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Abstract

Clinically effective treatments for tendon lacerations are equivocal and current
protocols are associated with high levels of morbidity and re-injury. Injured tendons
have limited self-healing capacity, due in part to poor vascularity and low metabolite
supply. Furthermore, tendon-healing assessments are currently based on grey-scale

echogenicity and appearance of organized tendon fibrils or scar tissue.

The aims of this research were to accelerate gain in mechanical strength and
histological organization of tendon tissue after a partial tenotomy in a rabbit model, via
the use of two growth factors (fibroblast growth factor (FGF) and vascular endothelial
growth factor (VEGF)) released from suture material in a spatiotemporal fashion to
coincide with the phases of tendon healing. In addition, we evaluated the effect of
growth factor use on tendon vascularity via both histological assessment and
microbubble contrast angiography (MCA). We also evaluated novel methods of
monitoring tendon healing via the use of acoustoelastography (AE) and shear wave

imaging (SWI).

The studies presented in this thesis demonstrate that FGF and VEGF were able
to synergistically enhance the healing of tendon tissue using our suture material delivery
platform. The use of our optimal suture group resulted in supra-physiological tensile
strengths at a 4-week post surgical evaluation time point. This thesis provides evidence

that in addition to superior mechanical properties, superior histological organization was



ii

also attained. Superior healing was achieved with the addition of the angiogenic
compounds and this angiogenic effect was identified successfully using MCA and

histological evaluation techniques.

The use of AE and SWI was also correlated to structural and material properties
of tendon, respectively, and these imaging modalities provided enhanced information in

regard to the healing of the tendon tissue non-invasively.

In our 9-week post surgical long-term evaluation, we identified that the supra-
physiological tensile strength values attained at the 4-week short term with our optimal
growth factor group returned to baseline normal physiological values. The 9-week
optimal growth factor group also demonstrated superior histological organization and a
reduction in tendon cross sectional area. Thus, this thesis suggests that tendon healing
mechanisms may mirror the remodeling process that occurs in bone. Further work is
warranted, to provide supplementary evidence to support the idea of coupled

remodeling in tendon tissue.
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Chapter |

Introduction



1.1 Significance

Tendon and ligamentous injuries are becoming increasingly more prevalent,
with an estimated 50% of the 33 million musculoskeletal incidents occurring in the
United States annually affecting the soft tissues, including tendons and ligaments."??
Furthermore, ruptures of the Achilles tendon, the most frequent tendinous injury
sustained, are on the increase due to improved athletic lifestyles. > In veterinary
medicine, tendon injuries have been extensively studied in the dog’ and in the
horse.®'®'" Evidence in canine’, equine®® and human'' models suggests that partial
tears or ruptures may develop secondary to chronic overuse injuries, with the
implication that acute injuries may be manifestations of accumulation of chronic
damage. In equine tendon disorders, 43% of National Hunt horses demonstrated

evidence of tendon disease'” and 14.8% of all horses in flat racing in Japan in 1999

sustained an injury to the digital flexor tendons.™

Tendons are compositionally complex structures that function as important
connections between the dynamic function of muscles and the static component of
bones, a role that allows functional movement to occur."® They function as a stiffness
buffer between the relatively high stiffness components of bone and the low stiffness of
muscle. In addition, they function as energy stores and possess viscoelastic properties,
which may help protect other musculoskeletal components from damage.
Consequently, any injuries that occur to tendons result in disruption of the structure and

function of this tissue, initiating substantial morbidity and discomfort for the patient.



It has been suggested that by 45 years of age, 1 in 10 people and 1 in 2 runners
will suffer from some form of Achilles tendinopathy,3 making this a high profile disease.
Consequently, when utilizing animal models to simulate human injuries, studies must
replicate similarities in pathogenesis of disease and take into account the anatomy of

the structures involved, stages of healing and healing methods.

Injuries to the Achilles tendon can range from acute, often traumatic events, to
chronic conditions resulting from overuse injuries, which can be preceded by
degeneration.* Current treatment options post injury include both surgical and non-
surgical therapies, with an accompanying variety of rehabilitation protocols.> However,
at the culmination of the healing process, tendon rarely achieves functional equality to
pre-injury conditions in regard to either biomechanical, histological or phenotypic
conditions.® For optimum therapy therefore, a thorough understanding of the phases of

healing is important when considering any interventional strategies.

The treatment of tendon injury may thus involve an attempt at direct repair'*
or a more conservative approach of non-surgical therapy, with or without the use of
physiotherapy protocols.™ Historically, restoration of tendon function following partial
laceration or transection has focused on mechanical aspects, such as improvement of
suture repair techniques or the enhancement of postoperative rehabilitation protocols.
While these have led to marginal improvements in long-term outcome, functional
restoration has not been reliably achieved and the long-term results have been highly

unpredictable.'® Postoperative morbidities include adhesion formation, re-rupture and



inadequate functional recovery.' The successful treatment of tendon lacerations
therefore remains one of the most challenging problems in orthopaedic surgery.
Although biologics, minimally invasive or percutaneous approaches and more
aggressive rehabilitation protocols demonstrate some promise in enhancing the repair
process, none have been widely accepted or thoroughly evaluated. The standard of
care remains primary suture repair.18 However, it is recognized that with flexor tendon
injuries, a post-operative rupture rate of 3-17% can occur'®. A similar post-operative
rupture rate of 5.0% is reported for the Achilles tendon repair; the risk of rupture is
double this figure if the patients are treated conservatively.?’ Furthermore, a large study
identified that the majority of patients have not fully recovered 2 years after injury,

regardless of method of treatment chosen.?’

Injured tendons have limited self-healing capacity®?, due in part to relatively low
vascularity, low metabolite supply and the functional characteristics of intact tendon are
not typically recovered, even after several months of healing. Many attempts have
been made to optimize the healing conditions of the flexor tendons on a bio-molecular
level, mainly through modulation of different growth factors. The poor vascularity of the
flexor tendons and the risk of tendon rupture after repair make the concept of
augmenting the regeneration and resulting biomechanical strength of the tendon an

inviting approach to facilitate functional repair.

The clinical implication is therefore that, while stability is critical for a

successful repair, mobility of the repaired tendon is also important. These two treatment



protocols are antagonistic, and one is often sacrificed at the expense of the other.
Improvement in the speed at which tendons regain strength therefore would permit early
return to function and decrease long-term patient morbidity. Thus, a method which
would permit a successful surgical tenorrhaphy with the resultant delivery of a concert of
synergistically acting biologics resulting in the rapid acquisition of tensile strength and
the restoration of normal tendon architecture would provide the cohesive link between

repair and mobility of the injury site and is the main aim of investigation for this study.

One further challenge presents itself in the assessment of tendon strength and
the introduction of rehabilitation methods. For large animal species such as humans and
horses, there is a significant rate of re-rupture and further injury during the healing
process following tendon repair.10?® Careful monitoring is required to minimize this risk,
as tendon healing assessments are currently based on grey-scale echogenicity and
appearance of organized tendon fibrils or scar tissue. These highly subjective
assessments offer little information on which judgments of tendon strength can be
determined and can lead to significant increases in patient morbidity if the assessments

are incorrect.

Although magnetic resonance imaging (MRI) provides excellent anatomical
tendinous information, it lacks any association to biomechanical data. Two potential
investigative tools that could provide such estimates of tendon stiffness and strain
include acoustoelastography (AE) and shear wave-imaging (SWI) technologies, which

have been evaluated in both laboratory and clinical settings under constrained



conditions.”*"” AE has been utilized in clinical studies evaluating normal and
pathological patients, but data analyses were limited to small cohorts.?* Recent studies
have demonstrated validity for the SWI technology in rabbit tendon specimens
evaluated post sacrifice?, but also clinical applications as an imaging modality in
horses.?® However, the main foci of these studies were repeatability and reliability
evaluations at single time points.?” Therefore, these pilot trials were significantly limited
in their scope as they lack correlation with any biomechanical data. A recent AE and
SWI review article emphasized that available literature is currently sparse and more
research is required, including longitudinal studies that monitor the progress of healing,

as none currently exist.?®

Due to the established importance of vascularity in tendon healing, an
assessment of intra-tendinous angiogenesis is important. ° Contrast enhanced Doppler
ultrasonography is unable to image microcirculation due to its resolution limitations.*
The use of micro bubble contrast agents (MCA’s) as a perfusion marker has been
extensively evaluated and MCA’s have demonstrated significant differences in blood
flow among human patients with normal tendons during exercise.*' However, the
significance of angiogenesis during healing and the link to biomechanical parameters,
such as tendon stiffness, which could be evaluated with modalities such as AE and
SWI, has never been determined. A critical appraisal of these modalities, as suggested
in the current research proposal, would provide a significant foundation and reference
on which to base future investigations. Such dynamic links would be of significant

benefit to orthopaedic researchers, clinicians and patients.
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1.2 Tendon Architecture

1.2.1 Tendon Embryology

Tendons and ligaments are structures of connective tissue whose embryological
origins and formation are less well understood than other musculoskeletal counterparts
such as bone or muscle. Although tendons and ligaments have a well-defined
extracellular matrix, primarily composed of collagen, there are no specific embryological
signaling components that define it. However, one defining characteristic of tendon and
ligamentous tissue is their characteristic collagen and cellular orientation, with cells

aligned parallel to the lines of force exerted along the structure.”

During embryogenesis, the early blastocyst layer termed the epiblast gives rise to
the three germ layers of a triploblastic organism, the endoderm, ectoderm and
mesoderm which forms in the third week during gastrulation.? The mesoderm itself can
be further divided into several layers, including intermediate mesoderm, lateral plate
mesoderm, axial mesoderm and paraxial mesoderm.®* Paraxial mesoderm is organized
into somatic compartments and by a sequence of morphological changes form
sclerotome, myotome dermatome and syndetome regions which are responsible for the

development of cartilage, muscles and bones and tendons.**

Until recently, the exact embryological origin of tendon and ligamentous tissue

was unknown. The discovery of the syndetome provided the basis for further analysis



11

into tendon and ligament differentiation.” It is known that the scleraxis pathway, a
member of the basic helix-loop-helix (bHLH) family, is involved in tendon differentiation
signaling.® Scleraxis consists of two alpha helices, which are connected via a loop, and
is involved in signaling in many musculoskeletal systems.> Activation of the scleraxis
pathway is believed to occur via the activation of Ras/Raf/mitogen activated protein
kinase/ERK kinase (MEK)/extracellular-signal-regulated kinase (ERK) cascade, which
couples signals from cell surface receptors to transcription factors such as scleraxis.” It
has been shown that ERK activity is required for proper activation of the scleraxis genes

in the syndetome.®

Although tendons exist throughout the body, there appear to be differences in
formation between the trunk and the appendicular limbs. Limb tendons originate from
the lateral plate, while myogenic cells originate from the Ilateral part of the
dermomyotome.9 Limb tendons also tend to form in the dorsal and ventral areas of the
limb, with areas of cartilage consolidation in the center, resembling the rudimentary
structure of a normal limb. In addition, formation of tendon progenitor cells in the limb is
independent of signaling from the myotome, whereby removal of this structure from the
embryo leads to normal tendon formation and scleraxis expression. This situation is in
direct contrast to trunk tendons, whereby loss of the myotome leads to loss of scleraxis
expression.10 From these studies, it is apparent that for trunk tendon formation, the
myotome contains an as yet unidentified signal that is necessary for scleraxis

expression in the syndetome of the trunk.
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For both the trunk and limb tendons, the factors, which initiate scleraxis
expression, are currently unknown.! FGF signaling via activation or blockade leads to
an up regulation or inhibition of scleraxis in the sclerotome in chick embryos and
therefore the FGF family would seem like a suitable candidate to activate scleraxis in
the syndetome.* However, at the time of scleraxis initiation at approximately embryonic
day 3 for the chick, the only known source of FGF is FGF-8, which is present in the axial
ectodermal ridge (AER).11 Given the distance between the AER and the syndetome, it is
difficult to envisage how FGF-8 signaling could induce scleraxis transcription. The exact

pathways are therefore unknown and require further study.

During further development, the tendon progenitor cells form tendon primordia,
which are isolated groups of cells, develop into tendon tissue.’? In the late limb period of
tendon formation however, the presence of muscle is essential to complete the tendon
formation.! In the absence of muscle, there is a progressive loss from proximal to distal
of markers of tendon expression.® At this stage, it is suggested that FGF-4 signaling

becomes important to ensure the maturation of the tendon structures.™

Although the presence of muscle at various time points seems critical to
successful tendon formation, the same does not apply for cartilage. As tendons occur in
close proximity to joints and the -cartilaginous formation of bones, one would
hypothesize that there is some coordination between cartilage and tendon formation.
This has been shown not to be the case, as tendon formation occurs normally in the

absence of cartilage differentiation in limbs of Sox5/Sox6 double mutant mice.1? Despite
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this finding and the fact that tendons eventually do connect to bones, the signals

involved in tendinous insertion onto osseous structures are completely unknown.1

A similar embryonic pathway exists in the paradigm of ligaments, although the
exact embryological origins have also not been established. In embryonic chicks at day
14, regions which develop into ligaments express scleraxis so this appears to be a
common signaling pathway for a variety of musculoskeletal regions.? The tendon
primordia that develop during early development are thought to contain the ligamentous
precursors that are thought to be associated with joints.™ In this case, due to the
proximity of the ligamentous and joint structures, a further hypothesis is that the joint, or
cartilaginous regions, could be involved as a signaling center to promote the
differentiation of ligamentous tissue." However, the signals involved in ligamentous
formation are unknown so it is difficult to generate evidence to support such a

hypothesis.

Wnt-14, which is involved in the formation of joints and synovial membrane, has
been identified in the ligaments of fully developed and mature adult ligaments, and
therefore there is the suggestion that it may play a role in the differentiation of
ligamentous tissue.” A downstream gene of the Wnt-14 signaling pathway is growth
differentiation factor-5 and 6 (GDF5/GDF®6). Inactivation of these genes in mice results
primarily in joint and cartilage defects, but there are also substantial defects in
ligamentous structures.'® In addition, GDF-5 deficient mice have altered tail and Achilles

tendons supporting the role of the GDFs in tendon and ligamentous structures.'’"1
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Further evidence is provided by studies that show that ectopic supplementation of

GDF5/6/7 results in ligamentous like structure formation.™

There are likely to be many further growth factor involved in tendon and ligament
formation. For example, FGF-10, which is located in the joint interzone during chick limb
development, favors the proliferation of mesenchymal cells in the region.?° The roles of
bone morphogenic proteins (BMPs) are also likely to play a role in ligament
development. However, pathways linking Wnt signaling, BMPs and FGFs are as yet

unidentified.

1.2.2 Tendon Cells

The vast majority of cells in mature, adult tendon tissue display thin layers of
cytoplasm centered on a large, heterochromatic nucleus and have been termed
“tenocytes” or “tendon fibroblasts”.?' These may represent the quiescent or resting
stage of tendons and may be involved in mechanosensing in conjunction with the
ECM.?? The more active cells, identified in immature or healing tendons, contain
prominent nucleoli, rough endoplasmic reticula and Golgi apparatus, which produces
collagen.?! It has been well demonstrated that immature and developing tendon is
hypercellular and as the aging process increases, there is a gradual reduction in
cellularity,* thus supporting the notion of a relatively quiescent metabolic state of
mature tendon. Thus, during the healing process, cells of a more active phenotype may

be typically identified.
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In support of the mechanosensing hypothesis of tenocytes, McNeilly
demonstrated through cytoplasmic staining that tenocytes naturally form a three
dimensional network of cells in contact between collagenous bundles by their long
cytoplasmic processes.?®> Immunolabelling for connexin-43 in this case demonstrated
the presence of gap junctions on the various cytoplasmic processes that support the
hypothesis that there may be an involvement of these cells in load sensing and

coordination of the response to tendon loading.2>

In support of differing roles of cells throughout the tendon, several studies have
identified a morphological and functional difference between surface cells of the tendon
and those inside the core body. Khan’s immunohistological studies described an outer
layer of specialized fibroblasts and macrophage, termed epitenon, while those in the
tendon core were a different population.?® Each cell has also a specialized and
individual response to injury. More recently, a stem cell population has also been
identified in tendon, though their exact role has yet to be fully characterized. Bi et al.
performed in vitro studies, which isolated a cell population from both human and murine
sources that demonstrated increased adherence and the ability to produce daughter
cells of several lineages and express tendon specific and stem cell specific markers.?’
These groups of cells were termed tendon stem cell/progenitor cells (TSPCs) and were
shown to constitute 6% of the cultured tendon cell population in vitro. Using BrdU

labeled cells in vivo, the authors were also able to demonstrate a similar percentage of
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slow cycling cells, which they considered analogous to the TSPCs identified in cell

culture experiments.

1.2.3 Extracellular Matrix

The extracellular matrix (ECM) of tendon consists chiefly of collagens and
proteoglycans.?® Collagen accounts for 65-80% of the dry mass of tendon, with elastin
responsible for 1-2%. % Collagen is responsible for the tensile strength of tendon, while
the proteoglycans provide the viscoelastic properties of the tendon. % Tendon is
composed of a network of ECM containing tenoblasts and tenocytes, which account for
95% of the cellular elements of tendon and lie between the collagen fibers along the
long axis of the tendon.®' The major collagen in tendon is type |, accounting for 65-80%
of the dry mass with elastin accounting for 2%.3? Tenocytes synthesize collagen and all
the components of the ECM and are active in energy generation, although the oxygen
consumption by tendons and ligaments is 7.5 times lower than skeletal muscle.* This
reduced metabolic rate results in slower healing after injury.32 Tendon healing is a
complex and highly regulated process corresponding with the initiation, sustainment and
subsequent termination of a plethora of signaling molecules acting in highly organized

concert.
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1.2.4 Collagen

The major component of ECM collagen is type |, which is composed of two a4
chains and one az chain, arranged in a tight triple helix formation. While this remains the
major collagen in adult tissues, a variety of other collagens are present and required

during tenogenesis that are involved in the assembly of the final product.

In the developing chick embryo, it has been shown that heterotopic collagen
types /1l are present in development.>* Collagen type lll is important in the initial fibril
assembly process and has been associated with changes with the diameter of the
fibrils.>® It has been shown that collagen type lll content is inversely proportional to
diameter of a collagen fiber.35 As development progresses, the collagen type Il content
in the central portion of the tendon decreases which is related to an increase in the fiber
diameter. At the time of hatching, collagen type lll is confined to the sheath around the
tendon.34 This form of recycling or replacement of collagen type Ill by collagen type |
during embryogenesis may be related to healing pathways in adult tissue, as
subsequently described. During healing of tendons, collagen type Ill is initially deposited
which is later supplanted by collagen type |, providing significant parallels between the
two processes. The collagen type lll helices formed during repair are associated with

smaller diameter and immature fibrils as previously mentioned.

A group of collagens knows as the fibril associated collagens with interrupted

triple helices, or FACITs, are present and usually localized to the surface of fibrils.%®
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Such FACITs include collagen types Xll and XIV, which are structurally similar
homotrimers, composed of two collagenous domains (COL1 and COL2) and three non-
collagenous domains (NC1-3).%” Collagen type XlI forms a bridge between the fibril and
the matrix components of decrorin and fibronectin whereas collagen type XIV has been
shown to be important in linear fibrillar growth.*®* Furthermore, fibril assembly is
subject to further modulation by various small leucine rich proteins (SLRPs) such as

biglycan (Class | SLRP), lumican and fibromodulin (Class Il SLRPs).*°

An important component in regard to the function of tendon tissue is that the
collagen molecules with fibrils undergo covalent intra and intermolecular cross linking,
catalyzed by the enzyme lysl oxidase (LOX) and the degree of cross linking increases
as development progresses.*’ It is believed that SLRPs may regulate the intermolecular
cross linking of collagen, activating as either co-receptor for LOX and promoting
oxidation of appropriate lysine residues, or via steric hindrance of inappropriate lysine

residues to ensure correct cross linkage of collagen molecules.#0

1.2.5 Elastin

Of further interest is the composition of elastin in various tendon and ligament
locations. For example, the Achilles tendon is mainly composed of collagen with only a
small contribution from elastin. However, the nuchal ligament in herbivores can contain
up to 83% elastin.®® Elastic fibrillogenesis is therefore a process where fibrillin

containing microfibrils are released into the ECM and are thought to serve as a
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framework for the subsequent deposition of elastin onto the structures.®® The microfibril-
associated glycoproteins (MAGPs) fibulin-5 and emilin-1 have been shown to also form
part of the structural framework and form part of the network establishing a link between

microfibrils and elastin.®*

1.2.6 Fibrillogenesis

Tendon tissue is primarily composed of collagen and when mature, is of low
cellularity. Therefore, once tendon primordia have formed, the production of collagen
and the expression of tendon extracellular matrix (ECM) must occur in order to be
functional. Histological analysis has demonstrated the ordered presence of rows of
tenocytes separated by bundles of collagen fibers under microscopy. However it has
also been shown from developmental studies that the arrangement of tenocytes into
organized rows occurs prior to collagen fibrillogenesis.42 This implies that cell orientation
dictates ECM orientation. However, the signaling molecule(s) that are responsible for
the linear arrangement of tenocytes are unidentified and it remains a mystery why

tenocytes would choose to arrange themselves in parallel layers.!

Once the tenocytes are arranged in rows the process of fibrillogenesis is initiated,
which can be under the control of the Smad pathway and associated signaling
cascades or mechanosensory pathways.*® This is believed to occur in three overlapping

phases; the assembly phase, linear growth and lateral growth.
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During the assembly phase, collagen molecules are assembled in close proximity
to the tendinous fibroblasts and form immature collagenous fibrils in a process termed
collagen fibrillogenesis.?® The packaging, vectorial arrangement and secretion of the
procollagen molecules in a spatially orientated fashion are a prerequisite of successful
fibril deposition. Collagen is formed in narrow channels, which extend from the
perinuclear Golgi region to an opening at the cell surface.39** The secretory vesicles of
collagen fuse with the plasma membrane of the tenocyte and release the contents into
the pericellular region. However, it is highly likely that integrin and other signaling and
anchoring molecules on the cell surface interact with the newly secreted collagen in
order to maintain close proximity and orientation of the fibril.#4 Once secreted these
structures have a D-periodicity of 10-30 um with tapered ends, which are either long a
chains or short 3 chains, which are important for the second and third stages of linear
and lateral growth described later.44 At this stage, the collagen molecules are neither
straight nor rigid, but rather they are semi flexible providing some plasticity to the

structure.3944

During the second period of formation, immature fibrils are assembled end to
end, to form long structures in a process termed linear growth, which provides
elongation of the tendon or ligament and this growth is restricted to the region of the
tapered ends.3944 During this stage, the fibrils exhibit centrosymmetricity in that there is
a polarization between the carboxylic acid terminus and the amino group on the
molecules.3? Linear growth in this phase results in a D-periodicity of 82-170 um.3? In the

third period, termed lateral growth, fibrils associate with each other laterally which
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results in an increase in the diameter of the fibril.3° In this phase, growth is no longer
restricted to the tapered ends and can occur throughout the molecule. Once these large
diameter fibrils are formed, they coalesce together and are ordered into fibers,

contributing the to hierarchical organization of tendon tissues (Figure 1.2.6A).

tertiary
fibre bundle
(fascicle)

tropocollagen

secondary fibre bundle “

(collagen fibre) collagen

primary fibre micro fibrils
(collagen sub fibre)

endotendon ¢ ©

Figure 1.2.6A Hierarchical organization of tendons. Three polypeptide chains
combine to form a helical tropocollagen molecule. Five tropocollagen molecules
assemble to form a microfibril and the aggregation of microfibrils form fibrils. Fibrils
then are grouped into fibers, fibers are bundled together into fiber bundles and fiber
bundles are grouped into fascicles. A thin layer of loose connective tissue
(endotenon) encases the fascicles and/or fiber bundles. Surrounding the tendon as
a whole is a further sheet of connective tissue (epitenon), which is continuous with
the endotenon. Reproduced from Internet Source.*®
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1.2.7 Tendon Types

Tendons are of two major types, chiefly based on the presence or absence of a
covering sheath being either intrasynovial or extrasynovial. Intrasynovial tendons have
bilayer membranes containing synovial fluid, such as the flexor tendons of the hand or
portions of the digital flexor tendons of the horse. Tendon sheath fluid assays have
demonstrated hyaluronic acid and protein concentrations similar to those identified in
joint fluid. Therefore, the tendon sheath fluid is believed to serve similar functions as

joint fluid, such as gliding and nutrition of tendon tissue and cells.*®

An extrasynovial tendon, such as the Achilles tendon, has no such synovial
membrane, but is covered by a thin layer of loose connective tissue termed the
paratenon.*’ Intrasynovial and extrasynovial tendons have been shown to heal via
differing mechanisms, the implication being that the synovial sheath is the critical
determinant in selecting the healing pathway, both of which are discussed in more detail

in later sections.

1.2.8 Tendon Vasculature

Several studies have been performed which characterized the various source of
blood flow to tendon tissue. Those tendons, which lie within synovial sheaths, much like
cells of the cartilaginous layer in joints, receive a substantial portion of nutrients via

synovial fluid bathing.4¢ In addition for the tendon however, there is an additional blood
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supply from segmental vessels. For those tendons without the protection of a synovial
sheath, the majority of blood is supplied via the osseotendinous and myotendinous

junctions, in addition to perforating vessels traversing the mesotenon and paratenon.*®

The Achilles tendon has been the focus of a substantial portion of work regarding
tendon vasculature supply.*® Injection studies performed in cadaver sections described
a network of evenly distributed vessels in the paratenon, from which vessels ran
centrally towards the tendon via branches in the mesotenon.*®® Further investigation into
the blood supply of the Achilles via angiographic testing, light microscopy and
histological analyses have identified three primary areas for tendon nourishment; the
musculotendinous junction, the osseotendinous junction and the paratenon.®" The
vessels in the epitenon are chiefly derived proximally from the musculotendinous
branches of the gastrocnemius and distally from vessels in the calcaneus. The vessels
coursing through the paratenon are thought to be derived from the main arteries of the
distal limb, including the cranial and caudal tibial arteries, the saphenous artery, the
popliteal artery and the sural arteries. There is believed to be an anastomosing network
between the paratenon supply and the osseous and myotendinous blood supply, which

ramifies in the mesotenon.*
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1.3 Anatomy of the Achilles Tendon

The Achilles tendon is considered to be the largest diameter and tendon with the
highest tensile strength in humans. It is formed by the fusion of the soleus and
gastrocnemius muscles. As the fibers from these muscles merge, their orientation is
proximal-distal in relation to the limb. However, there is a spiral component to the
Achilles tendon with lateral spiraling as the Achilles courses distally to its osseous

insertion on the calcaneus.

The tendon inserts on the caudal, or posterior, aspect of the calcaneus. The
distal portion of the tendon is separated from the calcaneus by the retrocalcaneal bursa,
which serves to protect the structure during dorsiflexion.? Immunohistochemical staining
for collagen type Il and histology with toluidine blue has demonstrated that there are
interlocking regions of calcified fibrocartilagenous zones in addition to bone at the
enthesis of the human Achilles tendon.? Fibrocartilage in such context is predominantly

identified in regions where tendons are subjected to compression.*

A thick layer of paratenon, deep to which is the epitenon layer containing the
vascular membrane, covers the Achilles tendon.’ Juxtaposed between these two layers
is a microfilm layer of fluid, which imparts a certain similarity between this tendon and

true intrasynovial tendons.
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1.3.1 Mechanical Properties of Tendon

The majority of our knowledge of the mechanical properties of tendons relies on
material testing of ex vivo samples in a materials testing machine.® These data permit
the generation of information relating to the structural properties of a tendon (ultimate
tensile strength, stiffness) and the material properties of the tendon (stress, strain and
Young’s modulus). This system requires the stretching of the specimen by an external
force with concurrent monitoring of the deformation and the applied force, thus
mimicking the natural mechanisms of tendon loading.” From such data, a force
deformation plot can be generated, which relates stiffness (n/mm) to energy (J). In an
elongation to failure curve (force-deformation), which is a reflection of the structural
properties of the individual specimen, four classic regions have been identified through
which tendon properties are exerted. Region | represents the toe, or the initial region of
the curve in which the natural crimp of tendons is elongated, but there is no further fiber
stretching.® In the linear region Il, stiffness remains constant as a function of elongation
and thus forms a linear function. In this region, the fibers are stretched. Tendons
operating in this region remain elastic and return to their original length upon relaxation.
Region Il ends when the fibers are stretched beyond their elastic limit and results in
failure. The initial point of failure is the initiation of region Ill and represents the start of
the plastic region; tendons no longer return to their original length upon relaxation but
are permanently elongated. As region lll proceeds, further fiber disruption occurs, until

the ultimate failure occurs, which represents region IV (Figure 1.3.1A).
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Figure 1.3.1A. Sketch of a typical force-elongation curve for a tendon pulled to failure.
The tendon progresses through the toe region, with elimination of fiber crimp (region 1),
the linear, elastic region of fiber stretching (region Il), the plastic failure region (region
) agd finally the region of complete fiber rupture (region 1V). Adapted from Maganaris
et al.

To normalize for size and interspecies dimensional differences the force
deformation curve is normalized.¢ Force is normalized to stress by incorporation of the
tendon cross sectional area and deformation is normalized to strain by consideration of
the original length of the tendon, resulting in a stress-strain curve, which reflects the
intrinsic material properties of the specimen.9 Strain is calculated via dividing the
change in tendon length by the original length. However, during the tendon lengthening
procedure, the original cross sectional area becomes reduced as a result of the
lengthening. Stress measurements are therefore complicated by the assumptions of

uniform cross sectional area, which may vary throughout the tendon, in addition to
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assuming a constant cross sectional area during lengthening, when a reduction truly

occurs.

Reported properties from such curves thus include Young’s Modulus (MPa),
ultimate Stress (MPa), ultimate strain (%), and toughness (J/kg). Typical values
reported for tendons include 1-2 GPa for Young’s Modulus'®, 50-125 MPa for ultimate
stress, 13-32% strain at failure for bone-tendon models and 5-16% for tendon mid-

substance values'"'? and 1,000 -45,000 J/kg for toughness.6

Several factors can influence the mechanical properties of tendons. Disuse of
muscular tissue and concurrently, tendons, results in increased collagen turnover and a
reduction in the cross linkages, which decreases glycosaminoglycan and water content.
In addition, there is an increase in the non-uniform orientation of the collagen fibrils,
which ultimately results in a reduction of the inherent intrinsic properties of the
material.”® The opposite effect is achieved with physical activity and exercise, resulting

in an improvement in the material properties.

Anatomical site is also an important consideration in regard to tendon properties,
as the loads experienced by the Achilles tendon on the posterior aspect, tend to
represent the highest strains experienced in comparison to those tendons on the
anterior surface during extension of the limb. Not only is the degree of strain sustained
critical, but the rate the strain is applied is important also, due to the viscoelastic nature

of tendons. It has also been reported that the human Achilles tendons exhibits strain
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rate sensitivity similar to other human tendons and has material properties similar to
other tendon sites.™ This occurs despite the higher in vivo loading rates the tendon
experiences. The authors of one paper commented that is unknown why the Achilles
tendon fails to adapt to the high in vivo stresses, but that the failure of adaption leaves
the tendon at an increased risk of injury, which may explain the high incidence of
injuries to this tendon.™ Furthermore, While most tendons experience peak stresses
below 30 MPa, the human Achilles tendon experiences peak stress around 67 MPa.10
As previously mentioned, the elastin content, most notably of the nuchal ligament can
also affect the material properties of the tendinous and ligamentous structures. The

elastin content varies throughout different anatomical locations.

1.3.2 Rabbit Achilles Tendon Anatomy

The rabbit is often used in Achilles tendon research due to its availability and that
the size of the Achilles tendon structure enables straightforward mechanical testing and
histological analyses." There are several key anatomical differences however between
human and rabbit Achilles tendon anatomy. In humans, the lateral and medial
gastrocnemius musculotendinous units fuse at 23% of their proximal-distal course,
resulting in a large Achilles tendon of approximately 200 mm in length.15> This contrasts
significantly with the rabbit, in which the medial and lateral gastrocnemius tendons
remain separate for 93% of their overall length (Figures 1.3.2A and 1.3.2B).1°> In the

rabbit, a true Achilles tendon exists for only the distal 7%, or for the final 3 mm proximal



33

to the calcaneal insertion.1> As such, studies that document transection of the Achilles
tendon often fail to specify the exact anatomical name for the area, which has been

transected, making comparisons between studies extremely difficult.1>

O0mm

Calcaneal Insertion

3mm

6 mm

9mm

Figure 1.3.2A. Axial Proton Density Magnetic Resonance Images (left panels) and
axial gross anatomy sections (right panels) of the rabbit calcaneus—Achilles tendon—
gastrocnemius—soleus complex. F, flexor digitorum superficialis tendon; M, medial
gastrocnemius tendon; L, lateral gastrocnemius tendon; A, Achilles tendon. Scale on
the far right indicates distances in a proximal direction from the calcaneus. Reproduced

from Doherty et al.1>
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20 mm

Figure 1.3.2B. Axial Proton Density Magnetic Resonance Images (left panels) and
axial gross anatomy sections (right panels) of the rabbit calcaneus—Achilles tendon—
gastrocnemius—soleus complex. F, flexor digitorum superficialis tendon; M, medial
gastrocnemius tendon; L, lateral gastrocnemius tendon; A, Achilles tendon. Scale on
the far right indicates distances in a proximal direction from the calcaneus. Reproduced
from Doherty et al.1>
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1.4 Tendon Healing

The archetypally regarded hypothesis has been that tendon and ligamentous
fibrillogenesis during repair post injury is related to fibrillogenesis during embryonic
development. Tendon healing occurs through two, linked pathways, the intrinsic
pathway associated with the proliferation of epitenon, endotenon and tenocytes, or via
extrinsic mechanism, which is invasion via cells form the synovia or surrounding
sheath.! The involvement of these two systems occurs throughout the phases of tendon
healing described. It has been demonstrated that extrinsic tenoblasts can initiate the
repair process by proliferation and migration, without relying on changes in vascularity

or formation of adhesions for support.?

The majority of studies into tendon healing have been performed on transected
animal tendons or ruptured human tendons. In essence, the response to injury in
tendons occurs in three overlapping time periods; an inflammatory phase, a proliferative

or repair phase and finally a remodeling or maturation phase (Figure 1.4A).3*

1.4.1 Inflammatory Phase

During the inflammatory phase, erythrocytes and inflammatory cells, particularly
neutrophils, enter the site of injury in the resulting hematoma, with platelet activation
and the invasion of cells that form a granuloma.5 After the initial 24-hour period,

monocytes and macrophages become the predominate cell type resulting in the release
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of chemotactic and vasoactive factors and the phagocytosis of necrotic material.> The
exact sequence of appearance of inflammatory cells in traumatized tendon tissues has
been poorly studied.® Accumulation of inflammatory cells is dependent on mitogenesis
of resident inflammatory cells, or recruitment from the vascular system. Neutrophils,
which are one of the first inflammatory cells to arrive at the site of injury, in addition to
their role in phagocytosis, release cytokines that may attract monocytes and promote
their differentiation into macrophages and stimulate resident macrophages.® These
activated macrophages, which predominate in the inflammatory phase, are then able to
release growth factors that can induce ECM formation and stimulate fibroblasts,
tenoblasts and stem cells to proliferate.> This phase typically occurs up to 7 days post

injury in humans, but is only present until days 3-4 in the rabbit.

1 week 8 weeks 16 weeks 6 months
ﬁ Tendon Healing

Inflammatory Phase Formative Phase Remodeling Phase

bFGF (2 to 4 weeks?) bFGF bFGF

BMP12 BMP12 BMP12

BMP13 PDGF BMP13

BMP14 BMP14

CDMP CDMP

IGF I-1l (2 to 4 weeks 1) IGFI  (up to 24 weeks 1)

PDGF-b PDGF-b

TGF-B1 TGF-B1

VEGF

Figure 1.4A Representation of the phases of tendon healing. The timescale provided is
representative of human phases of repair. From Muller et al.3
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1.4.2 Proliferative Phase

Following a few days post injury, the formative, or proliferative phase begins
(Figure 1.4A). This is characterized by the migration of tenocytes into the wound with
the initiation of collagen type Ill synthesis.” This phase lasts for several weeks in both
humans and rabbits, during which time the concentrations of water and
glycosaminoglycan’s (GAGs) remains elevated. Recruited and migrated fibroblasts in
the granulation tissue primarily produce collagen type Ill that gradually permits the
increase in mechanical strength of the repair. Furthermore, mechanical loading of the
tissue results in elastic deformation, which permits mechanical signaling to influence
this period of tendon healing via the ECM. It is at this stage that the region of repair
reaches its largest size and this large cross sectional area compensates for tissue’s
material weakness in the region.” ECM formation requires the removal of granulation
tissue laid down in the inflammatory phase, via the formation of collagen and elastin

fibers, which are then saturated with proteoglycans and glycoproteins.

1.4.3 Maturation Phase

The final period involved in tendon healing include a consolidation or maturation
stage (Figure 1.4A), which are part of a remodeling phase, initiated between days 36-
42 in the rabbit.? At approximately 3-4 weeks post injury, epitenon fibroblasts further

contribute to the repair process via migration and proliferation.® The epitenon fibroblasts
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are the initial cell type to synthesize collagen, which are later followed by endotenon

fibroblasts, which migrate over the severed ends of tendon stumps.™

These processes of tendon healing result in a change in the size and shape of
the tendon tissue. As such, there is a decrease in cellularity, resulting in a change of
phenotype from cellular to fibrous, with an increase in the production of collagen,
predominately type | and GAGs. Biomechanical forces play a significant role in the
alignment of tenocytes and collagen, according to the lines of stress. The collagen type
[l laid down in the proliferative phase is gradually resorbed and replaced with collagen
type |, which results in superior organization and permits the cross linking of the
hydroxypyridinium residues, enhancing biomechanical strength.' As a result of
improved histological organization, the cross sectional area reduces which results in
increased material properties, identified by an increase in tensile strength per unit of

cross sectional area (stress).1!

1.4.4 Intrinsic and Extrinsic Repair

While these three phases summarize the broad timescales of tendon healing,
healing may also occur concurrently through two other, linked pathways, the intrinsic
pathway associated with the proliferation of epitenon, endotenon and tenocytes, or via
an extrinsic mechanism, which is invasion via cells form the synovia or surrounding
sheath.' The involvement of these two systems occurs throughout the three phases of

tendon healing described. It has been demonstrated that extrinsic epitenon tenoblasts,
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can initiate the repair process by proliferation and migration, without relying on changes

in vascularity or formation of adhesions for support.*

This intrinsic repair via internal tenocytes has been shown to secrete larger and
more mature collagen in comparison to extrinsic epitenon cells." Nevertheless, the type
and degree of trauma, presence of a synovial sheath and mechanical stress exerted
may influence the contribution of a specific cell type and mechanism in regard to healing
pathway However, it is widely regarded that intrinsic healing results in improved
biomechanics and fewer complications in comparison to extrinsic repair, which is
primarily associated with scar tissue and adhesion formation.® It is also important to
understand these types of repair may vary according to anatomical location, as extrinsic

healing has been shown to predominate in rotator cuff repairs.’

The quality and organization of newly deposited collagen into the site of injury has a
similar appearance to native tendon tissue.'® Proteolytic degradation of collagen fibers
is an important component for the remodeling phase in the formation of uniform tendon
bundles. 10 It is uncertain whether newly formed fibrils can be bonded together with the
existing collagen in the healing matrix or if new collagen that spans the gap must be

formed.

It has been noted that as tendon regenerates, areas of translucency appear
juxtaposed to the site of injury. It has been proposed that the translucency develops as

a result of liberation of intact collagen fibril segments from the area, allowing them to be
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reincorporated into the regenerating tendon.1? Due to this translucency, this area often
complicates the demarcation between intact and damaged tendon during tendon repair
procedures."’ During the formative phase of the intrinsic process, there is an increase in
opacity of the region of tendon injury that can be observed. It has been proposed
therefore that this intrinsic tendon repair is more of a connective tissue remodeling
process, with the recycling of collagen fibrils phagocytized by macrophages, rather than
a synthetic process of de novo collagen production.1” The formative phase corresponds
to the chemotactic signaling of fibroblasts, via signaling molecules including the
macrophage induced production of fibronectin matrix and the fibroblastic deposition of
collagen into the region. At the conclusion of this formative phase, the recovery of

tendon opacity occurs.

Suturing techniques of tendons have therefore evolved to include large margins on
either side of the tendon gap to avoid weakening of the area, which occurs during the
healing process, represented by the area of translucency.1® As the tendon is repaired,
there is a gradual transference of tension from tendon ends, which can be repaired
utilizing suture material, to the newly synthesized tissue. Such mechano-transduction
factors are important in modulating signals via the ECM and are likely to play a role in
both embryogenesis of tendon tissue and repair, as tension influences cell orientation,

promotes collagen synthesis and aids in fibrillar remodeling.'

There are a series of significant parallels between tendon and ligamentous

formation during embryogenesis and therefore similar repair pathways may also exist. A
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more thorough understanding of these processes may lead to future advancements in
the methods and modalities currently employed to treat injuries of these structures. The
overlapping phases that dominate the repair process of the rabbit Achilles tendon
include the inflammatory, proliferative and remodeling phase, which are supported by
both intrinsic and extrinsic repair mechanisms, as previously described. It is important to
note that the contribution of each pathway (intrinsic vs. extrinsic) and the timing and
duration of each phase are species and location dependent and their importance and
contribution will vary depending on the technique chosen to repair any damaged tendon

tissue.

1.4.5 Discrete Plasticity

The capacity of tendons to heal depends on the type of injury, its duration and
location.’ Tendon overuse is a common problem in sport and work settings.”® The act
of repeated overloading can lead to sequelae such as tendinosis and tendinitis which
may be manifestations of micro-tearing of collagen fibrils, which subsequently weaken
the tendon and can lead to rupture. As such, the healing of fully ruptured tendons is
relatively poor. Although healing times for sub rupture overextensions are shorter than
complete ruptures, the rate of healing remains sub-optimal.?' Tendon healing is a
complex and highly regulated process corresponding with the initiation, support and
subsequent termination of a variety of signally molecules acting in highly organized

fashion as previously described.
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For a prolonged period of research into tendon healing, it was believed that
during the overloading of a tendinous structure, microscopic damage occurred which
resulted in the dissociation of collagen fibrils into their subfibrillar components.?
However, recent studies have identified that functionally cross-linked collagen fibrils
undergo a more complex series of breakdown events.”® A phenomenon whereby in
contrast to the uniform loss of cohesion historically reported, fibrils were observed to
exhibit plastic deformation via a molecular denaturation mechanism that were repeated
at discrete locations several hundred nanometers along the length of the collagen fibril
and were in areas of concentrated, denatured collagen.23** The authors who identified
this discrete plasticity form of denaturation determined that as tendons were subjected
to increasing overload, the linear density of the nano-scaled kinks increased and they
termed this model of tensile-overload induced strain damage discrete plasticity. In this
type of damage, the collagen molecules uncoil and as such are then in a stable,
denatured state.?® This discrete plasticity is a distinct form of damage, which is different
from the classical interpretation of tendon injury, which occurs during fatigue loading,
where tendons exhibited kinked fiber deformations with widening of the inter fiber
space.?®% This process of discrete plasticity is therefore considerably different from the

classical model described.?®

When single, triple helix collagen type | monomers are exposed to saline solution
at body temperature, they become unstable and denature, essentially forming random

coils.?® However, when arranged as a fibril, the proximity of neighboring molecules
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imparts conformational stability of the collagen molecule and thus imparts thermal

t.2° Discrete

stability in a form of stabilization known as polymer-in-a box constrain
plasticity is a mode of fibrillar damage that occurs on the nanometer scale whereby

collagen fibrils undergo discrete kinks, which results in a stable fibril (Figure 1.4.5A).

The fibril is not a weak spot where total rupture subsequently occurs. As further
overuse occurs, new discrete zones of plasticity develop resulting in an increase in the
number of kinks.25 The development of multiple kink sites is distinct from what was

termed micro unfolding, which is an unfolding of the collagen molecule during which

30,31

local regions of the collagen helix denature temporarily before refolding.

Figure 1.4.5A. A: Scanning electron micrographs of unloaded, control tendons which
contained only native, undamaged fibrils. B: Highly kinked fibrils, characteristic of
discrete plasticity, were found in overloaded tendons. Despite the kinking and partial
loss of D-banding, note that the fibrils seem to be solid, having retained most of their
substance. From Veres et al.?>
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1.4.6 Macrophages and Tendon Healing

The role of macrophages during wound healing has been heavily investigated
and continues to evolve as further studies are conducted. Activated macrophages of
different phenotypes are classified into M1 macrophages, which are classically activated
and function primarily as immune effector cell with an inflammatory phenotype, and M2
macrophages, which are alternatively activated and considered anti-inflammatory.6
Four different subtypes of M2 macrophages exist and have different functions, including

regulation of immunity, maintenance of tolerance and tissue repair (Figure 1.4.6A).%°

The heterogeneity and plasticity of macrophage populations allow them to play
multiple, often complementary roles during tissue inflammation and healing. For
example, M1 macrophages, characterized by the expression of CD68 and CD80, are
mainly present in circulation and migrate to injured tissue to remove necrotic debris by
phagocytosis. They are induced to differentiate when there is recognition of pathogen-
associated molecular patterns (PAMPs), peptidoglycan, intracellular proteins and
nucleic acids in addition to the T cell cytokine interferon gamma (IFN-y).** They
therefore exhibit a mainly phagocytic phenotype and antigen processing activity in
addition to being a rich source of pro-inflammatory cytokines. M2 macrophages,
characterized by CD68 and CD163 expression, are not involved in phagocytosis but
are involved in myogenic cell expression in rat skeletal muscle injury.36'37 Furthermore,

they are activated by a variety of stimuli including IL-4 and 1-13 and demonstrate a
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phenotype that has been reported as being important in the promotion of wound healing

and tissue remodeling in addition to resolving inflammation in injured tissue.®

In a rat Achilles tendon injury model, it was demonstrated that following the initial
accumulation of neutrophils post injury, M1, followed by M2 macrophages arrived at the
site.6 While neutrophils and M1 macrophages peak at 24 hours post injury where
populations increase by 46 and 18-fold respectively, the increase in M2 cells did not
occur until day 3.6 Neutrophils and M1 macrophage numbers returned to baselines
values at 7 and 14 days post injury respectively.6 Furthermore, it is well known that
macrophages are a potent source of growth factors and cytokines, which stimulate
angiogenesis, tenocyte proliferation and inflammatory cell recruitment, which all
constitute part of the inflammatory phase of tendon healing.* It has been suggested
that the rapidly invading neutrophils and M1 macrophages produce interleukin-1 (IL-1)
and tumor necrosis factor (TNF), which inhibit fibroblast proliferation and stimulate
extracellular matrix breakdown and that these factors are primarily released during
injury.6 With the recruitment of M2 macrophage, growth factors and cytokines stimulate

fibroblasts and promote ECM synthesis but inhibit ECM degradation.®

As our knowledge of macrophages has increased, our understanding of
macrophage polarization in healing has also increased in complexity. It is now clear that
there are a broader range of signals that induce distinct macrophage phenotypes than
the traditional M1/M2 classification permits. As previously stated, IL-4/IL-13 signaling

was thought to be critical for differentiation of the M2 phenotype. However, the
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existence of M2-like characteristics in macrophages has been identified in the absence
of this type of signaling.”® Furthermore, the co-stimulation of M1 macrophages with
adenosine, activating the adenosine Aza receptor and activation of Toll like receptors
(TLR’s), results in a phenotypic switch of the M1 phenotype into an M2d phenotype

(Figure 1.4.6A).""
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Figure 1.4.6A. Pathways of Macrophage polarization. Specific inducing agents polarize
non-activated macrophages into distinct phenotypes and display typical changes in
gene expression. From Ferante et al.34
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A more complete understanding of the spatiotemporal changes in signaling
molecules during tendon healing and the effects of macrophage plasticity are required
(Figure 1.4.6B). However, it is feasible that the initial type of macrophage during tendon
injury is representative of the M1 phenotype when clearance of damaged material is
crucial. The heterogeneity of macrophages may therefore result in a change of
phenotype and the resultant crosstalk between macrophage subtypes may result in the
enhanced differentiation or recruitment of an M2 subclass during the later stages of

wound healing in order to further direct tissue formation.0

1.4.7 Macrophage Collagen Interaction

There is a paucity of information regarding the interaction between macrophages
and collagen fibrils.2> The ECM plays a role in mechano-sensing and through integrin
anchoring onto resident cells, can transmit tensile strains which are subsequently
interpreted by the cells permitting a response.*? Although there have been several
studies which document macrophage phagocytizing and removing the extracellular
matrix in areas of damage, the signaling and transduction pathways involved are
unknown.4**** Macrophages are therefore an attractive cell to study as a primary
collagen damage sensing cell as they are able to release a variety of matrix
metalloproteinase enzymes and cathepsin in addition to possessing the ability to

phagocytize collagen fibril fragments.*>4®
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Figure 1.4.6B. Functional macrophage phenotypes proposed to be induced at different
stages of normal tissue repair: (1) pro-inflammatory M1-like macrophages are induced
by necrotic cells and/or infection in early inflammation (days 1-5 after wounding) and
produce pro-inflammatory cytokines, proteases, and reactive oxygen species (ROS) to
support host defense; (2) anti-inflammatory M2- like macrophages are induced on
phagocytosis of apoptotic cells, which abundantly populate the wound tissue in the late
inflammatory phase, around day 5 after wounding. They synthesize mediators that
dampen inflammation (interleukin [IL]-10) and lay the foundation for new tissue
formation (3) pro-fibrotic M2-like macrophages promote the granulation tissue formation
and wound contraction by producing growth factors and extracellular matrix persisting in
the wound milieu to day 10 after wounding; and (4) fibrolytic M2c/M reg-like
macrophages may be induced in the ischemic scar milieu to secrete proteases and
promote tissue remodeling without re-inducing inflammation due to simultaneous
secretion of regulatory IL-10. From Sindrilau et al.*’

Of particular interest is the heterogeneity in morphology of the macrophages
membrane identified during attachment to damaged and intact collagen fibrils. The three
morphologies identified; smooth, blebed and ruffled, have previously been characterized
and represent indices of cellular activation.25*® In particular, the ruffled membrane
morphology was associated with the greatest phagocytic activity.?2> The area on the
kinked fibrils had a moth-eaten appearance indicative of degradation by enzymes

(Figure 1.4.6C). The study by Veres et al. also identified the expression of MMP-1 and
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MMP-9 in these cell types and surrounding milieu. MMP-1 is an efficient cleaver of triple
helical type | collagen, but a poor cleaver of denatured collagen.*® MMP-9 is an efficient
cleaver of denatured collagen, but not helical collagen.®® When cultured on intact fibrils,
the macrophage-like U937 cells secrete similar amounts of MMP-1 and MMP-9.
However, when they are centered over areas of discrete plasticity, significantly less free
MMP-9 is secreted into the medium, which may indicate that it is bound to the damaged
collagen fibrils. These macrophage-like cells are able to detect and respond to the
presence of collagen fibrils with discrete plasticity.2> In this context, one cannot help
draw the parallel between ruffled macrophage resulting in the release of proteolytic
enzymes to cleave denatured collagen and osteoclastic resorption, via the release of
protons, of mineralized bone matrix, an attractive paradigm considering both cell types

have a common myeloid/monocyte precursor.

Further support for the ruffled membrane macrophage behavior occurred in
studies utilizing the U937 macrophage-like cell line and collagen fibrils displaying
discrete plasticity noted a difference in the morphological behavior of these cells when
exposed to damaged collagen and intact collagen.2> While centered on areas of discrete
plasticity, macrophages demonstrate a ruffled membrane morphology, with evidence of
enhanced spreading and attachment (Figure 1.4.6C). They tended to form clusters of
smooth, flattened sheets in undamaged tissue; such a morphology was not encountered
in areas of discrete plasticity. The ruffled macrophages were shown to degrade collagen

fibrils specifically in areas of discrete plasticity.



Figure 1.4.6C. The macrophage-like U937 cells found on collagen fibrils with strain-
induced discrete plasticity are morphologically distinct from those found on undamaged
fibrils. The cells showed a greater uniformity, being mostly of the ruffled type (* in A)
and had acquired a dome-shape, increasing their contact area with the damaged fibrils
(arrows in A). B: A magnified view of the boxed location in (A) shows the structure of
the discrete plasticity fibril array that formed the substrate for these cells. From Veres et
al. 25

This leads to the conclusion that overstretching of tendons results in local
uncoiling (denaturation)?* and discrete plasticity is recognized by macrophages,
enabling them to identify damaged collagen matrix and initiate phagocytosis of
denatured collagen.2> Therefore, there appears to be a critical role for macrophages in
tendon healing, which is supported by studies that have identified that macrophage
suppression results in a decrease in collagen type Ill deposition and decrease in
myofibroblast recruitment at the injury site and this has negative consequences in terms

of biomechanical repair strength.”’

While there is evidence to suggest macrophages are crucial to recognizing and
initiating the phagocytosis of areas of discrete plasticity, there is no current link into how

this phenomenon may direct the activation and proliferation of fibroblasts, the cells of
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repair in the tendon. Of significant interest from the Veres study is the presence of
secreted matrix, produced via the ruffled macrophage, next to areas of discrete
plasticity.2> The matrix in this case is suspected to be fibronectin. Fibronectin is known
to aid fibroblasts in the identification process of damaged collagen.2> Furthermore,
fibronectin deposits are known to be secreted at sites of ligament and tendon injury

including ruptures.®?°3

It is also interesting to note that the binding of fibronectin to
collagen is increased when that collagen is denatured.>* Thus fibronectin may be an
efficient tag for the identification of damaged fibrils. In order to repair fibrils that have
suffered strain induced discrete plasticity, their denatured collagen content is required to
be phagocytized. The area of damage can subsequently be recognized by
macrophages that can remove denatured collagen fibrils and secrete the fibronectin in
the fibrillar void. Following this collagenolysis, fibroblasts are able to locate regions of
fibrillar void due to the presence of fibronectin. Soluble fibronectin is also a
chemoattractant for fibroblasts, highlighting the multiple potential roles of this

compound.® Once fibroblasts attach to the site of damage, they are able to secrete

collagen to replace the damaged tissue and complete the repair process.

As previously suggested, ECM remodeling is also a critical process that occurs
during development and tissue repair.56 There is a significant amount of evidence that
has demonstrated the deposition of fibronectin is a prerequisite for the deposition of
collagen type 1.7°8 For example, in the absence of fibronectin, collagen type | is not
deposited into the ECM, despite the presence of soluble collagen.59 In addition it has

been demonstrated that fibronectin stabilizes collagen type | matrix fibrils and reduces
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the amount of collagen endocytosis by phagocytic cells, highlighting the importance of
fibronectin in regulating the remodeling of both collagen fibrils and the ECM during

tendon repair. ¢

In conclusion, there is evidence that discrete plasticity, or the stable denatured
state of collagen fibrils, which occurs during tendon overloading, may be equivalent to
micro-damage sustained in bone. As described, these areas of discrete plasticity are
targeted by macrophages (the proposed osteoclastic equivalent cell of tendon), which
release enzymes to removed denatured collagen and secrete fibronectin, a matrix that
provided chemotaxis for fibroblasts to enter the area and secrete collagen and thus
repair the damaged tendon. Further study is required in order to better ascertain the link
between discrete plasticity, macrophage differentiation and fibroblastic recruitment in

this form of proposed tendon repair.
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1.5 Tendon Healing Interventions

1.5.1 Genes and Tendon Healing

Although there is a high incidence of injuries to the Achilles tendon sustained
during exercise, there is an incomplete understanding in regard to the mechanisms,
which may lead to tendon disruption. Some studies have identified the role that genetics
may play in increasing susceptibility to Achilles tendon injury. The identification of the
link between the ABO blood group genes and Achilles tendon pathology led researchers
to consider other genetic candidates located on chromosome 9 (9932-q34) which are
closely linked to the ABO gene' Two genes, which encode for ECM tendon

components, are the tenascin-c gene and the col5A1 gene.?

The COL5A1 gene encodes for a component of collagen type V, the pro alpha
1(V) collagen chain. Although minor amounts of collagen type V are found in tendons,
they do tendon to form heterotypic fibers with collagen type |.> Based on the role
collagen type V plays in the cornea, there is speculation that collagen type V may

function as a regulator of fibrillogenesis in tendons via the modulation of fibril growth.4

The role of collagen type V was investigated in the rabbit patellar tendon, where
Dressler identified an age-dependent increase in type V content coupled with a
decrease in fibril diameter and biomechanical properties of the tendon.® Although such

studies provide evidence to support the role of collagen type V genes in Achilles
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tendinopathy, there are none that provide a conclusive link.

Another candidate gene in close proximity to COL5A1 is the tenascin-c gene.’
The role of tenascin-c is coupled to the regulatory function of the ECM, thus there may
be an important role in cell-matrix communication and interaction.” Classically, tenascin-
c is associated in high concentration in regions responsible for the transmission of
mechanical force, such as the myotendinous or osseotendinous junctions.® Jarvinen et
al demonstrated that the expression of the tenascin-c gene is regulated in a dose
dependent manner by mechanical loading in tendons®, thus a possible conclusion from
this is that it plays a role in mechano-sensing and may be responsible for the

remodeling of tendon tissue in response to loading.

Although COL5A1 and tenascin-c genes have been associated with Achilles
tendon injuries, further research is required to elucidate the role other candidate genes

may have in this heterotopic condition.®

1.5.2 Growth Factors in Tendon Healing

A growth factor definition has classically been used in the sense that it a
substance, which can cause growth, proliferation or differentiation of a target cell and is
usually a protein. As such, growth factors are implied to have positive or anabolic
effects. Cytokine, which is a term with no specific implications in regard to function, can

encompass proteins which have anabolic and catabolic effects, which are both essential
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in wound healing.” As previously described, wound healing is a complex process
involving several overlapping stages that include inflammation, the formation of

granulation tissue and ECM remodeling."’

Numerous growth factors have been identified in wound healing.12 Despite
research into healing, few studies have been performed which comment on the time of
the appearance of growth factors in the different phases of tendon healing.13 However,
growth factors may be produced by cells in the area of injury, by cells involved in the
repair process, or may be delivered via the blood. The blood components that are
released at the site of injury produce a clot with the activation of the clotting cascade
and the resulting matrix forms a scaffold for the influx of inflammatory cells. Platelet
degranulation occurs in the area of damage, releasing growth factors from alpha
granules such as epidermal growth factor, (EGF), platelet derived growth factor (PDGF),
transforming growth factor beta (TGF-B) and vascular endothelial growth factor
(VEGF)."™ IL-1 along with PDGF is important chemotactic agents for the arrival of
neutrophils to the site of injury.’ With the assistance of TGF-B, monocytes are
encourage to differentiate into macrophages that augment the inflammatory response
and can stimulate both catabolic and anabolic pathways.13 Furthermore, they initiate the
formation of granulation tissue and are a further source for growth factor release such

as fibroblast growth factor (FGF).
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The final product of wound healing is a scar and the construction of this tissue is
the result of complex interaction of signals that coordinate cellular processes.'® The
bioactive agents released in this context may act by paracrine, autocrine or endocrine
pathways and can bind to ECM proteins or cellular receptors to initiate a cascade of

molecular events.

The culmination of the growth factor-receptor interaction is the binding of
transcription factors to gene promoters that modulate cellular function."”” One of the
major influences on the proliferation of fibroblasts, a significant cellular component of

repaired tendinous tissue, is FGF."®

1.5.3 Fibroblast Growth Factor (FGF)

The FGF family comprises 23 members, part of the heparin binding growth factor
family. FGF has been shown to demonstrate angiogenicity, via the up regulation of
VEGF and mitogenic effects in many mesenchymal cells, such as fibroblasts.’®? It has
also been shown to stimulate the production of urokinase plasminogen activator (uPA),
a protease required for neovascularization.?! FGF acts on high affinity FGF receptors
(FGFR), of which four have been identified. These receptors are primarily tyrosine

kinase transmembrane proteins.
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FGF-2 or basic FGF (bFGF) is a single chain polypeptide of 146 amino acids,
which has a significant impact on wound healing, playing critical roles in granulation
tissue formation, re-epithelization and tissue remodeling.12 In addition, FGF-2 regulates
the synthesis and deposition of various ECM proteins and has been shown to promote

the migration of fibroblasts and stimulate them to produce collagenases.

The importance of FGF-2 has also been documented in tendon repair, with
studies demonstrating a peak expression in the first week of a midsubstance
supraspinatus tendon injury model in the rabbit.?? A further peak at an eight-week time
point was noted in another study, which implies that the FGF may have important roles
in a variety of the phases of repair.® Several studies have also documented that

supplementation with FGF during healing results in superior biomechanical outcomes.22

The most abundant FGFs in normal adult tissue are FGF-1 (acidic FGF) and
FGF-2 (basic FGF). Although both have been identified during the early stages of bone
and tendon repair, FGF-2 is the more potent mitogen.24 In animal models, local
application of FGF-2 facilitated the healing of segmental bone defects and full-thickness
defects of the articular cartilage.?” Due to its release by inflammatory cells early in
wound healing, FGF-2 helps to initiate the formation of granulation tissue and plays a
role in soft tissue remodeling.26 FGF-2 supplementation has show significant promise in

" and mechanical

tendon healing, both in terms of histological characterization 2
strength.?® However, one of the key features preventing natural tendon repair is a

significant lack of vascular supply preventing the delivery of essential repair molecules
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to the site of damage. During the proliferative phase, there must be significant

vascularization of the site of injury in order to achieve a functional repair.

1.5.4 Transforming Growth Factor- B (TGF-B)

The TGF-B family includes TGF-B isoforms 1-3, the bone morphogenic proteins
(BMP’s) and activins.?® During embryogenesis, the TGF superfamily has been closely
linked to the formation of tendons and their differentiation with other growth factors, but
TGF-B has been shown to be a strong stimulator of ECM formation, but a weak
stimulator of tenocyte migration and mitogenesis.*® FGF’s are primarily produced by
macrophage, fibroblasts, keratinocytes and platelets, and function by binding a
heteromeric receptor complex of type | and type Il receptors both of which are serine-
threonine kinases.’? A non-signaling type Ill receptor binds the TGF-B peptide and
presents it to the type Il receptor, resulting in autophosphorylation and culminating in
the activation of the Smad family of transcription factors.® The primary gene expressed
in the Smad pathway is TGF-B inducible early gene (TIEG).*? Healing of tendon tissue
in TIEG knock out mice suggested that tendon healing can occur in the absence of
Smad and that Smad independent pathways of tendon healing also exist.30 However,
TGF-B receptor expression has been shown to be up regulated during injury and repair,
concentrated in the epitenon, tendon sheath and repair site, with levels peaking at day

14 and remaining elevated until day 56 in a rabbit flexor tendon model.*®
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Also of interest is that although all three TGF-f isoforms increase collagen type |
and Il production in cultured tendon fibroblasts, TGF-B1 induces a greater degree of
contraction in comparison to the other isoforms.>* This provides the possibility that the
TGF-B isoforms may interact with one another to modulate collagen synthesis during

the healing process.

1.5.5 Bone Morphogenic Proteins (BMP’s)

Although classically BMP’s were associated with bone healing, they also
stimulate tendon cell mitogenesis and tendon healing. For example, in BMP-14
knockout mice, a delayed healing response in tendon injury is observed, with smaller,
irregular collagen type | fibers observed.* The conclusions from several studies in the
BMP category have noted that BMP-13 is important in early tendon healing, BMP-14 is
important in tendon homeostasis and BMP-12 is required for both.*® Of note also is that
tenoblasts demonstrate elevated levels of BMP-12 and 13 in comparison to tenocytes,
which suggest that the immature tenoblast may be more active in tendon remodeling

and healing than the mature tenocyte.*

A subgroup of the BMP family is the cartilage derived morphogenic proteins
(CDMP). CDMP-1 and 2 play crucial roles in embryonic skeletal muscle development,
joint morphogenesis and tendon formation.*® CDMP-2 treated tendon repairs were
significantly stronger than untreated repairs at 4 and 6 weeks postoperatively and in

rabbits, CDMP injection into transected Achilles tendon resulted in a 35% increase in



67

mechanical strength 14 days post operatively in comparison to controls, highlighting an

important role for this molecule. *

1.5.6 Platelet Derived Growth Factor (PDGF)

PDGF, initially isolated from platelets but produced by a variety of tissues
including macrophage, vascular endothelium and fibroblasts, is a basic protein of
approximately 30 kDa formed by 2 subunits, comprising a family of homo or
heterodimeric growth factors including AA, AB, BB, CC and DD isoforms.*® PDGF binds
to two different transmembrane tyrosine kinase receptors comprising alpha and beta
units. Binding of PDGF results in receptor dimerization and autophosphorylation,
creating an active site for SH2 (Src homology 2) domain containing signaling molecules
activating several signaling pathways.41 Initially during injury, PDGF is released from
platelets and stimulates the mitogenicity and chemotaxis of neutrophils, macrophage,
fibroblasts and neutrophils to the region of injury.*> PDGF has also been demonstrated
to stimulate macrophage to secret TGF- and mediates macrophage mediated tissue
debridement via phagocytosis and granulation tissue formation.2® Furthermore, PDGF
has been shown to lead to the induction of VEGF and VEGF-2 receptor in cardiac
microvascular cells and combined with hypoxic conditions, plays a pivotal role in the
stimulation of angiogenesis.** Once formed, new blood vessels are fragile and PDGF
stimulates the maturation and stability of these newly formed vascular channels by
recruiting pericytes to the capillaries.** Therefore, although PDGF has an important role

in angiogenesis, its angiogenic effect is weaker than FGF-2 or VEGF and is not
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essential to blood vessel formation. In terms of tendon repair, most studies have
focused on the homodimer PDGF-BB. It was shown that early supplementation (day 3
post injury) in rat patellar tendons, was not beneficial in restoring mechanical properties,
but when administered at day 7 post injury, a significant benefit was noted in stimulating

matrix production and pyridinoline content.*2

1.5.7 Vascular Endothelial Growth Factor (VEGF)

The term VEGF includes proteins from 2 families that result from alternative
splicing of mRNA from a single, 8 exon, VEGF gene, which include VEGF-A, VEGF-B,
VEGF-C, VEGF-D, VEGF-E and placental growth factor. VEGF-A is produced by a
variety of cells including endothelial cells, fibroblast smooth muscle cells, platelets,
neutrophils and macrophage. The most important member of this group is VEGF-A, a
glycosylated protein of 46 to 48 kDa composed of 2 disulfide linked subunits. VEGF-A
binds to tyrosine kinase surface receptors Flt-1 (VEGF receptor 1, VEGFR1) and KDR
(VEGF receptor 2, VEGFR2), localized to the endothelial surface of capillaries*
VEGFR1 is required for the organization of blood vessels and in mediating vascular
permeability, and the induction of anti-apoptotic genes.#> VEGFR2 is important for the
chemotaxis and proliferation of endothelial cells and in inducing endothelial cell
differentiation.*> In both canine and human tendon transections, VEGF has been
associated with the formation of fine new vessels at the tip of the transection in addition
to adhesions to the surrounding vascularized connective tissues.*® Also of note is that in

normal human adult Achilles tendon, VEGF mRNA expression is negligible, but is
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significantly elevated in ruptured tendon tissue and in embryonic forms. Furthermore, a
synergistic role exists between hypoxic conditions and members of the epidermal
growth factor family (EGF), which includes TGF-alpha, which increase VEGF
expression 30-40 fold, compared to less than a 6-fold increase with either hypoxia or

EGF alone.4”

The expression of VEGF can be induced by hypoxia, and increased levels have
been seen after cyclical loading of tendons as well as in tendinitis and ruptured
tendons.*’*®4° Attempts to improve Achilles tendon healing by adding VEGF has shown
a possibly improved tensile strength early in the healing period.” Increases in VEGF
have also been found after flexor tendon injury, with higher levels of mMRNA surrounding
the repair site in the tendon seven to 10 days after surgery, returning to normal levels
within 2 weeks.”' Previous studies have shown that VEGF is not only re-expressed in
tendon overuse injuries but also in a tenotomy model in sheep®® and during the
remodeling of autologous tendon grafts.>® It may therefore play several roles at multiple

stages of tendon healing.

In conclusion, there is a critical role of growth factor signaling in the early stages
of tendon healing. Growth factors are critical for coordinating multiple cell types during
healing to permit the successful completion of the repair process. During the early
phases those growth factors that stimulate the chemotaxis and proliferation of
inflammatory cells such as neutrophils and macrophage to the site of injury are

important. Later on during the process, growth factors that activate both intrinsic and
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extrinsic processes of healing during the proliferative phase are crucial to stimulate not
only tenocytes and tenoblast but also fibroblast to produce collagen and ECM, which
are required before the remodeling phase can occur. Many of these growth factors work
in concert with each other to orchestrate an elegant functional repair of the tendon

tissue.

Collectively, the previously mentioned studies in relation to growth factors provide
a clear motivation for development of clinically relevant controlled cytokine delivery
systems. The characteristics of tendon healing also strongly suggest that multiple
cytokines are likely to function synergistically during tendon repair if introduced in a
temporally regulated manner. This concept is supported in particular by the
aforementioned role of multiple distinct cytokines during the major stages of natural
tendon healing. Taken together, previous studies indicate that cytokines can positively
influence tendon healing, and suggest that temporally controlled delivery strategies for
multiple cytokines are critical to address current clinical limitations associated with

tendon healing.

The combination of FGF and VEGF, evaluated by this thesis, may therefore
overcome the disadvantages of each cytokine used individually and studies have
already demonstrated synergistic effects in other areas of research.>* We chose to
initially focus our research on these two cytokines, as they are known to play a major
role in the proliferative phase, during which time the greatest increase in tendon

strength occurs.
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1.6 Drug Delivery Platforms

Control over cytokine release, and compatibility with standard surgical settings are
essential for emerging cytokine delivery systems. Traditional “continuous” delivery
approaches have focused on embedding cytokines in bioresorbable polymer
microspheres’? or suspending them in collagen sponges.® However, although these
seminal approaches have been useful in a wide variety of biomedical applications, their
application to functional musculoskeletal healing may be practically limited. Polymeric
microspheres do not represent a stand-alone device for tissue ingrowth and are difficult
to process into structural orthopedic devices while retaining cytokine biological activity.
Collagen hydrogels and sponges are also non-ideal carriers, as cytokines rapidly diffuse
out of these materials, resulting in short-term delivery and thus limited effect. Indeed,
although absorbable collagen sponges are the carrier of choice in current clinical
cytokine delivery strategies, it is clear from recent studies that the rapid release of large

cytokine doses has serious side effects (e.g., edema, cancer).*

A next step toward clinical implementation of controlled cytokine delivery
approaches would involve achieving long-term, temporally controlled cytokine release
from devices that are already commonly used in standard surgical procedures. We
propose that the current limitations in tendon healing can be addressed by modifying
standard surgical sutures with coatings, which we have designed to deliver multiple

cytokines in a temporally modulated manner.
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1.6.1 Surgical Sutures

Surgical sutures are ubiquitous medical devices, which are used routinely in a
majority of orthopedic surgeries and the market capitalization of the industry is expected
to reach $1.2 billion by 2015 in the USA alone.® Sutures have been extensively
investigated in terms of their mechanical properties, biocompatibility and
biodegradability to meet the requirements specified for clinical uses. In addition to their
physical function, surgical sutures also hold promise as a delivery platform for
therapeutic molecules, in light of their proximity to damaged tissue and their widespread
use in the majority of surgical procedures. These favorable aspects have recently led
investigators to develop sutures that can release synthetic drugs, cytokines, or stem
cells to enhance tissue healing.® Cytokine delivery is particularly promising, as these

molecules play a critical role in healing of virtually all tissue types.

Sutures have been utilized in the assisted healing of tissue throughout history.
However, suture material represents a foreign body and as such are not protected from
the reactions of the immune system. The presence of a foreign body, when it cannot be
avoided, must be comprised of a minimally reactive material that results in a non-

significant inflammatory response from the host.

Although there are a variety of different types of suture material which have been
evaluated in various models’ %1% they all result in various degrees of immune

response and thus, have been implicated in adhesion formation in both abdominal
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incisions and tendon repair.”8

In the rabbit model, braided nylon has been shown to result in minimal reaction’”
although it did not decrease the rate of adhesion formation. Moreover, the use of
polyglactin 910 was associated with the least amount of chronic inflammation

microscopically and least amount of fibrosis.”

The laboratory group that functioned in the production of the experimental work for
this thesis has reported a readily applicable approach to release of cytokines from
suture material in a temporally controlled manner over a 6-week period.6 Further
investigation of cytokines and cytokine combinations are required for this cutting edge
technology and are partially provided by this thesis. Such cytokine applications have the

potential to possess significant advantages over previous applications.

1.6.3 Previous Experimental Work with Biominerals

A series of preliminary experiments conducted by our research group
demonstrated the utility of biomineral-coated sutures for the delivery of growth factors in
tendon and ligament healing.6 First, our group demonstrated the versatility of the
fabrication technique via the formation of calcium phosphate (CaP) coatings on a variety
of suture materials larger than 0 USP (Figure 1.6.2A). Furthermore, those preliminary
results demonstrate that multiple cytokines can be incorporated onto a single strand of

suture material, either in the same region or in distinct locations. In addition, the stability
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of protein-loaded biomineral coatings on a suture after 6 passes through the sheep

infraspinatus tendon was demonstrated (Figure 1.6.2B).
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Figure 1.6.2A Surgical sutures as a device platform for therapeutic protein delivery. (A)
SEM micrographs of uncoated and biomineral coated Orthocord suture (Dupuy Mitek),
(B) SEM micrograph of porous nanostructure of biomineral coating and energy
dispersive x-ray spectrum (EDS) (inset). (C) Multiple proteins can be incorporated into a
biomineral coating on one suture either in the same location (top) or in distinct locations
(bottom). (D) Binding isotherm shows efficient incorporation of both an acidic protein
(BSA) and a basic protein (lysozyme) and there is no appreciable binding on uncoated
suture. (E) FGF-2 is released from biomineral-coated suture with sustained release
kinetics. (F) Biomineral coatings are also successfully formed on Vicryl (Ethicon;
polyglactin 910, left) Ethibond Excel (Ethicon; polyethylene terephthalate, center) and
Prolene (Ethicon; polypropylene, right). From Lee JS et al.®

Preliminary in vivo experiments also have demonstrated biocompatibility of
biomineral coatings on sutures. In one set of experiments, a ruptured rat Achilles tendon
was repaired with either a non-coated or biomineral-coated suture, and we measured

macrophage numbers in regions adjacent to each suture. Results demonstrated no
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significant difference, in macrophage numbers, which provides preliminary evidence
that biomineral coatings do not negatively impact suture biocompatibility. In an
additional study, biomineral-coated Orthocord sutures were designed to release FGF-2
over 6 weeks in a sheep rotator cuff repair model'? (Figure 1.6.2C). FGF-2-releasing
sutures significantly increased the thickness of the repaired infraspinatus tendon (3-fold
increase), and improved cartilage formation, vascularity, and failure load in the

infraspinatus tendon.

Lysozyme-incorporated
CaP-coated Orthocord

After x2 passing-through

After x4 passing-through

After x6 passing-through

Uncoated Orthocord after
lysozyme incorporation

CaP-coated Orthocord

Figure 1.6.2B. Fluorescence micrographs of CaP coated Orthocord sutures loaded with
rhodamine-conjugated lysozyme. Fluorescence micrographs are shown before and after
passing through the infraspinatus tendon multiple times. From Lee JS et al.¢
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These data provide a first demonstration that cytokine-releasing sutures can
promote tissue healing during bone-tendon repair, and this concept will be explored in
greater depth in the proposed studies using cytokines known to influence specific
processes in tendon healing. Importantly, these experiments also demonstrated no
differences in coated suture handling, knotting, and mechanical properties when

compared to uncoated sutures.
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Figure 1.6.2C. Preliminary evience that cytokine releasing sutures promote rotator cuff
repair in vivo. (A) Biomineral coated Orthocord sutures were incorporated with FGF-2
and then used for sheep rotator cuff repair. (B) Histology study of acute sheep rotator
cuff repair model shows significantly thickened infraspinatus tendon repaired with FGF-
2 suture (left) compared to the case when non-cytokine suture was used (right). (C)
Cartilage formation at the insetion of the infraspinatus and greater tuberosity and (D)
considerable neovascularity in infraspinatus fibers. (E) Bar chart demonstrating a
significant increase in angiogenesis (mean lumen number, y axis) near the FGF-2
releasing suture. Note that angiogenesis at a non-releasing suture and away from the
FGF-2 suture are not significantly different. From Lu Y et al.12
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The aforementioned characteristics of natural tendon healing suggest strongly that
cytokines can enhance and organize the amount of new tissue formation. However, the
newly formed tendon tissue observed in existing cytokine delivery studies did not
regenerate the structure and function of healthy tissue. Instead, the observed newly

formed tissue at tendon-tendon interfaces typically constituted a reactive scar.

Therefore, although our preliminary results provide an important demonstration
that cytokines released from sutures can have effects that are equivalent to cytokine
concoctions released from more complex scaffolding materials by other groups, it
remains clear that new cytokine delivery regimens or cytokine combinations must be

developed to form more natural tissue structure and function.
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1.7 Imaging Concepts in Tendon Healing

The clinical management of tendon tears remains challenging, with many
individuals sustaining re-injury upon return to activity. Clinical return-to-activity criteria
include assessments of pain, function and appearance on ultrasound or MRI images,
which may differentiate symptomatic vs. asymptomatic tendons, but are not necessarily
indicative of the strength of the tissue."?® Thus, there is a strong need for in vivo
quantitative indicators of tendon strength, which would provide more objective
assessment of the recovery of mechanical integrity of the tissue. A recent meta-study
demonstrated a strong correlation between tendon elastic modulus and ultimate stress®,
such that noninvasive measures of tissue elasticity may serve as an appropriate proxy
for tendon strength. Currently, there are no ultrasonography tools that permit the
evaluation of a B-mode image and form a correlation between the echogenicity pattern
of a tendon tissue and the Young’s modulus. However, the still B-mode image remains
the current standard for assessment of tendon injuries, particularly in horses.® From this
image, one is limited to subjective evaluations of cross sectional area, fiber pattern,
shape and pixel intensity of the injured and healing tendon. 38" However, the link
between static B-mode images and objective biomechanical evaluations of tendon

strength is lacking.

Elastography has emerged as a tool that may assist in providing a link between
biomechanical properties and imaging. The principle is that applied strain induced by

the transducer results in tendon motion and the B-mode images before and after the
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compression can be evaluated. When the compression is uniform, the strain of the
tissue can be estimated.® However, this assumes strains of less than 1%, whereas
strains in horses for example, reach 2.2% to 4.5% when walking and have been
recorded as high as 16.6% during galloping in the superficial digital flexor tendons.®
Thus, there is the limitation of the strain assumptions in this technique, in addition to the
fact that the images examine compression in the transverse plane, whereas a
longitudinal evaluation may be far more representative in the tendons, along their

natural lines of loading.>

1.7.1 Shear Wave Elastography

Shear wave elastography imaging (SWI) is a promising approach for assessing
tissue elasticity by measuring the propagation speed of shear waves.'® The clinical
viability of SWI has more recently been advanced by Bercoff et al.’", who introduced an
ultrasound-based method in which acoustic force is used to induce shear waves and
high frame rate imaging is used to track the propagation speed.'? Ultrasound SWI has
seen use in multiple clinical domains, including imaging for possible tumors' and

lesions in breast tissue™, in addition to the evaluation of liver fibrosis.®

To overcome some of the problems associated with elastography, supersonic
shear imaging was created. In this process, instead of an external operator inducing
tendon compression or elongation, the system itself induces mechanical vibration via

the used of an acoustic radiation force, created via a focused ultrasonic beam.1* As this
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process is exceedingly rapid, an image acquisition rate of 5000 frames per second is
required in order to capture the propagation of the shear waves. To overcome this
limitation on equipment, an approach was formulated whereby ultrafast echographic
imaging was coupled with the remote generation of a supersonic shear wave in tissue
using a modified sequence of ultrasonic beams generating by the transmitting
probe.1'12 This process of wave transmission may be carried out using the same probe
for as for image acquisition. The displacement induced in the tendon generates a shear
wave, which conveys information regarding the local viscoelastic properties.1* This
process allows a quantitative approach to determine tendon viscoelastic properties
using non-invasive modalities. The shear wave speed vs is linked with shear modulus, p
by a function incorporating the local density p (which in soft tissue is 1000 kg m™) via

the equation:

=P Vs®

In soft tissue applications such as the breast, local stiffness described by Young'’s

modulus E, is often approximated by:

E=3u"

The benefit of this system is that in real time imaging, it enables the computation of

shear wave speeds and thus stiffness mapping of the local soft tissue.14
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However, SWI analysis of tendon presents some unique challenges due to its
inherent anisotropy. Recent studies have shown that shear wave speeds are dependent
on both fiber-direction and load, due to the strain stiffening behavior of tendinous
tissues.'”'® In addition, it has been reported that ruptured tendons exhibit a reduction in
shear wave speed at and adjacent to the site of tissue damage.’®?° DeWall et al.20 also
found local disruptions of SWI speed in partially torn tendons. Thus, it is possible that
SWI speed measurements may serve as a proxy for localized tissue elasticity, and

indirectly of strength of a healing tendon.*

1.7.2 Acoustoelastography (AE)

Acoustoelastography is a mathematical theory, which attempts to overcome some
of the issues with classical elastography, such as transducer induced tendon strain, in a
different manner from that employed with SWI. AE relates changes in echo pixel
intensity (numerical grey-scale brightness) observed during the loading and unloading
of a tendon in the longitudinal plane to the tissues mechanical properties.5?'. The AE
technique and has been shown to accurately model strain and stiffness in porcine flexor
tendons.?” The principle is that stiffer tissue results in less strain, which results in less
detectable changes in the echo intensity of the grey-scale pixels which can then be

quantified using imaging software.

It should be noted however that AE and SWI are not the only methodologies for

the assessment of mechanical tissue strength, and it is important to take note of some
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other techniques. Magnetic resonance elastography?, both one dimensional®* and two-

dimensional static ultrasound elastography 2°

shear wave dispersion ultrasound
vibrometry (SDUV)? and spatially modulated ultrasound radiation force (SMURF)? and
acoustic radiation force impulse (ARF1)?® are all commercially implemented options by
the Siemens corporation. However, all of these methods work on principles that occur

in three stages:

i) Aforce, be it operator or imaging induced, stresses the tissue of interest

ii) Tissue displacement occurs which can be measured using either ultrasound

or MR imaging techniques

iii)  An estimation either quantitative or qualitative of the elastic properties of the

tissue can be determined?®

1.7.3 Microbubble Contrast Angiography (MCA)

Although there are a variety of studies regarding the importance of blood flow and
tendon healing, none have been conclusive in obtaining accurate data about
vascularity. However, the development of investigations which combine contrast
medium injection with ultrasound (contrast enhanced ultrasonography, CEU) have
resulted in promising data which are much more sensitive than Doppler imaging.30

Specifically, such detection of microvascular structures using contrast material, which
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relies on the principles of liposomal encapsulated micro bubbles®!, has been thus
termed micro bubble angiography (MCA). Studies have been performed which have
evaluated the micro-vascular volume in the human Achilles tendon post exercise.30 In
some cases, CEU was able to detect changes in vascularity whereas Doppler analysis

was not.30

Many studies have concluded that CEU using MCA'’s is a very sensitive means of
detecting even small micro-vascular changes and support its use in the investigation of
blood flow in tendon healing studies.3? It was therefore one of the objectives of this
research to evaluate microvascular changes in the context of a surgical repair of an

Achilles tendon injury in a rabbit model supplemented with angiogenic growth factors.
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2. Research Objectives

A. Laboratory Based Procedures

1. Evaluate the effects of coating small diameter (4-0 and 6-0 USP) suture
material with hydroxyapatite (HAP) crystals via nucleation and to determine

their suitability for growth factor delivery and use in surgical patients.

The idea behind this portion of the thesis was that due to the small size of
suture materials that were utilized in this study, they may exhibit different
behaviors than our previous evaluations with larger suture when coated with HAP
and therefore evaluation prior to use was required. Furthermore, previous
coatings have only evaluated HAP growth up to day 7 incubation, at which time
one growth factor was adsorbed to the crystal. We aimed to adsorb 2 growth
factors at different time points; thus, we evaluated the effects of crystal growth
beyond 7 days on a variety of suture sizes and material types. The hypothesis for
section A1 was that HAP can be successfully incorporated onto both 4-0 and 6-0
USP suture sizes and various suture materials beyond the 7-day incubation time

point previously used.
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2. Determine growth factor release curves for suture material in order to

calculate growth factor doses rabbits receive.

The working hypothesis for section A2 was that via incorporation of a
radioactive isotope, we could determine how much growth factor was released
each day, for a variety of HAP coating thicknesses (incubation days). Thus, the
aim of section A2 was to determine the how different growth factor
concentrations incorporated onto the HAP layer determine the rate of release of
growth factors from the HAP layers. The evaluation of the rate of release of
growth factors will permit us to determine the dose of growth factor actually
received by the rabbits. The hypothesis was that the rate of release of FGF and
VEGF will depend on the concentration of solution of incubation and dependent

on the thickness of HAP crystal layer grown on the suture.

Surgery Based Procedures

1. Evaluate and compare the effects of growth factor supplementation on

ultimate tensile strength and stiffness for the lateral gastrocnemius tendon

in a bilateral transection model in the rabbit.

Rabbit lateral gastrocnemius tendons were transected in a bilateral model

and repaired with HAP coated suture material. HAP coated suture materials were
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incubated with three combinations of two growth factors, absent FGF or VEGF
(ZF and 2V, respectively), low dose FGF or VEGF (LF and LV, respectively) and
high dose FGF or VEGF (HF and HV, respectively). The hypothesis for section
B1 was that the combination of FGF and VEGF will result in a synergistic effect in
terms of ultimate tensile strength and stiffness evaluation in a materials testing
machine. All combinations of growth factor doses were evaluated in a short-term

study of 4-weeks

2. Evaluate and compare the effects of growth factor supplementation on
histological organization of healing tendon and the relationship between

organization scoring and ultimate tensile strength.

Rabbit lateral gastrocnemius tendons were transected in a bilateral model
and repaired with HAP coated suture material. HAP coated suture materials were
incubated with combinations of doses of growth factor. The hypothesis in section
B2 was that the combination of FGF and VEGF will result in synergistic effect in
terms of histological organization that will be superior to the use of non-growth
factor coated suture material (zero FGF and VEGF suture ZF/ZV). Thus the
improved histological organization should correlate with the ultimate tensile
strength. All combinations of growth factor doses were evaluated in a short-term

study of 4 weeks
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3. Evaluate and compare the effects of our optimal growth factor suture
combination, selected from parts B1 and B2, on biomechanical and

histological properties in a long term 9-week study.

Upon completion of parts B1 and B2, the optimal growth factor group
combination was selected and tested against a control non-growth factor coated
suture (ZF/ZV) for the evaluation of long-term (9-week) effects of growth factor
supplementation. Biomechanical and histological evaluations were performed,

similar to those in parts B1 ands B2.

Imaging Based Procedures

1. Evaluate and compare the results for imaging the healing tendons in
rabbits using both supersonic shear wave imaging (SWI) and
Acoustoelastography (AE) and their individual relationship to parameters of

tendon histological organization and mechanical testing.

During the course of healing, bilateral SWI and AE scans on each tendon
(medial and lateral gastrocnemius) were performed. The aim of section C1 was
to monitor the healing of the tendon using these imaging modalities (SWI and
AE) and compare the values with tendon biomechanical data, be it ultimate

tensile strength, stiffness or Young's Modulus. The hypothesis was that these
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modalities were able to provide non-invasive determinations of biomechanical

properties of healing tendons.

2. Evaluate and compare the results for imaging the healing tendons in

rabbits using both SWI and AE.

The aim in this portion of the study was to determine if either SWI or AE
were superior in determining in vivo biomechanical data and to compare the data
provided by the two techniques. The hypothesis in section C2 was that no

difference in correlation coefficients exists between the two imaging methods.

3. Establish if micro bubble contrast angiography (MCA) was useful in
determining blood flow in the healing tendon and how this information
related to mechanical testing, histological organization and blood vessel

density determination.

The aim for this portion of the study was to evaluate if enhanced
angiogenesis as determined via the MCA method, was correlated with increased
tensile strength. We aimed to evaluate if superior blood flow at a 2-weeks time
point post surgery resulted in higher tensile strengths at the 4-week sacrificial
time point. Furthermore, we aimed to correlate blood flow information determine

via MCA with histological blood vessel analysis. The hypothesis for section C3
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was that enhanced blood flow resulted in higher levels of tendon biomechanical

properties.
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Chapter 3

Materials and Methods
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3. Material and Methods

3.1.1 Suture Material Coating

In the initial portion of the experiment, several small diameter (ranging from 4-0
USP to 6-0 USP) sutures were coated with HAP in order to assess suitability for the
surgical portion of the study (Table 3.1.1A). Both absorbable and non-absorbable,
monofilament and multiflament sutures were evaluated. Previous studies were
conducted using large suture of size 0 USP, demonstrated in section 1.6.4. Large
diameter sutures are unsuitable for use in our surgical model thus the need to evaluate
smaller diameter material. Time points for analysis included 7, 10 and 14 days of
incubation in modified simulated body fluid (mSBF). mSBF is a solution with a similar
composition to human plasma but with double the concentration of calcium (2.5 mM in
plasma, 5.0 mM in mSBF) and phosphate (1.0 mM in plasma, 2.0 mM in mSBF). The
mSBF solution is buffered using sodium hydroxide or hydrochloric acid to achieve a final
pH of 6.8. Solution was made fresh daily. The generation of the mSBF was conducted

as previously described.’

Sutures materials listed in Table 3.1.1A of 50 mm in length were cut and placed
in 15 ml incubation tubes (BD Falcon Tubes, Bedford, MA). Tubes were filled with a
minimum of 10 ml of mSBF to ensure sufficient concentration of HAP solution for
nucleation. Tubes were placed in a rotary spinner at approximately 30 rpm and

incubated for 24 hours at 37°C. After incubation, sutures were washed twice in
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phosphate buffered saline (PBS) to remove any loose sedimentation of crystals and to
ensure a healthy bed of nucleated crystals remained on the suture material. Samples
were then re-incubated in mSBF until the pre-determined time point was reached (7, 10

or 14 days). Samples were analyzed using both scanning electron microscopy (SEM)

and confocal microscopy.

Absorbable/Non- Size Mono/Multifilament
Absorbable
P°'3gg1'§°t'“ Absorbable 4-0 Multifilament Covidien
P°'3gg1'3°t'“ Absorbable 6-0 Multifilament Covidien
Nylon Non-absorbable 4-0 Multifilament Ethicon
Nylon Non-absorbable 6-0 Multifilament Ethicon
Nylon Non-absorbable 4-0 Monofilament Ethicon

Table 3.1.1A Suture materials evaluated for suitability for this study.

3.1.2 SEM Analysis

Portions of each suture material listed in Table 3.1.1A were fixed onto a SEM mounting
platform (pin disc) and subjected to a gold sputter coating. Images were viewed using a
scanning electron microscope under varying degrees of magnification (Zeiss LEO 1530-
2 FESEM/EDS, Thornwood, NY). Based on this visual analysis, an optimal suture
material and time frame for incubation for the surgical portion of the study were selected

based on the SEM image analysis.
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3.1.3 Confocal Analysis

In order to investigate the feasibility of multiple growth factor incorporation,
sutures were incubated in mSBF as previously described to generate the HAP coating.
At the first time point, (6 days after the initiation of mSBF incubation) sutures were
incubated using a primary label of tetramethylrhodamine (excitation 557 nm, emission
576 nm, Life Technologies, Grand Island, NY)/ 1.5% bovine serum albumin (BSA)
(Thermo Fischer Scientific, Waltham, MA) mixture for 6 hours. Sutures were then
incubated in mSBF for a further time period of 4 and 8 days, providing total mSBF
incubation times of 10 and 14 days. Sutures were then incubated in a secondary label
fluorescein isothiocyanate (FITC, 490 nm excitation, 525 nm emission, Life
Technologies, Grand Island, NY)/1.5% bovine serum albumin (BSA) for a 6-hour period.
After each incubation period, sutures were washed in PBS. After incubation in the
fluorochromes, sutures were maintained in darkness until time of study. Following
fluorochrome incorporation, sutures were evaluated using confocal microscopy (Nikon

A1R confocal system, Melville NY).

3.1.4 FGF/VEGF Implantation and Release

Once the most appropriate nylon and polyglactin 910 suture material, size and
incubation time points were identified based on the subjective assessments performed
in section 3.1.1 a second experiment to calculate the rate of release of growth factors

(FGF and VEGF) from the HAP layers was performed. Four solution concentration
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levels were chosen for each growth factor: 0.5 yg/ml, 1 pg/ml, 2.5 pg/ml and 5 pug/mi.
The solution concentrations chosen were based on previous studies evaluating the
supplementation of VEGF in rat Achilles tendon? and FGF in a rotator cuff model in a
sheep.® Nylon and polyglactin 910 braided sutures of size 4-0 and 6-0 USP were
generated using the mSBF and incubated at two time points, previously determined in
section 3.1.1 with two different growth factors (VEGF and FGF). The first growth factor
(FGF basic (146aa), R and D systems, Minneapolis, MN) was mixed with a known
radioactive quantity of '?°l- FGF (NEX268,Perkin Elmer, Waltham, MA), using 0.1%
BSA in PBS as a carrier. The radioactive isotope for the FGF used in suture incubation
was at a concentration of 0.015%. The FGF isotope possessed an activity of 214.1
pCi/ug, equivalent to 85.4 uCi/ml. Standard radioactivity curves were generated for the

FGF using serial dilutions of the incubation solution to provide reference levels.

The second growth factor (recombinant human VEGF, (165aa), R and D
systems, Minneapolis, MN) was mixed with a known quantity of '*I-VEGF (NEX328,
Perkin Elmer, Waltham, MA), using 0.1% BSA in PBS as a carrier at a concentration of
0.0111%. The VEGF isotope possessed an activity of 137 uCi/ug, equivalent to 36.5
ng/100ul. Standard curves were generated for the VEGF using serial dilutions of the
incubation solution to provide reference levels. Four suture types were evaluated for the
release experiments; 6-0 braided nylon, 6-0 braided polyglactin 910, 4-0 braided nylon
and 4-0 braided polyglactin 910. Each suture type and concentration level was
subjected to incorporation onto the suture material at a deep layer (HAP crystals grown

for 6 days, growth factors (either FGF or VEGF) were then applied and then sutures
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were reincubated in mSBF for 4 further day) and a superficial layer (HAP crystals grown
for 10 days and then the growth factors were applied, no further reincubation was
performed). Growth factor application at each HAP crystal level (superficial and deep)
was performed by placing the suture in a 15 ml Falcon tube, adding 10 ml of desired
protein solution with radioactive component and then placed in a rotator drum at 37°C
for 6 hours at approximately 30 rpm. For each HAP crystal layer level, 3 experimental

procedures were performed for each type of suture:

1) A 2 cm section of suture material was placed in simulated body fluid
(SBF), which is similar to the composition of plasma and buffered to

pH 7.4.

2) A 5 cm section of suture material was passed through samples of
rabbit lateral gastrocnemius tendon six times via a tunneling technique.
The suture was then knotted with a single throw. The suture (passage
and knotted) was then incubated in SBF. 2 cm was an insufficient
amount of material to perform a single throw of knot, hence 5 cm had

to be used for the knotting procedure.

3) The tendon tissue, through which the 5 cm section of suture was

passed through, was also placed in SBF.
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The three experimental procedures mentioned above provide an evaluation of
suture material with HAP crystals and their behavior in regard to growth factor release.
However, a simulation of the surgical technique was also performed using the passage
and knotted suture material and the tendon tissue. To evaluate the total dose the rabbit
would receive, the passage and knotted suture and the tendon release data were
combined for analysis. Corrections were made to express release of growth factor per
cm of suture. Radioactive release from the sutures (both unaltered and the
passage/knotted suture) and from the tissue was monitored using a scintillation counter
(Packard Gamma Counter, Cobra Il, GMI-Inc, Ramsey, MN). SBF was changed with
each radioactivity reading. Fresh SBF was generated on a per use basis. Readings
were made for each level (application of FGF and VEGF at both the superficial 10 day
layer of HAP crystals and the deep layer of 6 day crystals) at 2,4,6,8,10,14,18,21,28,34,

42 and 48 days.

3.1.5 Generation of Experimental Suture

Once the most appropriate concentration and release profiles for the suture
materials and growth factors were determined based on all the data from sections 3.1.1
to 3.1.4, the experimental suture materials were generated. Sutures were cut to have an
optimal working length (100 mm) including the needle and incubated according to
methods previously established in section 3.1.1. Sutures chosen for the surgical
procedure were 4-0 polyglactin 910 and 4-0 nylon. For the low FGF and VEGF group

(LF and LV, respectively), sutures were incubated in 0.5 pug/ml solution of protein. For
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the high FGF and VEGF groups (HF and HV, respectively), sutures were incubated in 5
pg/ml solutions. Sutures were placed in 15 ml Falcon tubes and placed in a rotator drum

at 37°C for 6 hours for growth factor adsorption at approximately 30 rpm.

For all sutures, FGF was always applied as the deep layer and VEGF applied as
the superficial layer. Once coated in HAP and incubated in FGF and/or VEGF using
0.1% BSA in PBS as a carrier, sutures were subjected to lyophilization under vacuum
conditions for 12 hours and double sealed in sterile pouches (Paper Self Seal Pouches,
Cardinal Health Medical Products, Dublin, OH) prior to surgery. Pouches were sterilized
using ethylene oxide, which has previously been shown to be an acceptable method for
bioactive materials and products, with only minor reduction in bioactivity.*'> Once
sterilized, sutures were stored in a freezer at -20°C until required. Once stored, sutures

were used in the experimental model within a 30-day period.

Surgical Based Evaluation

3.2.1 Animal Model

The animal study was approved by the UW-Madison Animal Care and Use

Committee (Protocol V01554).

Sixty-six, 4 month-old New Zealand White 2-3 kg, male and female rabbits,

housed individually were used for this experiment. The animals had free access to feed
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and water and were provided with toys and stimuli as required by the Animal Care and
Use Committee. Furthermore, 7 animals from an unrelated study of the same breed and
age range were utilized for mechanical testing of the lateral gastrocnemius tendon to

establish normal biomechanical data for non-operated, normal tendons (NT).

3.2.2 Suture Group and Dose Selection

Using the doses previously identified in the suture release profiles in section
3.1.4, three levels of each growth factor were used (absent, low and high). Three levels
of two growth factors provide 9 groups to evaluate all possible outcomes (Table
3.2.2A). Control sutures, denoted by the absence of FGF and VEGF (ZF/ZV), were

coated using a 0.1% BSA/ PBS solution only.

Utilizing the system described in Table 3.2.2A, ZF/ZV represents the control
group (surgical transection of the tendon repaired with suture coated in HAP and
incubated in 0.1% BSA only — no addition of growth factors). Group allocation to each
growth factor was randomized. At the time of surgery, group allocation to each rabbit
was randomized. As this was a bilateral study, to minimize the effect of intra-rabbit

variation, once assigned to a group, both legs received the same treatment.

Initially, the short term (4-week) portion of the study was performed, including all
imaging, biomechanical testing and histology. At the conclusion of the 4-week study, the

optimal group from our tested selection was compared to the ZF/ZV control group in a
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long term 9-week study period, which evaluated biomechanical and histological data

only.
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3.2.3 Surgical Procedure

Rabbits in the surgery group were subjected to bilateral surgical transection and
repair of the lateral gastrocnemius tendon. Rabbits were given buprenorphine (0.01-
0.05 mg/kg IM), carprofen (4 mg/kg SQ) and midazolam (1 mg/kg IM) prior to surgery.
Rabbits were then placed in a sealed gas chamber and anesthetized using isoflurane
gas flow, varying between 3-5% of inspired gas at an oxygen flow rate of 3 L/min. Once
anesthetized, rabbits were intubated using a 8 Fr endotracheal tube and maintained on
an oxygen/isoflurane gas mixture as required in order to keep the rabbits at a surgical
plane of anesthesia. A 27g intravenous butterfly catheter was placed in the marginal ear
vein to supply a surgical rate (10 ml/kg/hr) fluid therapy (Lactated Ringers Solution,
Abbott Laboratories, Abbott Park, IL) . The rabbits were placed on a heat blanket (Hot-
Dog system, Augustine Biomedical and Supply, Eden Prairie, MN) in a ventral
recumbency position, designed to maintain temperature around 37°C. Legs were
clipped (Favorita Clippers, Aesculap, Suhl, Germany) and aseptically prepared using a
chlorhexidine scrub of each leg and an alcoholic scrub. The distal foot was wrapped in
sterile elastic conforming bandage (Vetwrap, 3M, St. Paul, MN) from the calcaneus
distally and encompassed the feet. A paper drape was positioned over the hind legs of
the rabbit. Incisions in the paper drape were created in order to pass the hind legs
through, so that the mid metatarsus proximally was entirely covered by the drapes. A

sterile green towel was then placed over each leg until they were ready for surgery.
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A surgical marker pen was used to identify a site 15 mm proximal to the point of
the calcaneus. A 15 mm skin incision was made centered 15 mm proximal to the
calcaneus on the lateral aspect of the metatarsus, and over the region of the medial and
lateral gastrocnemius tendons (Figure 3.2.3A). The skin and subcutaneous tissue were
sharply transected using a #15 scalpel blade. The subcutaneous fascia was then
separated in proximal and distal directions using Metzenbaum scissors down to the
level of the paratenon (Figures 3.2.3B, 3.2.3C). Any hemorrhage was stemmed using
hand held monopolar cautery (Cardinal Health Surgical Cautery 65410-183). The
paratenon between the medial and lateral gastrocnemius branches was incised and
split slightly proximally and distally using Castroviejo Scissors (Figures 3.2.3C, 3.2.3D).
Jewelers micro forceps were used to carefully separate the medial and lateral
gastrocnemius tendon bundles. Bishop Harman forceps were then used to separate the
gastrocnemius tendon bundles along their length, from just proximal to the point of

merger near the calcaneus to just distal to the musculotendinous junction.

The leg was then held in slight tarsal flexion, placing the lateral gastrocnemius
tendon and Achilles apparatus under tension while Bishop Harman forceps were used
to isolate the tendon from the surrounding tissue (Figure 3.2.3E). The lateral tendon
was sharply transected 15 mm proximal to the calcaneus with a #15 scalpel blade
(Figures 3.2.3F, 3.2.3G). The paratenon was then bluntly dissected off the proximal
and distal stumps for approximately 10 mm. The body of the tendon was repaired in
apposition using a single locking loop of 4-0 braided nylon (Surgilon, Covidien,

Mansfield, MA) coated with an HAP layer containing growth factors assigned to the
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correct group identification (Figure 3.2.3H, 3.2.3l). Once the body of the tendon was
repaired, a circumferential repair of the paratenon using 4-0 braided polyglactin 910
(Vicryl, Ethicon, Cincinnati, OH) (also coated with an HAP layer containing growth
factors identical to the central core suture) was applied in a Silfverskiold epitendinous
repair.® The subcutaneous fascia was sutured using 6-0 polyglactin 910 (Vicryl, Ethicon,
Cincinnati, OH) in a simple continuous pattern (Figure 3.2.3J) and the skin was sutured
using 3-0 polypropylene (Prolene, Ethicon, Cincinnati, OH) in a cruciate pattern (Figure

3.2.3K).

Post-surgery, no external coaptation was provided. Rabbits were allowed to
recover and extubated once they began to show signs of movement. Rabbits were
individually housed in cage confinement for the duration of the study. A dose of
carprofen (4 mg/kg SQ) was provided 6-8 hours post-surgery. Rabbits were carefully

monitored to assess difficulties in ambulation or evidence of pain post surgery.
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Imaging Based Evaluation

3.3.1 Anesthesia Technique

For all imaging protocols, rabbits were given buprenorphine (0.01-0.05 mg/kg IM)
and midazolam (1 mg/kg IM) prior to induction for imaging. Rabbits were then placed in
a gas chamber and anesthetized using isoflurane gas flow at 5% and 3 L/min oxygen
flow rate. Once anesthetized, a facial mask was placed and the rabbits were maintained
on an oxygen/isoflurane gas mixture according to plane of anesthesia in order to

maintain the rabbits in a light plane, which eliminated any movement (Figure 3.3.1A)

Figure 3.3.1A. Rabbits were maintained under anesthesia for the imaging portion of the
study using a facial mask that delivered the flow of oxygen and anesthetic.
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3.3.2 Shear Wave Elastography

For the all surgical short term (4-week) groups, quantitative SWI was performed
bilaterally on the medial and lateral gastrocnemius tendons at 0-weeks (pre-surgery), 2
and 4-weeks post-surgery. For the non-operated group (NT), SWI was performed
bilaterally on the lateral tendons at one time point prior to euthanasia. All rabbits were
placed under general anesthesia to prevent any movement during scanning as
described above. Legs were clipped from the calcaneus to the stifle joint using surgical
clippers in order to provide a clean imaging surface. Legs were placed in a custom
designed mold to maintain the tarsus at 90 degrees flexion for every scan (Figure

3.3.2A).

Figure 3.3.2A. Custom designed leg mold which were used to secure the rabbits legs in
a fixed 90 degree tarsal angle for every imaging scan with SWI and for all MCA scans.
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Shear wave images were collected with the Supersonic Imagine Aixplorer system
(Aix-en-Provence, France; software version: 5; preset: superficial MSK; opt: penetrate;
persist: high; smoothing: 7). A 50 mm linear transducer (Supersonic Imagine L15-4) was
manually positioned over a 2 cm ultrasound standoff pad (Aquaflex, Parker
Laboratories, Fairfield, NJ) placed over the lateral side of the leg, with ultrasound gel
added to enhance contact with the pad and leg. A single operator performed all
ultrasound scans to eliminate inter-observer variability.” The transducer was positioned
to visualize the entire length of the Achilles tendon unit along the longitudinal axis,
extending from the gastrocnemius muscle-tendon junction to the calcaneal insertion,
and was shifted appropriately to obtain views of the lateral or medial tendon (Fig
3.3.2B). Minimal transducer pressure was applied to avoid strain-stiffening effects.® SWI
speeds were measured within a 15 mm square region of interest (ROI) at 3 locations
along the tendon: centered over the tendon repair (distal), 15 mm proximal to the repair
(mid) and 20 mm proximal to the repair (proximal). Three repeated images were
obtained at each location without repositioning the transducer, but after sufficient image

refresh time (Figure 3.3.2C).

SWI speed measures were obtained post hoc from exported DICOM images. A
custom MATLAB (Mathworks, Inc., Natick, MA) graphical user interface (GUI) was used
to manually select sub-regions within the region of interest (ROI), which only included
the tendon tissue of interest. The mean SWI speeds across repeated images were then
computed. Distal, mid and proximal regions of SWI analysis were evaluated to

determine significant differences among the SWI speeds. The region demonstrating the
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greatest change between time points 0,2 and 4 weeks post surgery, was then chosen

for evaluation in further comparisons with biomechanical data.

Lateral View

Medial View

Figure 3.3.2B Representative anatomical and ultrasound images showing relative
location of the calcaneus, and lateral and medial gastrocnemius tendons. A: Transducer
position for imaging lateral and medial tendons. B: View of Achilles tendon unit (fascia
intact). C: View of Achilles tendon unit (exterior fascia removed). Tendon unit rotated to
obtain better view of lateral tendon. D: Ultrasound image of lateral tendon. Lateral
tendon is highlighted in the outline, with the calcaneus to the left of the image E:
Ultrasound image of medial tendon, with the medial tendon highlighted in the outline,
with the calcaneus to the left of the image. From Martin J, Biedrzycki AH et al.’

+16.3 m/s

15
13
10
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=

Figure 3.3.2C. Shear wave speed in intact, normal tendon. Shear wave velocity
exceeds 16.3 m/s in the majority of the tendon body. Note that at the level of the
musculotendinous junction (A) there is a reduction in shear wave speed, indicating a
softening of the tissue in the muscle. Proximal to the left, distal (calcaneus) to the right.




130

3.3.3 Acoustoelastography

AE cineloops were collected with the Supersonic Imagine Aixplorer system (Aix-
en-Provence, France). A 50 mm linear transducer (Supersonic Imagine L15-4) was
manually positioned over a 2 cm ultrasound standoff pad (Aquaflex, Parker
Laboratories, Fairfield, NJ), and placed over the lateral side of the leg, with ultrasound
gel added to enhance contact with the pad and leg. A single operator performed all
ultrasound scans. The transducer was positioned to visualize the entire length of the
Achilles tendon unit along the longitudinal axis, extending from the gastrocnemius
muscle-tendon junction to the calcaneal insertion, and was shifted appropriately to
obtain views of the lateral or medial tendon, just as was carried out for the SWI analysis
(Figure 3.3.2B). Once positioned over the correct anatomical structure, a 5 second
cineloop was recorded comprising elongation and relaxation of the tendon. Three
appropriate cineloops were created for each anatomical structure. Cineloops were
exported as DICOM files and viewed using Echo Soft Imaging Software (radius 15,
spacing along rows 5, spacing between rows 5) (Echo Soft RV, Echo Metrix, Fitchburg,
WI). Using this software, files were cropped to comprise the stretch phase of tendon
elongation. A ROI was placed over the central portion of the repair on a lateral tendon,
or a similar location on the medial tendon, with the knowledge that the surgical
procedure was performed 15 mm proximal to the calcaneus. Maximum Pathology Index
(PI), a metric generated using the Echo Soft software, images and values were
generated from the analysis and recorded for each cineloop (Figure 3.3.3A). Mean

values of all three cineloop recordings were then computed for each rabbit tendon.
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Figure 3.3.3A. Representation of visual Pathology Index evaluation. Note how in the
center of the healing region is an area of high (>0.2) pathology index (PI), which is
located in the region of the surgical site. The remainder of the tendon maintains low PI
values.

3.3.4. Microbubble Contrast Angiography

MCA cineloops were collected with the Siemens Acuson S2000 ultrasound
scanner (Siemens, Mountain View CA). A linear probe (14L5), using a frequency of 10.0
MHZ was manually positioned over a 2 cm ultrasound standoff pad (Aquaflex, Parker
Laboratories, Fairfield, NJ) placed over the lateral side of the leg, with ultrasound gel
added to enhance contact with the pad and leg. A single operator performed all
ultrasound scans. The transducer was positioned to visualize a region 15 mm proximal
to the calcaneus on the lateral gastrocnemius tendon only, having confirmed the
anatomical region using B mode imaging. Once in position, the contrast agent detection,

or cadence mode was activated with a frequency of 5.0 MHz. We utilized the
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microbubble-based contrast agent Definity (Lantheus Medical Imaging, Inc. Billerica
MA), administered intravenously in the marginal ear vein of the rabbit. The Definity
consists of perflutren lipid microspheres (mean diameter, 1.1 ym — 3.3 pm) that are
composed of octafluoropropane gas encapsulated in an outer lipid shell consisting of
(R) — hexadecanoic acid, 1-[(phosphonoxy)methyl]-1,2ethanediyl ester. Definity is a
blood-pool contrast agent, which remains in the vessels until it dissolves. Definity must
first be activated via the rapid and violent agitation in the Vialmix activation unit. After
activation, each mL of the milky white suspension contains a maximum of 1.2 X 10"
perflutren lipid microspheres, and approximately 150 pL/mL (1.1 mg/mL)
octafluoropropane. Each rabbit received 0.15 ml, or 1.8 x 10° microspheres. Upon
injection, a 30 second cineloop was recorded using the cadence mode. The exact same

procedure was repeated on the contralateral leg.

DICOM images were processed using Osirix (Osirix DICOM Viewer, Pixmeo
SARL, Bernex, Switzerland). A region of interest centered over the central portion of the
tendon was isolated and exported as a MOV file. MOV files were then imported and
analysed using an analysis program (Image J, Image processing and analysis in Java,
NIH), where they were transformed into 8-bit greyscale images using a virtual stack.
Stack frames were then analysed as the program calculated mean pixel values for each
ROI, with mean pixel values plotted against time (Figure 3.3.4A). Mean upslope and
downslope and standard deviations were calculated using a commercial spread sheet
(Excel 2012, Microsoft, Richmond, VA). Parameters recorded were mean baseline,

mean baseline + 10%, mean Baseline + 85%, mean peak values, and time to peak.®
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Figure 3.3.4A. Graph example of mean pixel volume plotted against time. Note how
there is a noisy baseline, a sudden elevation to a peak followed by a gradual decline. In
this example, 10% above baseline to 80% of peak represents an increase in mean pixel
value of 2.3.

Biomechanical and Histological Evaluation

3.4.1 Euthanasia

At the given time point as denoted for either the short-term study (4-weeks post
surgery) or the long-term study (9-weeks post surgery), rabbits were euthanatized for
mechanical and histological evaluation. Rabbits were placed inside a gas chamber and
anesthetized using isoflurane gas flow using 5% at 3 L/min. Once anesthetized, an

overdose with 450 mg pentobarbital into the marginal ear vein was administered.
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3.4.2 Anatomical Dissection

After euthanasia, an incision was made on the lateral aspect of the limb,
centered over the mid metatarsal region, approximately 15 mm cranial to the original
surgical incision, so as to not disturb any macroscopic evidence of healing or infection.
The skin was dissected back over the calcaneus and Achilles tendon and the incision
was extended to expose the musculotendinous junction. After removal of any
surrounding fascia, the repair of the lateral gastrocnemius tendon was inspected,
photographed and the tendon thickness at the incision site and repair location were
measured in 4 regions, just proximal to the repair, at 2 sites proximal and distal
centered around the repair and at one location just distal to the repair using a hand-held
digital micrometer (General Tools, NY). The center of the repair was determined

macroscopically and known to be located 15 mm proximal to the calcaneus.

In addition, at the time of harvest, tendon structures were macroscopically
evaluated and subjectively scored according to several parameters, including presence
of inflammation, obvious vascularity and presence of adhesions. Each category was on

a 4-point numerical scale from 0 (absent), 1 (mild), 2(moderate) and 3 (severe).

Following this procedure, limbs were randomly assigned to mechanical testing or
to histological evaluation. If a limb was assigned to mechanical testing, the
gastrocnemius muscle was transected approximately 50 mm above the

musculotendinous junction. The medial gastrocnemius tendon bundle was isolated and
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an approximately 20 mm portion of this tendon was removed. The calcaneus was
disarticulated from the calcaneo-talar junction using bolt cutters. The entire calcaneus-
lateral gastrocnemius tendon- lateral gastrocnemius muscle unit was then placed in a
50 ml sealed tube (Falcon Tubes) and filled with saline solution until mechanical testing.
Samples were placed in a refrigerator at 4°C for a maximum of 4 hours, at which time
they were placed in a water bath at 37°C and subjected to mechanical testing at body

temperature.

If a leg was assigned to histological evaluation, after thickness measurements
and photographs of the tendon were performed, the lateral gastrocnemius tendon and
medial gastrocnemius tendons were isolated and bluntly dissected distally to the point
of merger of the two tendons into the common Achilles tendon, which is approximately
7-9 mm proximal to the point of the calcaneus. At this point, the lateral tendon was
transected. The proximal transection of the Ilateral gastrocnemius occurred
approximately 25-30 mm proximal to the point of the calcaneus to ensure the entire

block of tissue comprising the repair was excised.

The excised portion of the tendon was then placed in OCT solution (Tissue-Tek,
VWR, Radnor, PA), in a cryoblock (Tissue Path™ Disposable Base Molds, 34 mm x 24
mm x 5 mm, Fisher Scientific, Pittsburgh, PA) and markers were placed so as to be able
to identify the proximal-distal and cranial-caudal orientation of the tissue. The tendon

tissue-OCT unit were then carefully immerse in liquid nitrogen to ensure appropriate
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freezing of the tissue mass. The frozen section was then labeled and placed in deep

freeze at -80°C until histological evaluation.

The remaining section of medial gastrocnemius tendon was then excised from
the rabbit to form a calcaneal-medial gastrocnemius tendon- medial gastrocnemius
muscle block that would be subjected to mechanical testing. Measurements of thickness
for the medial gastrocnemius tendon were also recorded. Thus, each rabbit contributed
a medial and lateral gastrocnemius tendon for mechanical testing and a lateral

gastrocnemius portion for histological evaluation.

3.4.3 Biomechanical Testing

Tendons were tested in uniaxial tension using a MTS 858 Bionix Test System
(MTS Systems Corp., Eden Prairie, MN) with a 2225 N load cell. The proximal portion of
the tendon was placed in a custom designed cryoclamp, and the calcaneus was rigidly
clamped at the distal end. Solid carbon dioxide was used in the cryoclamp to freeze the
muscle onto the testing platform of the clamp. Tendons were kept moistened with saline
solution at 37°C. Preconditioning began when the proximal muscle portion reached 0°C
in the clamped section, indicating freeze binding to the clamp. Tendons were
preconditioned with 10 cycles to 3% strain at a rate of 2.5 mm/s There was no break
between pre-conditioning and testing. Initial grip-to-grip tendon length was then
recorded when the load cell registered O N for either tension or compression of the

tendon, representing the original tendon length. Thickness measurements calculated in
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situ previously were used to estimate the tendon cross-sectional area, which was

assumed to be elliptical.

Tendons were stretched at a rate of 2.5 mm/s to failure. Force and elongation
data were continuously sampled at a rate of 50 Hz. Elongation was used to compute the
average strain along the tendon. Mean tendon stress was determined by dividing axial
force by the average cross-sectional areas of the 4 locations determined along the
length of the tendon. Ultimate stress was taken as the peak stress reached during
loading. Young’s modulus was calculated from the linear portion of the stress-strain

curve.

Thus, biomechanical testing provided 5 parameters for evaluation:
structural data (ultimate tensile strength (UTS) and stiffness) and material data (strain,

Young’s modulus and ultimate stress).

3.4.4 Histology

Eight sequential longitudinal samples from the central portion of the tendon were
sectioned at 7 pym thicknesses on a Leica CM1950 (Wetzlar, Germany) cryostat.
Following the sectioning, sections were randomized and subjected to four different
histological imaging protocols. Two sections were stained with haematoxylin and eosin
(H&E) and two further samples were stained with alcian blue and analyzed using a

previously described tendon scoring system (Table 3.2.7A and B). Tendon scoring
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was determined using the overall score, which includes parameters such as
inflammation and vascularity. In addition, a tendon maturation score, which utilized the
scores for parallel spindle cells, parallel collagen fibers, mature tendon tissue and gap
filed parameters only, was implemented. The tendon maturation score permitted the
evaluation of histology parameters strictly limited to tendon maturity and removes any

potential bias from an excessive inflammatory response.

For H&E staining, the frozen sections were fixed in 10% buffered formalin
(Fischer Scientific, Waltham, MA) for 20 mins followed by washing the tissue in distilled
water. Nuclei were then stained by immersion in Gill II haematoxylin (Leica Biosystems,
Nussloch, Germany) for 3 minutes. Slides were then washed in distilled water and
immerse in a bluing agent (Fisher Scientific, Waltham, MA) for 30 seconds followed by
washing in distilled water. Slides were then briefly immersed in 95% ethanol, followed
by staining of the cytoplasm in eosin (Leica Biosystems, Nussloch, Germany) for 3
minutes, and dipped once in distilled water. Slides were then dehydrated by immersion
in 1 change of 95% ethanol for 1 min followed by 3 changes of 100% ethanol (Fisher
Scientific, Waltham, MA) for 10 dips each. Slides were then immersed in 2 changes of
xylene (Fisher Scientific, Waltham, MA) for 2 minutes each, before mounting on slides
with cytoseal 60 (VWR, Radnor, PA) using glass coverslips (Fischer Scientific,

Waltham, MA).

The staining procedure for alcian blue followed a similar protocol to the

H&E staining. After fixation of the tissue in 10% formaldehyde, slides were washed in
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distilled water and then stained in alcian blue solution (Sigma-Aldrich Corp. St. Louis,
MO) for 30 minutes. Slides were then placed under running tap water for 2 minutes,
followed by a rinse in distilled water. A nuclear counterstain in fast red solution (Sigma-
Aldrich Corp. St. Louis, MO) was then performed for 5 minutes, followed by a rinse in
tap water for 1 minute. The dehydration procedure through 95% ethanol, 3 changes of
100% ethanol for 1 minute and 10 dips each occurred, as previously specified. Slides
were then cleared with xylene and mounted on glass slides with cytoseal 60 and cover

slipped.

Slides from each rabbit were then blinded to the reviewer, randomized and
viewed using standard bright field microscopy (Leica Microsystems, Buffalo Grove, IL).
Images were recorded using imaging software (Scion Imaging version 4.0.2, Scion
Corp, Frederick, MA). Each rabbit was assigned a histology score and a tendon

maturation score based on previously established criteria (Table 3.4.4A and 3.4.4B).
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Categories Scores

Cellularity/ Round Cells
Marked
Moderate
Mild
Minimal
Proportion of spindle cells oriented parallel
<25%
25-50%
50-75%
>75%
Proportion of collagen/fibers oriented parallel
<25%
25-50%
50-75%
>75%
Proportion of mature tendon fibers
<25%
25-50%
50-75%
>75%
Proportion of tendon gap filled
<25%
50-75%
25-50%
>75%
Total score 20

A OWON -

A OWON -

A OWON -

A OWON -

A OWON -

Table 3.4.4A Tendon Scoring System Part 1
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Categories Scores |
Suture Inflammation (around suture holes)

Marked
Moderate
Mild
Minimal

ArOWON -

Inflammation tissue percent of total tendon

>75%
50-75%
25-50%
<25%

O WN -

Total scores

Table 3.4.4B. Tendon Scoring System, Part 2

3.4.5 Immunofluorescent Procedure

Two samples from each section were subjected to CD31 (platelet endothelial
cellular adhesion molecule (PECAM-1) or MAC387 (calprotectin) antibodies for
evaluation of neovascularization and macrophage infiltration, respectively. Experimental
and control slides were selected and removed from the -80°C freezer and allowed to
thaw for 15 minutes at room temperature. Sections on the slide were circled using a
Hydrophobic Barrier Pen (Vector Lab, Burlington, CA). Slides were then fixed in cold
(refrigerated at 4°C) acetone for 10 minutes. Slides were then allowed to air dry after
this procedure for 15 minutes. Slides were then washed in 1X TBS-Tween-20 (990 mls.
TBS, 10 mls Tween-20) once for 5 minutes. Following this, slides were washed twice in
1X TBS for 5 minutes each time. Slides were then blocked by using 1% normal donkey

serum (Abcam, Cambridge, MA) for 30 minutes at room temperature.



142

Following the blocking procedure, primary antibodies were applied. For CD31,
primary antibodies were incubated overnight at 4°C, using mouse anti-rabbit IgG1 at a
1:10 dilution, with PBS and 1.5% normal donkey serum. Slides were placed in a
humidification chamber to prevent slides from drying out. For MAC387, a mouse anti-
rabbit monoclonal 1IgG1 antibody at 1:100 dilutions in PBS and 1.5% normal donkey
serum was utilized and incubated overnight at 4°C in a humidification chamber. The
next step involved washing the slides in 1X TBS solution for 15 minutes each time. The
secondary antibody was Alexa Fluor488 (excitation 488 nm, emission 522 nm) applied
and incubated for 60 minutes at room temperature in darkness. For the CD31, the
secondary antibody was a polyclonal IgG donkey anti-mouse heavy and light chain with
at 1:200 dilution in PBS and 1.5% normal donkey serum. For the MAC387, the
secondary antibody was a polyclonal donkey anti-mouse IgG heavy and light chain
Alexa Fluor 594 (excitation 590 nm, emission 617 nm) at 1:200 dilution with PBS and

1.5% normal donkey serum.

Slides were then again washed in 1X TBS for 15 minutes each time. Fluoroshield
mounting media with 4',6-diamidino-2-phenylindole (DAPI, excitation 358 nm, emission
461 nm) was then applied (Abcam, Cambridge, MA) and the slides were coverslipped

and placed in a dark container until visualization under a florescence microscope.
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3.5 Statistical Analysis

Analysis of variance were performed followed by a post-hoc Tukey’s test to
separate differences among groups using an alpha value of 0.05, if the data are
normally distributed as determined by the Kolmogorov—-Smirnov test. If data were
normally distributed, the Kruskal-Wallis test will be used to separate differences among
groups. For the paired study design, the Student’s paired t test was used for statistical
analysis for mechanical testing data and histological analysis between the treatment
groups if the data were normally distributed as determined by the Kolmogorov—Smirnov
test. If not normally distributed, the Mann-Whitney U test was performed to separate
differences between control and cytokine treatment groups. Differences were
considered significant at a probability level of 95% (p<0.05). Probabilities between 0.05
and 0.15 were classified as trends. If the t-test evaluations failed to reject the null

hypothesis, a post-hoc power evaluation was performed to identify achieved power.

A two-way factorial analysis of variance was performed to determine the

significance of each level of growth factor on the ultimate tensile strength.

For analysis of correlation values, Pearson’s correlation coefficients with
significance levels were calculated. Correlation R-values between 0.2 and 0.4 were
considered weak, 0.4 to 0.7 moderate and any correlation above 0.7 were considered
strong. For analysis of method of failure data, a chi-squared evaluation of mechanisms

of failure was performed.
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For SWI evaluations on lateral tendons, we performed a two-way repeated
measure ANOVA to assess the effects of scanning location (proximal/mid/distal) and
time point (0, 2, 4 weeks) on SWS. For medial tendon SWI and all AE data, we
performed a one-way repeated measures ANOVA to assess the effects of time point on
SWI or AE and to evaluate if any differences exist among the groups for either lateral or
medial branches. All main effects were followed up with post-hoc pairwise comparisons

using Tukey’s method of multiple comparison evaluation.

We performed linear regression to assess the relationship between SWI and AE
parameters, including ultimate tensile strength, stiffness, maximum stress and strain
and elastic modulus (Young’s Modulus). We also assessed the sensitivity and specificity
of SWS, elastic modulus and ultimate strength only, due to having obtained SWI values
for intact normal tendons. SWI was the only modality that was performed on this normal
group. Thus, we were able to distinguish the surgically repaired tendons from the intact
tendons (medial and non-surgical lateral). This was done by comparing individual SWI
measures to mean values from each group (control or treated) and assigning them to

the group for which they have a lower z score.

All statistical analyses were performed with SAS V.8e software (SAS Inc., Cary

NC) and Prism 6 (Graph Pad Software Inc., La Jolla CA)
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Results
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4. Results

Laboratory Based Evaluation

4.1.1. SEM Suture Material Analysis

HAP crystals were able to be generated on all materials and followed a similar
pattern (Figure 4.1.1A). For any given time point however, the appearance of the
crystals on the absorbable polyglactin 910 appeared more organized and complete than
the non absorbable nylon. (Figure 4.1.1B). The crystal formation on the suture material
appeared complete in most samples. Crystals tended to form plate like structures
(Figure 4.1.1C), which increased the surface area for growth factor adsorption. While
most suture samples and sizes appeared like suitable candidates for incorporation into
the surgical evaluation, several potential limitations were identified with the non-
absorbable small diameter monofilament nylon (Figure 4.1.1D and 4.1.1E). In areas,
the suture was devoid of an HAP layer, which appeared to have cracked off the
structure. There were in addition several areas of deep fissuring present in areas of the
suture where the HAP was identified. For all samples, coatings up to day 14 appeared
too brittle and cracking was observed in some cases at this time period (Figure 4.4.1F).
For braided material, no significant defects in the HAP layer were observed up to
approximately day 12. In all cases, polyglactin 910 appeared superior to nylon, and
larger diameter sutures in general, appeared to have a better HAP crystalline layer.
Braided materials throughout the incubation period also were superior in their

acquisition of crystals than monofilament suture material.
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Figure 4.1.1A Scanning Electron Micrograph (SEM) of HAP crystal growth. Growth
of HAP on 4-0 braided Nylon Suture material. 1) Day O uncoated suture. 2) Day 2. 3)
Day 4. 4) Day 6. 5) Day 8. 6) Day 10. 300X magnification.
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Figure 4.1.1B SEM of 4-0 nylon (Top) and 4-0 polyglactin 910 (Bottom) at the same
time point (Day 8). Note that fibers of the nylon can still be readily seen whereas there
appears to be more complete HAP crystal uptake in the polyglactin 910 sample. 300X
magnification.




Figure 4.1.1C (Top) SEM of Day 14 4-0 Nylon. 10,000X magnification (Bottom) SEM
of Day 14 4-0 Nylon. Note the plate like appearance to the HAP crystals, which
increases the surface area of the suture for adhesion of growth factors. 100,000X
magnification
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Figure 4.1.1D (Top) SEM of Day 10 6-0 monofilament nylon. 1,000X magnification
(Bottom) SEM of Day 10 6-0 monofilament nylon. Note the deep fissures in the top
picture and the high degree of cracking of the HAP layer off the suture material in the
bottom image. 150X magnification

Figure 4.1.1E SEM of 6-0 monofilament nylon. Note the high degree of cracking of the
HAP layer. In some areas there is a complete absence of HAP. 300X magnification
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Figure 4.1.1F SEM of 6-0 monofilament nylon. Magnified image demonstrating the
interface between the HAP and the suture layer. 2,200X magnification

4.1.2 Confocal Microscopy Analysis

Rhodamine (fluoresces red, applied day 7) and fluorescein isocyanate
(fluoresces green, applied day 14) were successfully incorporated onto all sutures.
However, it was noted that the 14-day time point for HAP growth resulted in unexpected
cracking of the HAP layer, even on braided suture material. (Figure 4.1.2A). When the
time points of suture HAP crystal growth and fluorescent marker application were
modified to day 6 and day 10 from day 7 and day 14 respectively, no adverse effects
were noted. Day 6 application with rhodamine followed by day 10 application of
fluorescein resulted in no co-localization of growth factors and no cracking or adverse

effects of the HAP crystal layers (Figure 4.1.2B, 4.2.1C). However, it was also possible
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to apply the growth factors simultaneously at day 6, resulting in perfect co-localization

(Figure 4.1.2D, 4.1.2E)

Figure 4.1.2A. Confocal microscopy image of 4-0 polyglactin 910 suture at day 14.
There is a significant reduction in the fluorescence of the day 7 applied rhodamine and
the day 14 applied fluorescein. To the right of the image, a large green plate of HAP
crystal remains; however, the majority of the suture is devoid of significant fluorescence.
100X magnification.
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Figure 4.1.2B. Confocal microscope 3-D Z-stacked series of polyglactin 910 suture
material. Rhodamine was applied at day 6 (Top) followed by re-incubation in mSBF.
Fluorescein was then applied at day 10 (Bottom). Note it appears that the red layer is
more globular in nature and appears to be overlain by a flat sheet of the green layer.
100X magnification
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Figure 4.1.2C. Confocal microscope 3-D Z-stacked series of polyglactin 910 suture
material. Rhodamine was applied at day 6 followed by re-incubation in mSBF.
Fluorescein was then applied at day 10. The overlay of these two in this image
demonstrates the success in spatial separation of the two fluorochromes. There was no
co-localization. 100X magnification

Figure 4.1.2D. Confocal microscope image of Day 10 application of rhodamine and
fluorescein on the same section of suture and crystals. Note that both fluorochromes
adsorb to the same portions of the HAP plate, resulting in near total co-localization.
100X magnification.




Figure 4.1.2E. Confocal microscope image of day 10 application of rhodamine and
fluorescein on the same section of suture and crystals. (Top) highlighting the green
fluorescein binding the HAP layer. (Bottom) highlighting the red rhodamine binding to

the HAP layer. 100X magnification.




157

4.2 FGF/VEGF Implantation and Release

The release of FGF over a 6-week time period from the HAP layer on suture
materials are demonstrated in Figures 4.2.1 (A-D) representing release from the
superficial HAP layer and Figures 4.2.2 (A-D), representing release from the deep HAP
layer. The release of VEGF over a 6-week time period from the HAP layer on suture
materials are demonstrated in Figures 4.2.3 (A-D) representing release from the
superficial HAP layer and Figures 4.2.4 (A-D), representing release from the deep HAP
layer. In all figures in section 4.2, the top graph demonstrates the release from suture
materials, which were not handled in a surgical manner (i.e., suture and HAP crystals
only). In all figures in section 4.2, the bottom graph demonstrates the summation of
release from both the suture material that was pulled through the samples of tendon
tissue and knotted (pulled and knotted suture) and release from the crystals which were
deposited in the tendon tissue itself after the suture was pulled through. Throughout all
the results of the release data, several key points can be identified. The binding and
release of proteins to 4-0 suture materials is always superior to 6-0 suture materials.
The binding and release of protein to polyglactin 910 is always superior to nylon. FGF
appears to have a greater affinity for the HAP crystals than VEGF and thus the
cumulative release values (pulled and knotted suture and tendon tissue combined) for
FGF are higher than VEGF, despite identical incubation concentrations. When growth
factors are applied to the superficial layers (day 10 HAP crystals), there is a larger initial
(days 1-4) burst release, followed by a prolonged plateau. The deeper layers (day 6

HAP crystal) observe a smaller initial burst and plateau at a later date than the
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superficial layers. The cumulative total over the 6 week time period of binding and
release of proteins are superior when applied to the superficial group than the deep
group, implying some protein is lost during the HAP re-incubation period for the deep
group. In addition, when polyglactin 910 was used, it tends to dissolve between days
21-day 28. This represented a total of 5-6 weeks that the suture had been exposed to
solution, including the 10 days of incubation in mSBF. Associated with the dissolving of
the polyglactin 910 suture is a secondary burst, which is smaller than the initial day 1-4
burst. The action of pulling the suture material through tendon tissue in the pulled,
knotted and tissue groups resulted in a disturbance of the HAP crystals and a higher
initial burst than just the undisturbed suture and HAP crystals alone. Although we did
not record the precise time points, we encountered autolysis of tendon tissue between
days 28-40. The complete dissolution of tissue in the SBF fluid occasionally resulted in
small bursts of FGF/VEGF release. In general, the cumulative release form the
passage, knotted and tendon tissue is superior to the suture material alone. Based on
our calculation regarding the amount of suture material implanted in the rabbit, we were
able to calculate approximate doses received by the rabbit at the 4-week period, and to

suggest a minimum value for the 9-week period (Figure 4.2.5A).
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4.2.1 FGF Superficial Layer Release
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Figure 4.2.1A. Superficial Layer, FGF release, 6-0 nylon. (Top) Suture only.
(Bottom) Suture pulled through, knotted and tendon tissue combination release.
Release of FGF from 6-0 nylon suture after adsorption onto the HAP crystal layer at day
10 of incubation (superficial layer). In both cases, there is a rapid increase in the
cumulative release until approximately day 16. Following this, there is a gradual plateau
in the FGF levels attained. Note that the suture on its own (top) at the highest
concentration releases approximately 15 ng/cm of suture by 6 weeks, whereas the
passage, knotted and tissue combination (bottom) has achieved a release equivalent to
32 ng/cm by 6 weeks.
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Figure 4.2.1B. Superficial Layer, FGF release, 6-0 polyglactin 910. (Top) Suture
only. (Bottom) Suture pulled through, knotted and tendon tissue combination
release. Release of FGF from 6-0 polyglactin 910 suture after adsorption onto the HAP
crystal layer at day 10 of incubation (superficial layer). In both cases, there is a rapid
increase in the cumulative release until approximately day 16. Following this, there is a
gradual plateau in the FGF levels attained. Note that the suture on its own (top) at the
highest concentration releases approximately 30 ng/cm of suture by 6 weeks, whereas
the passage, knotted and tissue combination (bottom) has achieved a release
equivalent to 60 ng/cm by 6 weeks. Note also how there is a slight secondary burst in
the top suture image at approximately 21 days as the polyglactin 910 suture dissolves.
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Figure 4.2.1C. Superficial Layer, FGF release, 4-0 nylon. (Top) Suture only.
(Bottom) Suture pulled through, knotted and tendon tissue combination release.
Release of FGF from 4-0 nylon suture after adsorption onto the HAP crystal layer at day
10 of incubation (superficial layer). In both cases, there is a rapid increase in the
cumulative release level on the y-axis until approximately day 16. Following this, there is
a gradual plateau in the FGF levels attained. Note that the suture on its own (top) at the
highest concentration releases approximately 50 ng/cm of suture by 6 weeks, whereas
the passage, knotted and tissue combination (bottom) has achieved a release
equivalent to 60 ng/cm by 6 weeks.
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Figure 4.2.1D. Superficial Layer, FGF release, 4-0 polyglactin 910. (Top) Suture
only. (Bottom) Suture pulled through, knotted and tendon tissue combination
release. Release of FGF from 4-0 polyglactin 910 suture after adsorption onto the
HAP crystal layer at day 10 of incubation (superficial layer). In both cases, there is a
rapid increase in the cumulative release level on the y-axis until approximately day 16.
Following this, there is a gradual plateau in the FGF levels attained, although the top
demonstrates a secondary burst around day 21. Note that the suture on its own (top) at
the highest concentration releases approximately 55 ng/cm of suture by 6 weeks,
whereas the passage, knotted and tissue combination (bottom) has achieved a release

equivalent to 85 ng/cm by 6 weeks.



4.2.2 FGF Deep Layer Release
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Figure 4.2.2A. Deep Layer, FGF release, 6-0 nylon. (Top) Suture only. (Bottom)
Suture pulled through, knotted and tendon tissue combination release. Release of
FGF from 6-0 nylon suture after adsorption at day 6 of incubation (deep layer). For the
suture only (top) there is a more gradual rise to day 48 achieving a peak of 9 ng/cm.
The kinetics of the (bottom) resemble more the superficial release data, peaking at 35
ng/cm at day 48.
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Figure 4.2.2B. Deep Layer, FGF release, 6-0 polyglactin 910. (Top) Suture only.
(Bottom) Suture pulled through, knotted and tendon tissue combination release.
Release of FGF from 6-0 polyglactin 910 suture after adsorption at day 6 of incubation
(deep layer). For the suture only (top) there is a more gradual rise to day 48 achieving a
peak of 16 ng/cm. The kinetics of the (bottom) resemble more the superficial release
data, peaking at 35 ng/cm at day 48. Both groups here however demonstrate the

secondary burst as the polyglactin 910 dissolves at day 21.
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Figure 4.2.2C. Deep Layer, FGF release, 4-0 nylon. (Top) Suture only. (Bottom)
Suture pulled through, knotted and tendon tissue combination release.
of FGF from 4-0 nylon suture after adsorption at day 6 of incubation (deep layer). For
the suture only (top) there is a more gradual rise to day 48 achieving a peak of 33
ng/cm, associated with a secondary burst. The kinetics of the (bottom) resemble more
the superficial release data, peaking at 65 ng/cm at day 48.

Release
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Figure 4.2.2D Deep Layer, FGF release, 4-0 polyglactin 910. (Top) Suture only.
(Bottom) Suture pulled through, knotted and tendon tissue combination release.
Release of FGF from 4-0 polyglactin 910 suture after adsorption at day 6 of incubation
(deep layer). For the suture only (top) there is a more gradual rise to day 48 achieving a
peak of 60 ng/cm following a secondary burst. The kinetics of the (bottom) resemble
more the superficial release data, peaking at 80 ng/cm at day 48. Both groups here
however demonstrate the secondary burst as the polyglactin 910 dissolves at day 21.
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4.2.3 VEGF Superficial Layer Release
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Figure 4.2.3A Superficial Layer, VEGF release, 6-0 nylon. (Top) Suture only.
(Bottom) Suture pulled through, knotted and tendon tissue combination release.
Release of VEGF from 6-0 nylon suture after adsorption at day 10 of incubation
(superficial layer). For the suture only (top) there is a gradual rise to day 48 achieving a
peak of 9 ng/cm. There is a more gradual rise (bottom) peaking around day 21 after
which a plateau occurs, maximum release occurring at 17 ng/cm.



<« > H O

4 > B O

o"
..'oooo‘ooooo*.
E ,ooo"
L v
2 151 '
o R
S .
9 10 v
& ‘oooo‘ooo‘ooo‘oooo..A..oo‘
5 ‘A‘ F XXX xxxl |
o.....ooo.oo..oo
01 ..o...“".'00.00000000...000.
0 20 40
Day
40~
g 30- .
2 0000.0"’
(o2} ....‘.o*ooov
S 20- R
s °
2 v..
()
m 00‘
" cooofpee cecfjoeccccch®
A° ooo.ooo.ooo.ooooo.ooo
::===="‘.“’."0.00000.0..‘
0-|J . .
0 20 40
Day

0.5ug/ml
1Tug/mi
2.5ug/ml

5ug/mi

0.5ug/mi
Tug/ml
2.5ug/ml

Sug/ml

168

Figure 4.2.3B Superficial Layer, VEGF release, 6-0 polyglactin 910. (Top) Suture
only. (Bottom) Suture pulled through, knotted and tendon tissue combination
release. Release of VEGF from 6-0 polyglactin 910 suture after adsorption at day 10
of incubation (superficial layer). For the suture only (top) there is a gradual rise to day
48 achieving a peak of 23 ng/cm. There is a more gradual rise (bottom) peaking around
day 21 after which a plateau occurs, maximum release occurring at 30 ng/cm.
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Figure 4.2.3C Superficial Layer, VEGF release, 4-0 nylon. (Top) Suture only.
(Bottom) Suture pulled through, knotted and tendon tissue combination release.
Release of VEGF from 4-0 nylon suture after adsorption at day 10 of incubation
(superficial layer). For the suture only (top) there is a gradual rise to day 48 achieving a
peak of 55 ng/cm. There is a more gradual rise (bottom) peaking around day 21 after
which a plateau occurs, maximum release occurring at 55 ng/cm also. Note that binding
of the 5 ug/ml group appears far superior to the other groups.
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Figure 4.2.3D Superficial Layer, VEGF release, 4-0 polyglactin 910. (Top) Suture
only. (Bottom) Suture pulled through, knotted and tendon tissue combination
release. Release of VEGF from 4-0 polyglactin 910 suture after adsorption at day 10 of
incubation (superficial layer). For the suture only (top) there is a gradual rise to day 48
achieving a peak of 55 ng/cm. There is a more gradual rise (bottom) peaking around
day 21 after which a plateau occurs, maximum release occurring at 55 ng/cm also. Note
that binding of the 5 ug/ml group appears far superior to the other groups.
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Figure 4.2.4A Deep Layer, VEGF release, 6-0 nylon. (Top) Suture only. (Bottom)
Suture pulled through, knotted and tendon tissue combination release. Release of
VEGF from 6-0 nylon sutures after adsorption at day 6 of incubation (deep) For the
suture only (top) there is a more gradual rise to day 48 achieving a peak of 6 ng/cm.
There is a more gradual rise (bottom) peaking around day 18 after which a plateau
occurs, maximum release occurring at 13 ng/cm also. Note that binding for this deeper
layer is inferior to the superficial layer.
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Figure 4.2.4B Deep Layer, VEGF release, 6-0 polyglactin 910. (Top) Suture only.
(Bottom) Suture pulled through, knotted and tendon tissue combination release.
Release of VEGF from 6-0 polyglactin 910 suture after adsorption at day 6 of
incubation (deep) For the suture only (top) there is a more gradual rise to day 48
achieving a peak of 5 ng/cm, particularly for the 2.5 pg/ml group There is a more
gradual rise (bottom) peaking around day 14 after which a plateau occurs, maximum
release occurring at 20 ng/cm also. Note that binding for this deeper layer is inferior to
the superficial layer.
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Figure 4.2.4C Deep Layer, VEGF release, 4-0 nylon. (Top) Suture only. (Bottom)
Suture pulled through, knotted and tendon tissue combination release. Release of
VEGF from 4-0 nylon sutures after adsorption at day 6 of incubation (deep) For the
suture only (top) there is a more gradual rise to day 48 achieving a peak of 20 ng/cm.
There is a more gradual rise (bottom) peaking around day 18 after which a plateau
occurs, maximum release occurring at 45 ng/cm also.
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Figure 4.2.4D Deep Layer, VEGF release, 4-0 polyglactin 910. (Top) Suture only.
(Bottom) Suture pulled through, knotted and tendon tissue combination release.
Release of VEGF from 4-0 polyglactin 910 sutures after adsorption at day 6 of
incubation (deep) For the suture only (top) there is a more gradual rise to day 48
achieving a peak of 20 ng/cm. There is a more gradual rise (bottom) peaking around
day 18 after which a plateau occurs, maximum release occurring at 20 ng/cm also.
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4.2.5 Determination of Doses for the Surgical Procedure

For both FGF and VEGF, the 5 ug/ml high dose and 0.5 ug/ml low dose group
were selected based on the release data obtained is sections 4.2.1-4.2.4 and available
published literature. Previous studies have documented the successful improvement in
biomechanical strength of tendons with the use of 1000 ng FGF delivered in a canine
model to evaluate tendon healing’. In addition, 500 ng delivery was also shown in a
study by Hamada et al. to have a significant biomechanical improvement on tendon
tensile strength. Based on previous published literature and our experimental release
data, our aim was to for our high group to deliver approximately 1000 ng over a 4-week
time period. As demonstrated in Figure 4.2.5A, at the 4 week time point using a
solution incubation concentration of 5 pg/ml, we attained 980 ng release. The
similarities provided by published literature and our data in Figure 4.2.5A provide the
evidence for our use of the 5 pg /ml incubation solution to represent our high FGF dose.
In selection of a low group, several studies have documented using at least a 4 fold
difference in dosages between high and low groups? with others demonstrating
differences of 100 fold in concentrations between groups.3 Based on previous published
literature and our released data in Figure 4.2.5A, our aim was for the low group to be
incubated at a concentration approximately 10 fold lower than the high group, which
provides the 0.5 pyg /ml incubation value. Figure 4.2.5A demonstrates that the low dose
system delivers approximately an 8-fold decrease in FGF to the target tendon over 4

week, releasing 120 ng in this time period.
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In rats, a study by Zhang et al, demonstrated significant improvements in tensile
strength of the tendons of Sprague Dawley rats that were subject to injections of 5 ug
/ml VEGF into the site of injury.* Our aim was to replicate the dose used in the Zhang
study which provided our incubation solution of 5 pg/ml, delivering 650 ng over the 4-
week time period. Using a similar low dose group as we did for the FGF (incubation at
0.5 pg/ml), our low dose solution group delivers 90 ng of VEGF over the 4-week time

period.

Our surgical groups therefore comprised sutures containing zero, low and high
levels of FGF (ZF, LF and HF, respectively) and zero, low and high levels of VEGF
(ZV,LV and HV, respectively) . Although we did not have a 9-week release time point,
we calculated that the total minimum amount (which is attained at 6-weeks) for the HF
9-week group was in excess of 1100 ng and for the LF 9-week group was in excess in
150 ng. For the HV 9-week group, the total minimum amount received was 850 ng and

for the LV 9-week group was 100 ng (Figure 4.2.5A).
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Figure 4.2.5A. Total rabbit cumulative dose delivered, (Top) FGF. (Bottom) VEGF.
Based on calculation that approximately 4 cm of 4-0 nylon suture and 11 cm of
polyglactin 910 suture are required to repair a rabbit tendon, data extrapolated from the
FGF deep and VEGF superficial data were used to calculate doses for the rabbits per
tendon. For the FGF release (top), by the 4-week time point (28 days), the high dose
has received 980 ng of FGF and the low dose group 120 ng. By the 9-week time point,
the high dose group has received in excess of 1100 ng and the low dose group in
excess of 150 ng. For the VEGF release (bottom), by the 4-week time point, the high
dose group has received 650 ng of VEGF and the low dose group 90 ng. By the 9-week
time point, the high dose group has received in excess of 850 ng and the low dose
group is in excess of 100 ng. Note that the efficiency of the release of VEGF is inferior
to FGF, despite incubation at identical concentrations. The FGF release is further
impacted by the deep layer position of the protein, which reduces its binding.
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Surgical Based Evaluation, 4-Weeks

Values are reported as mean + SEM. Box and whisker plots of graphs represent
5-95 percentiles, with the mean value identified in the center. If bar charts are utilized
data is demonstrated as mean + SEM. Non-parametric discrete data is presented as

median value and range.

4.3.1 Animal Model

In total, 77 animals were utilized for this study. This number comprises 7 rabbits
that were utilized for the non-operated normal tendon (NT) evaluation, the 54 rabbits
that represent numbers in the 4-week protein groups evaluation and 12 rabbits that
represent the 9-week protein group evaluation. In addition, 4 rabbits had to be replaced.
One rabbit sustained a fractured tibia 2 weeks into the study and required early
euthanasia. Sixty-six New Zealand White rabbits were used for the surgical component
of the study (55 were male, 11 female), weighed 3.2 kg + 0.03 kg, with ages between 4-
6 months. Seven rabbits were non-operated controls (NT group; 1 male, 6 females),
with a mean weight of 2.9 kg + 0.07 kg and mean age of 5 months. The NT group
represents a non-operated, non-manipulated sample of normal rabbits selected from the
rabbit population to make inferences about properties of the gastrocnemius tendons of
the general rabbit population. There was no statistically significant difference between

the body weight and age of the rabbits in the surgical groups vs. non-surgical group.
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It was noted that during the course of the study, the resting angle of the tarsus
was altered for the rabbits that underwent surgical repair (Figure 4.3.1A). An
observation was made that the resting flexion angles were altered from an accute angle

prior to surgery to a more obtuse angle at the 2 week time point.

2weeks PO

-

Figure 4.3.1A. Demonstration of the changes in resting angle of the tarsus between the
time prior to surgery (left) and two weeks post surgery (right). Orange angle lines are
the same in both images.

4.3.2 Cross Sectional Area Analysis, 4-weeks

There were no outliers detected for any group in terms of cross sectional area.
Data for all groups were normally distributed. Non-operated, normal lateral
gastrocnemius tendons (NT) had a mean cross sectional area of 6.72 mm? + 0.51
(Table 4.3.2A). A significant difference in cross sectional area was identified among all

the groups (p<0.01) (Figure 4.3.2A, Figure 4.3.2B, Table 4.3.2B)
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There was no significant difference among the control suture (ZF/ZV) and the low
VEGF (LV), low FGF (LF) and the combination of low FGF/low VEGF (LF/LV) groups
(8.66 + 1.57 mm? 1544 + 217 mm? 14.13 + 1.37 mm? 14.67+ 1.58 mm?
respectively). There was no significant difference among any protein coated suture
group (LV, HF, HV, LF, LF/LV, LF/HV, HF/HV and HF/LV, respectively) (15.44+ 2.17
mm?, 18.54+ 1.76 mm?, 14.35 £ 1.53 mm?, 14.13% 1.37 mm?, 14.67 % 1.58, 15.08 +1.11
mm?, 19.97 + 2.14 mm?, 18.91 + 1.49 mm? respectively). Only the HF, HV, LF/LV
HF/HV and LF/LV groups were significantly different from ZV/ZV group. Data for tendon

cross sectional areas from each group are demonstrated in Figure 4.3.2A.
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Figure 4.3.2A Bar chart of cross sectional area, 4-week evaluation, lateral
gastrocnemius tendon. Different letters denote significant differences among groups
(p<0.01). Data shown as mean + SEM.



Rabbit ID Cross Sectional Area (mm?)
1876 Left 6.61
1876 Right 5.90
1880 Left 4.33
1880 Right 4.83
1881 Left 6.88
1881 Right 5.19
4530 Left 412
4530 Right 5.27
1872 Left 9.29
1872 Right 7.79
1873 Left 8.55
1873 Right 10.58
1879 Left 7.50
1879 Right 7.26
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Table 4.3.2A. Cross sectional area of lateral gastrocnemius tendons in non- surgical
control group (NT) (6.72 + 0.51 mm?; group mean = SEM).
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Cross Sectional Area (mm?) £ SEM

NT 6.72 0.51
ZFIZV 8.66 1.57
LV 15.44 217

HF 18.54 1.76
HV 14.35 1.53

LF 14.13 1.37
LF/LV 14.67 1.58
LF/HV 15.08 1.11
HF/HV 19.97 2.14
HF/LV 18.91 1.49
ZF/ZV, LT 10.94 1.51
HF/HV, LT 7.23 0.63

Table 4.3.2B. Cross sectional area measurement data for all test groups of the lateral
gastrocnemius tendons. NT — Normal Tendon, ZF — zero FGF dose, LF — low FGF
dose, HF, high FGF dose, ZV — zero VEGF dose, LV, low VEGF dose, HV, high VEGF
dose, LT — Long term (8 weeks) groups. Data for groups summarized in Figure 4.3.2A.
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4.3.3 Biomechanical Testing Analysis

All mechanical testing was performed within 6 hours of sample collection.
Tendons were all maintained in water baths at 37°C prior to testing. In addition, they
were kept moistened by the application of 0.9% saline solution throughout the testing to

prevent drying. (Figure 4.3.3A).

Figure 4.3.3A. Left Tendon in position with cryogrip (top) and calcaneal anchor
(bottom). Note the suture is about to fail at the central portion. The nylon suture marker
can be seen. Right Example of tendon post failure in the central region.
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There was a significant difference in the failure pattern of the tendons among all
the groups (Figure 4.3.3B). For the non-surgical group (NT) 71% of failures occurred
via disruption of the Achilles insertion on the calcaneus. Among the remaining groups,
there was a significant difference for mode of failure between the groups (p< 0.001). For
the ZF/ZV and LF, HF, LV, HV, LF/LV groups, all failures (100%) occurred through the
site of repair (as depicted in Figure 4.3.3A). For the majority of the double coated
groups, there was a mixture between failure of the repair site and avulsions from the
calcaneus. The HF/HV group had 83% of failures occur through avulsion of the

calcaneus.

Several biomechanical parameters were evaluated, including ultimate tensile
strength (N), stiffness (N/mm?), stress (MPa), strain (%) and Young’s modulus, or elastic
modulus (MPa) for both medial and lateral tendons. Results for each group are
tabulated in Tables 4.3.3A and 4.3.3B for the lateral gastrocnemius tendon of all
groups and in Tables 4.3.3C and 4.3.3D for medial gastrocnemius tendons. In addition,
at the time of harvest, tendon structures were macroscopically evaluated and
subjectively scored according to several parameters, including presence of
inflammation, obvious vascularity and presence of adhesions. Each category was on a
4-point numerical scale from 0 (absent) to 3 (severe). These parameters were all
compared with biomechanical variables in order to ascertain the presence of any

correlation.
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Figure 4.3.3B. Bar chart demonstrating modes of failure for all groups at the 4-week
period. The non-operated normal group contained a mixture of failure patterns. The
single coated groups all failed mid tendon, double coated groups had a mixture, with
group HF/HV significantly having more tendons fail by calcaneal avulsion (p<0.01).
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UTS £ SEM (N) Stiffness £ SEM (N/mm)

Normal 184.5 11.35 41.62 2.75
ZFIZV 150.88 16.27 30.05 3.01
LV 163.92 11.99 2248 2.44
HF 222.00 15.93 45.53 2.57
HV 216.58 19.22 39.33 3.21
LF 209.08 25.86 37.55 2.53
LF/LV 207.50 18.53 38.68 4.00
LF/HV 197.08 22.15 33.47 1.50
HF/HV 318.67 20.30 57.63 3.06
HF/LV 163.92 16.41 29.80 3.89

Table 4.3.3A Ultimate tensile strength and stiffness data + SEM for short term (4-week)
parameters, lateral gastrocnemius tendon.
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Strain  SEM Stress £ SEM Young’s Modulus * SEM
Group
) (MPa) (MPa)

Normal 26.96 2.04 28.55 2.19 167.1 14.45
ZF/zN 24.06 3.75 18.04 2.27 141.57 15.21

LV 20.38 3.00 10.63 1.59 81.87 13.01

HF 23.73 3.07 12.48 1.35 112.05 9.47

HV 2215 1.76 15.94 2.01 132.29 14.65

LF 20.89 2.96 17.13 3.09 102.62 14.17
LF/LV 21.90 2.25 14.56 0.61 109.80 11.36
LF/HV 22.35 3.50 12.98 0.85 106.07 11.39
HF/HV 19.47 2.33 16.27 1.46 142.00 21.05
HF/LV 23.20 3.16 9.15 1.05 73.98 8.90

Table 4.3.3B Strain, stress and Young’s modulus data + SEM for short term (4-week)
parameters, lateral gastrocnemius tendon.
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UTS £ SEM (N) Stiffness £ SEM (N/mm)

Normal N/A  N/A N/A  N/A
ZFIZV 266.92 15.69 58.63 3.24
LV 213.92 13.91 47.88 9.32
HF 270.17 16.69 67.05 3.20
HV 263.75 18.33 68.68 4.78
LF 290.25 19.92 64.37 2.55
LF/LV 246.58 11.76 67.00 4.12
LF/HV 276.75 25.73 66.25 3.78
HF/HV 234.50 10.90 63.10 4.39
HF/LV 269.33 17.84 66.07 1.60

Table 4.3.3C. Ultimate tensile strength and stiffness data + SEM for short term (4-week)
parameters, medial gastrocnemius tendon.
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Strain * SEM Stress £ SEM Young’s Modulus £+ SEM
) (MPa) (MPa)
Normal N/A N/A N/A N/A N/A N/A
ZF/zN 29.75 3.10 23.42 0.61 21414 27.24
LV 2472 3.75 30.58 2.30 211.56 37.37
HF 21.35 1.61 37.32 6.55 274.00 37.49
HV 22.32 2.81 47.27 9.96 331.35 24.22
LF 28.32 212 41.78 7.93 290.17 46.38
LF/LV 19.77 1.31 34.20 2.93 289.17 27.10
LF/HV 20.52 2.13 36.88 4.21 274.58 26.07
HF/HV 17.55 2.05 37.78 2.49 325.81 21.47
HF/LV 20.63 2.24 40.03 6.16 304.23 34.88

Table 4.3.3D. Strain, stress and Young’s modulus data £+ SEM for short term (4-week)
parameters, medial gastrocnemius tendon.
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4.3.4 Inflammation, Vascularity and Adhesion Score Evaluation

UTS was moderately correlated with inflammation score (Figure 4.3.4A, r=0.5)
and poorly correlated with adhesion score (Figure 4.3.4B, r=0.039). However, there
was no correlation between UTS and vascularity score (Figure 4.3.4C, r=0.05). There
was weak correlation between stiffness and inflammation score (Figure 4.3.4D, r=
0.39). However, both the vascularity score and the adhesion score were moderately
correlated with the stiffness (Figure 4.3.4E r=0.45 and Figure 4.3.4F, r=0.40,
respectively). Cross sectional area of the tendon was moderately correlated with the
inflammation score (Figure 4.3.4G, r=0.5) and weakly correlated with the adhesion
score (Figure 4.3.4H, r=0.39). However, there was deemed to be no correlation

between cross sectional area and vascularity (Figure 4.3.41, r=0.07).

No correlation was present between strain and inflammation, vascularity or
adhesion scores (Figures 4.3.4J r=0.08, Figure 4.3.4K r=0.06, Figure 4.3.4L r=0.01,
respectively). There was no correlation between stress and inflammation, vascularity or
adhesion scores (Figures 4.3.4M r=0.05, Figure 4.3.4N r=0.05, Figure 4.3.40 r=0.04,
respectively). There was no correlation between Young’'s modulus and inflammation,
vascularity or adhesion scores (Figure 4.3.4P r=0.19, Figure 4.3.4Q r=0.19, Figure

4.3.4R r=0.16, respectively).

In general, the inflammation scores for ZF/ZV (control suture group) were lower

than many of the other test groups (Table 4.3.4A). There were no significant differences
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among the inflammation scores in the test groups containing any combination of LF/HF
or LV/HV. In general, the highest vascularity scores occurred for the HV group, median
2.5, range 1-3), followed by LV (2, 1-3) LF/HV (2, 2-3) and HF/LV (2, 1-3) with median
score=2)(Table 4.3.4A). There was a tendency for groups with high levels of VEGF to
have higher vascularity scores (p=0.08). There were no significant differences among
the groups in adhesion scores (Table 4.3.4A), indicating that the presence of FGF or

VEGF did not contribute to adhesions in comparison to ZF/ZV (control sutures).
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Figure 4.3.4A XY scatter plot of UTS and Inflammation score, lateral tendon, 4-week
groups. There was moderate correlation between the inflammation score and ultimate
tensile strength (r= 0.50. p<=0.00011). Correlation and 95% confidence intervals
provided.
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Figure 4.3.4B XY scatter plot of UTS and vascularity score, lateral tendon, 4-week
groups. There was no correlation between ultimate tensile strength and vascularity
score (r= 0.05, p=0.72) Correlation and 95% confidence intervals provided
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Figure 4.3.4C XY scatter plot of UTS and adhesion score lateral tendon, 4-week
groups. There was weak correlation between ultimate tensile strength and adhesion
score (r = 0.39, p= 0.003). Correlation and 95% confidence intervals provided.
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Inflammation

Figure 4.3.4D XY scatter plot of stiffness and inflammation score, lateral tendon, 4-
week groups. There was weak correlation between stiffness and the inflammation score
(r=0.39, 0.003) Correlation and 95% confidence intervals provided.
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Vascularity

Figure 4.3.4E XY scatter plot of stiffness and vascularity score, lateral tendon, 4-week
groups. There was moderate correlation between stiffness and the vascularity score
(r=0.45, p=0.006) Correlation and 95% confidence intervals provided.
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Figure 4.3.4F XY scatter plot of stiffness and adhesion score, lateral tendon, 4-week
groups. There was moderate correlation between stiffness and the adhesion score
(r=0.40, p=0.0028) Correlation and 95% confidence intervals provided.
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Figure 4.3.4G XY scatter plot of cross sectional area and inflammation score, lateral
tendon, 4-week groups. There was moderate correlation between cross sectional area
and the inflammation score (r=0.5, p=000118) Correlation and 95% confidence intervals
provided.
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Vascularity

Figure 4.3.4H XY scatter plot of cross sectional area and vascularity score lateral
tendon, 4-week groups. There was no correlation between cross sectional area and the
vascularity score (r=0.07 p=0.61) Correlation and 95% confidence intervals provided.
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Adhesions

Figure 4.3.41 XY scatter plot of cross sectional area and adhesion score, lateral tendon,
4-week groups. There was weak correlation between cross sectional area and the
adhesion score (r=0.39, p=0.0036) Correlation and 95% confidence intervals provided.
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Figure 4.3.4J XY scatter plot of strain and inflammation score, lateral tendon, 4-week
groups. There was no correlation between strain and the inflammation score (r=0.08,
p=0.57) Correlation and 95% confidence intervals provided.
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Vascularity

Figure 4.3.4K XY scatter plot of strain and vascularity score, lateral tendon, 4-week

groups.

There was no correlation between strain and the vascularity score (r=0.06,

p=0.67) Correlation and 95% confidence intervals provided.
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Adhesions

Figure 4.3.4L XY scatter plot of strain and adhesion score, lateral tendon, 4-week
groups. There was no correlation between strain and the adhesion score (r=0.01
(p=0.94). Correlation and 95% confidence intervals provided.
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Inflammation

Figure 4.3.4M XY scatter plot of stress and inflammation score, lateral tendon, 4-week
groups. There was no correlation between stress and the inflammation score (r=0.05
(p=0.72) Correlation and 95% confidence intervals provided.
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Vascularity

Figure 4.3.4N XY scatter plot of stress and vascularity score, lateral tendon, 4-week
groups. There was no correlation between stress and the vascularity score (r=0.05,
p=0.72) Correlation and 95% confidence intervals provided.
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Adhesions

Figure 4.3.40 XY scatter plot of stress and adhesion score, lateral tendon, 4-week
groups. There was no correlation between stress and the adhesion score (r=0.04,
p=0.77) Correlation and 95% confidence intervals provided.
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Figure 4.3.4P XY scatter plot of Young’'s Modulus and inflammation score, lateral
tendon, 4-week groups. There was no correlation between Young's Modulus and
inflammation score, (r=0.19, p=0.168) Correlation and 95% confidence intervals
provided.
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Vascularity

Figure 4.3.4Q XY scatter plot of Young's Modulus and vascularity score, lateral tendon,
4-week groups. There was no correlation between Young’s Modulus and vascularity
score, score (r=0. 19, p=0.168) Correlation and 95% confidence intervals provided.
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Adhesions

Figure 4.3.4R XY scatter plot of Young’s Modulus and adhesion score, lateral tendon,
4-week groups. There was no correlation between Young’'s Modulus and adhesion
score, (r=0.16, p=0.24) Correlation and 95% confidence intervals provided.
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| Group Median Maximum Minimum

ZF|ZV 0.5 1 0

LV 2 2 1

HF 1 3 1

HV 1 2 1

LF 2 2 1

LF/LV 1.5 3 1

LF/HV 1.5 2 1

HF/HV 2 3 2

HF/LV 2 3 1

Vascularity Score Data

| Group Median Maximum Minimum

ZF|ZV 1 2 0

LV 2 3 1

HF 1.5 2 0

HV 2.5 3 1

LF 1 3 1

LF/LV 1 3 1

LF/HV 2 3 2

HF/HV 1.5 3 1

HF/LV 2 3 1

Adhesion Score Data

| Group Median Maximum Minimum

ZF|ZV 0.5 2 0

LV 1 2 1

HF 1.5 2 1

HV 1.5 2 1

LF 2 2 1

LF/LV 1.5 2 1

LF/HV 1.5 2 1

HF/HV 2 3 2

HF/LV 1.5 3 1
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Table 4.3.4A Inflammation (Top), vascularity (Middle) and adhesion scores (Bottom)
data. ZF/ZV (control suture) tended to have the lowest scores.There were no significant
differences among the protein coated suture groups.

4.3.5 Ultimate Tensile Strength, 4-weeks

There were significant difference among all the surgical groups tested in the
short term (4-week) (p<0.001, Figure 4.3.5A). There were no signficant difference
detected among the ZF/ZV LV, LF/HV and HF/HV groups. The HF/HV group was
significantly different from all other groups. There were no significant differences among
any of the growth factor coated sutures, with the excpetion of HF/HV as previously

noted.
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Figure 4.3.5A Bar chart of ultimate tensile strength for the short term (4 week) groups,
lateral gastrocnemius tendon. Different letters among groups denote significant
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differences (p<0.05). The HF/HV group was significantly superior to any other group.
Data shown as mean + SEM.

In the two way anova factorial analysis of data, there was a significant difference
identified among the three levels of FGF (Figure 4.3.5B) and the three levels of VEGF
(Figure 4.3.5C). There was no signficant difference between the absence of FGF and
the 0.5 pg/ml incubation dose. In addition there was no signficant difference between
the 0.5 pg/ml incubation dose and the 5 ug/ml incubation dose. However, a significant
difference was identified between the absence of FGF (0 pg/ml incubation dose) and

the 5 pg/ml incubation dose (p<0.05).

There was no signficant difference between the absence of VEGF (0 pg/ml
incubation dose) and the 0.5 pg/ml incubation dose (Figure 4.3.5C). However, the 5
pg/ml incubation dose of VEGF was significantly different to both 0.5 pg/ml incubation

dose and the 0 pg/ml incubation dose (p<0.05).

When the factorial analysis data was combined, there was a significant effect for
FGF (p=0.0027) and a significant effect for VEGF (p=0.0023) on the UTS. There was a
signficant main interaction effect between FGF and VEGF (p=0.015) For the 0 pg/ml
incubation dose and the 0.5 pg/ml incubation dose for both FGF and VEGF, there was
no signficant interaction effect, increasing each factor resulted in a linear, parrallel and
predictable increase in ultimate tensile stregnth (Figure 4.3.5B and C). When the level
of FGF was increased to 5 ug/ml incubation dose, there was no signifcant difference

between the 0 pg/ml incubation dose and the 0.5 pg/ml incubation dose of VEGF.
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However, when the 5 pg/ml incubation dose levels of both VEGF and FGF were
combined, a signficant interaction occured, which resulted in UTS values of the lateral
gastrocnemius tendon greater than those anticipated from linear extrapolation from the

0 pg/ml incubation dose and the 0.5 pg/ml incubation dose (Figure 4.3.3B and C).
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Figure 4.3.5B. Bar chart of ultimate tensile strength, lateral gastrocnemius tendon, of
the 3 doses of FGF used in the short term (4-week) study. Different letters among
groups denote significant differences (p<0.05). Data shown as mean + SEM.
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Figure 4.3.5C Bar chart of ultimate tensile strength, lateral gastrocnemius tendon, of
the 3 doses of VEGF used in the short term (4-week) study. Different letters among
groups denote significant differences (p<0.05).Data shown as mean + SEM
4.3.6 Stiffness, 4-weeks

A significant difference in stiffness was identified among all the surgical group
(p<0.001, Figure 4.3.6A). There was no significant difference among groups ZF/ZV,
LV,HV, LF, and HF/LV groups . Significant differences were identified among the ZF/ZV

HF, LF/LV and HF/HV groups.
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Figure 4.3.6A Bar chart of stiffness for the short term (4-week) groups, lateral
gastrocnemius tendon. Different letters among groups denote significant differences
(p<0.05). The HF/HV group was significantly superior to any other group. Data shown
as mean * SEM.

4.3.7 Stress, 4-weeks

A significant difference in maximum stress was identified among all the surgical
groups (p=0.0017). The majority of the experimental suture groups ( LV, HF,HV, LV,
LF/LV, LF/HV, HF/HV and LF/HV) were significantly inferior in terms of maximum stress
compared to the ZF/ZV group. There was no significant difference in stress tolerance

between the ZF/ZV and LF groups (p<0.05).
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Figure 4.3.7A Bar chart of stress for the short term (4-week) groups, lateral
gastrocnemius tendon. Different letters among groups denote significant differences
(p<0.05). Data shown as mean + SEM.

4.3.8 Strain, 4-weeks

There was no significant difference among the groups in regard to maximum

tendon strain (Figure 4.3.8A)

4.3.9 Youngs Modulus, 4-weeks

A significant difference in Young’s modulus was identified among all the surgical
groups (p=0.00102, Figure 4.3.9A). The majority of the suture groups (ZF/ZV,
HF,HV,LF,LF/LV, LF/HV and HF/HV groups) were not signficantly different among each
other. However, both ZF/ZV and HF/HV groups had higher Young’s moduli than LV and

HF/LV groups.
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Figure 4.3.8A Bar chart of strain for the short term (4-week) groups, lateral
gastrocnemius tendon. In this case, there were no significant differences among the
groups (p=0.81). Data shown as mean + SEM.
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Figure 4.3.9A Bar chart of Young’'s modulus for the short term (4-week) groups, lateral
gastrocnemius tendon. Different letters among groups denote significant differences
(p<0.05). Data shown as mean + SEM.
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4.4.1 Medial UTS, 4-weeks

There were no significant differences amoung the groups in terms of the ultimate
tensile strength of the medial gastrocnemius tendon as evaluated at 4-weeks (Figure

4.4.1A, p=0.1677).
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Figure 4.4.1A Bar chart of ultimate tensile strength for the short term (4-week) groups,
medial gastrocnemius tendon. No significant differences were identified (p=0.1677)
Data shown as mean + SEM.

4.4.2 Medial Stiffness

There were no significant differences among the stiffness of the medial

gastrocnemius tendon among the groups at the 4 week time point (p=0.0093).
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Figure 4.4.2A Bar chart of stiffness for the short term (4-week) groups, medial

gastrocnemius tendon. No significant differences were identified (p=0.093). Data shown
as mean * SEM.

4.5.1 Histology, 4-weeks

There was moderate correlation between histology score and ultimate tensile
strength (r= 0.46, p=0.0046, Figure 4.5.1A), with the trend that superior correlation
scores had higher ultimate tensile strength. There was weak correlation between
histology score and stiffness (r= 0.39, p=0.0027, Figure 4.5.1B), with the trend that
superior correlation scores had higher ultimate tensile strength. There were significant
differences in histology score among the groups (p<0.01, Figure 4.5.1C). The ZF/ZV
group was not significantly different among the LV, HF, HV, LF/LV, LF/HV and the
HF/LV groups. The optimal histological group was HF/HV, which was significantly

different among all other groups, except the LF group (Figure 4.5.1C).
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Figure 4.5.1A. XY scatter plot of ultimate tensile strength and histology scores for the
short term (4-week) groups, lateral gastrocnemius tendon. There was moderate
correlation among the data (r=0.46 p=0.0046). Bands denote 95% confidence intervals.
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Figure 4.5.1B. XY scatter plot of stress and histology scores for the short term (4-week)
groups, lateral gastrocnemius tendon. There was moderate correlation among the data
(r=0.40 p=0.0027). Bands denote 95% confidence intervals.
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Figure 4.5.1C. Bar chart of histology score for the short term (4 week) groups, lateral
gastrocnemius tendon. There were significant differences among the groups in histology
score(p<0.001). The HF/HV group score was superior to ZF/zZV, LV, HF, HV, LF/LV,
LF/HV and HF/LV groups. There were no significant differences identified among the
ZVIZF group and the LV, HV and LF/LV groups. Data shown as mean + SEM.

4.5.2 Tendon Maturation Score

An evaluation was performed to ascertain if differences could be determined via
a tendon maturation scoring system based on selected parameters from the overall
score. For UTS, there was a moderate correlation between UTS and the maturation
score (r= 0.42, p=0.0004, Figure 4.5.2A). In terms of stiffness, a moderate correlation

was also identified (r=0.49, p<0.0001, Figure 4.5.2B).
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An evaluation of the ANOVA for the maturation score for the tendons (Figure

4.5.2C) reveals similar results to the overall histology score (Figure 4.5.1C).
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Figure 4.5.2A. XY scatter plot of ultimate tensile strength and tendon maturation scores
for the short term (4-week) groups, lateral gastrocnemius tendon. There was moderate
correlation among the data (r= 0.42, p=0.0004). Bands denote 95% confidence
intervals.

There were significant differences in tendon maturation score among the groups
(Figure 4.5.2C). The control ZF/ZV group was significantly less mature histologically
than the majority of the protein coated groups, with the exception of LV and HF/LV
groups. There were no significant differences in tendon maturation scores among the
majority of the protein coated groups, with the exception of LV and HF/LV groups. A plot

of both histology and tendon maturation scores (Figure 4.5.2D, 4.5.2E) demonstrated

the similarities in correlation parameters between the two scoring systems. There were
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no significant differences between the slopes of the overall histology scoring system
and the tendon maturation parameters as evaluated in relation to the ultimate tensile
strength (p=0.3803, Figure 4.5.2D). There were no significant differences between the two

scoring systems in relation to stiffness (p=0.756, Figure 4.5.2E).
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Figure 4.5.2B. XY scatter plot of stiffness and tendon maturation scores for the short
term (4-week) groups, lateral gastrocnemius tendon. There was moderate correlation
among the data (r=0.49, p<0.0001). Bands denote 95% confidence intervals.
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Figure 4.5.2C. Bar chart of tendon maturation score for the short term (4-week)
groups, lateral gastrocnemius tendon. There were significant differences among the
groups in tendon maturation score (p<0.001). The HF/HV group score was superior to
ZF/zV, LV, HF, HV, LF/LV, LF/HV and HF/LV groups. There were no significant
differences identified among the ZV/ZF group and LV, HV and LF/LV groups. Data
shown as mean + SEM. The HF,HV,LF,LF/LV, LF/HV and HF/HV group scores were
superior to the ZF/ZV group. (p<0.001).
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Figure 4.5.2D XY scatterplot comparison of histology score and tendon maturation
score for ultimate tensile strength. Linear regression comparison of the two slope
gradients determines that they were not significantly different between each other (p=
0.3803). Bands denote 95% confidence intervals.
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Figure 4.5.2E XY scatterplot comparison of histology score and tendon maturation
score for stiffness. Linear regression comparison of the two slope gradients determines
that they were not significantly different between each other (p= 0.756). Bands denote
95% confidence intervals.
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4.5.3 Histology and Fluorescence, 4-weeks

Histological evaluation for collagen orientation, inflammation, and cellularity was
performed. On histological evaluation, it was noted that for the ZF/ZV group, there was
significant hyper cellularity and the presence of round cells. Furthermore, the orientation
of the collagen bundles appeared random and haphazard (Figure 4.5.3A). In general,
there was minor inflammation, consisting of neutrophils and lymphocytes, in close
proximity around the suture material, highlighted in Figure 4.5.3B. In addition, the
random nature of collagen was also apparent in the HV group where collagen fibers at
90 degrees to each other were often identified (Figure 4.5.3B). The integration of the
suture material into the tendon occurred without any evidence of reaction (Figure
4.5.3B, 4.5.3C) and although in the FGF/VEGF combination groups fiber orientation
improved, there were still areas where round cells would remain trapped within bundles

of collagen (Figure 4.5.3D).

Negative histology controls were conducted for CD31 and macrophage MAC387
(Figure 4.5.3E). Results of histology controls demonstrated that non-specific binding did
not occur. However, although binding for CD31 was excellent and specific to the
endothelium, there was a significant paucity and lack of binding for the macrophage
(Figure 4.5.3F). Some take up of the macrophage antibody did occur by cells with a
larger appearance, suggested of macrophage in all groups, although cell numbers were
few. For CD31 binding, the ZF/ZV groups demonstrated a significant paucity of blood

vessels, which were sparsely located inside the tendon proper or in proximity to any
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suture material (Figure 4.5.3G). In the LV group at 4 weeks, there appeared to be a
reduced density of blood vessels in the body of the tendon in comparison to the other
growth factor groups, with the exception of the ZF/ZV group (Figure 4.5.3H). In the HF
group at 4 weeks, there were no blood vessels located with the body of the tendon, as
they were confined to the area around the suture or to the periphery (Figure 4.5.32l) In
the HV group at 4 weeks, there was a greater proportion of blood vessels, which were

identified intermingled among the crimp pattern of the tendon (Figure 4.5.3J, 4.5.3K).

In groups HF/HV and HF/LV (Figure 4.5.3K, 4.5.3L), there were a greater
proportion of the blood vessels located in close proximity to the suture material. The

body of the tendon remained devoid of blood vessels.
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4.5.4 Selection of Optimal Growth Factor Group

Based on the summary of the evalution of the 4-week data, we identified that the
HF/HV group resulted in signficantly higher ultimate tensile strength and stiffness in
comparison to any other protein group. The HF/HV group demonstrated a superior
histology in comparison to several other protein groups and the ZF/ZV control suture.
Based on this data, the HF/HV group was selected for evaluation in a 9-week study in

comparison to a ZF/ZV control suture.

4.6. 9-Week (Long Term) Evaluation

4.6.1 Cross Sectional Area, 9-weeks

There was a significant difference between the cross sectional areas of the
ZF/ZV LT (10.94 mm? + 1.49) and HF/HV LT groups (7.23 mm? + 0.63), (p=0.045)
(Figure 4.6.1A, 4.6.1B). There was a significant difference among the cross sectional
area measurements of NT, ZF/ZV LT and HF/HV LT groups (p=0.0044). The NT group
was not significant different to the HF/HV LT group. The power of the test given that the
true difference in means between the NT and the HF/HV LT group is at least A 2 mmz,

is 49%. The ZF/ZV LT group was significantly different to the NT group (p =0.0042).
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Figure 4.6.1A Bar chart of cross sectional areas. Different letters among groups denote
signifcant differences. There were no signficant differences between the NT and HF/HV
LT groups. The ZF/ZV group was signifcantly larger than either the NT or HF/HV groups
at 9-weeks. Data shown as mean + SEM.
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Figure 4.6.1B ZF/ZV LT tendon (A) and HF/HV LT tendon (B) Note these tendons do
not have the globular appearance of the 4-week groups centered on the black nylon
suture and appear as a more uniform structure

4.6.2 Ultimate Tensile Strength, 9-weeks

There were no signficant differences in UTS between the ZF/ZV LT and HF/HV
LT groups at 9-weeks (Table 4.6.2A, Figure 4.6.2A). For the 9-week data of ultimate
tensile strength, for a minimum difference in group means of A 13.6 N, power is 0.15, as

determined. Thus, there was a 85% probability of having committed a type Il error.
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UTS £ SEM (N) Stiffness £ SEM (N/mm)

ZFIZV LT 166.75 22.41 33.4 3.71

HF/HV LT 205.75 26.4 36.23 6.13

Table 4.6.2A Ultimate tensile strength and stiffness data for the 9-week groups. Data
shown as mean + SEM.
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Figure 4.6.2A Bar chart of ultimate tensile strength of two groups, ZF/ZV and HF/HV
suture at the 9-week time points. No significant difference were determined at 9-weeks.
Data shown as mean + SEM.
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4.6.3 Stiffness, 9-weeks

There were no signficant differences in stiffness between the ZF/ZV LT and
HF/HV LT groups at 9-weeks (Table 4.6.2A, Figure 4.6.3A). At the 9-week time point,
for a minimum difference between the HF/HV LT and NT group means of A 13.6, power
is 0.65, as acheived Thus, there was a 35% probability of having comitted a type Il

error.
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Figure 4.6.3A Bar chart of stiffness of two groups, ZF/ZV and HF/HV suture at the 9-
week time points. No significant difference were determined at 9-weeks. Data shown as
mean + SEM.

4.6.4 Stress, Strain and Young’s Modulus, 9-weeks

There were no significant differences in strain between the ZF/ZV LT and HF/HV

LT groups (Table 4.6.4A ,Figure 4.6.4A). There were no significant differences in
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Young’s modulus between the ZF/ZV LT and HF/HV LT groups (Figure 4.6.4B). The

stress at 9-weeks was significantly greater for the HF/HV LT group than the ZF/ZV

group (p=0.02, Figure 4.6.4C).

Strain  SEM Stress * SEM Young’s Modulus * SEM
(%) (MPa) (MPa)
ZFIZV LT 25.21 2.51 20.56 1.45 145 10.96
HF/HV LT 2532 212 2521 0.9 158 12.39

Table 4.6.4A Strain, stress and Young’s modulus data for the 9-week groups. Data
shown as mean + SEM.
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Figure 4.6.4A Bar chart of strain of two groups, ZF/ZV and HF/HV suture at the 9-week

time points. No significant difference were determined at 9-weeks. Data shown as mean
+ SEM.
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Figure 4.6.4B Bar chart of Young’s modulus of two groups, ZF/ZV and HF/HV suture at
the 9-week time points. No significant differences were determined at 9-weeks. Data
shown as mean + SEM.
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Figure 4.6.4C Bar chart of stress of two groups, ZF/ZV and HF/HV suture at the 9-week
time points. The HF/HV group had significantly greater stress at 9-weeks than the
ZF/ZV group (p=0.02). Different letters denote significant differences between groups.
Data shown as mean + SEM.
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4.7.1 Comparison of 4 and 9-week Ultimate Tensile Strength

There were no significant differences between the ultimate tensile strength of the
lateral gastrocnemius tendons for the control long term group (ZF/ZV LT) and the
HF/HV LT group at the 9-week time point, although there was a significant difference
between the two groups at the 4-week time point (Figure 4.7.1A). At the 9-week time
point, there were no signficant differences among the non operated normal tendons
(NT) and the ZF/ZV LT and HF/HV LT groups, although at the 4-week time point, the

HF/HV group was superior to the NT group.
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Figure. 4.7.1A Bar chart of ultimate tensile strength of two groups, ZF/ZV and HF/HV
groups at the 4 and 9-week time points. Although a significant difference was identified
between the ZF/ZV and HF/HV groups at 4-weeks,, there was no significant difference
at between then at 9-weeks. Data shown as mean + SEM. Horizontal dotted lines
represent the mean + SEM for the NT group.
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4.7.2 Comparison of 4 and 9-week Stiffness

There was no significant difference between the stiffness of the lateral
gastrocnemius tendons for ZF/ZV LT and HF/HV LT groups at 9-weeks. At the 9-week
time point, there were no signficant differences among the non operated controls (NT)
and ZF/ZV LT or HF/HV LT. There was a signficant difference between the stiffness of
the 4 and 9 week HF/HV groups (p<0.05, Figure 4.7.2A). At 9-weeks, there was no
signficant difference between the HF/HV LT and NT groups. At 9-weeks, there was no

signficant difference between the ZF/ZV LT and NT groups.
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Figure 4.7.2A Bar chart of stiffness of two groups, ZF/ZV and HF/HV suture at the 4
and 9-week time points. Although a significant difference was identified between the
ZF/ZV and HF/HV groups at 4-weeks, there was no significant difference between them
at 9-weeks. Data shown as mean + SEM. Horizontal dotted lines represent the mean +
SEM for the NT group.
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4.7.3 Comparison of 4 and 9-week Histology

The long-term control suture ZF/ZV LT was significantly superior in histological
score than the 4-week control suture (ZF/ZV). There was no significant difference
between the ZF/ZV LT and the short-term (HF/HV) group histology score. The 4-week
HF/HV group was significantly superior to the ZF/ZV LT group histology score. There
was no significant difference in histology score between 4-week HF/HV and 9-week
HF/HV LT group histology scores. The HF/HV LT group was significantly superior to the

ZF/Z\V LT group histology score (p<0.0001, Figure 4.7.3A).
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Figure 4.7.3A. Bar chart of histology score for the 4-week control group (ZF/ZV), the 9-

week control group (ZF/ZV LT) and the 9-week optimal group (HF/HV LT). Histology
scores were significantly different among the groups. Data shown as mean + SEM.
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In the ZF/ZV 9-week group there was a random nature to the deposition of
collagen within the surgical site. In the ZF/ZV 9-week group there were several areas
devoid of tendon material, which appeared as gaps in the tendon. In the HF/HV 9-week
group there was considerable parallel alignment of collagen fibers with infilling of gaps
between bundles, in direct contrast to the ZF/ZV 9-week group (Figure 4.7.3B).

Tenocyte morphology was more spindle cell like in the HF/HV 9-week group.

Immunofluorescent evaluation of the ZF/ZV 9-week group identified a paucity of
vascularity or blood vessels around the suture material. The remainder of the tendon,
including the core and peripheral locations, were lacking in CD31 binding. In the HF/HV
9 week group, blood vessel locations were confined to two regions, the periphery of the
tendon and around the suture material (Figure 4.7.3C). In the HF/HV 9 week group
There was no binding of CD31 identified anywhere within the core bundle of the well

aligned collagen fibers.
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4.8 Imaging Analysis

4.8.1 Shear Wave Analysis

The mean tendon shear wave imaging speed (SWI speed) at baseline was 10.5
+ 2.1 m/s over the entire length of the tendon, with significantly higher speeds obtained
at the distal (10.9 £2.1 m/s) and mid (11.0 £2.1 m/s) locations, relative to the proximal

(9.5 £2.1 m/s) location (p<0.05).

SWI speed significantly decreased in the repaired lateral tendons two weeks
after surgical repair, with the greatest decrease seen in the distal ROl (21% decrease,
p< 0.001). SWI speed decreased to a lesser extent at mid and proximal locations (18%
and 11% decrease respectively, p < 0.001). For all groups, there was a trend for a slight
recovery of SWI speed between two and four weeks at the distal location, though this

change was not significant (p = 0.09, Figure 4.8.1A)
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Figure 4.8.1A Box and whisker plots demonstrating spatial and temporal variation in
SWI speeds. Significant differences (p < 0.0167) shown for time point (*) and scanning
location (**).
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4.8.2 Relationship between SWI Speed, UTS, Stiffness Stress and Young’s

Modulus

When both non-operated lateral normal tendons (NT) and surgically transected
tendons were considered together in the analysis, both the ultimate tensile strength (r =
0.52, p < 0.001), stiffness (r=0.41, p<0.001), stress (r=0.5, p=0.001) and Young’s
modulus (r=0.52, p<0.001) were significantly and moderately correlated with post-
surgical SWI speeds (Figures 4.8.2A,B,C,D). When surgically repaired tendons were
considered separately from the NT group, ultimate strength remained significantly and
positively correlated with SWI speeds (Table 4.8.2A). However, Young’s Modulus was

not significantly correlated with shear wave speeds in these surgical cases.
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Figure 4.8.2A XY scatter plot of ultimate tensile strength and shear wave speed for the
short term (4-week) groups. There was moderate correlation among the data (r= 0.52,
p<0.0011). Bands denote 95% confidence intervals.



246

Stiffness (N/mm)
» o o
(=) =) o

N
o

5 10 15
Shear Wave Speed (m/s)

Figure 4.8.1B. XY scatter plot of stiffness and shear wave speed for the short term (4-
week) groups. There was moderate correlation among the data (r= 0.41, p=0.002).
Bands denote 95% confidence intervals.
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Figure 4.8.2C XY scatter plot of stress and shear wave speed for the short term (4-
week) groups. There was moderate correlation among the data (r=0.5, p=0.001). Bands
denote 95% confidence intervals.
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Figure 4.8.1D. XY scatter plot of Young’s modulus and shear wave speed for the short
term (4-week) groups. There was moderate correlation among the data (r=0.52,
p<0.001.).). Bands denote 95% confidence intervals.

Intact Surgically Repaired Combined

Young’s Slope [MPaxm™s] 51.6 43.3 54.8
Elastic Modulus r 0.19 0.22 0.52
o] 0.09 0.08 0.00

Slope [MPaxm™s] 6.17 4.64 7.09

Ultimate Stress r 0.24 0.30 0.58
o] 0.04 0.03 0.00

Table 4.8.2A. Best fit slope, correlation and significance for relationship between SWI
speeds, Young’s modulus and ultimate stress for the cases of: intact tendons only,
surgically repaired tendons only, and all tendons combined together.

4.8.3 SWI Sensitivity and Specificity

Of the metrics considered, the SWI determined ultimate stress data, based on
extrapolation from the correlation between ultimate stress and SWI speeds, exhibited
the greatest combination of sensitivity and specificity in distinguishing between

damaged and intact tendons. The SWI speed determined Young’'s modulus data, based
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on extrapolation from the correlation between Young’s modulus and SWI speeds
exhibited similar sensitivity to, but lower specificity than SWI determined ultimate stress.
SWI speed information by itself was both less sensitive and less specific than any other
SWI determined biomechanical parameter in identifying differences among the

surgically repaired tendons (Table 4.8.3A)

Young’s Modulus Ultimate Stress Shear Wave Speed
Sensitivity 0.93 0.93 0.81
Specificity 0.79 0.88 0.64

Table 4.8.3A Sensitivity and specificity for SWI derived Young’'s Modulus, SWI derived
ultimate stress and SWI speed alone as diagnostic tests for establishing tendon state
(intact tendons vs. severed/repaired tendons).

4.8.4 SWI Speed Data

Evaluation of SWI speeds over all time periods (0, 2 and 4 weeks) (Figures
4.8.4A, B, C), demonstrated that changes in SWI speeds do occur. While there was a
significant difference in one of the groups (HF/HV) at time 0, the significance of this is
uncertain. As time progressed, more groups developed significant differences from the
control suture (ZF/ZV), but not to such a degree that separation among each other was
possible. While it is possible to differentiate protein-coated sutures from the control,
there is some difficulty in distinguishing differences among the protein coated groups.
An analysis was performed to evaluate the differences in SWI speeds over time for both
the medial and lateral branches. At all time points, no significant differences were

identified between the medial and lateral branches (p=0.88, Figure 4.8.4D).
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Figure 4.8.4A Bar chart of SWI speed evaluations, pre-surgery (0 weeks). Although no
procedures had been performed, there was a significant difference (*) (p<0.05) for the
HF/HV group to have slightly lower SWI speeds than the control ZF/ZV group. Data
shown as mean + SEM.
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Figure 4.8.4B. Bar chart of shear wave speed evaluations, 2 weeks post surgery.
Although there were no significant differences between several of the groups, the LF
and LF/HV groups demonstrated significantly increased SWI speeds compared to
control ZF/ZV. * denotes significant differences from the control ZF/ZV group. Data
shown as mean + SEM.
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Figure 4.8.4C Bar chart of shear wave speed evaluations, 4 weeks post surgery. All
groups with the exception of the HF and HF/LV groups are signficantrly different to the
control ZF/ZV group. * denotes significant differences from the control ZF/ZV group.
Data shown as mean + SEM.
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Table 4.8.4D Bar chart of shear wave speed evaluations at 0, 2 and 4 weeks post
surgery. Left bars indicate medial tendons within each time period, and right bars
indicate lateral tendon. There were no significant differences between the branches at
any time point (p=0.88). Data shown as mean + SEM.
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4.8.5 AE Evaluation

Biomechanical properties were significantly and negatively correlated with the AE
maximum pathology index (PI). AE maximum Pl was negatively associated with ultimate
tensile strength and stiffness values (r=0.43, p=0.0031, Figure 4.8.5A, r=0.44,
p=0.0022, Figure 4.8.5B, respectively). There were no significant correlations identified
for either stress or Young’s modulus (r=0.17, p=0.25, Figure 4.8.5C, r=0.01, p=0.9,

Figure 4.8.5D, respectively).
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Figure 4.8.5A XY scatter plot of ultimate tensile strength and maximum pathology index
for the short term (4-week) groups. There was moderate correlation among the data
(r=0.43, p=0.0031). Bands denote 95% confidence intervals.
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Figure 4.8.5B XY scatter plot of stiffness and maximum pathology index for the short
term (4-week) groups. There was moderate correlation among the data (r=0.44,
p=0.0022). Bands denote 95% confidence intervals.

400

Stress (MPa)

0.00 0.05 0.10 0.15 0.20 0.25
Maximum Pathology Index

Figure 4.8.5C XY scatter plot of stress and maximum pathology index for the short term
(4-week) groups. There was no correlation among the data (r=0.17, p=0.25). Bands
denote 95% confidence intervals.
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Figure 4.8.5D XY scatter plot of Young’s modulus and maximum pathology index for
the short term (4-week) groups. There was no correlation among the data (r=0.01,
p=0.9). Bands denote 95% confidence intervals.

Evaluation of AE maximum PI over each group at the 0-week time period did not
determine any significant differences among the protein and control groups (p=0.26,
Figure 4.8.5E). At the 2-week time period, the control suture has a significantly higher
maximum Pl compared to all of the other groups (p=0.0009, Figure 4.8.5F). At the 4-

week time period, there are no longer any differences identified among the groups

(p=0.1850, Figure 4.8.5G)

The mean maximum Pl obtained for both medial and lateral branches for all
groups prior to surgery (0-weeks) was 0.0623 + 0.002. There was no significant
difference between the lateral branch (0.0599 +0.002) and the medial branch maximum

Pl at 0 weeks (0.0644 + 0.003). For the lateral branch of the gastrocnemius tendon
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there were no significant difference among the groups for maximum Pl at 0-weeks
(p=0.26, Figure 4.8.5H). There were significant differences identified between the
lateral tendons over the time periods, with a significant increase in maximum PI
between 0 and 2-weeks, followed by a lowering of maximum Pl between 2 and 4-
weeks. However, the medial tendons demonstrated a significant and steady increase in

maximum Pl between 0,2 and 4 weeks (p<0.001).

The mean maximum PI for both branches at 2-weeks post surgery was 0.123523
+ 0.008. There was a highly significant difference between the lateral branch (0.1600 *
0.0150) and the medial branches maximum Pl at 2-weeks post surgery (0.08844 +
0.0032, p<0.0001). For the lateral branch of the gastrocnemius tendon, there were
significant differences among the groups for maximum Pl at 2-weeks post surgery
(p=0.0009). The ZF/ZV group had significantly higher maximum P| values compared to

the other groups at 2-weeks post surgery.

For both medial and lateral tendons, significant differences were identified over
time among the 0,2 and 4-week data (p<0.0001). The maximum PI of the medial branch
increased between 0 and 2 week and 4 weeks. However, the lateral branch significantly
increased in maximum PI between 0 and 2-weeks, but reduced between 2 and 4-week

post surgery.

The mean maximum pathology index for both branches at 4-weeks post surgery

was 0.10801 £+ 0.00402. At 4-weeks, there was a significant difference between the
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lateral branch (0.1199 £ 0.0054) and the medial branch maximum Pl (0.09607 +
0.00616, p<0.001). For the lateral branch, there was no significant difference among the

groups for maximum PI.

The changes in maximum PI that occur over time are demonstrated by cineloop

data in Figure 4.8.5l.
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Figure 4.8.5E. Bar chart of maximum pathology index evaluations, pre-surgery (O
weeks) No significant differences were identified among the groups (p=0.2636). Data
shown as mean + SEM.
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Figure 4.8.5F. Bar chart of maximum pathology index evaluations, 2-weeks post
surgery. The ZF/ZV group was significantly (*) associated with higher Pl values than all
the other groups (p=0.0009). Data shown as mean + SEM.
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Figure 4.8.5G. Bar chart of maximum pathology index evaluations, 4-weeks post
surgery. No significant differences were identified among the groups (p=0.1850) Data
shown as mean + SEM.
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Figure 4.8.5H. Bar chart of maximum pathology index evaluations at 0, 2 and 4-weeks
post surgery. Left bars indicate medial tendons within each time period, and right bars
indicate lateral tendon. There was a significant and steady increase in pathology index
values for the medial tendons between 0,2 and 4 weeks. In addition, there was a
significant increase between 0-2 weeks, followed by a reduction in pathology index
between 2-4 weeks in the lateral tendon (*)(p<0.001). Data shown as mean + SEM.



Pathology |

== 0.2
0

Pathology |

.~ 0P
- 10 B
0

Figure 4.8.5] Cineloop data of maximum pathology index. (Top) Very quiescent tendon,
low Pl value (HF/HV group, 4-weeks). (Middle) Minor changes in Pl score, intermediate
value (HF group, 2-weeks). (Bottom) Significant changes, high Pl scores (ZF/ZV-group,
2 weeks). Note how the majority of the high values (red) occur in the region of the
surgical site.




4.8.6 SWI and AE Evaluation

In comparison of SWI speed and AE maximum P, there was a significant and

moderate negative correlation (r= 0.413, p=0.004, Figure 4.8.6A.).
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Figure 4.8.6A. XY scatter plot of shear wave speed and maximum pathology index. A

moderate negative correlation exists between the two imaging parameters (r= 0.413,

p=0.004). Bands represent 95% confidence intervals.

4.8.7 SWI and AE Modeling

A significant effect was identified for the regression of ultimate tensile strength on

both SWI speed and AE maximum PI data, (p=0.0034). Using forward model selection,

the model that explains the variability of ultimate tensile strength includes both the SWI

speed and AE maximum Pl values (adjusted r = 0.44). Both SWI speed (p=0.015) and

maximum pathology index (p=0.0029) were significant variables in this model. Thus, a
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potential model for optimal ultimate tensile strength evaluation includes both parameters

and in this study, can be given by the formula:

UTS = 384.88 -733.2 *(Pl) — 11.42* (SWI)

4.8.8 Microbubble Contrast Angiography

For the majority of 0-week cineloops, there was no significant uptake of MCA in
the tendon. Therefore, from the computer processed data of the cineloops, a 10%
above baseline and 85% of peak value could not be calculated in order to determine a
mean pixel intensity value (MPV). Data representative of this scenario are depicted in
Figure 4.8.8A. Thus any mean pixel value, which identified a change of 1.5 units or

less, was deemed to have no contrast uptake.

Data were then analyzed using discrete variables. An animal was determined to
have had contrast uptake if the 10% baseline — 85% peak difference exceeded an
average distance of 1.5 MPV units. A change of 1.5 MPV's was chosen as a minimum
registrable value from the data evaluated, which could be reliably interpreted as an

increase in MPV.

There were no significant differences in MPV among the groups at 0-weeks
(p=0.83, Figure 4.8.8B). At the 2-week time point, there was a significant difference in

the number of animals with contrast uptake, in comparison to the 0-week time point
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(P=0.002, Figure 4.8.8C). The LV, HF, LF/LV LF/HV and HF/HV groups had

significantly more uptake than control suture (ZF/ZV) group.

At 4-weeks, there was a significant difference in the number of animals with
contrast uptake among the groups (p=0.001, Figure 4.8.8D). While the ZF/ZV control
suture group remained with few animals with MPV values greater than 1.5, the number
of rabbits with uptake in the HF, HV, LF/LV groups increased. The number of animals
with MPV greater than 1.5 continued to remain elevated or increased for all the other
groups, which showed significant increases in vascularity compared to ZF/ZV control
sutures group. Thus while it was not always possible to demonstrate differences among
the groups, there was greater consistency in demonstrating increased vascularity
compared to control sutures. Such an example of increased contrast uptake is

demonstrated in Figure 4.8.4E.

Several adverse reactions were recorded with the use of MCA. Reactions were
not predictable and occurred at all time points and were not confined to a specific group
or sex. In total, six animals experience a reaction; symptoms included sudden reversal
of anesthesia, urination and defecation, vocalization and while still under the influence

of the anesthetic, apnea and tachycardia. No fatalities were recorded.
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Figure 4.8.8A. Example of a noisy baseline setting (ZF/ZV group, 0-weeks). In this
case, any form of calculation was impossible and the animal was determined to have no
significant contrast uptake in the limb. Therefore, the graphs representing differences
between groups demonstrate a small number of animals. Although a slight peak is
indicated after 100 frames, the change in Mean pixel intensity is less than 1.5 after
calculation of baseline +10% and 85% of peak values.
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Figure 4.8.8B Bar chart of mean pixel intensity change, 0-weeks. Although some
animals had significant contrast uptake at 0-weeks, the majority of animals possessed
no uptake. There were no significant differences among the groups (p=0.8387) Data
shown as mean + SEM.
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Figure 4.8.8C Bar chart of mean pixel intensity change, 2-weeks post surgery.
Significantly (p=0.002) more rabbits at the 2-week time demonstrated contrast uptake in
comparison to the 0 week time point. Although the majority of protein sutures had
animals with contrast uptake, the ZF/ZV control group had more animals with lower
contrast uptake. Differences among letters denote differences among groups at p<0.05.
Data shown as mean + SEM.
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Figure 4.8.8D Bar chart of mean pixel intensity change, 4-weeks post surgery.
Significantly (p=0.001) more animals at this time point demonstrated contrast uptake
compared among either 0 week or 2-week data. Differences among letters denote
differences among groups at p<0.05. The majority of protein sutures had animals with
contrast uptake. The ZF/ZV control group had more animals with lower contrast uptake.
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Chapter 5

Discussion
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5.1 Discussion

This study was conducted to test several hypotheses and investigate the effects
of two growth factors incorporated onto suture material in the surgical repair of
transected lateral gastrocnemius tendon. One major aim was to evaluate if the
combination of VEGF and FGF can result in superior repair at both 4-week and 9-weeks
post surgery and how we may be able to noninvasively determine biomechanical

information regarding the healing of tendon and its vascularity.

We were able to successfully generate suture material to release a calculated
spatiotemporal mixture of the two growth factors. However, the HAP material is
exceedingly brittle and it is not recommended to coat sutures in excess of 14 days due
to premature loss of crystal during handling. Thus, alterations in the crystal composition
or other methods to delay the dissolution of this layer would have to be employed in
future studies. However, we were able to demonstrate that proteins can be incorporated
at many layers and stages of the crystals, or then can be co-localized together, which

provides data to support further studies.

The release experiments demonstrated the difference in adsorption rates for FGF
and VEGF, despite similar incubation concentrations. It is apparent that FGF has a
higher affinity to bind to the HAP crystal layer than VEGF and that absorbable sutures
are more capable of being loaded with higher concentrations of protein. We identified

that polyglactin 910 sutures dissolved between day-21 and day-28 after we initiated the
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release experiment, when we expected the dissolution to occur at around day 40.
Therefore, it is highly likely that the breakdown of the polyglactin 910 sutures had been
initiated by hydrolysis at the time the incubation period was initiated. This is important in
future studies, as polyglactin 910 sustains a 25% loss of tensile strength at day 14 and
50% at day 21.' Thus, after 10-day incubation period in mSBF, polyglactin 910 will
retain only 50% of its tensile strength 11 days after implantation. Thus, biomechanical

properties of the suture materials will need to carefully be considered.

We demonstrated the differences in release kinetics between superficial and
deep layers of suture material. It was evident that a deeper layer provides a more
gradual release, whereas a superficial layer provides a greater initial burst and then
achieves a plateau at an earlier time point. Thus there is considerable coordination that
can be achieved with careful engineering of the HAP layers. However, we encountered
a significantly higher release when we took into account physiological mechanisms of
suture use, namely passing the suture through tissue and applying a knot. This action
results in shearing forces on the HAP layer, which increases the degree of initial burst.
Furthermore, we encountered a secondary burst, often associated with the use of
polyglactin 910 and its ultimate dissolution in our release experiments. Although a
secondary burst phenomenon was also encountered with some nylon suture, this was
often isolated to the tendon tissue and coincided with the time period the tendon tissue
had dissolved by autolysis in our SBF solution, which would not occur in vivo. The nylon
suture did not dissolve, thus the secondary burst cannot be attributed to suture

dissolution in this case. Since autolysis would not occur in vivo, the results for the burst
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phenomenon for the nylon suture are therefore limited to the in vitro application we

performed in this study.

The concept that we applied protein solution in a laboratory setting, at various
time points, followed by the drying and lyophilization and sterilization of the sutures in
ethylene oxide lends significant credence to the notion that such a product may have
viable commercial opportunities. We demonstrated the retention of bioactivity of the
product in these experiments, although the exact reduction that occurs is unknown. It
would also be interesting to determine if the reduction in bioactivity is greater for suture

material in the superficial layer than the deep layer.

The idea that the addition of FGF or VEGF would increase cross sectional area
was anticipated, since these have been shown to stimulate repair by the extra
deposition of collagen. However, it was interesting to note that the cross sectional area
increase due to surgical manipulation was not as significant as one might imagine as
demonstrated by the control ZF/ZV group. Therefore, we noted that the addition of
growth factors resulted in a significant enlargement of the repair site at the 4-week time
period. Although one may have expected fibrous tissue deposited in this region to
remain persistently, it is intriguing that the cross sectional area of the HF/HV group had
returned to baseline values by the 9-week period. The ZF/ZV 9 week group cross
sectional area had also returned to intact control baseline values, but were still larger

than the HF/HV group, although this was not considered significant. The mechanisms



270

that therefore resulted in the reduction in cross sectional area in this time are intriguing

to consider.

The addition of a variety of dose combinations of FGF and VEGF in tendon repair
resulted in biomechanically superior properties in comparison to the ZF/ZV control
suture. This information is not new and would have been expected. However, the
identification that the HF/HV group more than doubled the ultimate tensile strength of
the tendon in a 4-week time period is highly biologically relevant. One couples this with
the fact that the ultimate strength attained surpassed even biological normal intact
tendons, which was unexpected. The magnitude of the strength of the tendon was so
great that it altered the failure mode for this group. Whereas most failures occurred at
the site of repair, the majority of failures in HF/HV group occurred via avulsions of small

pieces of bone off the proximal aspect of the calcaneus.

In terms of musculoskeletal components, it has not been previously reported that
post injury, tissue regains its original biomechanical properties, let alone surpasses
them. Bone is the only notable exception to this statement, and perhaps also the liver.
Furthermore, there is an interesting parallel between the temporary formation of
periosteal callus and resulting increase in bone cross sectional area while bone is
healing, which temporarily provides increased biomechanical strength to the repair site
and the increase in tendon cross sectional area observed in our study. We encountered
significant differences for our cross sectional area, ultimate tensile strength and stiffness

parameters of evaluation. High tensile strength tendons tended to have high cross
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sectional areas. When we consider our calculations of Young’s modulus, strain and
stress, which takes into account the cross sectional area, there were fewer significant
differences identified. Although there was a statistically significant difference among the
groups in terms of Young’s modulus, the majority of the protein groups were not
significantly different among each other. The effect of the cross sectional area is
therefore to normalize the Young’s modulus throughout our data, which accounts for the
differences in cross sectional area. This makes some biological sense, as Young’s
modulus is an intrinsic mechanical property of the tendon structure. A similar

explanation can be used to describe variation in stress for all our groups.

From a biological and clinical perspective, these intrinsic parameters are of less
value to a clinical case. The properties of the structure being examined, in this case
stiffness and ultimate tensile strength, would be important to the patient with a healing

tendon.

There appeared to be no significant effect of the suture material implanted in the
lateral gastrocnemius tendon on the medial gastrocnemius tendon. For the most part,
biomechanical testing parameters, although they became more variable in the post
surgical period for the medial tendon, did not significantly differ from each other. This is
encouraging by confirming that the major focus of protein action is local to the suture
material delivery platform and not widespread with interactions at distant sites. During
the surgical procedure, it was noted that during placement of the core suture, there was

some flaking off of the HAP crystalline layer into the local environment. This primarily



272

occurred as tension was placed on the suture material to appose the tendon ends.
Much less HAP was lost during placement of the paratenon suture, as there was no
significant application of tension to this suture. The local action of the suture material
was also confirmed via histological analysis, which demonstrated vasculature in close
proximity to the suture material, but not in the core of the tendon. Thus the conclusion
is that although some HAP and growth factors are lost during placement of the core
suture, the main effect is local, although it is highly likely that the HAP crystals
overlaying on the medial tendon contributed to the increase in variability for this

structure in later evaluations.

One of the main hypotheses of this study was that the combination of FGF/VEGF
would be synergistic. For the majority of the doses we used, the addition of another
growth factor in low combination did not significantly affect any of the biomechanical
parameters evaluated. It was only via the use of the HF/HV combination that a
significant interaction and synergistic effect occurred. Thus, it is important to recognize
that each species in which this technology may be translated, would require a similar

dose-response evaluation.

As has been previously identified, we were able to determine a significant
correlation between histology scores and biomechanical properties. This correlation
was expected, as we identified that groups with multiple growth factors tended to have
superior collagen fiber alignment and the presence of more spindle cells than the

control or groups with a single coating of growth factor. Furthermore, we confirmed that



273

the use of the suture material coated with HAP resulted in only minor degrees of
inflammation, as evidenced by some histological sections, but on the whole, suture

integration into the tendon was accomplished successfully.

The main findings were therefore that the high combination group was the
optimal suture group of all the combinations we evaluated for the repair of rabbit lateral
gastrocnemius tendons. The HF/HV suture combination resulted in an increase in
vascularity and superior histological organization as identified via histology and a
significant increase in cross sectional area. The biomechanical properties of normal
intact tendons are likely optimal for the daily activity of an individual, in this case a
rabbit. Given that there is a reduction in cross sectional area, a reduction in
biomechanical properties to physiological values and a superior histological
organization by 9-weeks we conclude that sensing of biomechanical excess had
occurred by some pathway and instigated the remodeling of the tendon, as occurs in
Wolff's Law in bone. Excess mechanical properties above normal are not required so

the tissue will remodel to return the tendon to intact normal biomechanical properties.

The introduction to this thesis mentioned the possibility of the role of
macrophages in sensing the mechanotransduction signals, presumably regulated
through the ECM of the tendon and tenocytes. Since parallels have already been drawn
between callus formation and Wolff’'s Law in bone, one would be tempted to link the role
of macrophages, which are of the same haematopoetic lineage as osteoclasts, with the

regulation of tendon biomechanical properties. However, attempts to identify the
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presence of macrophage using immunofluorescence were unsuccessful. Although there
were instances were a single cell fluoresced with this antibody and the binding
appeared specific to that cell, it is dubious if those cells are truly macrophage. It is
difficult to envisage that the macrophage population in these tendons is limited to low
single digits. Although the particular antibody we utilized has been used in rabbits
previously? it is unknown why we were unable to detect a significant macrophage
presence. |deally, a positive control would have been used to verify our antibody in this
model. Another potential candidate antibody we could have used would have been RAM

11, an antigen that labels rabbits macrophage but is so far uncharacterized.

To evaluate why our macrophage binding was unsuccessful, we must identify the
target of the MAC387 antibody. MAC387, L1, or Calprotectin molecule, is an
intracytoplasmic antigen comprised of a 12 kDa alpha chain and a 14 kDa beta chain.
The antigen is expressed by granulocytes, monocytes and tissue macrophages. It is
related to the S100 family of proteins and has been detected on neutrophils, monocytes,
invariably in endothelial and epithelial cells in addition to a soluble form. Furthermore, it
is associated with activated macrophages and functions with an important role in
inflammatory processes by regulating the adhesion of myeloid cells to endothelium and
extracellular matrix.* The possibility exists that activated macrophages functioned in an
immune response, probably during the first few days of this study, would have been
identified via this antibody. Therefore, our results suggest that by the 4 or 9-week time
point, there were no activated macrophages present in the tendon, which seems highly

unlikely. An interesting possibility occurs if macrophages responsible for tendon
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remodelling at the 4 or 9-week time point are differentiated further along the pathway
and no longer express MAC387, such as with the expression of RANKL in osteoclasts.
It is unclear if the transformation, if any, of macrophages would affect tissue resident
macrophage or macrophage activated by the classical or alternative pathways.
However, there may be other biomarkers for remodelling macrophage that are currently

unidentified.

Due to its ease of use, ultrasound, SWI or AE could easily be adapted to clinical
use for noninvasively and quantitatively tracking changes in SWI speed and PI following
the treatment of a surgical repair of a transected tendon. The use of either SWI or AE
metrics as biomarkers of tendon biomechanical properties are encouraging. We
identified significant changes in both SWI and AE parameters observed after severing
and surgically repairing a tendon, which may reflect a decrease in mechanical integrity

of the damaged tissue.’

We found a correlation between SWI speed and both the ultimate stress and
Young’s modulus of tendons, supporting the use of SWI as a proxy measure of tendon
mechanical properties, although it also correlated moderately with ultimate tensile
strength and stiffness However, the use of SWI to track temporal changes during
healing was not supported, since we found no significant increase in SWI between 2
and 4-weeks post-surgery. This latter result could mean that the time between 2 and 4-
weeks post surgery were an insufficient for SWI speeds to significantly change with

healing. Although we found changes between the ZF/ZV control suture and all the other



276

groups, separating differences among all of our test sutures was much more difficult. A
curious result was obtained at the 0-week scan when a single group was found to have
lower SWI speed than the rest. Although no outliers were identified in the data, this may
simply be attributable to chance in this case and it is more likely that a type | error was
made in this assessment. Another interesting point to note is how much the medial
tendon SWI speed was affected by the transection of the lateral branch so much so that
we were unable to identify any differences between the two branches at any time point
using this modality. This may have occurred for several reasons. It may be that our
positioning of the leg at 90 degrees of tarsal flexion was insufficient to tense the medial
branch enough to fully evaluate changes in SWI speed in this structure. In future, a

more acute tarsal angle may be more beneficial.

The positive relationship between SWI and mechanical measures is particularly
encouraging given the small size of the rabbit tendon structures being imaged. Shear
wavelengths are generally larger than tendon thickness, causing guided wave

propagation along and across the tendon as the shear wave reflects off its boundaries.®

The results from this study showed shear wave velocities of ~16 m /s and the frequency

range used for the SWI technique (300-800 Hz), generates shear waves with a

wavelength between 20-50 mm. These shear wave wavelengths are greater than the

mean tendon cross sectional area of between ~6 mm for our intact normal tendons and

~19 mm for our HF/HV group. Such effects may be more pronounced in smaller

tendons, such as the rabbit Achilles. There is also potential for interference from
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adjacent tissues since spatial averaging is used to generate the SWI map. This may
introduce error because tendon wave speeds are considerably higher than wave
speeds in adjacent tissues such as muscle.” Both the wave guiding and spatial
averaging effects on SWI errors would be lessened in larger tendons, such that there is

potential for obtaining more reliable SWI measures in a larger animal model.

Our treatment group included rabbits undergoing repair using sutures coated with
three levels of VEGF and FGF growth factors, which contributed to the variability in the
elastic modulus and strengths measured for lateral tendons at sacrifice. We tested both
repaired tendons and intact tendons so as to include distinct “injury states” in our
analysis. It is encouraging that the SWI relationship to tendon mechanics was evident
when examining individual groups. This suggests that SWI may serve as a proxy for
mechanical properties irrespective of the state of the tendon or the specific treatment
approach used on a torn tendon, which would clearly represent the case in clinical

settings.

It is well understood that tendinous tissue is both nonlinearly elastic and
anisotropic®, which are important considerations when collecting and interpreting tendon
SWI speeds. Our SWI speeds were measured at low tensions, in which tendon is
known to exhibit nonlinear strain-stiffening behavior. The strain-stiffening effect would
suggest an increase in shear wave speed with tendon stretch, a phenomenon that has
been observed in both in vivo® and ex vivo'™ studies. In this study, we tried to control for

the strain-stiffening effect by collecting all images at a set tarsal angle. There remains
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the possibility that the slack length of the tendon is altered when severing the tendon,
such that it is not guaranteed that the same posture results in the same loading and
strain at the tissue level. In performing these studies, it is important to recognize that
axial tendon strain can result in increases in shear wave speed that exceed the
maximum tracking speed (16.3 m/s) of current commercial systems, such that it is

necessary to restrict SWI speed measures to low loads at this time.

SWI speed is a function of shear modulus in both isotropic and transversely
isotropic materials. In an isotropic, purely elastic material, there is an easily defined
relationship between the shear and elastic moduli, such that the elastic modulus can be
estimated based on the SWI speed. However, the relationship between the shear and
elastic moduli in transversely isotropic tissues like tendon is more complex 11raising
interesting questions about how the more functionally relevant axial elastic modulus
may be related to the shear modulus, and thus the shear wave speed. While not well
understood for tendon, a strong linear correlation between shear modulus and axial
Young’s modulus has been observed in muscle'®, which is often also considered
transversely isotropic.” Such a relationship would support the idea that SWI speed in
transversely isotropic materials, being an indicator of shear modulus, may be at least a
good correlate of elastic modulus as well. However, more experimental and modeling

work is needed to understand this relationship in greater detail.

Our study was premised on the idea that tendon elasticity is related to tendon

|14

strength, as described in a meta-study by LaCroix et al ™. One potential explanation for
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this empirical observation is that failure is ultimately dependent on the strain the tissue
can withstand, which can be estimated from the tissue elasticity. We indeed found a
high correlation between SWI speeds, Young’s modulus and ultimate stress (r = 0.85, p
< 0.001), lending credibility to this idea. This relationship can also be seen in a previous
rabbit Achilles regeneration study that showed similar percent increases in ultimate

stress and Young’s modulus during healing.™

When examining the effectiveness of ultrasound SWI as a diagnostic tool for
tendon biomechanical inference, we found that there was only poor correlation with
structural mechanical properties (stiffness or tensile strength) and moderate correlation
with material properties, such as stiffness and Young’s modulus. There was also some
evidence to suggest that SWI and biomechanical data derived from SWI can be used to
differentiate between fully intact (NT) and severed/repaired tendons. The benefit of SWI
is that it is a noninvasive measurement technique, and thus can be used clinically. SWI
showed reasonable sensitivity as an in vivo test (0.81), but poor specificity (0.64) when
using Z score as differentiator (Table 4.8.1G). It should be noted that in this case,
sensitivity is the more important of the two metrics, being that a false negative result

would be more detrimental than a false positive result.

We noted a negative correlation between the AE maximum PI and ultimate
tensile strength. There appeared to be good baseline values at the 0 week time period
for both medial and lateral branches, indicating that repeatability of this technique is

high. Although we were unable to use the maximum PI values to evaluate differences



280

among groups at the 2-week time point, we were able to identify that all treatment
groups were superior to the control suture. Furthermore, the control suture group, at the
2-week time point, had the largest change in maximum Pl values. At the four-week time
point, we were unable to detect differences among the groups using maximum PI
values. We did identify correlations between maximum Pl values and ultimate tensile
strength and stiffness. The correlation of maximum Pl and material tendon properties

(stress, Young’'s Modulus) were poor and not supported by this study.

It was also interesting to note that SWI and Pl were moderately correlated
with each other. This is encouraging since it supports the use of both parameters in
tendon evaluation. Although SWI data appeared to have greater correlation with
material tendon properties (Young’s modulus and stress) AE Pl assessment had greater
correlation with structural tendon properties (ultimate tensile strength, stiffness). This
raises the question which modality should we use? Unfortunately, the answer is not
straightforward. From a clinical perspective, one would wish to identify the ultimate
tensile strength of a tendon in order to promote or caution against a specific
rehabilitation protocol. However, over time other parameters such as the intrinsic
properties may become more important. When entering a mathematical model to
calculate ultimate tensile strength, the greatest R-value was encountered when both
maximum Pl and SWI data were entered into the model, which was superior to the use
of each modality alone. Thus, although they both provide different data, which are
related, the combination of the two may prove to be the most successful in terms of

accurate prediction of ultimate tensile strength, although it should be stressed that the
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correlation using both these modalities was moderate and the results need to be

interpreted with caution.

The MCA results were somewhat disappointing. It was expected that at the
baseline time point, overall contrast uptake would be poor, representing the inherent
lack of vascularity in a tendon. However, at the 2-week time period, we failed to detect
any significant blood flow in 61% of the tendons examined. This may reflect the fact that
the tendon transducer was not positioned in the correct location, or that some other
technical error occurred during the data recording. Despite this detail, we were still able
to identify differences among the groups. Similar to the SWI and AE data, significant
differences between the test sutures and the controls sutures were often detected and
such was the cases for the MCA at 2 weeks. Using our modified evaluation with a
minimum mean pixel value change of 1.5 units, we were able to show that significantly
more tendons had blood flow that was detected at the 2 and 4-week period than the
control sutures. The combination groups LF/HV, HF/HV and HF/LV had the highest
number of animals with an increased blood flow. It is interesting to note that these
combination groups had the highest number of animals with detected blood flow,
greater than the single growth factor groups which themselves were superior to the
control suture. Thus, the combination of the two growth factors we used may have had

a synergistic effect in promoting angiogenesis.

We did encounter several complications with the administration of the MCA.

Several adverse anesthetic effects were noted, which were confined to the first injection
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of the drug in that animal. The second injection for the contralateral side was
asymptomatic. Reactions included sudden reversal of anesthesia, urination and
defecation, vocalization while still under the influence of the anesthetic, apnea and

tachycardia. No fatalities occurred as a MCA injection.

In conclusion, the results from this study support our original hypotheses. We
identified that there was a synergistic interaction among the FGF and VEGF proteins
when released in the manner described in this experiment. At the high concentration of
both FGF and VEGF, the ultimate tensile strength of the tendon doubled at 4 weeks.
This treatment, if proven in humans, would be significant. The benefits we encountered
were not merely biomechanical, but also confirmed via superior tendon histological

organization.

The imaging aspect of the project in essence advanced what is already known
about the correlations between SWI and AE and biomechanical properties. Although
these parameters can infer biomechanical data, they were most useful at differentiating
test groups from controls and were less reliable among each other. We may have been
limited in this regard by the size of our model. Further research is warranted in larger

tendon structures.

Angiogenesis has also been implicated in tendon healing. Our histological
evaluations, such as vascular scores and the histology imaging support the correlation

of neovascularization and tendon healing. However, although angiogenesis is important
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for healing, intact normal tendons and the HF/HV 9-week group demonstrated a lack of
vascularity in the body of the tendon, implying vessels form, deliver nutrients for the
tendon to heal and then regress. The exact time frame the blood vessels are required
prior to regression is unknown. Imaging using MCA’s is also of benefit to assess
vascularity although we were again limited mainly to identifying differences between the

control sutures and the protein groups.

Given the implications of a commercial product using this technology and the
data generated in support of FGF and VEGF release in tendon healing, coupled with the
supporting evidence generated by SWI, AE and MCA imaging, further studies targeting

specific areas and questions generated in this discussion are warranted.
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Chapter 6

Limitations and Assumptions
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6.1 Limitations

There are many limitations and assumptions in this study worth mentioning.
Foremost, when comparisons to physiological values are being made, it is helpful to
have more accurate population data. We were only able to obtain estimates of
population data for the SWI data and some biomechanical properties. It would have
been more appropriate to conduct the study on a group of completely naive animal in all
modalities in order to generate reference values for these parameters. In our surgical
model, our control suture was coated in HAP/BSA as we wanted to demonstrate that it
was the presence of growth factors and not the HAP/BSA, which resulted in any
changes, however, a second control group with uncoated suture would have been a
welcome addition to the study. We felt that for the number of groups we used in this
study, an n=6 per group was insufficient and may result in an underpowered study.
However, although significance was identified in a variety of cases, with an n=6 per

group the study was underpowered when no significant differences were demonstrated.

Given the data we obtained, we would suggest that if the study was repeated, an
earlier time point should be considered. We managed to double the ultimate tensile
strength of the tendon in a 4-week period. While this is remarkable, perhaps a 1 or 2-
week time point would have been able to evaluate the healing cycle at more obvious
time points. It is unclear if the peak ultimate tensile strength for each group is attained at
4 weeks. The FGF/VEGF interaction may result in changes in the not only the peak

ultimate tensile strength, but also the rate at which the ultimate tensile strength is
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attained. More time points would have given us a greater understanding of the temporal

situation in regard to peak ultimate tensile strength.

The surgical model we utilized to model Achilles tendon repairs is not
representative of the clinical scenario. We performed sharp transections that were
immediately repaired. The clinical scenario is representative of a laceration with
hemorrhage and trauma surrounding the tissues. Thus, extrapolation of these highly

controlled results to a clinical situation needs to be interpreted with significant caution.
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AE
AER
ARFI
bFGF
bHLH
BrdU
BSA
CDMP
CEU
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EDS

EGF
ERK
FACIT

FGF
FGFR
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HF
HF/HV
HF/LV
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Acoustoelastography

Axial Ectodermal Ridges

Acoustic Radiation Force Impulse

Basic Fibroblast Growth Factor (FGF-2)
Basic Helix-Loop-Helix
Bromodeoxyuridine

Bovine Serum Albumin
Cartilage-derived morphogenetic protein
Contrast Enhanced Uptake

4' 6-diamidino-2-phenylindole
Extracellular Matrix

Energy Dispersive X-Ray Spectroscopy
Analysis

Epidermal Growth Factor

Extracellular Signal-Regulated Kinase
Fibril Associated Collagens With
Interrupted Triple Helices

Fibroblast Growth Factor

Fibroblast Growth Factor Receptor
Glycosaminoglycan

Hydroxyapatite

High FGF

High FGF/ High VEGF

High FGF/ Low VEGF

High VEGF

Interferon - gamma

Interleukin-1

Low FGF

Low FGF/ High VEGF



LF/LV
LOX
LT

LV
MAGP
MCA
MPV
NT
PAMP
PDGF
PI

ROI
SDFT
SDUV
SLRP
Smad
SMURF

ST
TGF-
SWi
TIEG
TLR
TNF- a
TSPC
uPA
uTsS
VEGF
yASIVAY

290

Low FGF/ Low VEGF

Lysyl Oxidase

Long Term (9-Week)

Low VEGF

Microfibril-Associated Glycoproteins
Microbubble Contrast Angiography
Mean Pixel Value

Normal Tendons

Pathogen Associated Molecular Patterns
Platelet Derived Growth Factor
Pathology Index

Region of Interest

Superficial Digital Flexor Tendon
Shear Wave Dispersion Vibrometry
Small Leucine-Rich Proteoglycan
Small Mother Against Decapentaplegic
Spatially Modulated Ultrasound Radiation
Force

Short Term (4-Week)

Transforming Growth Factor Beta
Shear Wave Imaging

TGF beta inducible early gene

Toll Like Receptor

Tumor Necrosis Factor Alpha

Tendon Stem/Progenitor Cell
Urokinase Plasminogen Activator
Ultimate Tensile Strength

Vascular Endothelial Growth Factor
Zero FGF/ Zero VEGF



	PhD Final3
	PhD Final31
	PhD Final32
	PhD Final33
	PhD Final34
	PhD Final35
	PhD Final36
	PhD Final36.2
	PhD Final36.3
	PhD Final37
	PhD Final38
	PhD Final39
	PhD Final310

