 2,5 % tissue strain and might
have been well within physiological ranges for both more-severe and WT mice. Thus, the lack of
tendinopathy could also be due to insufficient loading and stress during voluntary aerobic
exercise and mechanical testing, respectively. However, the present data demonstrate that
fibrillin-1 is involved in tissue homeostasis rather than being directly linked to tissue pathology.

A future study might implement the used animal model in a forced aerobic exercise regime.

Survival

The first finding concerns the relationship between cardiovascular function and exercise in
MFS. As expected, we observed that more-severe mice had a worse survival rate compared to
WT, and this is in accordance with the literature (Figure 41). This study shows that voluntary
aerobic exercise did not improve or worsen the median survival of more-severe mice.

In fact, we saw that exercise seems to increase survival rate of more-severe mice compared to
their sedentary counterparts, although not significantly. It would be interesting to see the
progression in survival rate after 3 or 4 months. Current recommendations on aerobic exercise
in MFS patients have been limited to low intensity activities due to an increased risk of aortic
dissection. However, the present study did not show this trend, and another similar study
looking at Marfan syndrome mice during voluntary aerobic exercise has actually shown
beneficial effects on aorta?®®. They investigated voluntary versus forced aerobic exercise of MFS

mice and showed a biphasic response with optimum at moderate exercise for 2 - 5 km per day.
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The protective effect of moderate exercise up to 55 % Voamax that they observed was probably
caused by inhibition of metalloproteinases and therefore reduced elastin fragmentation in
aorta of MFS mice. However, aerobic exercise at high intensity did have diminishing returns on
the desired protective effect on aorta. On average, MFS and WT mice in our study ran 3 - 4 km
per day, which is much in line with what is seen in the literature!®®199.266 (Table 3). Although
other studies have reported up to 23 km per day for young mice, some of them used a saucer-
shaped wheel with low resistance, and the authors did not specify further details on resistance
or velocity. Thus, difference in running distance is heavily influenced by strain of mice, age and
experimental setup. However, whether mice always prefer to run at moderate effort is unclear,
but the running velocity we observed seems to be well within the normal range. Another study
confirmed that the body-weight of exercised MFS mice is the same as sedentary normal
mice2®. Thus, training load on tendons was assumed to be similar across all mice in this project,
since there was no difference in running metrics as well. Any observable pathological changes

in the tendon must therefore be an effect of genotype.

Limitations

The literature on MFS and tendons is scarce; most studies focus on blood vessels or use
elastase treatment on animal models to induce changes in the tendon. Blood vessels and
tendons are two distinct structures with different physiological demands. Arteries definitely
contain more elastic fibers than tendons, and their 3D conformation is too complex to
accommodate changes in blood pressure. The one study on elastin-deficient mice does share
some resemblance to the present study albeit with a slightly different focus. Elastic fibers are
elastin molecules surrounded by fibrillin-rich microfibrils, but elastic fibers are only a minor
structural component of the tendon matrix®. The role of fibrillin-1 in tendons, besides being
part of the same ECM macroaggregate as elastin, is still unknown. Thus, one limitation is that
the content of elastin and fibrillin-1 in tendons was not measured.

Another limitation is related to the animal models in the present study. The median survival
rate of more-severe mice is only 3 months, but they need to reach at least 3 weeks of maturity
before any intervention. The survival rate decreases significantly if mice are removed from their
mother too early. In addition, young mice are not physically mature enough to operate the

running wheel. Thus, it could have been interesting to extend the exercise-period beyond 8

101



weeks. Tendon tissue in humans has a slow turnover, and therefore more running time might
have introduced signs of tendinopathy in the animal model. Lastly, the animal model is not an
inducible tissue-specific knockout, and there could be developmental compensatory

mechanisms in the tendon that may impact the observations.

Conclusion

In conclusion, fibrillin-1 deficiency does not influence survival of MFS mice on voluntary aerobic
exercise, but it does decrease tendon dimensions. Tendon quality of more-severe mice was
unaltered and therefore similar to WT mice.

There were no signs of developing tendinopathy or exacerbating aneurysm progression even
though training-load was consistent across all genotypes. These findings do not support that

fibrillin-1 deficient mice are an effective animal model for tendinopathy.
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Concluding remarks and perspectives

Study | demonstrate that angiogenesis and thickness increase over time in early tendinopathy
with discrete changes in anabolic signaling. Collagen fibers were intact as mechanical properties
were unaltered in early tendinopathy, which lead to a focus on elastic fibers in study Il. The
results from study Il do not support a direct role of elastic fibers in tendinopathy. Taken at face
value, tendinopathy is neither seen as a process of inflammation nor a degenerative condition
as these terms do not grasp the true complexity of tendinopathy. An alternative term such as
“unstable equilibrium” fits more with the hypothesis generated by the findings of this study.
The question still remain which events precede clinical symptoms of soreness, and therefore
also the question which events tip the balance of tissue homeostasis into tendinopathy. A
working hypothesis considers the fact that any stimulus will signal a tissue response, but
whether adaptation occurs or not is depending on time and magnitude: “Stimulus + Recovery =
Adaptation”. Signaling molecules, histological and clinical findings must be seen in respect to
their spatio-temporal distribution encompassing not only tendinopathy but also healthy
tendons under load. Further, a clear distinction should be made between events that are not
necessarily coupled, such as inflammation, anti-inflammation and resolution. Of utmost
important is a consensus among researchers on definitions of such events and the time-factor
of “early” in early tendinopathy as well as tendinopathy itself. Only by reaching common
ground and establishing a base can research on tendinopathy grow. Future studies are
encouraged to investigate whether inflammation precedes clinical symptoms or if inflammation
is present at all with the correct definitions in mind. One such study might include following a
large group of asymptomatic runners while they increase their training-load. Measurements
with clinical tests, ultrasound, MRI and blood samples on a frequent basis (at least 3 times per
week) would hopefully capture the very early discrete changes in developing tendinopathy.
However, such studies require copious amounts of resources and time. Only by a reasonable
deductive approach can the enigma be solved, ultimately appreciating the full biological
spectrum from healthy tendon to tendinopathy. Thus, all researchers are encouraged to not go

gentle into that good night?®’,
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The disturbance is likely induced by repeated mechanical overloading rather than a

partial rupture of the tendon.
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1 | INTRODUCTION
Overloading of tendon tissue with resulting chronic pain
(tendinopathy) is a common disorder in occupational-, lei-
sure- and sports-activity. Tendinopathy can severely impair
performance and occupational capacity.] Disease mecha-
nisms have been studied for decades although tendon tis-
sue turnover dynamics and pathogenesis of tendinopathy
still remains poorly understood. Therefore, the treatment of
chronic tendinopathy remains a challenge despite extensive
research efforts.>* Chronic tendinopathy is associated with
pathological imaging findings, eg by ultrasonography (US)
and magnetic resonance imaging (MRI). These findings
include increased tendon size, hyper-vascularization, and
signs of increased water content secondary to increased
amounts of ground substance.”” However, the sequence
of these changes from the early phase of tendinopathy to
chronicity is currently unknown. It has been suggested that
tendinopathy is initiated by a partial rupture of the tendon
despite that it has been difficult to document any imag-
ing signs of tendon discontinuity in the human tendon®
and only 10% of patients that suffer a complete tendon
rupture have any pre-existing tendinopathy.9 Furthermore,
the cellular signaling of matrix regulating proteins is very
different in early tendinopathy compared to tendon rup-
ture.'® It is likely that early development of tendinopathy
is not initiated by a partial rupture and therefore not cause
any changes in mechanical properties. The role of inflam-
mation and its time course in tendinopathy has been ad-
dressed primarily in non-weight bearing shoulder tendons,
suggesting that inflammatory mRNA biomarkers and cell
infiltration can be demonstrated in the early phase of tend-
inopathy.“']2 However, in chronic prolonged tendinopathy
it has been difficult to detect any signs of inflammation 13,14
and anti-inflammatory medical treatment has not yielded
successful clinical outcomes.'> Thus, it is plausible that
inflammation is primarily present in the early phase of
tendinopathy where anti-inflammatory medication may
play arole in the treatment strategy. The presence of hyper-
vascularization is typically associated with chronic tendi-
nopathy but how early this develops remains unclear.'®"”
In the present study, we examined the early phase of uni-
lateral tendinopathy in the Achilles and patellar tendon in
sports active individuals with initial signs of disease (pain
and soreness) during physical activity. In a cross-sectional

design, we investigated patients who had symptoms for
either 0-1, 1-2 or 2-3 months. Patients were investigated
for tendon morphology (US, MRI), mechanical properties
(US) and tendon vascularization (US). Furthermore, pa-
tients were investigated for biomarkers of inflammation,
pain, autophagy and regulation of structural proteins from
tendon biopsy samples quantitative reverse transcription
polymerase chain reaction (RT-qPCR). All these findings
were correlated with disease duration. Measures on the
contra-lateral asymptomatic tendon of the patients and the
tendon of healthy asymptomatic training-matched individ-
uals were used as controls.

We hypothesized that in the early development of tend-
inopathy there would be a detectable incongruity between
matrix protein anabolic and catabolic responses, leading to
increased matrix protein signaling, increased tissue degrada-
tion signaling. This causes an upregulation of inflammatory
activity and angiogenesis. We further hypothesized that this
would be followed by an accumulation of connective tissue
and edema mediating proteins. Also, we hypothesized that
partial rupture does not initiate early development of tendi-
nopathy and that passive mechanical properties of the tendon
will remain unchanged.

2 | MATERIALS AND METHODS

2.1 | Design

Sports-active patients with palpatory tendon soreness and
exercise-related pain present for less than three months
in either their Achilles or patellar tendon were included
along with 50 healthy controls with no prior symptoms
in their tendons (Table 1). In a cross-sectional study de-
sign, we categorized symptom-longevity into the follow-
ing: 0-1 month (T1), 1-2 months (T2) or 2-3 months (T3)
(Figure 1). The current study was approved by the local
Ethical Committee of the Capital Region Copenhagen
(H-1-6019-857) and is in compliance with the Helsinki
Declaration. In addition, this study was approved by The
Danish Data Protection Agency (BFH-2016-019, I-Suite
nr: 04519) and was registered on ClinicalTrials.gov (BBH-
128, NCT02797925). Informed consent from participants
was obtained after the nature and possible consequences
of the study were explained. Patients with tendon pain and
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TABLE 1 Overview of tendinopathic
patients and healthy control persons

Tendinopathic patients (n = 200)

FASEB o —

Healthy control
persons (n = 50)

Achilles tendon (n = 155)

us

MRI

Patellar tendon (n = 45)

Us

MRI

Mechanical test

Biopsy

Tendinopathic Contra-lateral healthy
tendon tendon Healthy tendon
n=155"(T1:42,T2: n=118"(T1:32,T2: n=235
52 & T3: 61) 41 & T3: 45)
n=123(T1: 31, T2:
41 & T3:51)
n=45"(T1: 14, T2: n=34"(T1:11,T2: 12 n=15

17 & T3: 14)
n=34(TL: 9, T2: 13
& T3: 12)

n=39(T1: 11, T2:

& T3: 11)

n=28"(Tl:8,T2: 11

16 & T3: 12) & T3:9)
n=39(T1: 11, T2: n=29"(T1:9, T2: 11
16 & T3: 12) & T3:9)

Note: In total 250 participants were included in the study. Patients with Achilles or patellar tendinopathy

underwent US and MRI investigations. In addition, patients with patellar tendinopathy had tendon biopsy
sampled and mechanical properties examined. Healthy control persons underwent examination of their tendons

bilaterally.

Abbreviations: MRI, magnetic resonance imaging; US, ultrasound.

“In 37 patients with Achilles tendinopathy (10 in month one, 11 in month two and 16 in month three) and in 11
patients with patellar tendinopathy (3 in month one, 5 in month two and 3 in month three) bilateral symptoms

were present, thus excluding the use of the contra-lateral tendon as healthy control persons.

Achilles Patellar
10+ 10+
81 84
%) % %) &1
nz: 44 % 44
21 21
04 04
& N < <> & < ¥ <3

FIGURE 1

Subjective tendon pain score for Achilles (n = 145) and patellar patients (n = 43). Numeric Rating Scale (NRS) for pain was

recorded for each patient (12 patients did not report NRS upon inclusion) during their first visit at the outpatient clinic. Severity of symptoms did not

differ between the three groups (P > .05). T all: All tendinopathic patients. T1, T2 and T3: Tendinopathic with symptoms for 0-1, 1-2 and 2-3 months,

respectively. Results are median (horizontal line), quartiles (upper and lower line in the box) and minimum/maximum value (the error bars)

soreness were divided into three groups based on the dura-
tion of their symptoms: 0-1 month (T1), 1-2 months (T2)
or 2-3 months (T3) (Figure 1). Patients were not allowed
to have had any previous treatment (eg anti-inflammatory
medication, glucocorticoid injection) in the affected ten-
don and were not allowed to have had any overuse injury
previously in the affected tendon. The inclusion of par-
ticipants was done from the out-patient sports clinic at
Bispebjerg Hospital.

22 |

Clinical evaluation and

ultrasonographic measurements

Initially, a standardized clinical examination was carried out at
the clinic. Patients were asked about their training history, symp-
toms and potential earlier treatments. In addition to basic infor-
mation including medical history, family history, any ongoing
infections, medication and profession, patients also filled out
3 questionnaires. One contained questions regarding physical
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activity and injuries during their lifetime. The two other scores
were a functional score questionnaire (VISA-Achilles and
VISA-Patellar, respectively) and a Numeric Rating Scale (NRS)
on pain in relation to activity. Both questionnaires have been
previously evaluated for tendinopathy.ls’19 In the NRS ques-
tionnaire, patients were asked to score their average symptoms
in relation to training according to NRS rating from 1-10 (most
pain). Average symptoms were interpreted as an overall score
during training. Height and weight were measured, and clinical
examination involved inspection and palpation of Achilles or
patellar tendons. Achilles tendinopathy patients were placed in
prone position with both ankles hanging freely for ultrasound-
scanning while patients with patellar tendinopathy were placed
in supine position with their knees at 90°-flexion. The area with
most soreness was marked and measured during clinical exami-
nation and was used as a guideline for ultrasound-scans. Signs
of hyper-vascularization was found using power Doppler within
the area of interest. The area with most power Doppler signal
was determined by the investigator and was video-recorded in
both longitudinal and transverse sections for at least 3 heart-
cycles. Other signs of tendinopathy on ultrasound were based
on tendon morphology: Dimensions, fibrillary structure, hyper-
or hypo-echoic areas. Ultrasound-scanning was also performed
on the contra-lateral non-symptomatic tendon in patients as well
as bilaterally on healthy tendons in control participants. In each
individual patient, tendon dimensions and Doppler recordings
on the healthy tendon were determined at the same anatomical
level as on the tendinopathic side. In healthy controls, the ana-
tomical level was set to mid-portion of the tendon measured by
aruler. The diagnosis of Achilles or patellar tendinopathy was
based on self-reported tendon-related pain with activity (lasting
<3 months) and palpatory pain of the respective tendon (12.9%
of Achilles patients (20/155) had insertional pain). Ultrasound-
recordings on tendon dimensions and power Doppler were
manually measured by the investigator in a blinded fashion
using a plugin for ImageJ (FIJI, macOS 10.14.4).

2.3 | Magnetic resonance imaging

Magnetic resonance imaging-scans of participants were
performed on a 3-T MRI Siemens Verio scanner with axial
and sagittal T1-weighted turbo spin echo sequence (TE: 17;
TR: 500; matrix: 512 x 512; FOV: 150 mm; Slice thick-
ness: 3 mm). Achilles-tendinopathy patients were scanned
in supine with their affected leg in a foot coil maintaining
the ankle joint in neutral position. Patellar tendinopathy
patients were in supine position with a supportive pillow
placed under their knee to keep a slightly flexed position.
Participants were instructed to refrain from strenuous physi-
cal activities on the day of MRI scanning. Tendon dimen-
sions were measured in an open source PACS system (Horos,
Version 2.4.1, Geneva, Switzerland). Specific slice position

in transverse plane was chosen for measurement of thick-
ness based on measured point of maximum soreness from
clinical examination. Cross-sectional area (CSA), width and
thickness were manually measured by the investigator in a
blinded fashion.

2.4 | Patellar biopsy sampling and
mRNA analysis

In patients with patellar-related tendinopathy, a tendon biopsy
was obtained in both the symptomatic tendon and on the con-
tra-lateral non-symptomatic tendon. Patellar tendon biopsies
have previously been performed in our lab.® As previously,
biopsies were taken on both legs while the patient was lying
in a supine position with knees flexed 45 degrees. Using
sterile procedures patients were locally anesthetized with
2-3 mL 1% lidocaine-injection (Lidokain Mylan, 1 mg/mL,
Mylan, Oslo, Norway) subcutaneously at the proximal ori-
gin of the patellar tendon. A medio-lateral skin incision of
10 mm was cut to insert the 14G semi-automated biopsy in-
strument (Bard Magnum, Bard biopsy systems, USA). The
biopsy needle was angled at ~45 degrees relative to the ten-
don in proximal to distal direction before insertion and was
aimed to obtain tissue in the symptomatic area of the tendon.
Biopsies were obtained after clinical examination and MR-
scans. Biopsy samples were typically 10-20 mg of tendon
tissue Biopsies were dissected to free tendon tissue from fat
and subcutaneous tissue. The tendon biopsy was snap-frozen
in liquid nitrogen and stored at —80°C for later biochemical
analyses. Biopsies were analyzed for mRNA expression by
using routine-protocols previously described.?! Briefly, ten-
don biopsies (~10 mg) were cut into 0.5-mm slices and then
weighed, all at —20°C. The tendon tissue slices were ho-
mogenized in 1 mL TriReagent (Molecular Research Center,
Cincinnati, OH) using stainless-steel beads and a bead mixer
before Bromo-chloropropane separated the sample into an
aqueous and organic phase. Glycogen was then added to the
aqueous phase to facilitate RNA precipitation. The RNA was
precipitated with isopropanol and washed with 75% ethanol
before the pellet was dissolved in RNase-free water. The
RNA concentration was determined with the RiboGreen
assay (R-11490, Molecular Probes). Finally, 125 ng ex-
tracted tendon RNA was converted into cDNA using reverse
transcriptase (OmniScript, Qiagen) and 0.5 pL loaded on
real-time PCR with primers for specific targets (Table 2).
The Ct values were related to a standard curve made with
known concentrations of DNA oligos (Ultramer™ oligos,
Integrated DNA Technologies, Inc, Leuven, Belgium) with
a DNA sequence corresponding to the sequence of the ex-
pected PCR product. Based on these Ct values, and account-
ing for the PCR efficiency, the relative difference between
unknown samples was determined. The specificity of the
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TABLE 2  Primers for real-time RT-PCR. The official gene names are shown in parenthesis, when common names are used

Target Genbank ID Sense

RPLPO NM_053275.3 GGAAACTCTGCATTCTCGCTTCCT
GAPDH NM_002046.4 CCTCCTGCACCACCAACTGCTT
COLIALl NM_000088.3 GGCAACAGCCGCTTCACCTAC
COL3Al NM_000090.3 CACGGAAACACTGGTGGACAGATT
TenascinC (TNC) NM_002160.3 CAGCCAAGATCCAGGCACTCAA
Decorin (DCN) NM_001920.5 GGTGGGCTGGCAGAGCATAAGT
Fibronectin (FN1) NM_212482.3 TTTGCTCCTGCACATGCTTT
Tenomodulin (TNMD)  NM_022144.3 GCGCCAGACAAGCAAGTGAAGA
MMP2 NM_004530.5 CCGCCTTTAACTGGAGCAAAAACA
MMP3 NM_002422.4 GATCCTGCTTTGTCCTTTGATGCTGT
TGFbl NM_000660.6 GAGGTCACCCGCGTGCTAATG

TGFb2 NM_003238.4 CCCAAAAGCCAGAGTGCCTGAA
TGFb3 NM_003239.4 TGCCAAAGAGATCCATAAATTCGACA
IGF1-Ea (IGF1) NM_000618.3 GACATGCCCAAGACCCAGAAGGA
CTGF NM_001901.3 TGCGAAGCTGACCTGGAAGAGA
ITGB1 NM_002211.4 GGATATTACTCAGATCCAACCACAGCA
EGR1 NM_001964.3 GCAGCCCTACGAGCACCTGACC
PDGFRA NM_006206.6 AAGTTGCCCGAGGAATGGAGTTTTT
SubstP (TAC1) NM_013996.2 TGGTACGACAGCGACCAGATCAA
HSP70 (HSPAIA) NM_005345.5 GTGGCTGGACGCCAACACCTT

ATF3 NM_001674.4 GCTGCAAAGTGCCGAAACAAGA
ATF4 NM_001675.4 GGTCAGTCCCTCCAACAACAGCA
COX-1 (PTGSI1) NM_000962.3 GGTTTGGCATGAAACCCTACACCT
PTGFR NM_000959.4 TGTATTTGTTGGAGCCCATTTCTGGTT
VEGFA NM_001025366.2 ATGACGAGGGCCTGGAGTGTGT
ANGPTL4 NM_139314.3 GGGACAAGAACTGCGCCAAGA
ATGI12 NM_004707.4 CCAGACCAAGAAGTTGGAACTCTCTAT
Beclinl (BECN1) NM_003766.4 CGCAGCTGGATAAGCTGAAGAAAACC
MAPILC3B NM_022818.5 CAGATCCCTGCACCATGCCGT

HBB NM_000518.5 CTCAAGGGCACCTTTGCCACAC

Anti-sense

CCAGGACTCGTTTGTACCCGTTG
GAGGGGCCATCCACAGTCTTCT
GCGGGAGGTCTTGGTGGTTTT
ATGCCAGCTGCACATCAAGGAC
GTCCTTGGGGAAGGGGTACAGG
TGTCCAGGTGGGCAGAAGTCA
TAGTGCCTTCGGGACTGGGTTC
TCTCATCCAGCATGGGGTCAAA
TTGGGGAAGCCAGGATCCATTT
CTGAGGGATTTGCGCCAAAAGTG
CACGGGTTCAGGTACCGCTTCT
ATGTAGCGCTGGGTTGGAGATG
CCTTAGAGGTAATTCCTTTGGGGCA
CGGTGGCATGTCACTCTTCACTC
GCCGTCGGTACATACTCCACAGAA
TCAATGGGATAGTCTTCAGCTCTCTTG
AACTGGTCTCCACCAGCACCTTC
AGCCAGATCACGGTGGACACAA
TCTCTGCAGAAGATGCTCAAAGGG
TTACACACCTGCTCCAGCTCCTTC
TGAGCCTTCAGTTCAGCATTCACA
TCCAAGTCGAACTCCTTCAAATCCA
CCTCCAACTCTGCTGCCATCT
GGAGAGCAAAAAGTGTTGTTTCACAGG
CTCCTATGTGCTGGCCTTGGTG
ACTGGCCGTTGAGGTTGGAATG
GCAAGTTGATTTTCTTTGTGGTTC
CGACCCAGCCTGAAGTTATTGATTG
TTGGTTGGATGCTGCTCTCGAAT
ATGGGCCAGCACACAGACCAG

FASEB o —

PCR products was confirmed by comparing the melt curves
for the unknown samples with melt curves of the DNA oli-
gos. Expressed values are normalized to the internal control,
RPLPO, an mRNA that codes for the large ribosomal protein
PO. GAPDH mRNA was then used to validate RPLPO and
showed no significant difference in gene expression across
groups (Figure 6).

2.5 | Patellar tendon
biomechanical properties

Patients with patellar tendinopathy had their tendons tested
for mechanical properties with ultrasound isometric meth-
odology. A detailed description of experimental setup and
measurement has been previously described.”** Patients

were instructed to warm-up on a cycle ergometer (Monark,
Sweden) for 10 minutes to precondition their tendons, mak-
ing results more reproducible.24 They were then seated on a
custom-made chair with knee joints fixed in 90° angle and
performed ramped isometric knee extensions over 8 seconds.
On each leg, 4 maximal contractions were recorded with
1-2 minutes rest in between repetitions. Ultrasound imaging
was performed on a Hitachi Hi Vision, Ascendus machine
(Hitachi Medical Corporation) using a 100 mm long linear
array B-mode transducer at 10 MHz. A force transducer was
attached around the ankle and then triggered by the investi-
gator to be synchronized with ultrasound recordings. Femur
and tibia length were measured for estimating the tendon
moment arm and knee extensor moment to determine ten-
don force.” A custom Matlab script (Matlab R2016b, The
MathWorks Inc, USA) using a cross-correlation algorithm
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was used to track the tendon insertions on patella and tibia.2
Around 10-20 tracking nodes were placed on either apex pa-
tellar or tuberositas tibia and tracking was performed twice
at each location. Tendon deformation was determined as the
distance between the insertions and was then correlated with
force measurements using a custom-made excel template to
generate a force-deformation curve. Data were fitted to a sec-
ond-order polynomial using Sigma Plot (Version 10.0, Systat
Software, Germany) and stiffness at maximal force was de-
termined on the fitted curve. Stiffness was then normalized to
normal contra-lateral leg within each patient with unilateral
symptoms.

The ultrasound quality was not always sufficient for track-
ing on all four recorded ramps, in which case the investigators
selected ultrasound videos based on three criteria: (a) Full
visualization of patellar origin from apex patellar to insertion
on tuberositas tibiae, (b) Synchronized force and deformation
data and (c) Natural movement of the tendon and bones to
produce smooth curves with minimal noise.

2.6 | Statistics and sample size calculation
Based on previously published mean values and stand-
ard deviations for tendon size and stiffness, the estimated
sample size was n = 55 tendons (vs healthy controls) in
order to detect the outcome parameters between (or within
the same individual comparing left to right side subjects
of 10% (significance level of P < .05 and power of 0.80).
Data was divided over patellar and Achilles tendons ac-
cording to the duration of symptoms, ie T1, T2 and T3
with mean + SEM (standard error of mean) indicated in
graphs and text. Normal contra-lateral leg within the pa-
tients was pooled into group C while healthy control was
pooled into group HC. MRI tendon dimensions were nor-
malized to an average of T1. US tendon dimensions, ten-
don mechanics and mRNA-expression were normalized to
the normal contra-lateral leg (C). Gene expressions were
log-transformed before statistical analysis and represented
on graphs with geometric means + back-transformed SEM.
A one-way ANOVA was performed between group T1,
T2 and T3. If the one-way ANOVA was significant, in-
dividual differences between T1, T2 and T3 were tested
with a post hoc test (Tukey). A paired t-test was performed
between normal contra-lateral leg (C) and affected leg
(T all) while an unpaired t-test was performed between
healthy control persons (HC) and tendinopathic patients
(T all). As Doppler-area for the healthy legs was often not
present, comparisons to those were performed with non-
parametric equivalents to the -test, Mann-Whitney U-test
and Wilcoxon. Differences were considered significant
when P < .05. All statistical analyses were performed with
Graphpad Prism 8.

3 | RESULTS

3.1 | Clinical symptoms

All the included 200 patients (age: 37.99 + 0.75 years,
BMI: 24.18 + 0.20 kg/mz, physical training experience:
10.15 + 0.75 years) and the 50 healthy controls (age:
30.58 + 1.09 years, BMI: 21.12 + 0.39 kg/mz, physical train-
ing experience: 7.25 &+ 0.92 years) were sports-active. The
intensity during training sessions was 15-16 on a Borg scale
(7 to 20 (most intense)) in both groups. Tendinopathic patients
(T all) had a training duration of 7.5 + 0.3 h/wk, a frequency
of 5.5 + 0.2 sessions/week and an intensity of 15.5 + 0.1 Borg
scale points. The healthy controls (HC) had a training dura-
tion of 6.5 + 0.4 h/wk, a frequency of 4.4 + 0.2 sessions/week
and an intensity of 15.3 + 0.2 Borg scale points. Almost half
(44%) of the patients were runners although a wide variety
of other sports disciplines were represented. All three tendi-
nopathic groups reported a similar pain level (NRS) (Figure
1) at the time of the visit to the outpatient clinic. The overall
average VISA score was 70.3 + 1.1 points (of 100), and the
group average was similar in all three groups.

3.2 | Tendon morphology and hyper-
vascularization

Tendon CSA (determined by US) in Achilles tendinopathy pa-
tients were overall (80.1 + 2.7 mmz) (T all) larger than both
the contra-lateral healthy tendon (67.3 + 2.0 mmz) (C) and
the tendon of healthy control individuals (63.1 + 1.9 mmz)
(HC). For the patellar tendinopathy group, CSA was larger
in T all (97.9 + 6.0 mm®) compared to C (80.5 % 3.9 mm’)
(Figures 2 and 3). There was no difference in CSA (determined
by MRI) between the three groups (T1, T2, T3) for the Achilles
nor for the patellar tendon (Figures 2 and 3). The anterior-pos-
terior (A-P) thickness (determined by US) revealed that patients
with early tendinopathy overall showed increased thickness
compared to HC (P < .05) in both the Achilles and patellar ten-
don. Although there was no difference over time for A-P thick-
ness for Achilles nor patellar tendons with US or MRI, the A-P
thickness was already significantly higher than the contralateral
tendon in the same individual early (T1) in Achilles tendon.
In contrast, this occurred only late (T3) in the patellar tendon
(Figures 2 and 3). The width of the tendon was unchanged (US
and MRI) over time and was never elevated compared to C
in patellar tendon (Figures 2 and 3). In contrast, the Achilles
tendon overall width in tendinopathy (T all) was elevated com-
pared to C and in the subgroups only in T3 a significant rise vs C
was observed (P < .05). US determined Doppler flow of tendi-
nopathic tendons (all three groups of both Achilles and patellar
tendons pooled) was always larger than the ones observed in
contra-lateral control tendons (P < .05, Figure 4).
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FIGURE 2 Tendon dimensions of Achilles tendinopathy patients with unilateral symptoms and healthy control persons (n = 35). Ultrasound-
scanning (US) were performed on both legs (n = 155). The affected leg was then normalized to contra-lateral leg within each patient (A, C, E).
Healthy controls (HC) were measured on the mid-portion of their tendon and then normalized to same anatomical level on their contra-lateral

leg. Magnetic resonance imaging (MRI) was performed unilaterally on each patient (n = 123, bilateral symptoms included) and normalized to an
average of T1 (n =31; CSA: 89.28 mm?, A-P Thickness: 6.76 mm & Width: 16.08 mm). CSA (A, B), A-P thickness (anterior-posterior thickness)
(C, D) and width (E, F) were measured on transverse images corresponding to the tendon-area with most soreness. HC, Healthy control persons.

#P < .05 versus HC and 2P < .05 versus the contra-lateral asymptomatic leg in the same patient. Results are means + SEM

3.3 | Gene expression

The mRNA analysis from the biopsies taken on patellar ten-
dinopathy patients demonstrated that most growth factors
and tendon components remained unchanged in early ten-
dinopathy. Only mRNA for TGF-beta 1 was significantly
elevated in T3 compared to T2 while that of MMP2 was
significantly elevated in group T all compared to group C
(Figure 5). Further, markers of cell stress, inflammation, au-
tophagy and angiogenesis remained unchanged in all three

groups (Figure 6). Finally, the nociceptive marker, substance
P was significantly higher in group T3 compared to group T1
(Figure 6).

3.4 | Mechanical properties

Tendon stiffness at max force remained unchanged in the af-
fected tendons compared to the contra-lateral healthy tendon
in all groups (Figure 7).

132



TRAN ET AL.

ﬂ;ﬁASEBJOURNAL

Patellar tendon

(A)
US CSA
200 Time P < 0.05
g A A
T 150 A T
2 T
&
© 100
€
o
(3]
5 50
=
0
& /\4>\ N o
©)
US A-P thickness
200
o
°
T 150
Q
s
S 100
€
o
(5]
s 50
*
0
(E)
US Width
150
o
2
]
£ 100
8
©
=
<
S 50
-
[<)
=

& D NN

(B)
MRI CSA
150
-
= -
o
=]
2 100
]
[=]
5
z 50
-
[<]
B
0
< <V <
(D)
MRI A-P thickness
150
= T
s
2 100
(]
(=]
5
z 50
-
[<]
X
0 r r
& & <&
(F)
MRI Width
150
-
=
Qo
3 —— ——
2 100
Q
(=2}
$
> 50
-
[}
X
0 r r
< <V <>

FIGURE 3 Tendon dimensions of patellar tendinopathy patients with unilateral symptoms and healthy control (HC) persons (n = 13).

Ultrasound-scanning (US) were performed on both legs (n = 45). The affected leg was then normalized to contra-lateral leg within each patient.

Magnetic resonance imaging (MRI) was performed unilaterally on each patient (n = 34, bilateral symptoms included) and normalized to an average
of T1 (n =9; CSA: 90.07 mm?, A-P Thickness: 4.35 mm & Width: 24.52 mm). CSA (A, B), A-P thickness (anterior-posterior thickness, C, D)
and width (E, F) were measured on transverse images corresponding to the tendon-area with most soreness. *P < .05 versus healthy controls and

AP < .05 versus the contra-lateral asymptomatic leg in the same patient. Results are means + SEM

4 | DISCUSSION
To the best of our knowledge, this study demonstrates for the
first time that already in the early phases of tendinopathy there
is a gradual increase in angiogenesis, increased tendon size and
rise in some tissue anabolic/catabolic signaling while tendon
mechanical tissue properties remain unchanged. This suggests
that tendinopathy pathogenesis represents disturbed tissue ho-
meostasis in response to the repeated tendon overloading.

The US data demonstrate that patients with tendi-
nopathy in the early phase (T1-3) have a larger tendon

cross—sectional area compared to the contralateral as-
ymptomatic side and compared to HC individuals, which is
consistent with previous studies in chronic tendinopathy.27
The data also show that even in early in tendinopathy the
CSA is increased compared to both the asymptomatic con-
tralateral tendon in the same patient as well as compared
to dimensions of tendon in healthy control individuals ten-
don, which is primarily due to an increase in tendon thick-
ness (Figures 2 and 3). For Achilles tendon already early
in tendinopathy, A-P thickness was elevated compared to
the contralateral healthy control tendon, whereas width
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FIGURE 4 Ultrasound Doppler area on affected leg of patients
(bilateral symptoms included, n = 200) and normal leg of healthy
control persons (n = 48). Power Doppler was visualized from the
tendon-area with most soreness in patients while it was from mid-
portion of healthy control (HC) persons. Doppler area is expressed

as absolute values in cm?. Statistically significant differences were
calculated using one-way ANOVA for T1, T2, and T3 with Tukey's
post hoc test. Difference between T all and HC (and between T1, T2
and T3, respectively, with HC) was examined with a Mann-Whitney
U test. A Wilcoxon was performed to compare Tall, T1, T2 and T3 to
their contra-lateral leg of C1, C2 and C3, respectively. *P < .05 versus
HC and “P < .05 versus the contra-lateral asymptomatic leg in the
same patient. Results are means + SEM

was only elevated at 2-3 months (Figure 2). In the patel-
lar tendon, a change in A-P thickness could only be seen
later in the tendinopathy development (Figure 2), while no
elevation in width could be detected (Figure 3). In addi-
tion, the changes in Doppler determined flow seemed to
accompany the increasing tendon size, which suggests that
angiogenesis and hyper-vascularization explained a major
part of the elevated tendon size the first 3 months of tendi-
nopathy (Figure 4). The relative role between angiogenesis,
edema and new tendon tissue formation over the course of
early tendinopathy cannot be distinguished from the pres-
ent data. However, it is noteworthy that the rise in TGF
betal signaling was detected only between group T2 and
T3 (three months after symptom onset), suggesting that at
least some connective tissue anabolic stimulus appears to
be upregulated in the later part of the early tendinopathy
development phase. Surprisingly, no major changes were
detected over time in tendinopathy for angiogenic factors
such as VEGF or ANGPTL4 (Figure 6). This could indi-
cate that stimulation of angiogenesis is initiated very early
in the tendinopathy process and that no additional rise in
angiogenic factors is required for vessel proliferation from
1-3 months into the development of tendinopathy. This fits
with reports of tendon angiogenesis in the Achilles tendon
in competitive distance runners compared to non-runners
despite no signs or symptoms of tendinopathy, and the up-
regulation of VEGF both tendon in response to mechanical

FASEB o —2

loadinggs'30 Clearly, the cross-sectional design of the study
has inherent limitations, but by including a large sample
size at each time point, the experimental setup allows for
a detailed characterization of tendinopathy development in
the early disease period.

In long term chronic tendinopathy an upregulation of
mRNA for both tendon components such as collagen I and
III as well as for growth factors like TGF-beta and proteo-
lytic MMP factors have been reported.6 Further, in chronic
tendinopathy the protein content of proteoglycans and pro-
teins like versican, aggrecan and fibromodulin have been
shown to be increased.!>*! In the present study of early
tendinopathy, there were much more discrete changes, and
only TGF-beta increased in the third month of the tendi-
nopathy phase whereas the other regulators or components
of tendon tissue and their turnover were unchanged during
early tendinopathy development (Figure 5). We targeted our
mRNA approach and included markers for cell stress, auto-
phagy, and inflammation, but could not detect any changes
in the early phase of tendinopathy for these markers either
(Figure 6). Collectively these observations indicate that
there is only an upregulation of major tissue modifying fac-
tors in the chronic phase of tendinopathy. It was somewhat
surprising that we did not observe any signs of changes in
mRNA of cyclooxygenase-1 (COX-1) or prostaglandin F
receptor. Although this finding corroborates other reports
on chronic tendinopathic tissue, we expected some inflam-
matory signs in the early phase of tendinopathy.’ L1215 e
did observe an increase in TGF-beta as an indicator of
some inflammation, but the overall picture does not imply
that early tendinopathy has a strong inflammatory compo-
nent. We have not investigated regulators of inflammation
and resolution, and it cannot be excluded that more discrete
indicators of inflammation may have played a role in early
tendinopathy.'"'? It should be noted that mRNA only pro-
vides an indication of cell production of a given substance
and therefore does not directly correspond to the amount of
protein present in the tissue. However, because we inves-
tigated the very early stage of tendinopathy, we deemed it
justified to give mRNA measurements a priority in order
to detect potential early responses. In the present study,
we have reported the mRNA results normalized to results
obtained on the contra-lateral asymptomatic tendon, which
may underestimate the difference between healthy and dis-
eased tendon, as we cannot entirely exclude that processes
are already ongoing in the asymptomatic contra-lateral ten-
don related to subclinical tendinopathy.

The rise in substance-P mRNA over time in all three groups
of early tendinopathy patients is interesting for several reasons.
First, since substance-P is a nociceptive stimulator and since
all three tendinopathic groups presented with the same pain
level whereas there is a significantly higher expression in T3 vs
T1, it could be suggested that a gradual increase in nociceptive
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FIGURE 5 mRNA-expression in patellar biopsies for tendon turnover and growth. Values are normalized to normal contra-lateral leg within
each patient (n = 29, no patients with bilateral symptoms included). C, Normal contra-lateral leg within each patient; COL1A1, Collagen type I
Alpha 1 chain; COL3AL1, Collagen type 3 Alpha I chain; CTGF, Connective Tissue Growth Factor; EGR1, Early Growth Response protein 1;
IGF, Insulin-like Growth Factor; ITGBI, Integrin beta-1; MMP, Matrix Metalloproteinase; PDGFRA, Platelet-Derived Growth Factor Receptor A;
TGFb, Transforming Growth Factor beta. *P < .05 between indicated groups. Results are geometric means + back-transformed SEM

pathway stimulation over this period could take place presently.
Secondly, in addition to the nociceptive role that substance-P
has, earlier studies have shown that substance-P is present in
human tendinopathy and that it can be stimulated by loading of
the tendon.*> Interestingly it has recently been demonstrated
that exogenous administration of substance P during tendon
rupture healing stimulate both angiogenesis and collagen orga-
nization, which suggests that the rise in vascularity and rise in
TGF-beta could be coupled to a rise in substance P expression
and synthesis albeit speculative at this point.34

There were no changes in tendon stiffness compared to
the contralateral leg during the first three months of tend-
inopathy (Figure 7). This supports the notion mechanical
properties are unaltered in the early phase of tendinopathy.
In chronic tendinopathy (>3 months duration) some studies
have demonstrated a decrease in tendon mechanical prop-
erties of the tendinopathic tendon®* but not all.>*¥” The
present study focused on early tendinopathy, and therefore
it cannot be excluded that tendon mechanical properties may
be altered at a later stage. However, the fact that there was
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between indicated groups. Results are geometric means + back-transformed SEM

no change in tendon stiffness in the first 3 months of ten-
dinopathy disputes the notion that the tendinopathy per se
relates to mechanical properties of the tendon. It is notewor-
thy that even short periods of immobilization leads to a de-
crease in tendon stiffness.” Therefore it cannot be ruled out
that previous investigations showing a reduction in tendon
stiffness with long-term chronic tendinopathy, in fact, rep-
resent an effect of reduced training and a relative unloading
of the tendinopathic tendon rather than pathological changes
associated with tendinopathy per se.%8% The fact that we did
not observe any changes in normalized tendon stiffness with

the development of tendinopathy supports the notion that no
major disruption of the tendon occurs to initiate the tendi-
nopathy. This is partly supported by the lack of a clearly de-
tectable inflammatory response, which we would expect to
be prominent if tendinopathy was initiated by a mechanical
trauma. Further, our findings support the assumption that a
tendinopathic tendon maintains the microstructural pattern of
an intact tendon with fibrils spanning the entire tendon length
and that loading is therefore distributed homogenously in the
tendon.*>*! There is however, an increased CSA which theo-
retically would influence the calculation of tendon modulus.
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FIGURE 7 Mechanical stiffness of patellar tendons at maximal
force. For each patient, stiffness on the affected side was relative to
the unaffected contra-lateral leg (C) (no bilateral patients included).
All of the affected legs are grouped in T all (n = 28). Patients were
additionally grouped in T1 (n=8), T2 (n=11) and T3 (n =9)
according to symptom duration. Stiffness is expressed as a normalized
value. Results are means + SEM

However, the increased CSA represents vessels and water
content, and these components are unlikely to be tensile
bearing. Clearly, tendon mechanical properties can be influ-
enced by other factors than the fibril structures, and enzy-
matic as well as non-enzymatic cross-links have been shown
to influence tendon stiffness.*” It was beyond the scope of
the present study to measure these factors. The observations
of the present study support our hypothesis that tendinop-
athy pathogenesis is not driven by a partial rupture of the
tendon or structural changes that result in altered mechanical
properties. It should be noted that the patients in this study
were slightly older than the healthy controls. This was an un-
intended outcome because we used the tendinopathetic pa-
tient's preferred training partners as a healthy control subject.
Although aging does change tendon properties, the difference
between groups in the present study was small and unlikely
to explain the obtained differences.** Furthermore, many of
the comparisons were made within-subject and thus was un-
affected by age.

In summary, the present study provides important insights
into the sequence of pathophysiological changes in structure
and tissue turnover signaling during the early phase of ten-
dinopathy development in humans. We observed a gradual
increase in angiogenesis, tendon size and tissue anabolic
signaling over the first months of tendinopathy development
whereas no change was observed for passive mechanical
tissue properties. Altogether, these findings suggests that
the pathogenesis of tendinopathy represents an altered tis-
sue homeostasis by repeated mechanical overloading rather
than representing a repair response to a partial rupture of the
tendon.
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Introduction

Mutations in the extracellular matrix (ECM) protein fib-
rillin-1 cause pathological changes in the connective tissue
and results in the pleiotropic manifestations of Marfan
syndrome (MFS), which includes

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

Abstract

Fibrillin-1 mutations cause pathological changes in connective tissue that con-
stitute the complex phenotype of Marfan syndrome. In this study, we used
fibrillin-1 hypomorphic and haploinsufficient mice (Fbn1™¢"™® and Fbn1"~
mice, respectively) to investigate the impact of fibrillin-1 deficiency alone or
in combination with regular physical activity on tendon tissue morphology
and mechanical properties. Morphological and biomechanical analyses
revealed that Fbn1™8/™® but not Fbnl™/~ mice displayed smaller tendons
with physical properties that were unremarkable when normalized to tendon
size. Fbn1™8V ™8R mice (n = 43) Fbnl” mice (n = 27) and wild-type mice
(WT, n=25) were randomly assigned to either control cage conditions
(n = 54) or to a running on a running wheel for 4 weeks (n = 41). Both fib-
rillin-1-deficient mice ran voluntarily on the running wheel in a manner simi-
lar to WT mice (3—4 km/24 h). Regular exercise did not mitigate aneurysm
progression in Fbn1™&%™8R mice (P < 0.05) as evidenced by unmodified med-
ian survival. In spite of the smaller size, tendons of fibrillin-1-deficient mice
subjected to regular exercise showed no evidence of overt histopathological
changes or tissue overload. We therefore concluded that lack of optimal fib-
rillin-1 synthesis leads to a down regulation of integrated tendon formation,
rather than to a loss of tendon quality, which also implies that fibrillin-1 defi-
ciency in combination with exercise is not a suitable animal model for study-
ing the development of tendon overuse (tendinopathy).

aneurysm (TAA) (Ramirez et al., 2018). It is unknown to
what extent tendon tissue is influenced by fibrillin-1 defi-
ciency. While only 2% of tendon dry weight is composed
of elastic fibers compared to 60-80% collagen fibers, fib-
rillin-1 might still play an important role for tendon

thoracic  aortic adaptation to mechanical loading (Thorpe et al., 2012).
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Despite the impressive tensile strength of tendons, over-
loading of tendon tissue in humans in relation to occupa-
tional- or leisure activity represents a significant clinical
and socioeconomic burden, but our knowledge regarding
the pathogenesis of tendinopathy limited (Magnusson
et al., 2010; Heinemeier et al., 2013; Pingel et al., 2014;
Dakin et al.,, 2015). For example, we still do not know
whether voluntarily running in MFS results in a beneficial
physiological adaptation of tendon tissue or possibly in a
tendinopathic phenotype due to tissue overloading. It is
equally unclear what the impact of voluntarily running
might be on cardiovascular disease in MFS. Contrary to
the believe that increased blood pressure during voluntar-
ily running would exacerbate TAA progression, it has
recently been reported that moderate exercise actually
decreased the rate of aneurysm growth in mice with a
mild non-lethal form of MFS (Gibson et al., 2017; Thi-
jssen et al., 2019). Unfortunately there are no data in the
literature of controlled trials that have longitudinally eval-
uated how exercise influences TAA progression in MES
patients (Thijssen et al., 2019).

To address the aforementioned issues, we analyzed
biomechanical and histological properties of tendons iso-
lated from wild-type (WT) mice and mice with different
degrees of fibrillin-1 deficiency (50 and 80% deficiency)
that had been subjected to either control cage conditions
or voluntary running. The results of our experiments
demonstrated that fibrillin-1-deficient mice tolerated vol-
untarily running comparable to WT mice without a
change in median survival or any sign of tendon
histopathology or tissue overload.

Methods

Animals

All experiments used 3- to 4-week-old male fibrillin-1-de-
ficient mice and sex-and age-matched WT littermates
maintained on the C57BL/6] genetic background. Fibrillin-
1-deficient mice included Fbn1™8¥/™#R mice, which pro-
duce ~ 20% of normal fibrillin-1 and display early onset
progressively severe MFS (median survival 3 months), and
Fbn1*"~ mice, which produce ~ 50% of normal fibrillin-1
and show no appreciable clinical signs of MFS and have a
normal life span (Pereira et al., 1997; Carta et al., 2009).
The Institutional Animal Care and Use Committees of the
Icahn School of Medicine at Mount Sinai in New York
City reviewed and approved all animal studies.

Experimental setup

The mice were randomized to either control (cage with
no access to running wheel) or to wheel-running regimen
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(cage equipped with running wheel). The period of vol-
untarily running or sedentary control was from week 4 to
week 8 when the mice were euthanatized for tissue collec-
tion. Mice in the wheel-running group were single-housed
with a custom-made running wheel and had voluntary
access to the running wheel during both diurnal and noc-
turnal cycles. The running wheel consisted of a 0.11-m
diameter wheel connected to sampling box and could
rotate freely in the cage. Mice were housed in polycarbon-
ate regular temperature cages (dimensions 257 mm X
483 mm x 152 mm) (PC10196-RT, Allentown) with wire
bar lids in stainless steel (WBL 1019 MMB, Rim Rod
Design, Allentown). The lid was lifted 10 mm to fit the
running wheel and have it run freely. There was an inter-
nal resistance in the running wheel system of 1.45 g on
average (min: 1.03 g and max: 2.00 g) and therefore all
running wheels were calibrated to have a resistance of
2.00 g using lead weights in the sampling box. Wheel rev-
olutions would rotate a plastic plate with four holes
inside the sampling box, allowing diode light to pass
through the holes and into a light receiver. Thus, it was
possible to count every 45° degrees rotation as a light
impulse (light-no light), eight impulses would equal one
revolution. Data samples were automatically stored on
local SD cards at 1 Hz and collected by the investigators
at 9 am every day when the mice were least active. The
lights in the animal facility were turned off at 7 pm and
back on at 7 aM to mimic a nocturnal lifestyle. All cages
had bedding and ad libitum access to food and water.
The temperature in the facility was fixed at 22°C. Due to
a power outage seven mice had insufficient data for anal-
ysis and were omitted from the results. The remaining
data were analyzed in Matlab (R2017a, Mathworks) to
obtain distance and velocity. Average velocity was calcu-
lated as the number of revolutions if the wheel rotated
more than a set threshold of 45° during 1 sec and divided
by time passed until the wheel was hitting the threshold.
The number of revolutions was converted to distance
using the formula for circumference of a circle. All proce-
dures and animal care were approved by The American
Association for Laboratory Animal Science (IACUC).

Tissue sampling

After euthanizing at 8 weeks with carbon dioxide (100%
at flow 3 L/min) the Achilles and flexor digitorum longus
tendons of the forelimbs were dissected free of other tis-
sues and the hindlimbs were collected with all tissue
intact for histology. The flexor digitorum longus tendon
was packed in gauze with PBS (phosphate-buffered saline)
and stored at —80°C before biomechanical testing. The
Achilles tendons for histology were formalin-fixed as
whole limbs in 4% paraformaldehyde for 48 h at 4°C and
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were placed in a vertical position with the ankle in neu-
tral position and the femur in 45° to tibia (Cikach et al,,
2018). Sections of 2 micrometer were cut using a micro-
tome and then placed in a 37° Celsius water bath to be
picked up by superfrost plus glass slides. An ice bucket
with dry-ice was placed on top of the microtome to cool
down the paraffin block during sectioning and cold for-
ceps were used to handle the sections. Slides were left to
dry overnight at 32°C. Each limb provided approximately
two to four sections per slide and 30-35 slides in total.
An estimated 50% of the sections were not usable for his-
tochemistry either because they were shredded by the
microtome because of calcified bone present in the sam-
ple or due to suboptimal transfer from microtome to the
water bath. Necropsy was a standardized procedure for all
mice and confirmed the diagnosis of aortic aneurysms in
Fbn1™8¥/ ™R mice that was lost during the experiment.

Biomechanical testing

Each end of the flexor digitorum longus tendon was dried
and glued to clamps, using commercial superglue. The
middle part of the tendon was kept moist by wrapping it
in a thin piece of gauze soaked in PBS. The clamps were
part of a custom-made Deben mechanical rig (20N tensile
stage, Petri dish version, Deben Ltd, Stuffolk, UK). Deben
software was used to control movement of the clamps.
The setup was then secured to actuators of the linear
mechanical testing machine with the tendon sub-emerged
in PBS. To remove any initial slack of the tendon before
testing 0.IN was applied to the tendon and the length of
the tendon was measured as distance from clamp to
clamp. Testing protocol consisted of 6 preconditioning
cycles, 10 testing cycles and then finished with a maxi-
mum test, pulling the clamps apart until the tendon
broke. Precondition-phase was necessary since the ten-
dons had been thawed from 80°C and this process could
alter the fiber alignment. Thus, tendons would become
slack again after precondition and had to be recalibrated
with 0.IN. After recalibration the tendon length and
width were measured. Tendons were tested at 2.5% strain
and 4 mm/second (determined by pilot study) through
all cycles. Sampling time was set to 10 Hz through the
duration of tests. Specimens were visualized and recorded
using an Olympus light microscopy with Leica camera
attached. Force- and position data were obtained from
the Deben Software during mechanical testing. Values
were normalized with tendon dimensions to stress—strain
graphs using excel. Mechanical properties, such as max
force and stiffness, that are dependent on tissue dimen-
sions and material properties, such as modulus and hys-
teresis, that are independent of tissue dimensions were
analyzed.
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Collagen alignment

Sections were stained with Picrosirius red (Direct red 80,
CAT#365548, Sigma-Aldrich) to visualize collagen fibers
using a standard protocol (Kiernan,2014; Puchtler et al,,
1973; Junqueira et al, 1979). Briefly, sections were
deparaffinated with xylene before hydration in decreasing
ethanol solutions. Afterward, sections were stained in
Picrosirius red working solution (1 mg Sirius red added
to 1 L 1.3% (w/v) picric acid solution in diH,0) at room
temperature for 1 h and then washed two times in glacial
acetic acid. Sections were rehydrated with ethanol before
being mounted with Cytoseal® and coverslips. A bright-
field microscope equipped for polarization microscopy
(Axio Lab.Al, Zeiss, Germany) was used for visualization
under 20x zoom (20x/0.45 Pol, N-Achroplan, 0.227
7 um/pi, Zeiss, Germany): Red for mature collagen fibers
and cyan for unmatured collagen fibers. The stage was
manually rotated in incremental degrees of 10° from 0°
to 180° to observe changes in color intensity and pictures
were then taken for every 10° using a mounted 6Mpx
camera (AxioCam 506, Zeiss, Germany). Pictures were
taken with the software ZEN Lite (Zen Lite 2.3, Windows,
Zeiss) with the following configurations: Camera acquisi-
tion ROI size 2048 and offset 35,280. Exposure set to
20,000 ms with 10 cycles (time series). Data analysis of
the pictures was done in Fiji ImageJ2 (2.0.0-rc-69/1.52i,
macOs) by measuring the color intensity of red and
green. Fibers that were aligned under polarized light
would display an intensive red light while fibers arranged
90° to the light would become dim. Rotating from 0° to
360° would vary the light intensity of the sample and
therefore was plotted as a sinus-curve with 2m period.
Thus, maximum light intensity is given a value of 1 or
—1 on the y-axis while 0 is for minimum light intensity
(dim). Given that every periodic © (180°) would give the
same signal as 0°, /2 would reveal maximum light inten-
sity and the percentage of light intensity was measured as
relative to 2m. This takes into account that absolute lack
of light or dimness is not achievable because some fibers
will always be aligned to a given angle. An absolute 100%
light intensity is an expression of completely unreflective
light passing through the sample and is neither possible
due to some fibers being out of alignment.

Statistics

Mantel-Cox test (logrank test) was used to analyze the
survival rate of mice in wheel-running and control group
within genotypes. A one-way ANOVA was used to analyze
running-data for effect of genotype on distance and veloc-
ity. For other data a two-way ANOVA was performed to
determine any effects of genotype, groups, and their
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interaction on tendon composition, dimensions, and
mechanical properties. If the two-way ANOVA was signif-
icant, individual differences within genotype and groups
were tested with a post hoc test (Tukey). Statistical analy-
sis was performed in Prism (GraphPad, Prism 8.0.1,
MacOs) and in all cases, a p-value less than 0.05 was con-
sidered significant. Data are presented as mean =+ stan-
dard error of the mean unless indicated otherwise in text
under figure or table.

Results

Voluntarily aerobic running and survival

There was no significant difference between genotypes for
running distance and average running velocity (Table 1).
Most of the running occurred between 10 PM and 9 AM,
approximately three hours after the lights of the animal
facility were switched off (data not shown). All groups
with access to running wheel ran 3—4 km/24 h (Table 1).
There was no significant change in the survival rate of
Fbn1™8¥/™€R mice relative to the same mutant animals
under resting conditions (Fig. 1).

Tendon morphology and mechanical
properties

There was a significant difference in baseline tendon
dimensions between genotypes (Fig. 2). Fbn1™s®/ ™8R ten-
dons exhibited a smaller cross-sectional area (CSA) due
to a smaller width and a decreased anterior—posterior
thickness compared to the tendons of WT mice
(P <0.05) (Fig. 2A—-C). By contrast, the dimensions of
Fbn1""~ tendons were comparable to those of WT mice
(P> 0.05). In all three groups of mice, voluntarily running
had appreciable impact on tendon morphology (Fig. 2).
Fbn1™8¥/™eR mice had the weakest tendons of all geno-
types regardless of voluntarily running (Fig. 3). Tendon
max force was statistically lower in Fbnl1™®/™&R com-
pared to WT mice (P < 0.05) but was similar between
Fbn1™8¥meR _ and Fbnl™~ mice (Fig. 3A). By contrast,

Table 1. Running data over 30 days for mice on running-wheel.

P.H.T. Tran et al.

max force in less severe mice of both resting and wheel-
running groups was not different than WT mice
(Fig. 3A). The maximal stiffness was significantly lower in
Fbn1™¥/™8% mice than WT mice (Fig. 3B) regardless of
level of physical activity level. Finally, Fbnl™~
lower max stiffness than WT mice but higher max stiff-
ness than Fbn]™sR/msR
(P < 0.05)(Fig. 3B). An effect of voluntarily running upon
tendon max stiffness was only observed in the WT group,
as evidenced by decreased tendon stiffness (P < 0.05)
(Fig. 3B). When stiffness was normalized to tendon
dimensions max modulus values were similar between
genotypes and wheel-running groups (Fig. 3C). In addi-
tion, hysteresis remained similar between genotypes and
was not modified by voluntarily running (Fig. 3D).
Finally, there was no significant difference between geno-
types and groups in other parameters of tendon mechan-
ics (data not shown). Immature collagen and fiber
alignment analyzed with immunohistochemistry were not
significantly different between any of the genotypes
(Fig. 4). Also, there was no significant effect of voluntarily
running on the quality of tendons in any of the groups,
and even when genotypes were pooled together in either
a sedentary control or in a running wheel-group no dif-
ference was observed between active and sedentary mice
(Fig. 4A,B).

mice had

mice in the wheel running-group

Discussion

Three are the major new findings of our study. First, sub-
stantial fibrillinl deficiency affected the size rather than
the quality of Fbn1™#*™&® tendons. Second, smaller ten-
dons did not display pathological changes when loaded
with voluntary running. Third, voluntarily aerobic run-
ning did not improve (or worsen) the median survival of
Fbn1™8%/meR mice,

Elastic fibers are made of a central core of elastin sur-
rounded by fibrillin-rich microfibrils (Heinemeier et al.,
2013). Unlike in the aorta, elastic fibers are a minor
structural component of the tendon matrix. In spite of
being part of the same ECM macroaggregate, elastin and

Experimental groups Number of mice

Distance (km)Mean + SE

Average velocity (m/sec)Mean + SE

Wild-type 1"
Less-severe MFS 14
More-severe MFS 14

116 + 22 0.20 + 0.02
102 £+ 15 0.21 + 0.01
89 + 13 0.22 + 0.01

Distance (km) was calculated as total distance during the 30-day period. Average velocity (m/s) is a measured distance for each running-bout
that resulted in a rotation of the wheel more than 45° during 1 sec divided by time until it no longer exceeded the threshold of 45° per sec-

ond. SE, standard error of mean.
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Figure 1. 30-day survival-curves for all three genotypes. (A) wild-type mice. (B) Less-severe MFS mice. (C) More-severe MFS mice.( D) All mice
genotypes. There was no difference in survival between wheel running-group and controls in any of the groups. More-severe MFS mice had a
median survival of 10 weeks regardless of wheel running and therefore showed significantly lower survival-rate when compared to wild-type.

“P<0.05.

fibrillin-1 deficiency have very different effects of tendon
physiology. In this study, Fbn1™#¥™&R mice displayed
markedly smaller tendons than WT mice due to reduced
anterior—posterior thickness and width diameter (Fig. 2),
which was associated with unaltered modulus and colla-
gen orientation. The haploinsufficient elastin mice (Eln"’
“mice) on the other hand, showed no significant reduc-
tion in Achilles tendon size, but had an increased
mechanical stiffness (Eekhoff et al, 2017). Interestingly,
in the present study tendons from Fbn1™&*™ER were less
stiff than their healthy counterparts. Tendons from
Fbn1™s¥/™R yere expected to become stiff as there is

more complete engagement of collagen fibers to tendon
loading, which has been shown in other studies on elastin
haploinsufficiencient mice (Li et al.,, 1998; Carta et al,
2009; Eekhoff et al., 2017). It has been shown that there
is a significant increase in the linear stiffness in Eln™~ in
the absence of a change in other mechanical parameters
(Eekhoff et al., 2017). In the present study, it appeared
that tendons from more-severe fibrillin-deficient
(Fbn1™¥/meR) mice seem longer than wild type (data not
shown). This suggests a role of elastin in collagen crimp
with tendons becoming slacker if elastin is somehow
compromised (Henninger et al., 2015). A potential

A B
It '—i Hl No wheel 0.8
0.6 | .
T o0s T T Wheel 2 o¢] T B Nowheel B Nowheel
g ! T E Wheel Wheel
5 0.4 2 0a T -I— .I_
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5 %2 £ 02
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Figure 2. Tendon dimensions of mice in both wheel-running and control group. (A) Diameter (mm). (B) Thickness (mm). (C) Cross-sectional
area (CSA, mm?). Diameter, thickness, and cross-sectional are of more-severe MFS mice were significant less than that in wild-type. There was
no significant difference of less-severe MFS mice when compared to other genotypes regardless of groups. “P<0.05. In control group:
Nuwiid-type = 14, Niess-severe = 12, and Nyiore-severe = 9. In wheel-running-group: Nwig-type = 11, Niesssevere = 11, and Nyiore-severe = 10.
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Figure 3. Mechanical data from genotypes of control and wheel-running group. (A) Maximal force (N). (B) Maximal stiffness (N/mm). (C)
Maximal modulus (MPa). (D) Hysteresis (KJ/m?). More-severe mice had significantly lower max force and max stiffness when compared to wild-
type. “P<0.05. In control group: Nwitd-type = 13, Niesssevere = 12, @and Nyjore-severe = 9. In Wheel-running group: Nwiid-type = 11, Niess-severe = 11,

and Nyiore-severe = 11.

shifting of the stress—strain curve from right to left would
minimize the physiological normal range of such tendons,
thus also explains why maximum force was lowest in
Fbn1™8¥/ ™8R However, hysteresis was unaffected by geno-
type and exercise, indicating that a secondary source of
elastic recoil might be present (Henninger et al., 2013). It
seems that deficiency of elastin and fibrillin, respectively,
does influence mechanical properties somewhat different
and interact with each other when it comes to mechanical
properties of the tendon (Henninger et al., 2015). Taken
at face value, these findings suggest that elastin primarily
influences the mechanical properties rather than the size
of tendons, whereas fibrillin-1 is predominantly involved
in optimizing tendon growth rather than influencing tis-
sue mechanics (Fig. 3) (Ramirez and Pereira, 1999). The
different responses of elastin or fibrillin-1-deficient ten-
dons to voluntarily running induced loading is another
example of the distinct roles that these elastic fiber com-
ponents play a role in tendon physiology.

2019 | Vol. 7 | Iss. 21 | e14267
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Pathological changes in tendon tissue were not
observed after voluntary running in either mice produc-
ing half of the normal amount of fibrillin-1 (Fbn1"~
mice) or those making only 20% of it (Fbnl™s®/meR
mice). By contrast, degradation of elastic fibers has been
associated with clinical signs of chronic tendinopathy
(overuse-injuries) in Eln™~ mice (Wu et al, 2016; Wu
et al,, 2017). While the underlying mechanism remains
unknown, differentiation of functions by the two major
components of the elastic fibers has also been reported in
the mouse arteries (Carta et al., 2009). The lack of patho-
logical changes in tendon of fibrillin deficient mice indi-
cates that the use of this mouse model in combination
with voluntary running is not optimal for studying ten-
don overuse injury. While we cannot rule out that a
higher mechanical work load than used in the present
study could have caused pathological tendon changes, the
fact that fibrillin-1-deficient mice had lower tendon diam-
eter (but similar body weight), but ran a similar distance
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Figure 4. Results from Picrosirius staining of genotypes in control and wheel running-group. ( Left panel image: example image). (A) Overall
green color (%). (B) Overall collagen alignment (%). (C) Green color intensity (%). (D) Collagen alignment (%). Left panel image: example
image. In control group: Nwiid-type = 8, Niess-severe = 4, @aNd Niiore-severe = 3. In wheel-running group: Nwiid-type = 3, Niess-severe = 7, and Nytore-

severe = O.

as healthy mice exclude that these mutant animals could
be used as an experimental model to study tendinopathy
pathogenesis. In humans, tissue remodeling in tendons is
limited, and more chronic physiological, or pathological
adaptation of tendon required several months (Heine-
meier et al., 2013). In the present study on mice, we
chose the 60-day period to ensure that a significant num-
ber in the diseased group would still be alive.

Our last new finding concerns the relationship between
cardiovascular function and wheel running in MFS. It
was recently reported that mild aerobic wheel running
(2-5 km/day) alleviated the degree of vessel degeneration
in mice with a non-lethal form of MFS in which the
ascending aorta dilates but does not rupture (Fbn1<'%**%
* mice)(Gibson et al, 2017). However, we found no
modifications in aneurysm progression to dissection and
premature death when our mice with lethal MFS
(Fbn1™#*™eR mice) were subjected to a similar running
regimen (3—4 km/day). Interestingly, a running intensity
up to 65% Voomax showed protective effects against elas-
tin fiber fragmentation within the aortic wall which sup-
ports the notion that other factors than volume may
determine optimum exercise regime. We have no clear
explanation for the discrepancy between the two studies
short of noting that median survival (and implicitly
aneurysm dissection and rupture) is a more robust read
out of running-induced modifications of arterial disease
than elastic fiber fragmentation.

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Limitations

Most studies on MFS have focused on blood vessels in
animal knockout models and rarely on changes in tendon
(Pereira et al., 1997; Li et al., 1998; Pereira et al., 1999;
Galatioto et al., 2018; Ramirez et al., 2018). However,
blood vessels and tendons are distinct structures with the
former containing much more elastic fibers (Kannus,
2000; Shinaoka et al., 2013; Pang et al., 2017), and there-
fore a direct comparison to previous studies is difficult.
Fibrillin-1 may play a role in elastogenesis, which has
been shown in blood vessels (Carta et al., 2009) but never
in loaded tendons according to our knowledge. Unfortu-
nately, elastin content was not measured in tendons,
which would have provided valuable information.

In the current study, the exercise period was 30 days,
and it should be noted that the severe animal-model have
an inferior survival rate due to aortic complications (Per-
eira et al., 1997; Pereira et al., 1999) with a median sur-
vival rate of only 90 days (Pereira et al, 1999). It is
therefore possible that 30 days of voluntarily exercise was
insufficient to see any pathological change in tendons.

In conclusion, our findings correlated fibrillin-1 defi-
ciency with the development of smaller but morphologi-
cally and biomechanically normal tendons that can
tolerate voluntarily running loading to the same extent as
the WT counterparts. Furthermore, we found that mice
with severe MFS tolerated voluntarily aerobic running
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without developing tendinopathy or exacerbating aneur-
ysm progression.
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