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ABSTRACT

The aim of this study was to describe thdemensional (3D) anatomy and the
histological features of equirguperficial digital flexor tendonSDFT), specifically
to determine the organisation of the individual-sulits (fascicles) and hothis may
vary between individualandin tendinopathyFor macroscopic 3D stud{,7 frozen
SDFT (n=13) were sectioned transversehB8(@m), photographed and processed for
3D reconstruction. In microscopic 3D reconstruction, SDiemffoetal, oneyear
old and 9yearsold werefixed in 4% paraformaldehyde solution,rain blocked,
cut into series section®pum), H&E stained and processed for 3D reconstruction.
Histologically a novel scoring method was devised using ImageJ to describe the
cellular morpholog and extracellular matrix (ECM) organisatiand quantification
(n=24). Tertiary fascicles were defined as being delineated by adeéhed inter
fascicular septum (IFM)30.45um°9.78 SD) with a range of 4.Qéni 174.13um,
which is further subdivided iotsecondary fascicles with a thinner IF&L48um
°2.64 SD)with a rangeof 2umi 27.43um in mature horses (n=Fascicleswere
heterogeneous regionally, diverged, converged and-caotanected with each other.
Moreover,fascicle showed a twisted configuti when running from the proximal
to the distal aspect of the 3D reconstruction. In histological scoring, it was shown
that a number of fascicles and the IFM were angulafiéd a range 0D.2° to 40°.
The IFM thickness between the secondary fascicles sigsificantly decreased
during ageing. Intrdascicular nuclear morphometry (density and lengths) were
altered during ageing. Moreover, a number of Hdiscicular chondroidike bodies
were present irelderly horses (17 20 years), that appeared as adividual or a
cluster of large rounded cells, which stained positively for GAG and proteoglycans.
In injured SDFT,3D reconstruction displayed how the disrupted E€kendsin
different planesnd there waap-regulation of alhistologicalscoring paramets

We conclude that the secondary and tertitagcicles displaya complex 3D
organisation not reflected in current models of the hierarchical organisation of equine
tendon. Understanding th®3anatomy of the tendon will facilitate understanding of
tendon gtucturefunction relationshipsand injury predisposition. Histological
parameters including IFM and nucleus morphology were altered with ageing. In
particular in aged animal chondreite cells were present which may be indicative

of chondroid netaplasia in tendon.
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CHAPTER ONE

INTRODUCTION AND REVIEW OF THE LITERATURE



1.1 INTRODUCTION

Tendon is a tough filous connective tissue band that connects the end of the
muscle, or musculotendinous junction (MTJ) to the skeletal system at the
osteotendinous junction (OT®astelic et al., 1978, Kannus, 2000, Benjamin et al.,
2008) The word tendon is derived from the Latin wotdnderewhich means
stretching, referring to its high resistance to fqfi€er et al., 1988) Tendon shapes
vary according to their location from round (such as the Achilles tendon) to flattened
sheets such as the aponeuroses of the abdominal transversus (Gefgle1975,

O6 Br i e n The marfoniiobn of the tendon is to transfer muscular force to
bone, which subsequently leads to skeletal locomotion. Additionally some tendons
have the ability to store energy through their elastic properties, provided by the inter
fascicular matrix (IFM), and the @sence of intrdiascicular microscopic helical
structures that act as a spring during retracti¢ennus, 2000, Thorpe et al., 2012,
Thorpe et al., 2013b)

A specific example of an energyoring tendon is # equine superficial digital
flexor tendon (SDFT), which is much more prone to injury than positional tendons
such as the common digital extensor tendon (CDETprpe et al., 2010a)n a
three years surveillance study conducted from 1996 to 1998 by Williams and
colleagues, it was reported that 81% of all injuries in Thoroughbred horses in the
National Hunt and Flat races in the UK were musculoskelgtaies. From this the
forelimb SDFT and the suspensory ligament injury accounted for about 46% of these
injuries with ligament and tendon-ngjury rates as high as 56%Villiams et al.,

2001) In a prospective cohort study conducted from January 2000 to December 2001
of race starts on six UK raamurses there we in total 83 cases of suspensory
ligament and digital flexor tendon injuries from a total 2879 (2.88%) race starts
(Pinchbeck et al., 2004)urther, a study by Ely and colleagues suggested that the
training intansity and management methods in horses significantly affect the rate of
injury to the musculoskeletal systeffaly et al., 2004) Other studies also indicate

that damage to SDFT and DDFT is a common causes of horse retirement and
wastage both in racehorses and in sport hdB¢son, 2004, Thorpe et al., 2010a)

Due a number of factors, some of which are stiltlear, the healing process in
tendon is often prolonge(Ross and Dyson, 2010While healing in tendinopathy



follows the standard stages of wound healing including acute inflammatory,
proliferative and maturation phases followed by remode(lRgss and Dyson, 2010)
this takes longer #n the standard period of wound healing in soft tissues and in the
horse requires-22 month(Schultz, 2004)In a sheep Achilles healing model it was
found that that the maximum tissue strength (81.18%) was reached after 12 months
(Bruns et al., 2000)Further it has been recorded in an experimentally induced injury
model, at the ultratructural level in terms of collagen fibril diameter distribution
and crimp formationthat healing was not compéeeven at fourteen months post
injury (Williams et al., 1985)Therefore the mechanical siggh even after complete
healing of a tendon is inferior to that of normal tendon and there is a higher
likelihood of reinjury (Williams et al., 1985, Ross and Dyson, 2010)

1.2 MACROSCOPIC STRUCTURES OF TENDON

The SDFT is a long tendon of tiseperficial digital flexor muscle that originates
from the mediakpicondyle of the humerus and inserts onto the proximal eminence
of the middle phalanx, collateral ligaments and the distal part of the proximal
phalanx At the level of the distal radius/proximal carpus the SDFT combines with an
accessory ligament (theuperior check ligament). Then it continues to run distally
through the carpal canal to the metacarpus. At the level of the carpal joint the SDFT
is surraunded by a synovial structure called the carpal sheath but along the
metacarpal length the SDFT is exsiygnovial and is surrounded by another layer
called the paratenonThe paratenon acts as an elastic sleeve, facilitating free
movement of the tendon thugh the surrounding tissuest the upper level of the
metacarpophalangeal joint the SDFT forms a manica flexoria, a flat fibrous band,
which encircles the deep digital flexor tendon (DDREFasquini et al., 2003R0ss
and Dyson, 2010, Baxter, 2011)

At the level of the metacarpophalangeal joint, there is a tendon sheath which
assists in lubrication as the tendons pass over the flexor aspect of this@nt.
tendon sheath consists of three layers; the fgsthe external fibrous layer or
retinacula, which is a canal through which the tendon passes. The second is the
reflection pulley, located at those points where the tendon bends and acts as an
anatomic reenforcement to the tendon sheath. The third l&/¢ihe inner synovial
layer, composed of the parietal and visceral layers, secreting synovial fluid, and



aiding lubrication of the tendon surface (epitenon), reducing the rate of friction and
allowing the tendon to glide freely through the ca@izsa and Kannus, 1997,
Kannus, 2000)The tendon sheath plays an important role in the reduction of friction
when the tendon undergoes heavy compressive (Gaasus, 2000, Benjaim et al.,
2008)

Accessory ligament of the

superficial digital flexor

tendon (superior check
ligament)

Carpus

A\

Accessory ligament of the
deep digital flexor tendon

s (inferior check ligament)
Common digital
extensor tendon

Superficial digital
flexor tendon

Deep digital flexor tendon
Metacarpus

Musculus interosseus medius
(suspensory ligament)

Metacarpophalangeal joint =

Extensor branch of the
suspensory ligament

Distal sesamoidean
ligaments

Figure 1.1: lllustration of the anatonay the horse forelimb, lateral aspect, adapted
from (Richardson et al., 2007)

The epitenon is a thin smooth layer lying under the paratenon and covering the
tendon surface. It consists of a dense fibrillar network of collagen fibrils, elastic
fibres andnon-collagenous proteingYang et al., 2012)The epitenon covers the

tendon entirely, tightly attached to the underlying tendon matrix. It sends connective



tissue septa deeply to form a reticular network calleégl-hascicular matrix (IFM) or
endotenon, which defines the hierarchical organisation of the t¢@iBrien, 1992,
Kannus, 2000Q)

1.3 BLOOD SUPPLY

Long tendons usually have a tripdood supply; from thenusculdendinous
junction (MTJ), the éndon body length and the ogeadinous junction (OTJ)
(Edwar ds, 19 4 6 Atthe MBI theemuscle flbB® afe) surrounded by
an isolated capillary network that is fed from larger perimysium vessels. Where the
muscle fibres cease, branches of the perimysium vessels continue amdtpent
the tendon through the IFM while some perimysium vessels continue as
peritendinous vessel@Edwards, 1946) Therefore there is not a direct capillary
network circulation between the muscles and the tenddineaMTJ. Similarly the
SDFT proximally has a direct connection with the blood supply of the superficial
digital flexor muscles from branches of the median artery extending through the
carpal cana{Smith, 1965, KrastHansen et al., 1992)

The body of the tendon is vascularised from the surrounding paratenon or
mesotenon. At regular intervals small vessels course through the paratenon and cross
into the body of the tendon and then branch several times paoatlled longitudinal
axis of the tendorfEdwards, 1946, Ochiai et al., 1979he body of the SDFT is
mainly supplied by the intreendinous and the paratenon sheath veg$@sus
Hansen et al., 1992The intratendinous vessel courses between the fascicles mostly
through the IFM. These longitudinal vessels are of arteriolar sizes with atigdefini
tunica media and a regular lumen; they arise from the surface vessels, run
transversely through the tendon body and connect to the longitudinal vessels to form
a plexusEdwards, 1946, Lundborg et al., 1977)

At the OTJ the vessels in the IFM do not increase in size but simply continue and
rarely anastomose with the periosteal vessels. In a few areas small branches might be
seen to penetrate the cortical layers. Meanwhile, the collagen fibres contjoire to
the bone and concomitantly the IFM carries blood vessels toward the periosteum.
However, this region is poorly vascularised in contrast to the other parts of the
tendon(KrausHansen et al., 1992, Schultz, 20@urham and Dyson, 2011)



1.4 MICROSCOPIC STRUCTURES OF TENDON

The body of the tendon is compartmentalised into different sized fascicles by the
IFM that arises from the epiten@Kastelic et al., 1978Cannus, 200Q)Larger units
are called tertiary fascicles and include a number of smaller secondary fascicles and
in turn primary collagen fibril bundles. The primary bundles contain bunches of
collagen fibrils (Figure 1.2), arranged helically along tbegitudinal axis of the
tendon(Aparecida de Aro et al., 201ZJhe number of the secondary fascicles vary
within a tertiary fascicle, ranging from 10 to 12 dabcicles(Kastelic et al., 1978)
however Kannus (2000) stated that each tertiary fascicle usually contains-#nly 3

subfascicles.

No specific criteria have baeadopted to specify and quantify the anatomical
hierarchical subunits of the tendon. However, Kastelic (1978) and Kannus (2000)
adopted the following nomenclature subunits; a number of collagen fibres form a
primary bundle, subsequently a number of prynascicles form bigger secondary
fascicles, and few secondary fascicles join to form tertiary fascicles and then the
tendon. The IFM outlining the fascicles carries nerve fibres, lymphatic and blood
vessel into deep tendon structures and enables theléssto glide over each other
(Elliott, 1965, Jozsa et al., 1991, Kannus, 2000)

The size of the primary bundles, secondary and tertiary fascicles vary according
to the species and regiggadwards, 1946)Their diameters range between4®
micrometre (um), 150m-1000um and 10Q@m-3000um respectively in human
tendon (Kannus, 2000and 1@Qum-20um, 20um-200um and 10Qm-300um in rat
tendon(Kastelic et al., 1978, Wang, 2006)
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Figure 1.2: lllustration of the microscopamatomy of the horse SDFT adapted from
(Thorpe et al., 2012)

1.5 COMPOSITION OF TENDON
1.5.1 Water

Tendon is composed mainly of water {80%), that binds to hydrophilic
molecules such as PGs and GA@ich provide the viscoelastic properties to the
tissue matrix and improve the biomechanical elasticity of the teqdor® Br i e n , 19¢
Kannus, 2000)In horse the SDFT has a water content of 63%B&son et al.,
2003, Lin et al., 2005b, Birch, 200@nd recently a range of 6€D% has been
recorded among three different breedé(m bloods, Friesians and Thoroughbreds)
(Hazeleger, 2013)However it has been recorded that the water content is not

significantly alteed by low and high intensity exercidirch et al., 2008)



1.5.2 Collagen fibres

The collagen fibre is considered to be the basic functional unit of the tendon
responsible for force transmission and maniythe mechanical properties of the
tissue(Parry and Craig, 1984, Pins et al., 1997, Silver et al., 2003, Magnusson et al.,
2003b) Tendon is mainly composed of collagen that makes up to 30% of the wet
weight of endon, with the remainder being predominantly water and tenocytes
(68%) and elastic fibres (2%). Collagen make ui86% of the dry weight; in which
up to 95% is type | collagen and the remainder are type II, Ill, IV, V and VI
collagengHanson and Bentley, 1983, Benjamin et al., 1991, Riley et al., 1994, Birch
et al., 1999a) The elastic fibres are dispersed between the collagen fibres and in the
IFM and are thought to give elasticity to the extracellular mgtiannus, 2000,
Thorpe et al., 2012)The pattern of the collagen fibres is not complex, most fibres
run parallel to the longitudinal axis of the tendon, while a few of them cross each
other forming a spiral plait @up-tying with the adjacent parallel fibré3ozsa et al.,
1991, Kannus, 2000)The rate of interwoven, branched or fused collagen fibres is
greatest in foetal tendor(®rovenzano and Vanderby, 2006jowever in mature
animals most of the fibrils run parallel to each other betrehare still some
disorganised fibrils running in various directiof®ovenzano and Vanderby, 2006)
This organisation of the collagen fibrils forms a sujpésted cord, which affects the
biomechanical properties of the tendéitosa et al., 2006, Aparecida de Aro et al.,
2012.

In their longitudinal axis, collagen fibres have a crimp (corrugate) pattern, which
appears as a zizpg or undulating form, but with the degree of angulation declining
during ageingdGathercole and Kelled, 978, Gathercole and Keller, 1991, Franchi et
al., 2007a) In human tendon a wide range of crimp angles is present, ranging from
0 60° (Rowe, 1985, Jozsa and Kannus, 199¥hereas, in horse SDFT the crimp
angle and crimp length decéirfrom 192 0 e a pd -19un7 in the midmetacarpal
region in young horses to 12 7 ¢  aum dl5urh th adults(Wilmink et al., 1992)
This anatomical configuration partly | ea
energy by recoiling the fibres aftarechanically induceéxtension(Kastelic et al.,
1980, Kirkendall and Gartg 1997, Shearer, 2015a)



The number and diameter of collagen fibrils are not constant between regions and
vary from tendon to tendo(Elliott, 1965, Birk et al., 1996)In equine SDFT the
mean collagen fibkidiameter varied regionally from the MTJ to the OTJ and even in
different areas of the same &g, they varied from 41nm to 1@6h. Fibril diameters
are smallest close to the MTJ but steadily increase toward the OTJ in both the
peripheral and central aeaf the tendon. It has been found that in equine SIDET
collagen fibrils diameters are approximately 40nm, 48nm and 68nm in the in the
central area of the proximal midetacarpaland distal region of the tendon.
However, the average fibiliameter inle periphery of the tendon wiasger than in
the central areas and weténm, 60nm and 99nm respectively from proximal to the
distal region This might reflect the role of different regions in carrying different
loads(Watanabe et al., 2005, Sese et al., 2007)

1.5.2.1 Structures of collagen

The structural unit of collagen is tropocollagen, which is a long thin straight
protein approximately 280nm long by 1.5nm wide. Basically, the collagen
molecule conists of three aligned helical polypeptides (three algiins); two
alphal (ahdonedd2 chains, in which each al pha
acids. Twethirds of the amino acids consisf three specific amino acidglycine,
proline and hydroxymline (1:2 ratio). The amino acid sequence consists of a
repeating GlyX-Y triplet, where X and Y can be any amino acid. Glycine is
therefore found in every third residue of the alpha chain-t@ing of the X positions
are proline, and a similar numbemgsthird) of the Y positions are hydroxyproline.
These three molecules (glycine, proline and hydroxyproline) are important to
stabilize the triple collagen helix through the hydrogen bonds created within the
right-handed supehelical trimer (Silver and Birk, 1984, Shoulders and Raines,
2009) Two main types of hydrogen bond are involved in these interactions; the first
is between théydroxyproline hydroxyl of one tropocollagen and a glycine carbonyl
in the adjacentropocollagen and the second between two hydroxyproline hydroxyl
groups, where a water molecule form a bridge between two adjacent tropocollagens
(Piez, 1984, Streeter, 2011)

The procollagen molecules are produced totbBularly inside the fibroblast
(tenoblast) and then transferred to the extracellular space, where they are atehved



deposited as collagen fibri{®iez, 1984)Fibrils reach up to one millimeter length

with a wide range of 1#m-500nm which varied from differentissues and stage of
developmen{Canty and Kadler, 2005, Kadler et al., 2Q0Vhe three polypeptides

Ul or U2 chains combine together to form
found that collagen typeil s a heterotrimeric coll agen,
chains and (Kadieeet dl,200¢)3ymttiesis and degradation of collagen

fibrils is mediated by a complex cellular pathway and is illustrat¢Bigure 1.3).
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Figure 1.3: Schematic pathway involviedthe synthesis, deposition and degradation

of type | collagen. Growth factor function is an important regulator of gene
activation and includes transforming growth factor beta (T¥gRnsulirlike growth

factor and its binding proteins (IGF/IGFBP), IL (interleukin), fibroblast growth
factor (FGF), prostaglandin (Pg) and vascular endothelial growth factor (VEGF).
Mitogenactivated protein kinase (MAPK) plays an important regulatory role for
initiation of gene signals. Procollagen molecules are initially synthesised in the rough
endoplasmic reticulum (RBR The matrix metalloproteinaseMMP) are major
regulators of collagen degradation in relation to mechanical loading. Procollagen 1
C-terminal eptide (PICP), Procollagen type Hirminal propeptide (PINPjype |
collagen crosg$inked carboxy or @erminal telopeptide (ICTP/CTX), adapted from
(Kjaer, 2004, Canty and Kadler, 2005)
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1.5.3 Proteoglycan

Other tendon ECM constituents comprise important proteins of which one group
is proteoglycans (PG). PGs are composed of a central protein core, which is
covalently bonded to at least one glycosaminoglycan (GAG) molém#zo and
Murdoch, 1996, Yoon and Halper, 2005)According to their sizes, PG can be

categorised into two groups:

1-The first group comprises small leucine rich RSGERP), which includedecorin
(abundant), biglycan, fioromodulin, lumican aner&tocan. They are characterised
by the presence of a Leucineh protein (LRP), which is composed of a series of
approximately 2680 extended amino acid repeats containing conserved leucine
residues. Moreover, this group is also characterised by havémgal central core
protein (approximately 4&ilo Dalton (kDa)), to which a number of GAG are
attached (22 chondroitin sulphate (CS) or dermatan sulphate (DS) or several keratin
sulphate (KS)). SLRPs bind to collagen fibrils, playing a major role ifllégenesis

and the production of collagen fibres (Table I(Samiric et al., 2004, Yoon and
Halper, 2005, Wight and Mecham, 2013, Thorpe et al., 2016a)

2-The second group comprises large or modular PGs, imgjuatigrecan (220 kDa)
and versican (26370 kDa), which are rich in CS and @%oon and Halper, 2005)
These PGs able collagen fibres to resist high compressive and tensional forces
(Evanko and Vogel, 1990, Rees et al., 20@®) the other hand, the presence of the
considerable amount of DS will reduce the diameter of colldipeils by preventing

the lateral aggregation and assembly of collagen fibrils (Table (Vdgel and
Trotter, 1987)
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Table 11: Common types of proteoglycamoperties, distribution and functions in
tendors. (Proteoglycan (PG), Small Leudtich Proteoglycan (SLRP),
Glycosaminoglycan (GAG), Kilo Dalton (kDa), Chondroitin sulphate (CS),

Dermatan sulphate (DS), Keratan sulphate (KS), Transform growth-fa¢t@ o),
Epidermal growth factor (EGF).

PGs P(rk%tei)” GhAG Distribution Function
a cnains
1 CSIDS Binds to collagen Regulates fibrillogenesis, responsible for fil
. _ alignment and connect fibrils by an inte
Decorin fibrils, TGFb and g Y
36 and/or + 1 fibrillar bridge. Affects cell proliferation ang
(SLRP) EGF. Is the mos .
KS enhances immune responsé®zzo, 1999,
abundant (80%). | samiric et al., 2004, Vesentini et al., 2005)
Binds to ollagen o
fibrils and TGFb. Enhances cell proliferation, help to produ
Biglycan More abundant in large mature collagen fibrils and compensg
38 1-2 CS/DS | fibro-cartilaginous| for the function of decorin in decorin deficie
(SLRP) areas instances(Robbins and Vogel, 1994, lozz
1999, Yoon and Halper, 2005)
Enhance the formation of mature collag
Fibromodulin Binds to type I, Il fibrils, regulatesTGFR activities andusion of
42 4 KS collagen fibrils | fibrils, and conferstendon strengti{Hedbom
(SLRP) and TGFR and Heinegard, 1989, Waggett et al., 19
Yoon and Halper, 2005)
Regulate fibrillogensis, cross sectional gro
Lumican 38 - 3KS Binds to type || (determining theactual fibril size) and fibril
(SLRP) collagen fibrils fusion (Hedbom and Heinegard, 1989, lozz
1999, Yoon and Halper, 2005)
Aggrecan Resists compressive forces and facilita|
Cartilagespecific_ sliding of collagen fibre bundles over ea
~100CS + PG, present in h id I I d
290 fibrocartilaginous other, provides cell to cell and matri
~60 KS a_reas of tendon,| interaction through hyaluronaVogel et al.,
Modular bind 10| 1994, Reeset al., 2000, Vogel and Pete
. hyaluronan.
(lectican) 2005, Rees et al., 2007)
Present in the
tensional  regiory Interacts with elastic ifres and providg
Versican of tendon, thel yiscoelasticity, enhances cell migratio
265 1030 CS endotenon, aroun{ proliferation and adhesion. Involved in EC
Modular 370 blood vessels an¢ morphogenesis, homeostasis and angioger|
(lectican) in pericellular | (Corps et al., 2004, Samiric et al., 2004, Yo
spaces. Binds to | &d Halper, 2005)
hyaluronan
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1.5.4 Glycosaminoglycan (GAG)

Glycosaminoglycans are composed of long linear polysaccharide polymers, which
contain repeated disaccharide units. The disaccharide units contain two modified
sugars, hexosamine N{acetylgalactosamine (GalNAc) bracetylglucosamine
(GIcNAc) and one hexuronic acids{ucuronate (GIcA) or iduronateAlong the
hexosamine chain eithercarboxylate or sulphate group are attached to one or both
monomers of the disaccharide units. They are covalently bonded to the paei
of the PG by a specific tsaccharide linker (two Galactose and one Xylose residues)
to Serine and Threonine residue inside the core ofHiléman et al., 1998, Yoon
and Halper, 2005, Esko JD, 2009)

GAGs are located on the cell surface or distributed through the ECM, and are
occasionally present inside the secretory vesicles of some cells. Inside the ECM
GAGs have a role in cetb-cell or celtto-protein interactions. GAGs are sulphated
(except hyalronic acid) and this sulphation gives the PG a strong negative charge,
which attracts water molecules and so imparts tissue viscosity. Further, the acidic
GAGs that are located in the ECM play a role in modulating cellular proliferation
and differentiatio by interacting with cytokines and fibroblast growth factors
(Hileman et al., 1998, Yoon and Halper, 2005, Esko JD, 2009, Franchi et al., 2010)

Different types of GAG have been found in the equine SDFTudlad
chondroitin sulphate (CS), dermatan sulphate (DS), keratan sulphate (KS), heparin
(H), heparin sulphate (HS) and hyaluronic acid (HA). They are hydrophilic
molecules localised within and between the collafieres, whichbind collagen
molecules andct as a bridge between fibrils. GAG molecules attract and bind water
and form a viscous gel, which has important implications for tendon function
(Silbert, 1982, Vogel and Heinegard, 1985, Hileman et al., 1998n dad Halper,
2005) Generally GAG are classified into six classes as shown in (table 1.2):
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Table 1.2: Types of GAG and brief overview of some specific properties-

acetylgalactosamine (GalNAc), glucuronate (GlIcA), Fibroblast Growth Factor
(FGF), Vascular Endothelial Growth Factor (VEGF), Hepatocytes Growth Factor
(HGF), Kilo Dalton (kDa), Glycosaminoglycan (GAG), Chondroitin sulphate (CS),

Dermatan sulphate (DS), Keratan sulphate (KS), Hyaluronic acid (HA), Heparan

sulphate (HS), Heparin (H).

Size

GAG Structure Chain (kDa) Distribution Function
Consist of highly . Provides tissue strengthyind to
sulphated GaINAc and Cartilage, bong, heay water, forms hydrated matrisand
GlcA and the valve aorta, ligamen provides lubrication. Play a role i
CS | disaccharide units calle{ 20-100 5-50 and compressed. are regulation of ECM and
of the tendon. It is thg _~. .
CS A or C that have 4 most abundant GAG fibrillogenesis (Vogel and
and 6  sulphation in brain Heinegard, 1985, Rees et al., 20(
fractions respectively. ’ Martinez et al., 2015)
Skin, blood vessels
Consists of repeatef :e:,:;iies’ and Iuann% Plays a role in coagulation, woun
disaccharide units o] 9 repair, fibrosis and cel
. . . throughout the tendoi . . .
iduronic acid and Linked to heparin proliferation.Binds water and form
DS | GalNAc. Binds to PGs 2-8 1540 pa hydrated matrice Plays a role in
. cofactorll, thrombin, )
such as decorin and activated  protein O the regulation of ECM an(g
numbers of proteins an . p fibrillogenesis(Franchi et al., 2010
and fibroblast growth| _.
growth factors . Biancalana et al., 2012)
factor family members
(FGF-2 and FGF7).
Composed of highly . .
sulphated pPORlN- Cornea (KSI), bone Dynam|c buffering O.f cormea
. . hydration andpreservation of the
acetyllactosamine cartilage, compresse reqular spacing of collagen fibre
KS chairs. Associged with area of tendorPresent| ' 9 pacing of colage!
. 2-3 4-20 ; ... | Involved in tissue distribution ang
SLRPs such as lumicar with chondroitin load bearing capacity of acarec
keratocan, fibromodulin| sulphates (KSIl) and 9 capactly 1g9recs
osteoadherin an( brain (KSIII) (Fu et al, 2007, Franchi et a
- ’ 2010, Kiani et al., 2002)
Large polymer chain, no|
sulphated, produced an Play rolesin tissue organization
localised on the cell Synovial fluid, | viscosity and healinglnvolved in
surface by three articular cartilage,| cell signalling, adhesion an
HA hyaluronan  synthases 10000 4000 skin, vitreous humor, proliferation. Capacityto absorb
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1.5.5 Cartilage oligomeic matrix protein (COMP)

The noncollagenous glygarotein COMP forms up to 1% of the tendon dry
weight. It is a member of the thrombospondin family, composed of five identical
coiled-coil molecules (Bntamer) joined together in thetBrminal domain. Each arm
has a binding site for collagen typeor -1l. It is located in the spaces between the
collagen fibrils and it acts as a catalyst for fibrillogenesis. It has been used as a serum
biomarker for diagnosis of subclinical tendinopathic inj@§mith et al., 1997,
Muller et al., 1998, Sodersten et al., 2013)

1.5.6 Matrix metalloproteinase MMP

MMPs play a role in the enzymatic degradation of matrix andmatmnix proteins

by a number of mechanisms. MMP1, MMP2, MMP8, MMP13, MMP14 all act as

collagenases ithe process of collagen degradation and remodelling and can be
inhibited by tissue metalloproteinase inhibitors (TIMBSagase et al., 2006}they

also play role in the ECM homeostasis. MMPs are classified into four groups
according to their primary substrategllagenases, gelatinases, membiaoend

MMPs, and stromelysindNagase and Woessner, 1999)

1.5.7 Cells

Tendon is less alular when compared to many other tissues but contains
tenocytes distributed both inside the fascicles (ifdszicular) and on the periphery
(inter-fascicular) of the fascicles. The infascicular tenocytes are distributed
regularly in a uniaxial dection between the collagen fibres and their morphology
varies from round, elliptical and cigaretbaped to a longitudinal fusiform shape.
More cells are localised within the IFM, which are characterised by having an
irregular shape and morpholog¥legg et al.,, 2007, Benjamin et al., 2008)
Tenocytes form approximately W5% the cellular element of the tendon. The other
5-10% are predominantly chondrocytike cells, present in the compressed regions
such as He region passing over the metacarpophalangeal joint and at the bony
enthesi@Kannus, 2000, O'Brien, 1992)enocytes are responsible for deposition and
maintenance of the extracellular matrix, and are key intbeegs of tissue turnover.
Moreover, tenocytes adapt themselves to the surrounding environment, undergoing

regional modification of their morphology and activ{feitosa et al., 2006, Hosaka
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et al., 2010) They respond to mechanical load, leading to an increase in the rate of
collagen synthesi¢Kjaer et al., 2006)a process regulated by the hormones and
growth factors, including IGR, TGFbeta and IL6 (Langberg et al., 2002,
Heinemeier et al., 2003A number of differences have been observed in tenocyte
morphology and proliferation in different regions (MTJ, Migktacarpal and OTJ).

For example, collagen synthetic ability haseb found to be significantly lower in
cells from the miemetacarpal region, particularly when cells were treated with-TNF
U, but t he IOepwoduted wals supstaatidixiBwer in cells toward the
OTJ(Hosala et al., 2010)

1.6 HISTOLOGY OF TENDON

Normal tendon architecture comprises dense regularly organised longitudinal
collagen fibres. The fibres are organised in aligned uniform diffesieatl bundles
that are outhed by various amount of IFfRowe, 1985, Kannus, 2000, Benjamin et
al., 2008) The collagen fibres (type I) of the fascicles are dense and crimped on their
longitudinal axis(Kastelic et al., 1980, PatsonKane et al., 1998)Other collagen
fibres that have been found in tendon are collagen type Il that is found in the
cartilaginous zone, type Il in the reticular fibres of the blood vessels wall, types IV
and IX in the capillaries basement membraigse V in the vessels wall and type X
in the mineralized zone in the enthesis adjacent to bone su(fazss and Kannus,
1997, Fukuta et al., 1998, Aparecida de Aro et al., 20IBg elastic fibres are
dispersedbetween the collagen fibres and extend longitudinally parallel with the
collagen fibres. A larger proportion of the elastic fibres are localised within the IFM,
where they arranged in various directig@ant et &, 2013, Thorpe et al., 2016a)
The intrafascicular tenocytes are characterised by having different sized nuclei,
which are inversely proportional with their cytoplasm. They are regularly distributed
in a uniaxial direction between the collagen fibrBlseir shapes range from a round
to an elliptical form in young animals and to round, elliptical, cigagtsped or
longitudinal fusiformin adult animalgO'Brien, 1992, Kirkendall and Garrett, 1997)

IFM is composed of an irregular loose fibrous connective tissue network
containing various structures such as vessels, nerve fibres, celistantbllagenous
and norcollagenous extracellular proteir¥ang et al., 202). Furthermore, it

contains elastic fibres, collagen type lll, VI, lubricdecorin, versican, and various
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GAGs (Korol et al., 2007, Kim et al., 2010, Sodersten et al., 2013, Thorpe et al.,
2013a, Thorpe et al2016a) The IFM is more cellular and contains more abundant
proteins than the fasciclé3horpe et al., 2016b)The IFM assists the fascicles to

glide freely over each other and also provides tissue elasticity, whichglays in

the mechanobiology of the tend¢fhorpe et al., 2012However little infomation

is available on the I FM structureds comy
alter with age and tendinopathy (Figure {#)orpe et al., 2015b)

Figure 1.4: Normal histologpf a longitudinal sectiorof foetus (A) and fourteen
yearsold (B) SDFT, H&E stain. Note the longitudinal arrangementatiigen fibres
within fascicles(Asterisks). The crimp pattern is obvious in foetal tendon. The IFM
outline the fascicles (arrows) and contain blood vesselsa larger number of cells
(Scale lar=100m), (Unpublished).

1.6.1 Appropriate staining of the tendon

To explore the tendon architectures different stains can be used to define both the
general and the specific components of the tendon. Exawoiplesse stains are:
1.6.1.1 Haematoxylin and Eosin stain (H&E)

H&E is the simplest and most frequently used stain, composed of the acidic
(eosin) and basic (haematoxylin) dyes that react with the acidic and basic
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components of the tissue respeely. H&E stains the tendon background (collagen
fibres) pink, erythrocytes cherry red colour and the nuclei blue to pJrpiea,
1968)

1.6.1.2 Alcian blue and petiodic acid Schiff (Alcian blue-PAS)

This stain can be used segahaor in combination, the combination of these two
stains is used to demonstrate the full complement of connective tissue PGs. The
results show a blue colour reaction with the acidic mucopolysaccharides and magenta
with the presence of neutral polysaadties. Further it gives varying shades of
purple to deep blue in the presence of GAGs, and stains the nucleus pale blue
(Yamabayashi, 1987, Wulff et al., 2004)

1.6.1.2 Safranin-O

SafraninO is cationic dye and reacts with the PGs and GAGs, it can be used to
identify mucins, cartilaginous tissues and mast cells in tendinopathies where

chondrad metaplasia is a featu(8chmitz et al., 2010)

1.6.1.3 Toluidine blue

Toluidine blueis a basic thiazine metachromatic stain, which reacts strongly with
the acidic component of the tissumich as GAG. fe results demonstrate
components such as mast cell granules and GAG, which stain pinkish purple and the
nuclei, which stain light blue. The cytoplasm and other tissue elements have various
shades of light bluéschmitz et al., 201Q)

1614El astic Van Giesonbé6s stain (EVG)

EVG is used to stain elastic fibres and differentiate them from the rest of the
tissue. Elastic fibres are stained with Millers stain and then cesiati@med with Van
Giesons stain. Thelastic fibres are stained deep blue to black colour, collagen fibres

red and other component yellow col@Wulff et al., 2004)
l6.15Massondés trichr ome
Massonds trichrome 1s applied selective

erythrocytes. Different staining protocols are available that are used to stain and
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identify the collagen fites. The tissue components such as nuclei stain dark brown,
collagen fibres green or blue, whilst the cytoplasm, erythrocytes and muscle fibres
stain redO'Connor and Valle, 1982, Wulff et al., 2004)

1.6.1.5 Other stains

RusselMovat Pentachrome stain is used to demonstrate muscle, elastic fibres,
collagen, reticular fibres and the ground substance. Von Kossa stain is used to

demonstrate deposition of calcium and osteoid metaMa&i#f et al., 2004)

1.7 MECHANICAL CONCEPT OF TENDON

The main function of the tendon is to transmit mechanicakfétnrom the muscle
to the bone, which subsequently leads to skeletal locom{&iannus, 2000) The
equine SDFT is a long elastic tendon, exposed to a heavy mechanical load
particularly during racing and gallopirexercise(Birch et al., 1998, Meghoufel et
al., 2010) Internal transmission of the mechanical force is carried out through
multiple tendon subunits (fascicles). The force is transmitted mainly within the
individud fascicle and the fascicle is made up from tendon features that contribute to
force transmission such asollagen fibrils, crimp flattening and intéibrillar
communication(Franchi et al., 2007b, Fessel et aD12) Ultimately, the force is
directly transferred through these collagen fibrils, which form the basic functional
units of the fasciclegKastelic et al., 1978, Wang, 2006)hey are inteconnected
with each dber by many intefibrillar bonds (for instance, PG bridges), however, it
has been shown that in human Achilles tendon these do not play a role in the
transmission of mechanical force@rovenzano and Vanderby, 2006Jhe
mechanical properties of the fascicles have been found not to be homogenous within
human tendons anbetween genderdrascicles from the Patellar and Achilles
tendons are functionally independent structures in force transmission whilst one
study showed that the IFM does not play role in force transmigkiaraldsson et
al., 2008) in the equine SDFT it has been shown that the IFM contributes to the
mechanobiology, of the tendghhorpe et al., 2012)

The SDFT like other tendons comprises different sized and shaped fascicles,
extending longitudinally and parallel to the long axis, and are optimisedrisfer

mechanical forcegRiemersma and Schamhardt, 1985, Meghoufel et al., 2010)
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Different studies in mature animals such as chicken and mouse have shown that the
main fascicular structures, the collagen fibrdge mainly parallel to each other.
However, at some regions disorganised fibrils could be seen, which contain
interwoven, branched and converging fibriBirk et al., 1996, Birk et al., 1997,
Vanderby Jr and Prowgano, 2003)

In equine SDFT electron microscopy and mechanical data have demonstrated that
fascicles are rotated around their longitudinal axis. This rotation indicates that the
fascicles have a twisted or helical configuration when running alentphgitudinal
axis of the tendoriThorpe et al., 2013b, Thorpe et al., 20154l) the microscopic
scale a number of helical configuration models of fascicles have also been
documented and demonstrated in differesmdons such as thieiman patellar, rat
tail tendors and bovine Achilles tendofde Campos Vidal, 2003, Reese and Weiss,
2013) These models have demonstrated that the crimped aodnyped collagen
fibrils areeither aligned and run parallel with the longitudinal axis of the fascicles, or
are helically arranged on their longitudinal axis or around the longitudinal axis of the
fascicles(Grytz and Meschke, 2009, Sheared13b, Shearer, 2015a)he presence
of this helical configuration in certain tendons and particularly in the equine SDFT
results in fascicles being capable of acting as springs and storing a greater amount of
energy(Shadwick, 1990, Thorpe et al., 2014b) a study of quasstatic loading of
fascicles from the SDFT and CDET, it was found that fascicles from SDFT recorded
greater fatigue resistance than those from CDET; a cyclic load of 16,825 and 2017
before failue was recorded in SDFT and CDET respectively. -Brperimental
strain assessment of the fascicular structure reported that the microstructures became
damaged and disorganised and that there was decreased rotation and recovery after
loading. Thus fascicle from equine SDFT are shaped to enable greater tendon
capacity to recoil and store energy than those from the positional CDbfpe et
al., 2014b, Thorpe et al., 2014a)

The equine SDFT can thereforee lzategorised as a tendon with recoiling
capacity, which can store a large amount of energy and give a greater extensibility
than the other tendons. Furthermore, there is evidence of regional strain differences
in equine SDFT that make the tendon mechélgieaisotropic(Crevier et al., 1996)

It has been found that the SDFT in the metacarpal regionffisr,shas a higher
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modulus, higher yield stress, lower yield strain and lower yield load than the distal
(sesamoiedigital) region. Together with the higher stiffness and smaller cross
sectional area of the metacarpal region it has been hypothesisethehatid
metacarpal region is relatively weak, which could lead to the higher incidence of
injuries (Crevier et al., 1996, Crevidenoix and Pourcelot, 19977 study did
identify that the SDFT cross sectional areaignificantly greater in trained horses
than the nottrained horse$Gillis et al., 19953)in contrast, an experimental study,
found that both short and long term exercise did not lead to hypertrophy of &DFT i
young horse¢Birch et al., 1999b)

An in vitro mechanical study of the equine SDFT has recorded a maximum failure
strain and stress of 17.7+ 1.2% and 64.9+ 2.9 Mpa respec{ielyling et al.,
2002) whilst a failure strain of 16% has been recordedsivo (Stephens et al.,
1989) In other studies different average ultimateains (failure load) of 12.13%
(Riemersma and Schambdgr 1985) and 12.5% (Crevier et al., 1996)were
recorded. In foals the mean failure strain is teas that of the mature horses and a
strain of 1112% has been identified. Thus the mechanical properties of the elastic
storing SDFT depend on age, collagen fibre assembly, collagenliolassiFM and
the arrangement of the fibrils in a form of a halisubstructurédDowling and Dart,
2005)

1.8 TENDON DURING AGEING

Tendon, like the other connective tissues, undergoes morphological, mechanical,
pathological and biochemical alteration during ageing; these involve both the cellular
and ECM components. Age relatedaer at i on reduces the ter
environmental stress and results in decreased tissue homeostasis, which can be
observed on both the macro and microscopic leffaige et al., 1997, Russo et al.,
2015).

1.8.1 Structural development

Within the tendon, collagen fibres are among the units most vulnerable to alteration
during ageing and this subsequently affects the mechanical properties of the tendon
(Moore and De Beaux, 1987)Like other tissue tendon develops and grows

concomitantly with the skeletal systef@illis et al., 1995b, Gillis et gl 1995c,
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PattersorKane et al., 1997a)fhe SDFTs reach their maximal size when the horse
becomes sexually mature at around two yearq@ltis et al., 1995h) It hasbeen
recorded that the SDFT cross sectional area increases rapidly from age 5 to 8 months,
and then continues to increase slowly until reach theoa2 to 18 months, beyond
which it is not increased significantly and even with an increasing body weight
(Moffat et al., 2008) Meanwhile, growth of the cannon bone in length completely
stops and the growth platedisappear around 1% year old, but maximum bone
mineral content (BMC) is not achieved until the horse reaches six years old,
therefore the SDFT CSA reach maximum size before skeletal ma{Betynet,

2008, Lawrene, 2008) It seems that from the foetal period until maturity, the SDFT
undergo conformational change and biochemical accretion on both the vertical and
horizontaldimensionsand it appears that the SDFT undergo further biochemical and
mechanical alterain after maturity(Gillis et al., 1995c, Pattersdfane et al.,
1997a) It has been demonstrated that the mechanical properties of developing
skeletal tissues could be specified by the presence of alicrosgetwork of collagen

fibrils specifically in foetal tissue, as well as the viscous sliding action of collagen
fibrils, which plays a vital response during movement before (iitk et al., 1996,

Silver et al., 2002)Then after birth, at the start of locomotion, mechanical stability
results essentially from the elastic deformation of the flexible portion of collagen
molecules within the crodmked fibrils (PattersofKane et al.,, 1997b)
Concomitantly the intefibrillar viscosity declines and this results in a reduction in
sliding between the fibrils and then the fascic{&lver et al., 2003) Beyond
maturity tendon is still subjected to mechanical, biochemicalcatiular alteration,

as manifested by a decline in the ability to tolerate environmental stress and a
decrease in tissue homeostasis during ag@ioge et al., 1997, Russo et al., 2015)
Moreover in rat tail tedon it has been recorded that the collagen volume fraction
increases steadily and the numbers of tenoblasts rapidly decline from new born to 12

weeks of agéMoore and De Beaux, 1987)

1.8.2 Gross configuration during ageing

The SDFT colour alters in aged horses; specifically on a transverse section it
became darker from the peaxihite in foal to a yellowbrown in aged horses
(Figure 1.5). Moreover, multiple white or yellow spots can be seen at the distal
region at the level of the proximal sesamoid bones in older savgkdsbon, 1977)

23



Tendons from mature rat are stiffer, stronger and more rebound resilient than tendons
from older animalgNakagawa et al., 199@)nd it has been recorded that the cross
sectional area of thbuman Achilles tendon is increased by approximately 22% at
older agegdMagnusson et al., 2003dn the equine SDFT the cross sectional area
showed no significant increase after 18 months of effat et al., 2008) The
increase irtendon cross sectional area has been stated to be related to the amount of
stress to which the tendon is subjectkdr et al., 1988)This is accompanied by an
increased collagen content that increases the tensile strength of the tendon. It has also
been recorded that tendons with a cresstional area of 1 chmavethe ability to

sustain weights of 500 to 1000 K§hadwick, 1990Q)

Figure 1.5: Transverse sectioasthe SDFT approximately at the ranetacarpal
region of4-yeas-old (A) and12-yeas-old (B) horses. Note the aged SDFT is darker
in colour (yellowbrown) than the young (lighter) (Unpublished).

1.8.3 Ageing and Mechanobiology

It has been shown that ageing results in a reduction in the fascicutaelgtd
configuration, corresponding todeecrease in fatigue resistance in aged horses which
is likely to make the aged equine SDFT more prone to mechanical {fijooype et

al., 2013b) In a study of ratail tendon it was found that the ultimate strength,
elastic modulus and ultimate strain increased in aged rats and the total collagen
content @creased in aged rat compared to mature animals leading to a moderate
decline in t he(Vaged, A98B@® Thése altergtient lead & | idexrease

in the rate of force transmission in aged compared with young teriNanisi and
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Maganaris,2006) Similarly in a study of Achilles tendon in women it was shown
that the older Achilles tendons were approximalé9s stiffer than younger tendons
and this occurred as a result of alterations of the tendon structure during ageing

(Magnusson et al., 200B8a

In equine SDFT it has been shown that fascicles from aged horses were less
resistant to cyclical load failure and failed at a lower cycle than in younger horses
(16825 +6104 in young horses; 4062 +927 in old hor€E®)rpe et al., 2014b)n
addition to thefascicles, the IFM also contributes to the mechanical properties of the
SDFT, in which the IFM withstands the cyclic loading and is more extensible than in
the positional CDET tendo(Thorpe et al., 2012)The IFM is also altered during
ageing and it becomes stiffer and less able tdstand the cyclical load in aged
horses(Thorpe et al., 2013c, Thorpe et al., 2019Wdreover, it has been recorded
that intermolecular crodmking of the collagen fibres significantly correlates with
the mechaical features of the tendgiihorpe et al., 2010b, Fessel et al., 2012)
was shown that there was a significant correlation between the pyrrolelickoss
level and the values afltimatestress,yield-stress ad the elastianodulus in the
equine SDFT. However there was no positive mechanical correlation with either
hydroxylysyl or lysytpyridinoline levelsBirch et al., 2008, Thorpe et al., 2010y
aged tendon the amnt of the nofreducible collagen crosslinks is increased, which
subsequently decreases the biochemical and mechanical properties of the tendon
(Eyre et al., 2008) When the amount of the nwaducible collagen crosslink
increases, it makes the collagen fibre become less soluble, more resistant to thermal
denaturation and resistant to degradative enzymatic digefienard and Stanish,
1989, Shadwick, 1990, McLatchie and Lennox, 39 a study of porcine tendon
ageing,it was found that the tendon was stiffer and stronger in the older animal than
in the foetus or young animals. In young pigs, the flexor tendwss higher
mechanical hysteresis and extensibility but a lower elastidulus, tensile strength
and energy storage capability than the mature te(loadwick, 1990)

1.8.4 Cellular morphometry and ageing

An assessment of the cellular activity in the equine SDFT at various ags (3
years old) by measuring specific mMRNA and protein levels, found no decline in

cellular density or specific mRNA or protein levels with age. It was hypothesised

25



that the mechanism of age related tendon degeneration is not due to reduced cellular
density or cellular synthetic activity but an alternative mechanism should be
investigated(Thorpe et al., 2015c)t has also been shown that the rate of tendon
oxygen uptake is 7.5% lower than in the muscles, and in aged animals the metabolic
activity of tendon and ligaments are shifted from aerobic to a Kligimaerobic
pathway as a result in a decline in capillary blood f(Mailas et al., 1978, Astrom,

2000)

Studies on rat tendon stem cells (TSC) using quartz thickness shear mode (TSM)
resonators showed thiie storage modulus is ten times greater in aged than in young
TSC. Further, on phase contrast and SEM, these cells showed an enlarged flattened
and heterogeneous appearance during ageing in contrast to the immature cells which
they had a homogenous elatgd form(Wu et al., 2015)At the cellular level, there
is also upregulation of miR135a, which targets ROCK1 genes in young TSPCs.
The authors expressed the view that it suppressed thesgro€ ageing, enhancing
cell proliferation, migration and differentiation, while dowegulation of miR135a
in aged TSPCs reversed this situat{@inen et al., 2015Meanwhile in an in vivo
study on mouse TSCisas found that ageing results in the deposition of various
materials including fat, PG and calcium and that moderate treadmill running
enhances tendon cell regeneration capacity and decreases degeneration in aged
tendon(Zhang and Wang, 2015)ong-term microscopicdegeneratiorof the ECM
develops focal areas of chondroid metaplasia that stimulate tenocytes to produce
specific ECM components such as PGs and GA® et al., 2009, Tamam et al.,
2011) Recently, in vitro induction of the tendon stem/progenitor cells (TSPC)
populations of equine SDFT with osteogenic and chondrogenic media, found that the
TSPCs when plated with a madh precoated with fibronectin promote both
osteogenic and chondrogenic differentiatigilliamson et al., 2015)However,
chondroid metaplasia normally occurs in bird ten(®erge and Storer, 1995, Landis
and Silver, 2002, Organ and Adams, 2005)

During ageing human tendon cells undergo morphological alteration from an
ovoid and small spindle shape to an elongated {&tussoet al., 2015) The cell to
matrix ratio progressively declines during ageing and the tenoblasts become mature
with an increase in size from 2M-70mm to 80mm-300mm. The tendon cell
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processes become more elongated (i2m), the nuclear ratio to cytoplasms also
increased and their nuclear chromatin is conder(edsa and Kannus, 1997,
Kannus, 200Q) Similarly it has been shown in ageing-tait tendon that the cellular
density decreased in proportion to the E€bhtents and that the plasma volume
fraction and tenoblast density also significantly decreased with(@genlee and
Ross, 1967, Squier and Magnes, 1983, Moore and De Beaux,. 1887)study
measuring the DNA adent in both the SDFT and the DDFT, it was found that the
DNA content was significantly decreased only in the DDFT during ag@ingh et

al., 1999a)In contrast, another study found that the DNA content dezieaigh age
only in the SDFT(Batson et al., 2003)

1.8.5 Cartilage oligomeic matrix protein ( COMP)

The level of COMP rapidly increases in the SDFT after birth and through
development. It reaches its highest level (~ 10mg/g wet weight) during the first and
second years of age and then decreases during ageing throughatoteeSDFT
particularly at the mignetacarpal regioiSmith et al., 1997)Others reported that
COMP mRNA was not detected in the foetal SDFT and that it reaches the highest
level at about three years old, which was positively correlatedthetismallest fibril
diameter (<60nmjSodersten et al., 2005)

1.8.6 Biochemical Properties during ageing
1.8.6.1 Collagen

In a study using racemization of aspartic acid and indirect measurements of the
level of a type | collagen degradation marker, in order to calculate the half life of
aging for collagenous components in equine SDFT and CDET, it was found that the
average halfife of collagen was approximately 197.53 (x18.23) years in SDFT and
34.03 (£339) years in CDET and these values increased significantly with aging
(Thorpe et al., 2010c)n a study on the rabbit Achilles tendon, it was shown that the
amount of collagen increased to approximately 21% deyglt and the water
content decreased to approximately 15% as the animals(ipgedito et al., 198Q)

In the equine SDFT the average mass diameter of the collagen fibres were did not
change during agein@attersorKane et al., 1997a)n a study of selassembly of
collagen fibres, it was found that tensional loading increasedultimate tensile
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strength, packing and fibril orientation. Furthermore, decorin also increased the
tensile strength of uncrod¢isked collagen fibres by facilitating the amount of inter
fibrillar slippage(Pins etal., 1997) It has been shown that tissue turnover and the
production of the collagen otecules declines during ageingietabolically it is
thought to be related to the density of the tenocytes between the collagen fibres,
which is concomitantly decreaseluring ageing. Therefore, reduction in the cellular
density will result in a decline in tenocytes ability tegenerate new collagen fibres

and to replace damaged fibrils resulting from an accumulation of a long term micro

damage during exercise or ggding(Batson et al., 2003)

The massaverage diameter of the collagirils in the central core of SDFT is
approximately 60.8m (£3.1) in the foetus. It is significantly increased to 12ifr8
(£6.6) in young horses (34 yearold) and reaches the highest level of 14815
(z4.1) in middle-agedanimals (57 years old). Theduring ageing diameters decline
to 133.99m (£12.9 nm in aged horses (4Ib yearold) where there is no significant
difference between the central and peripheral regions. Further, the crimp angle of the
collagen fibrils also declines progressively in tH2FS central region and with age.
The crimp angel are 26.7°, 14.6°, 13.1° and 10.5° in the foetal, young, ramgilie
and old horses respectivgRarry et al., 1978, Pattersé@ane et al., 1997a)

1.8.4.2 Biochmical crosslink

A study has indicated that the replacement of the immature collagen crosslink and
complete maturation takes place within the first two years of life. So the
concentration of the immature crosslink (dihydroxylysinonorleucine (DHLNIJ a
hydroxylysinonorleucin (HLNL)) decreases rapidly after birth. The DHLNL
crosslink continues to decrease till it reaches an undetectable amount by the two
years of age but HLNL declines to zero during the first few months of life. However,
as tendon mates the collagen crosslink hydroxylysylpyridinoline (HP) increases
rapidly and reaches its highest level at three years old and not altered with age, but
lysylpyridinoline (LP) increased significantly with agéPatersonKane et al.,
1997b, Thorpe et al., 2010c)

Lin and others recorded that SDFT composition varied between regions (Lin et

al., 2005). Most of the biochemical parameters do not alter during ageing except that
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the pentosidine crosslink is markgdncreased in the compressive site during
ageing. Regionally the cellular, water and both degraded and the total collagen
content are significantly higher in the rmidetacarpal region, but the GAG,
hyaluronic acid (HA) and lysylpyridinolireross link isonly half as high in the
compressive region (Lin et al., 2005). Meanwhile, in porcine SDFT it has been
recorded that higher levels of GAG (CS) are found in the compressive regions, near
the metacarpophalangeal joifeitosa et al., 2006 Nevertheless, collagen fibrils
contain a consierable amount of water, which is distributed throughout the fibrils
and substantially affects their mechanical propertiésgel, 1980, Thorpe et al.,
2010b) By using dynamic mechanical spectroscopy five typewaier molecules

have been identified, these include the water molecules that form a paired hydrogen
bond peptide carbonyl inside the tropocollagen molecules -GBrdro)
(Ramachandran and Chandrasekharan, 1368) the specific water molecule
associated with a number of specific sites such as the hydroxyl group of
hydroxyproline. The third type is located inside the miipals and is associated

with the polar and ionic sides groups in the form of hydration spherben\Whe
tissues cool below zero a cubic form water molecule formed between the collage
micro-fibril s (fourth type) This typeis strongly associated with the tendon structures
and dispersed between the mifitwils. Finally, the fibrils are embedded ineth
gelatinous hydrated extracellular mat(Morawetz, 1958, Yonath and Traub, 1969,
Baer et al., 1976)

1.8.4.3 Molecular studies

In a transcriptomic analysis on the human Achilles tendon, it was shawn th
gene expression of proteaoding and nostoding transcripts (small neroding
RNAs, pseudayenes, long noooding RNAs and a single microRNA) were altered
in a total of 325 genes between young and old ten(lefters et al., 2015Where,

191 genes showed increased expression in older ages and the remainder were
decreased. The study found that RNA alters at various genomic levels during ageing,
demonstrating that reduced matrix protein turnover is not the fackpr altered

during tendon ageing, but that alteration in the regulation of transcriptional networks
plays a key roléPeffers et al., 2015)n other studies, it was shown that gap junction
intercellular commumation (GJIC) proteins including connexins 43 and 32 played

an important role in the production of collagen during strain, but GJIC expression
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significantly declined during SDFT maturati¢Stanley et al., 2007, Yog et al.,
2009)

1.9 INJURIES OF TENDON
1.9.1 Injury predisposition with ageing

Injuries to the SDFT are common in all racing disciplines but risk of injury is
increased in aged hors@erkins et al., @05, Avella et al., 2009Different studies
have recorded that age is considered as an important factor of musculoskeletal injury,
where the distal part of the forelimb is injured particularly in steeplechase races
(Williams et al., 2001, Perkins et al., 200B)uring ageing horses are exposed to
cumulative exercise regimens and this possibly leads to an accumulation of the
micro-damage. However the steeplechase uses older horses (median=8 years old)
than hurdlegmedian=6 years old)Lam et al., 2007b, Reardon, 2013he entire
SDFT is prone to injury but commonly the rmtktacarpal region is most frequently
injured (Perkins et aJ.2005, Thorpe et al., 2010dh an ultrasonographic study of
SDFT tendinitis in the proximal metacarpal region it was shown that the severity of
injury varied regionally, with 5200% of the SDFT CSA involved. Such injuries
were accompanied by clinicella meness, which affected the
a poor prognosis in aged horg€&hesen et al., 2009)n anothermretrospective study
to determine the prevalence of overstrain injury in Japan in 1999 on a population of
10,262 Thoroughbred racehorsas was found that the pralence of SDFT
tendinopathy was 11.16%. Interestingly injuries commonly affected the fore limb
and their incidence was increased with age: at 2, 3, 4, and 5 years of age the rate of
injury was 6.05%, 12.54%, 14.16% and 16.32% respectiji¢sashima et al.,
2004) Similarly, in a study of National Hunt racehorses in two different seasons, it
was recorded that the prevalence of SDFT pathology was 24% and that this increased
with ageing (Avella et al., 2009) Additionally, it has been shown that other
surrounding strucires are also prone to injury during ageing, for instance lateral
condylar fractures occur 2.6 times more frequently in horses that started raatit3g at
or 4 years old than in horses that first raced as 2sywds (Parkin et al., 2005)
Tendon components such as mucopolysaccharide, collagen crimp angles and
collagen turnoverare decreased during agei(akagawa et al., 1994, Tuite et al.,

1997, Kjaer, 2004)Furthermorg the rate of oxygen consumption also decreases
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during ageing, which leads to a decreased metabolic activity and slower rate of
healing(Vailas et al., 1978)Ilt has been shown in human tendon that repetitive and
continuous micrestructural damage occurs even within physiological limits as a
result ofnonuniform and diffeent frictional forces between the collagen fibrils, that
leads to an accumulative mien@uma (Arndt et al., 1998) These structural
alteration affect the mechanical and tensile performance of the tendon in addition to
the continuous cyclical loading, which results in a tendon more prone to injury
during ageingJozsa and Kannus, 199 a three year prospve study on human
athletesit was shown that tendon injury occurred during endurance sports and the
rate of injury was 29% higher in older peogleannus et al.1989) The equine
SDFT is exposed to a continuous heavy mechanical loading particularly during
racing, which particularly makes the tendon prone to in{lalisiak, 2012, Thorpe

et al., 2013c)

Injuries of he SDFT are common causes of equine wastage and it has been
recorded that the rate of injury is increased with ageing. The incidence of injury is
higher in horses racing over hard surfaces than on softer su(f&déams et al.,

2001) Moreover, it has been shown that injury primarily involves SDFT and the
forelimb is affected most commonly (95% of injuries affect the forelimbs). Tendon
injury is more common in heavy stallions that raced and were exposed to courses
requiring jumpingKalisiak, 2012, Reardon et al., 2012, Rkm et al., 2013)

1.9.2 Clinical features

Tendinitis is an acute inflammatory reaction to sudden injury or infection but
tendinosis is a chronic degenerative change of the tissues without notable
inflammatory reactiongPaavola et al., 2002Yendinosis is thought to be a sequel of
micro-traumas that occurs as a result of continuous degeneration of the tendon in
response to overug8harma and Maffulli, 2005, Bass, 201Zje injured SDFT is
manifested by swelling, heat, lameness and pain on palpation. On gross section, the
localised lesion manifests a dark red discolouration, haemorrhage and oedematous
swelling of the tendn parenchyma, epitenon and paratenon sh@##ikins et al.,

1985, Webbon, 1977, Birch et al., 1998, Cadby et al., 2@0@8)valuation of the
clinically injured SDFT using ultrasound-&an image simulation, itag observed

that the size of the injured SDFT increased as a result of bleeding and diffusion of
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lesions through the ECM. In addition the number of fascicles bundles was decreased
by approximately 20% (50 £11 decreased to 40 + 7) due to disruption dfinhet

IFM (Meghoufel et al., 2010, Cadby et al., 201B)fferent tools can be used for
diagnosis of equine tendinopathy but one study has shownusimag MRI for
diagnosis of clinical tendinitis in cases whérere is a chronic scar formation in the
core of the tissue is much more accurate than Ultrasonogf&asashima et al.,
2002)

Microscopically with injury there is a granulomatous inflammation with an
increased number of necytes and infiltration of inflammatory cells (leucocytes),
fibrils are disorganised and there is evidence ofvestularisatiorfKobayashi et al.,
1999) The cells become larger and more rounded with an inchedbe amount of
GAG particularly in an older patientMaffulli et al., 2000) In experimentally
induced injuries of the equine SDAt has been demonstrated that the injured SDFT
is softer, discoloured and is accompanied by the presence of a red tinged fibrous
lesion. Histologically there was an alteration to collagen fibres alignment, an
increased number of both intfascicular ad interfascicular cells, cell morphology
was altered and there was a positive staining for PG and &a@vy et al., 2013,
Jacobsen et al., 20153imilarly in experimentally induced chronic tendinopathy of
sheep(infraspinatus tendon), it has been shown thdioth overstressed and stress
deprived conditionghe injured tendon develops areas of chondroid metaplasia,

accompanied by an increase in the amount of PG and (SAh et al., 2009)

In human tendinopathy, the injured tendon manifests similar clinical, gross and
histological alteration but occasionally in chronic cases it is accompanied by
mineralisation; specifically the tendon develops areas of hgation that is
followed by intratendinous ossificatiorfAksoy and Surat, 1998, Richards et al.,
2008, Tamam et al., 2011)ypically, it has been observed that in chronic rotator
shoulder tendinosis, calcium (hyoyapatite crystals) are deposited within the
tendon ECM resulting ircalcific tendinitis, which is preceded by degenerative
dystrophic calcification lesions, where there is initial differentiation into a
fibrocartilaginous mass with subsequent calciumodéjn (Uhthoff et al., 1976,
Weintraub, 2003) Intra-tendinous ossification is considerexs a pathological

tendonitisin mammals but it is normal in certain birds atidosaurs(Berge and
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Storer, 1995, Landis and Silver, 2002, Organ and Adams, 2005, Regnault et al.,
2014)

1.9.3 Gen expression during injury

It has been observed that several genes show increased expression in different stages
during injury of the SDFT These include the MMR during the acute phase and
MMP-13, Collagenll, -IX, -X, -XI, aggrecan, biglycan gene subsequent to injury
(Clegg et al., 2007) In human rotator cuff injury it has been demonstratedtheat
amount of MMR1 and MMRS9 is significantly increased in contrast to MMBPthat

is significantly decrease.akemeier et al., 2011)Moreover, in acute injury of the
SDFT the mass average diameter of the gelafibrils is decreased from Gfn
(°54.9 to 61.hm (°36.5, and DS is up regulated but HA and CS are down
regulatedKobayashi et al., 1999The DS regulation could play an important role in
fibrosis. It has ben shown that the levels of DS increase during chronic
inflammation and DS regulates the organisation of collagen fibres and
fibrillinogenesis(Mori, 1991) DecorinDS binds to the surface of collagen fibres,
regulates collagen fibre assembly and enhances lateral and the longitudinal growth of
the collagen fibregBirk et al., 1995, Silver et al., 2003Fjurther, it has been found
that four cytokines (IL4U, -Bb, TNIFa and IFNy) are elevated variously in injured
equine SDFT and act to enhance wound hedlitgsala et al., 2002, Dakin et al.,
2012) Meanwhile, an in vitro mechanical study on SDFT fascicles exposed to cyclic
overloading, found that tissue overloading results in ECM ndamage. Moreover,
cells became more rounded and the inflammatory markersocydenase and
interleukin6 were increased, as well as matrix metalloproteii@sand the collagen
degradation marker C1, 2Chorpe et al., 2015a)

1.10 HEALING

Injured tendon progresses through the nmar stages of healingncluding
inflammation, repaiorganisation and remodelling phas€ébe healing process takes
place through intrinsic and extrinsic tissue respof&ggante et al., 1996, Reddy et
al., 1999) The inflammatory phase extends up to one week after injury and during
this period the cells migrate from the surrounding tissues toward the injured area.

This is then followed by tissue exudation and formation of granulation tissues
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(Maeda et al., 2013)in the repair phase, large numbers of fibroblasts, mainly of
intrinsic origin, begin to produce collagen fibres. Migrating fibroblasts continue to
increase in thénjury site over a period of five weekSharma and Maffulli, 2005)

They are fundamental cells in the healing process by enabling the production and
degradation of t collagen molecules, and this requires a period of approximately
two months. The final, remodelling, phase is characterised by stability, organisation
of the collagen fibres into normal axial directions, increases of the collagen cross
links and increasetissue strengtiiParry et al., 1978 However, it has been noticed

that with intensive remodelling over a few months complete regeneration and normal

mechanical properties were not achiefaffulli et al., 2002)

Researchers found thdtring the healing and the remodelling period the crimp
periodicity sharply declined and did not regain a normal value in the following 14
months after injury. Moreover, the mechanical properties of the repaired tendon
remained abnormal compared to that of the normal tendon for at least 14 months
after injury (Williams et al., 1985) Cells obtained from an injured SDFT have
dissimilar phenotypic properties compd to that of normal tendofClegg et al.,
2007, Yuan et al., 2003)injured cells display higher collagen gel contraction,
reduced adhesion topepsiigested collagen and decreased migration capacity over
ECM praeins. These features indicate that the cells of injured SDFT may be of
inferior quality to heal and regenerate the injured tig$(ibara et al., 2011)In
experimentally induced injury of th@DFT using collagenasé has been observed
that there was a marked expression of collagen type | and Ill geabfyren et al.,
2005) then after 24 hours the collagen fibril diameter altered from a bimodal
distribution (35nmi 220nm) o an intermediate uamodal size (73Am °10.7). The
uni-modal form remained for up to 14 months until the normal diameter, distribution
and mechanical properties were-esablished (reach the maximum strength)
(Williams et al., 1985) In a study on rabbit patellar tendon, researchers found that
ageing negatively uppressed the rate of both healing and remodelling on the
experimentally resected central third of the patellar ter{taeda et al., 2013) It
has been found # COMP and type Ill collagen are potentially involved in SDFT
healing, as they have been localised in injured SDFT, and may represent a prompt

healing response of the tissue after inj(8pdersten et al., 2013)
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1.11 HYPOTHESIS AND AIM OF THIS STUDY

This study will address the hypothesis that in equine SDi€fe is a variable
anatomical arrangement to tendon fascicles longitudinally and fascicles split, merge
or intermittently interconnect with each othand not always continuous through the
length of the equine SDFT. Moreover, the cellular and ECM organisation of these
structural subunits vary regionally and are altered in tendinopathy. Thus
characterising the equine SDFT ultrastructure, its organisatidralteration during
health and pathology will facilitate our understanding of the tendon structure

functional relationship and injury predispositidine aim of this thesis is to:

Describe the gross threimensional (3D) anatomy of equine SDFT: spealfy to
document the organisation of the individual sutits (fascicles) ah how this may

vary regionally.

1- Identify the 3Danatomy of the SDFT from histological sections with a view
to understanding the tendon ulstuctural hierarchyand how this vaes
regionally.

2- Compl ete histological scoring of the
histological structures vary regionally and during ageing.

3- Document in detaithe presence athondroid metaplasia elderly horses

4- Study the 3D, gross and histologlicalteration of equine SDFT following

injury.
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CHAPTER TWO

THREE-DIMENSIONAL ANATOMY OF THE E QUINE
SUPERFICIAL DIGITAL FLEXOR TENDON (SDFT)
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2.1 INTRODUCTION

Tendon extracellular matrix (ECM) is made from tough fibrous eotive tssue
components predominantly collagen fibres. Tendons have a low cellularity and
connect muscle to the bone via the musculotendinous and osteotendinous junctions
(MTJ and OTJ) respectivelfKastelic et al , 1978, O6Bri en, 1997
The main function of a tendon is to transfer muscular forces to the bone and facilitate
skeletal locomotion. Additionally, some tendons, such as the equine superficial
digital flexor tendon (SDFT) have the ability store energy force through their
elastic properties, thereby acting as a spring during stret¢hiragpe et al., 2013b,
Tresoldi et al., 2013)Grossly tendon appears brilliant white and portions of it may
be surounded by asynovial sheath which secretes synovial fluid to lubricate the
tendon surface (epitenon) and allows the tendon to glide freely by decreasing surface
friction (Kannus, 2000, Pont et al., 2004he epienon is a dense irregular network
of collagen fibrils, which also contains other ECM components such as elastic fibres

and nonrcollagenougproteins(Yang et al., 2012)

The epitenon surrounds the tendon aethds connective tissue septa into the
tendon to form a reticular network known as the endotenon orfageicular matrix
(IFM) (Kastelic et al., 1978, Kannus, 2000ffM organises the tendon architecture
into many different sections termed fascicles. Moreover, the IFM contains nerve
fibres, lymphatic vessels, blood vessels and different amounts of proteoglycans (PG)
that facilitates the smooth gliding of fascicles during tendon exterfdazsa et al.,
1991, Thorpe et al., 2012)Vhenthe body of the tendon is compartmentalised into
separate fascicles by the IFM; larger fascicular units are called tertiary fibre bundles
(tertiary fascicles), which encompass a number ofllemsecondary fibre bundles
(secondary fascicles). The secondary fascicle comprises a number of primary fibre
bundles called sufascicles. Their numbers, sizes and shapes differ from tendon to
tendon and are not constant throughout the tefBaear et al., 1976, Kastelic et al.,
1978, Kannus, 2000Furthermore, the size of the primary, secondary and tertiary
fascicle varies between the species, tendons, and regions, ranging between 15um
400um (micrometre), 20u000um and @0QumM-3000 respectively (Figure 2.1).
Meanwhile, the collagen fibre is the basic units of the fascicles and is considered to
be the basic functional unit of tendon, being responsible of force transmission and
many of the mechanical propertiestioé tendor(Kastelic et al., 1978, Wang, 2006)
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To date, in equine SDFT no criteria have been adopted to describe different types
of fascicles. Although, most recently, gross andcBnning ultrasound imagjrhas
been used to describe the fascicles and IFM organisation of the equine SDFT
(Meghoufel et al., 2010)However, their organisations throughout the SDFT have
not beenidentified properly. Therefore, further work is needed to characterise and
describe the anatomy of the fascicles at different levels, including their length, shape
and orientation within the tenddq®arry and Craigl 984, Magnusson et al., 2003b)
My hypotheses are:

1 There is a variable anatomical arrangement to tendon fascicles longitudinally
through the tendon

1 That fascicles are not always continuous through the length of the equine
SDFT

1 The fascicles may spliterge or intermittently inteconnect with each other

To address the hypothesis, the aim was to define tendon fascicles macroscopically
and then to outline and reconstruct specific fascicles throughout serial tendon
sections using ImageJ and IMODogrammes, in order to describe the three
dimensional (3D) anatomy of these structures. | wished to describe how fascicular
shape, continuity and inteonnection are altered within tendons and further to

document how these parameters vary between diffexgatfront/hind).
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2.2 MATERIALS AND METHODS
2.2.1 SAMPLES

SDFT samples were taken from Thoroughbred and Thoroughbred cross horses of
different ages euthanized for reasons other than orthopaedic disease or injury.
Samples were obtainedtlgr from a commercial abattoir (Potters, Taunton or
Wooton Bassett) or from horses euthanased at the University of Liverpool Equine
Hospital with the owneroés informed conse
by the University of Liverpool, Veterinaryschool Research Ethics Committee
(VREC, study 214) Seventeen SDFT from 13 horses of different ages (Table 2.1)
were prepared for this study. SDFT were dissected from surrounding tissues,
wrapping in foil and storing a20°C. The dissected SDFT represdntkee whole
metacarpal or metatarsal length, extending from the carpometacarpal to the

metacarpophalangeal joints.

The SDFT samples were designed and divided for three descriptive studies;

First study: SDFT from three similar aged -f{&arsold) were usedo measure the
cross sectional areas (CSA) of the tendon in the proximakneidcarpal and the

distal regions and further to define fascicles, using ImageJ.

Second study:ithree paired legs (4, 6 and 18 yeald) were used to demonstrate the

pattern otthe fascicles and IFM in transverse sections.

Third study: thirteen SDFT were used for 3D reconstruction of the SDFT with their
fascicles using IMOD (Table 2.1).

2.2.2 DISSECTION TECHNIQUE

The frozen SDFT samples were sectioned transversely ialmapdorsal or
plantardorsal direction over a dissecting wooden cutting board. Starting from the
most proximal aspect at the level of carpometacarpal joint, tendons were sectioned
using a postnortem knife by a regular sawing motion method while applygeegtie
pressure onto the knife in order to cut in a regular harmonic way; the thickness of the
sections varied between3nm (Figure 2.1A). The numbers of sections per SDFT
was not constant, due to the differing sizes larekds of the horses from whitte

tendons were collected. The number of SDFT sections was higher in the hind limb

39



(ranging from 63165) than the forelimb, which ranged from-83, reflecting the

greater length of the metatarsus than the metacarpus (Table 2.1).

Table 2.1: SDFT samplesollected from limbs of different aged horses with the
number of sections of-2 mm thick, obtained from each tendon shown, (LF= left

forelimb, RF= right forelimb, LH=left hind limb, RH=right hind limb).

SDFT
No | Side Age/ | Paired or Number of Selected SDFT for different
year not sections/ SDFT descriptive studies
1 LF 8 - 50 Selected 3 SDFT (N¢
2 LF 8 - 43 1-3) for the first
3 RF 8 _ 45 descriptive study
4 LF 4 46
Paired

5 RF 4 47 .

Selected 3 paire
6 LF 6 Paired 52 SDFT (No 49) for
7 RE 6 55 thedsecond descriptivé gojected SDFTNo
8 | RH | 18 65 study 3,4,5,6,7,8,9,10
9 Paired 12, 13, 14, 1617)

LH | 18 60 for the third
descriptive atdy
10 LF 7 - 48 (3D modelling
11 RF 5 - 55
12 RF 11 - 47
13 LF 12 - 49
14 LF 17 - 46
15 RH 20 - 61
16 LF 21 . 43
Paired

17 RF 21 44

2.2.3 TISSUE HYDRATION

All SDFT sections were placed on a wet tissue paper, with their proximal aspect

facing upward. This process required1I® minutes. The abdoed water appears to

be distributed throughout the tissue, probably due to the presence of negatively

charged glycosaminoglycan, which attract water molediYlesn and Halper, 2005)

With hydration the IFM bulged and protruded above the level of the cut surfaces and
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appeared clearly between the fascicles as white outlined structures, which could
easily be observed tveeen the fascicles (Figures B.&And2.2).

Figure 2.1: A: A series of transverse sectiggs3mm thick) of SDFT from the
proximal to the distal part of the metacarpal portion. B: Surface view of a transverse
section after hydration, demonstrates obgidFM tissue between the fascicles as
irregularly distributed white lines.

2.2.4 PHOTOGRAPHY OF THE SECTIONS

These sections were transferred individually onto a transparent flat glass plate
adjacent to a calibrated ruler and photographed seglignising a Canon camera
(Canon EOS B Mark Ill, 1000 10Sspeed, 106im focal length) at a distance 20
cm and without using the flash (Figu&lB). All sections were photographed
serially as JPEG images, cropped and converted to greyscale image$aising
Shop Pro X4 Ultimate by selecting channel mixed@% red,- 40% green; 40%
blue and 11€120% contrast) followed by a subsequent fade correction (50) to
enhance the image clarity. A specific crop contour size was applied to all sections
equally and all cropped photos saved as TIFF images for compatibility with IMOD
(Figure 2.2).
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Figure 2.2: A series of 45 transverse sections of forelimb SDFE46s0ld) from
proximal to distal, following hydration. Sections4b represent SDFT sections
sequatially from the level of the carpometacarpal to the metacarpophalangeal joint
respectively. The shape and the size of the tendon sections progressively altered from
proximal to the distal. Different sized and shaped fascicles are discriminated from
each ¢her by the IFM.
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2.2.5 IMAGE PROCESSING

Both ImageJ and IMOD programmes were used in order to define, outline and
reconstruct the three dimensional anatomy of the SDFT and fascicles from proximal
to the distal end longitudinally through theden.

2.2.5.1 First descriptive study: ImageJ methods to measure SDFT CSA and
define fascicle

The average CSA of the entire SDFT in the proximat-metacarpabnd distal
region of three individual horses-y@arsold) were measured using ImageJ fraed

selection toolbar.

To define fascicles in transverse SDFT sections a new method was developed by

using ImageJ to outline different fascicles and measure specific parameters as follow:

1- Surface interactive view of the 2D images

After importing the 2D image of each section into Imaged (Version 1.49)
(Schneider et al., 2012bhe proposed section surface was selected with the freehand
selecting toolbarThen through the plugins toolbar the interactive 3D surface plot
was opened to show 3D plot view of the section. The surface plot was adjusted by
selecting the following parameters; filled, original colours, selectingtia = XY-

Ratio with an invert ofon, 1.401.70 scale, 4.04.10 zscale, 65/5% Max, 0%

Min, 512 Grid size and 0.1 perspective. The optimum value is mainly dependant on
the Max and Min ratio, which is needed to optimize the degree of fascicular
discrimination from each other (Figure 2.After adjustment of these parameters the
surface of the tendon section appeared with clear boundaries around the fascicles.
The larger tertiary fascicles were easily defined due to the abundant IFM surrounding
them; however the secondary fascicles wfecult to accurately define due to the
thinner, less distinct IFMHowever, in places the IFM surrounding tertiary fascicles
also became narrower and poorly defined. During the interactive 3D surface plot
visualisation the tertiary fascicles were owtlihand their morphology identified by
continuing the image optimisation until the fascicles were totally discriminated from
each other. Further, secondary fascicles were also visualised by zooming the image
in order to see the detailed arrangement of @ &nd its thickness compared to the

IFM that surrounds the tertiary fascicles.
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Figure 2.3: Snapshot of using ImageJ, how the interactive 3D surface plot view is
created from a greyscale image. Initially the greyscale image loaded into ImageJ and
through the plugin toolbar the image turned into interactive 3D surface plot in order
to outline fascicles. Note the tertiary fascicles are well delineated by a clear IFM
while the secondary fascicles not detached from each other.

2- Diameter of the tertiary and secondary fascicles

After optimisation of the image, when the tertiary fascicles outlined and separated
from each other and from the secondary fascicles, the estimated area and the
diameters of both the tertiary and secondary fascicles were mgasuine proximal,
mid-metacarpaland distal region in three horsesy@arsold) by using ImageJ.
Fascicles measurements were performed using the freehand selection tool and
outlining each individual fascicle. By selecting the measuring tool the outhresd
of each fascicle was determined. Subsequently the diameter of each fascicle was

calculated from the formula below:
A r?
(A= area, - 3.14 and rradius)

3- The IFM thickness

44



In order to measure the IFM thickness in the SDFT, tendons wengseaddtom
forelimb of three horses {#earsold). Photographs of the SDFT were analysed using
ImageJ and the IFM thickness was measured between both tertiary and secondary
fascicles.Measurements were done on the greyscale images in order to identify the
well-defined IFM found between fascicles. Different points around the tertiary and
secondary fascicles were measured, starting from the periphery of the sections
toward the centre. For each tendon 300 points between the tertiary fascicles and 300
points betveen the secondary fascicles were measured, which were taken from three
different regions (proximal, mithetacarpal and distal). Therefore, for each region
100 points of IFM were selected for each fascicle category (Figure 2.4).

The measurement wamerformed on the ruleralibrated images using ImageJ.
Initially, when the image was opened the straigie selection tool was used to drag
a line across the calibrated ruler on the image in order to specify the distance (e. g.
1000um). Then, using thenalyze tool, the set scale window was opened show the
length of the dragged line in pixelhich could then be converted to micrometres
(um). To allow maximum accuracy the line was drawn parallel to the pixel lines to
avoid angulations in the measurecklitool. Then by selecting the measure tool the
length of the dragged lines was displayed in a new window. This process was
repeated to measure all the selected points across the tendon sectiorsinCtioss
areas of the IFM were excluded as they formireegular outlined stellate structure
having different orientations (Figure 2.4
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Figure 2.4 lllustration of the steps required for IFM measurement in ImageJ. The
IFM widths were measured over the entire section, taking 100 points around each
growp of secondary and tertiary fascicles. A magnified area (inset box) shows well
defined IFM areas and the transverse small white bars between the fascicles indicate
measured lines of IFM thickness. The letter (J) on the main image indicates a
junction areaf IFM that excluded from the analysis.

2.2.5.1.2 Second descriptive study: Pattern of fascicles and IFM in different
legs

In order to demonstrate the pattern of the fascicles and their IFM on the SDFT
transverse image sections time right ad left of the front and hind limbsere
processed separately flooth categories as follows:

1- Pattern of fascicles

Initially tertiary and secondary fascicles were identified according to their ImageJ
optimizations. The tertiary fascicles were clgaoutlined by a thick IFM, and the
secondary fascicles were localised within the tertiary fascicles and outlined by a
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thinner IFM. From the interactive 3D surface plot, the pattern of the fascicles were
viewed in different legs by increasing the amounperspective and Min up to 0.25

and 10% respectively and the image manipulated to achieve optimal visualisation
(Figure 2.4). This optimisation allowed enhanced visualisation of the intact fascicles
on the cut surface, as they appeared to protrude indilydfrom the outlined IFM.

The fascicular morphology was compared regionally between different piantesl

at a range of ages (4a®d 18yearsold).

Further, on the basis of the above ImageJ criteria, tertiary and secondary fascicles
were defind and counted in the proximamid-metacarpaland distal regions in
different legs. The average numbers of the tertiary fascicles calculated were
compared regionally. Secondary fascicles were also visualised by zooming the image
in order to see the detaillearrangement of the IFM and its thickness. The total
numbers of the secondary fascicles within each tertiary fascicle and in different

regions were recorded.
2- Pattern of IFM

To highlight the IFM pattern the SDFT images were enhanced in order to
visualise the IFM clearly by using Paint Shop Pro X4 through the following steps:
loading images into Paint Shop Pro X4 Ultimate, selecting the channel mixer (Red
40%, Green40%, Blue-40% and contrast of 110%) followed by a fade correction of
50. Then usig the Enhance Photo toolbar, Local Tone Mapping (Strength of 100 and
Block size of 50) was selected followed by High Pass Sharpen and then fade
correction (50). The final outcome of this optimisation was the production of images
with an obvious and distibhdFM that appear as a shiny white line between the

fascicles (Figure 2.5).
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Figure 2.5: Snapshot of the use of Paint Shop Pro X4 Ultimate to enhance and
visualise the IFM between the fascicles. Note the white lines mesh indicate the IFM
between thedscicles.

2.2.5.2 Third descriptive study: IMOD threedimensional (3D) modelling

IMOD is a free softwar€Version 4.7)used to process a series or a set of TIFF
images, perform modelling and display tomographic reconstructions and 3D
volumes. Ithas tools used to assemble and align a series of images within for
multiple Z-stack types and sizes and to view them in a three dimensional (3D) form
(Kremer J.R., 1996)

2.2.5.2.1 Threedimensional reconstructions with drawing tool

IMOD was used to create a 3D reconstruction of the SDFT tre@mseries of
transverse sections, allowing definition of the longitudinal fascicular anatomy. A
number of SDFT from different ages and legs were processed for 3D reconstruction.
Four SDFT and the micthetacarpal regions (~6.5cm) of 13 SDFT were

reconstruted and from each SDFT one fascicles was outlined and traced in order to
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monitor the degree of fascicular alteration. Moreover, all fascicles of the mid
metacarpal region (~ 6.5cm) of one SDFT were completely reconstructed.

IMOD works with mrc imagdiles, which can either be a stack or individual TIFF
images. Initially, all images were loaded into the Cygwin home directory at window
/home/username/file name. To create-stack from this file of TIFF images they are
loaded into IMOD programmes by tng (LS) followed by typing the file name in
order to open the directory file. When the file directory or subdirectory is opened,
then by typing (tif2mrc *.tif newfilename.mrc) in the program, images are
automatically converted into an mrc file-§8Zack).These files can then be manually
aligned using the midas programnhbg typing (midas filename.mrcyvhich is
followed by a manual alignment and then saved to a home directory as an mrc Z
stack (Figure 2.6A).

The mrc image file was opened in the IMOD gnaamme by typing 3DMOD and
selecting the mrc file in the directory or subdirectory file. Then by using the drawing
tool, fascicles of interest were outlined sequentially in order tconstruct the
fascicular anatomy of the SDFT. From the first sectioa fascicle was outlined and
subsequently in the followingections various fascicles were outlined. Different
colours were used to delineate different fascicles. Outlined fascicles were then
converted to 3D models by selecting the model view option wheypeins a new
window and shows all contours in a 3D form (Figure 2-6.B'he contours were
then meshed to create a complete 3D reconstruction of the entire tendon and the
selected fascicle. To rectify minor degrees of contour wrinkle or small irregesarit
specific options such as the surface and-tesolution mesh in the meshing tool bar

were used in order to obtain optimal contour adjustment.
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Figure 2.6: A: IMOD window with the drawing tool bar used to outline the tendon
and specific fascicles. B: Demonstration of the steps of outlining one fascicle (B)

in the proximal aspect of the tendon and then going throughout the series images (Z
stack) toward the distal (I), determining any modification of this fascicle by using
different colour. Note ho the fascicle outline modified from proximal to distal (B

), it undergoes regional modification such as divergence, convergence and inter
relation to the neighbouring fascicles.

2.2.5.2.2 The XY¥slackpl aneds view of the

Initially, the IFM were enhanced as described in section 2.2.5.1.2 (Pattern of
IFM). Then a series of images were processed into a (mrc fig@ack. The X, Y
and Z planes were explored by selecting the Image option in the 3D window to show
a threeplanes view of the imagestack. Then by manipulating the X and Y planes
fascicles could be observed in three different planes. In this view, it is possible to
view the fascicl eds o-stack)ifromeprokimahtg digtal di n a l
through the XY planes (Figure 2.7p® ci f i ¢ al terations in a
as fascicle divergence, convergence, Hngdaition and resplitting of the selected

fascicle could then be determined.
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Figure 2.7: View of the X, Y and Z planes of the SDF$tdck of an mrc file in the
mid-metacarpal region (~ 6.5 cm long). The tendon and the fascicles could be viewed
from X, Y and Zplanes and this helps to demonstrate how the fascicles are arranged
within the tendon from the proximal to the distal end.

2.2.5.2.2 Isosurface of the IM over a specific area within the Zstack (IFM 3D
reconstruction)

The isosurface method allows visualisation and isolation of a certain colour of the
image by setting a threshold for the pixel intensity values over or under which they
appear in the ndel. By using the bounding box option an area of approximately 8x6
mn¥ over the image was determined. Meanwhile, the XY outer limit tools were used
to manipulate the size and position of the proposed area. Then the proposed area over
the first image washtesholded in order to find the optimal contrast for the IFM.
When the optimal contrast was achieved multiple thread like lines were present over
the IFM of the first section (Figure 2.8). Then the image was enhanced by selecting
options such as smoothira;d deleting of small pieces (which removes extraneous
noise). Later the IFM was reconstructed over the proposed area running down
through the whole Atack in a proximal to distal direction. Finally, by meshing the
outlined images all the parallel threbke colour of all sections were connected to
each other in both the vertical and the horizontal planes and reconstructed a 3D form
of the IFM through the whole-Ztack.
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Figure 2.8: lllustrate isosurface 3D modelling of the IFM through the series image
(Z-stack) with the toolbar on the left side. An area &6 mnf) over the first
transverse section in the proximal region was selected and the IFM was isosurfaced
(3D reconstruction) by thresholding of the image from proximal to distal. In this
example blie threadike lines represent the IFM. The blue IFM isosurface runs
down through the ZAtack with a similar intensity to create an automated
reconstruction of the IFM.

2.2.5.2.3 Creating a 3D video output in IMOD

The degree of rotation, orientati@nd speed of the 3D movie was specified using
the control option from the edit toolbar in the 3dmod model view window. The snap
direction was selected in the file tool in the same window and the snap file specified
in the Cygwin directory (see the IMODelsite for more detai(Kremer J.R., 1996)
When opening the model view, the Movie/Montage tool was selected from the file
toolbar and the required snapshot number typed into a gap in front#fotheovie
frames, such as 10000 snap shots. Then Movie action, Tiff images and Write files
were sele@d before clicking on oOmakeod. Al |
movie by uploading them into the Video Maghdio/Video Converter and Builder

programme (http://videomach.en.softonic.com) (File version 5.9.13.0).

2.2.6 STATISTICAL ANALYSIS

Statstical analysis was carried out using Graph Pad Prism vers{@alBornia
USA). Initially the data were checked for normality using D'Agostino & Pearson
omnibus normality test and if required were normalised using normalise option tool.

Data were analysl using nosparametric onavay ANOVA (KruskaltWallis and
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Tukeyos mul tiple Cc 0 mp atesis s(ManAWharneyt ®9t). an d
Significance was set at p value of < 0.05.

2.3 RESULTS
2.3.1 FIRST DESCRIPTIVE STUDY
2.3.1.1 Cross sectional areand shapes of tendon

The average CSA of the entire SDFT in the proximai-metacarpaland distal
region of three individual horses {@arsold) was 141.1mf (°18.31 SD),
130.6mnf (°12.17 SD) and 135.5nfm(° 13.41 SD) respectively. Thus the CSA
varied betveen individuals and apparently decreased in themathcarpal region by

7.4%, however, this was not significant statistically (Figure 2.9).

The shapes of the tendon cr@estion also altered gradually from proximal to
distal. The SDFT transverssection at the proximal region was more elliptical
(Figures 2.13, A and B). It then progressively became compressedpabnsarly to
become teashaped at the mid metacarpal region (Figures 2.13, C and D) and was
then completely flattened dorpalmarly n the distal region (Figures 2.14, E and F).
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Figure 2.9: Variation of the SDFT cross sectional area (CSA)?[(niram the
proximal to the distal region in threey@arsold horses, using ImageJ, this was not
significant statistically (P value > 0.05).
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2.31.2 Identification of fascicles in the transverse SDFT sections

2.31.2.1 Image optimisation and outlining the fascicles

The interactive 3D surface plot was used to show the 3D plot of the greyscale
images, in which the fascicles were heter@gers and irregular structures were
outlined by the IFM. Due to image enhancement, the appearance of the IFM was
accentuated, making it appear wider and more easily discernible. Tertiary fascicles
considered to be outlined by a wdkfined and/or thick IFMDuring thresholding
tertiary fascicles were completely separated from each other. The IFM thickness was
not homogenous around the tertiary fascicles and varied around the circumference.
Tertiary fascicles were composed of a number of smaller secondaiglés. The
secondary fascicles were closely packed and outlined by a thinner endotenon, and the
fascicles could not always be separated from each other during image optimisation
(Figures 2.13 and 2.15). Primary fascicular bundles could not be defimeglths
photographic methodology.

2.31.2.2 Size of the tertiary and secondary fascicles

A wide range of fascicular size of both the tertiary and secondary fascicles was
recorded. The average cross sectional area (CSA) of the tertiary fascides wa
1757unt (°1489 SD) with a range of 22n”- 9424um® while the average CSA of
the secondary fascicles was 248.7fr232 SD) with a range of 2pim 1503um?.

The average diameter of the tertiary fascicles was 1372(86(9 SD) with a range

of 167-3464um The average diameter of the secondary fascicles was 509.6um
(°238.8 SD) with a range of 50B83um when measured in the SB3Fof three 8
yearsold horses. Generally there was a proportional relationship between the size
and the diameter of the fasciclgsigure 2.10 A, B). There was a significant
difference in the size between tertiary and secondary fascicles, with the average area
and diameter of the tertiargdcicles being greatén< 0.001) than that of secondary
fascicles (Figure 2.10 C, D). Howaydhere was an overlap in the dimensions of
secondary and tertiary fascicles when these structures were defined using our criteria.
Thus it was not possible to define the secondary/tertiary fascicles on the basis of size

alone.
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Figure 2.10: Positive ceelation between the CSA (finand diameters of the
tertiary and secondary fascicles (A, B). Average CSAiand the diameter of the
tertiary and secondary fascicles are significant when measured in the proxidial,
metacarpahnd distal region (C, Dn mature horseé3-yearsold) (n=3), error bars
represent the standard deviation, unpairest (P< 0.001).

2.31.2.3 IFM thickness

Measurements of the IFM thickness between the tertiary and secondary fascicles
showed a wide variation. IFM thickss wasneasured in the forelimbs ofy&ars
old-horses (B3) at the proximalmid-metacarpabnd distal regions. The mean IFM

thickness between tertiary fascicles was 30.451®@.78 SD) with a range of

9.78um ¢ 2.64 SD with a range of2um i127.43um. There was a statistically
significant difference in the IFM thickness between the tertiary and secondary
fascicles when using a pairedest with a Pvalue of (p<0.00]) (Figure 2.1} The

IFM thickness between horses was very similar with no significant differences
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identified between individuals. For example, the mean IFM thickness between
tertiary fascicles in each horse was 30.96um, 28.82um and 31.59um and for the
secondary fascies was 9.26pum, 9.93um and 10.14um. Therefore, there is no
significant variation in IFM thickness between individual SDFTs but clearly a
marked difference in IFM thickness was observed between the tertiary and secondary
fascicles. However, once again thevas an overlap in the IFM thickness between
tertiary and secondary fasciclasd it was not possible to accurately discriminate
between the tertiary and secondary fascicles based on the thickness of the

surrounding IFM.
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Figure 2.11: Average thicknessniji of the IFM between the tertiary and secondary
fascicles in 8yearsold horses (n=3)-or each tendon 300 points between the tertiary
fascicles and 300 points between the secondary fascicles were measured distributed
over the proximal, mignetacarpal andlistal region equallyThe difference was
statistically significant (MamWhitney test, P value < 0.001).

The IFM thickness did not vary significantly longitudinally through the tendon
when measured in the three specified anatomical regions. Thetheleness of the
IFM in the proximal,mid-metacarpaland distal region was 35.a6 (°4.03 SD),
28.72um (°3.47 SD) and 27.38n (°2.68 SD) respectively {8). The average IFM
thickness between the secondary fascicles in the proxinidnetacarpaind disal
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regions also showed no significant difference, with its thickness being t0.74
(°0.29 SD), 9.3gm (°1.66 SD)and 9.23m (°0.10 SD)in the proximal,mid-

metacarpahnd distal region respectively (P > 0.05).

Secondary and tertiary fascicles werdirtkrl according to our ImageJ criteria on
the basis of IFM clarity, thickness and sizes (as described in ImageJ optimisation)
and counted in three regions (proximal, rmétacarpal and distal) in the SDFT. The
number of tertiary fascicles was counted inesgeen SDFTs (n=13). The average
numbers of tertiary fascicles in the proximald-metacarpahnd distal region of the
tendon were 36.06°4.06 SD) 49.4 £3.6SD)and 58.53 {2.96 SD).There was a
significant increase in the number of tertiary fasciclesthe distal region in

comparison to the proximal ameid-metacarpategion (p < 0.001) (Figure 2.12 A).

The numbers of secondary fascicles also varied at different anatomical levels.
Overall, a range of-12 secondary fascicles was observed to mgkendividual
tertiary fascicles. These numbers also varied between different areas within the same
region. Secondary fascicles appear closer to each other as they are outlined by a
thinner IFM. Frequently the IFM surrounding the secondary fascicles aid n
completely delineate fascicles from each other. Discrimination of the secondary and
tertiary fascicles was often not simple because of them both having similar IFM
thickness at certain points; for instance at the junction areas between the secondary
andtertiary fascicles or when fascicles start to diverge. We also demonstrated that
the number of secondary fascicles progressively increased from the proximal to the
distal region in all samples. The average numbers of all secondary fascicles in the
proximal, mid-metacarpablnd distal region were 91.5916.13 SD) 121.3 £19.96
SD), and 136 {21.9 SD).There was a significant increase in the total number of
secondary fascicles between the proximaild-metacarpal(P< 0.05) and the distal
region(P< 0.001)of the tendon (Figure 2.12 B).
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Figure 2.12: Average number of the tertiary and the secondary fascicles are
progressively increased from the proximal to the distal region (n=13). The bars
represent the SD,oreay ANOVA (Tukeyods nsiy(P€0.0g91).e c o0 mj

Overall, our data identifiethat in the normal SDFT {@earsold) fascicles can be
defined as a tendon longitudinal smiit of variable size and shag®t is outlined by
the IFM. The largest units, called tertiary fascicles weréraa, by a welldefined
IFM. Tertiary fascicles are further subdivided into smaller subunits, called secondary
fascicles that are outlined by a thinner IFM. The fascicular subunit undergoes
regional modification as it runs longitudinally through the tendbhere are more

fascicles in the distal compared with the proximal aspect of the tendon.
2.3.2 SECOND DESCRIPTIVE STUDY
2.3.2.1 Pattern of fasciclesand IFM in different legs

In 2.3.2 we demonstrated that the morphology of fascicles varad the
proximal to the distal region in the SDFT. We then wished to discover how this
fascicle arrangement varied between right and left limbs within an individual bs wel

as between fore and hind limb

Two pairs of forelimbs (4 and 6 yeawkl) andone pair of hind limbs (18 years
old) were selected and processed to determine similarity between the right and left
limbs and to document variation between individuals. When matching the fascicular

organisation between them at the three different trassvenatomical levels
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(proximal, midmetacarpal and distal), heterogeneous and asymmetric fascicular
patterns were observed. Fascicles in the forelimbsyefa4sold manifested different
shapes and sizes in different regions and between the right ardienkest (Figure
2.13).

Left SDFT Right SDFT

Proximal

———

Figure 2.13: The ImageJ interactive 3D surface plot of a paired forelimb in three
different regions (proximainid-metacarpabnd distal) of 4yearsold horse. (A, B),

(C, D) and (E, F) represent the proximal, fmeétacarpal and sial regions
respectively. Tertiary fascicles are outlined by a wlefined IFM (yellow circle)

and have different sizes and shapes, whereas secondary fascicles are delineated by a
thinner IFM. However, some of the tertiary and secondary fascicles halagigely

equal IFM thickness. Note that the IFM joined with the epitenon at the same points
on both the right and left limbs (coloured arrows).

The IFM appears as a reticular meshwork running in different orientations
throughout the entire crosedion of the tendon. Where the IFM joins the epitenon it

is normally relatively thick.At points where the IFMs join together (so called
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junction regons) the IFM is often thickened and irregular in sh#ein the fascicle
pattern, there were regiondterations in the organisation of the IFM from proximal

to distal and in each regipthhe IFM showed specific conformationatferns. In the
young sample (4earsold) the IFM was clear, with distinct outlines between both
the tertiary and secondary fades (Figure 2.14) The clarity of the IFM between

right and the left limbs and in different regions was similar. Therfore the IFM
appears as an inteonnected network extending in all directions. The IFM organised
the tendon architecture into many comipeents (fascicles). However, discrimination

of these different fascicular units was not feasible because the IFM thickness was not

constant around the fascicles and continued to undergo regional alteration
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Figure 2.14: The reticular pattern of the IHdMtween fascicles (yellow circles) in
paired forelimbs (4/earsold horse), processed in Paint Shop Pro X4. The right and
left sides (A and B) of the proximal region show different IFM arrangements and
they are dissimilar to the midhetacarpal regions (@Gnd D). The peripheral
communication of the IFM and the epitenon are similar (red and blue arrows).
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In the 6yearsold samples, fascicles were again clearly outlined andifesied
different patterns between regions and, betwtwnleft and rightlimbs (Figure
2.15).

Proximal

Figure 2.15: The imageJ interactive 3D surface plot of paired forelimbs in three
different regions (proximainid-metacarpaband distal) of éyearsold horse. (A, B),

(C, D) and (E, F) represent the proximal, rmetacarpal and distal regs
respectively. The tertiary fascicles are outlined by a-defined IFM (yellow circle)

and have different sizes and shapes whereas secondary fascicles are delineated by a
thinner IFM. However some of the tertiary and secondary fascicles have tglative
equal IFM thickness. Note the IFM joined with the epitenon at the same points on
both the right and left limbs (coloured arrows).

As in the 4yearsold samples, the IFM was clearly visible between the tertiary

fascicles and secondarythe 6yeas-old tendon(Figure 2.16).
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Figure 2.16: The reticular pattern of the IFM between fascicles (yellow circles) in
paired forelimbs (6/earsold horse), processed in Paint Shop Pro X4. The right and
left sides (A and B) of the proximal region show differéFM arrangements and
they are dissimilar to the michetacarpal regions (C and D). The IFM thickness at
certain points is similar for both tertiary and secondary fascicles (yellow arrows).
The peripheral communication of the IFM and the epitenon aréasi(nred and blue
arrows).

In close observation of the SDFT sections, both IFM and the fascicles were
clearly identified. In some areas, discrimination between the tertiary and the
secondary fascicles were not feasiblghere the IFM between the tary and
secondary fascicles is of relatively similar thickness, this indica@wpndary and
tertiary fascicles cannot be discriminated on the basis of IFM thickness (Figure 2.17).
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Figure 2.17: Higher magnification of some selected areas whereNhedtveen the
tertiary and secondary fascicles is of relatively similar thickness (arrows) indicating
secondary and tertiary fascicles cannot be discriminated on the basis of IFM
thickness alone.

Previously | have shown that the fascicular pattéfiers longitudinally through
the tendon. The fascicular morphology also varied between the fore and hind limbs at
different levels of the tendon. In the hind limbs fascicles were more or less elongated
elliptical shapes with their long axis orientatedidorseplantar direction especially
in themid-metatarsaand the distal regions (Figure 2.18). Similarly, in the hind limb
the shapes of fascicles were not similar from proximal to the distal regions. Further,
patterns of the fascicles between right eftlimbs were apparently asymmetric.
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Figure 2.18: The ImageJ interactive 3D surface plot of paired hind limbs in three
different regions (proximalnid-metacarpahnd distal) of an 1§earsold horse. (A,

B), (C, D) and (E, F) represent the proximalid- and distal metatarsal regions
respectively. Tertiary fascicles are outlined by a wlefined IFM (yellow circles),

having different sizes and shapes whereas secondary fascicles are delineated by a
thinner IFM. Note the shapes of the fascicles aresigdhy elliptical on the dorso

plantar direction. Note the IFM joined with the epitenon at the same points on both
the right and left limbs (arrows)

Interesingly the pattern of the IFM in the hind limb was not exactly similar to the
forelimb. Regimally, the IFM pattern as well as the outlines of the tendon in cross
section were also not similar. However, the ability to delineate the IFM was
approximately similar between the right and the left limb and in different regions.
Again, as for the fasdes, the IFM of the right and left hind limb also adopted
different patterns. Therefore, the IFM is not a consitent homgenous structure and is
different in different regions of the tendon. At some points the the IFM surrounding

secondary fascicles becomedistinct, leading to IFM which does not fully outline
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the secondary fascicles, with the IFM here causing an apparent split in the fascicle
(Figure 2.19).
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Figure 2.19: The reticular pattern of the IFM between fascicles from the SDFT in
paired hind linbs of an 18/earold horse, processed in Paint Shop Pro X4. The right
and left sides (A and B) of the proximal region show different IFM arrangements and
they are dissimilar to the nyahetacarpal regions (C and D) (yellow circle). The
peripheral communicain of the IFM and the epitenon are similar (arrows).

The SDFT cross sectional shape between paired limbs were similar but the pattern
of the fascicles between the right and left in both the fore and hind limbs showed
various conformational morpholwg and was heterogeneous. The connection points
(where the IFM joins/connects with the epitenon) between the IFM and the epitenon
were similar in both SDFTs from different horses and in the paired contralateral
limbs, although paired legs always had d#feces in the IFM crossectional pattern

other than where the IFM joined the epitenon.
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2.3.4 THIRD DESCRIPTIVE STUDY

2.3.41 IMOD t hree-dimensional reconstructions

Using IMOD | developed a-8imensional (3D) model of the fascicular anatomy.
In particular we traced how fascicles altered as they ran longitudinally from proximal
to distal in the SDFT. We identified a number of novel anatomical features (Figure
2.23):

1-Fascicle divergence: this is where fascicles divided into two or more separate

branches, which then course through the tendon.

2- Fascicle convergencethis is where two (or more) fascicles merge together into a

single fascicle

3- Fascicle interconnection: where parts of two adjacent fascicles join and split
apart intermittently wer a short distance.

4- Fascicle Resplitting: fascicles resplit or rediverge after initial convergence or

inter-connection.

Diverge

A Re-split

Figure 2.23: 3D reconstruction of the SDFT fascicles, demonstrating the novel
anatomical features of the fascicles in relatio each other.
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At different levels the outlined fascicle either diverged (splitting) into new
fascicles or communicated or converged with adjacent fascicles. This configuration
results in an extremely complex tendon struct&@a&ch individual fasicle does not
have a constant morphology throughout the tendon. We identified that fascicles inter
connect at different levels through the tendon or join with adjacent fascicles
demonstrated by disappearance of the IFM between them (Figures 2.242%)nd
Individual fascicles could diverge or converge with neighbouring fascicles and then,

more distally, either rsplit or converge to become part of a larger fascicle.

/ﬁ/; /Proximal

Contour

Mid-metacarpal
Contour

Distal Contour

Figure 2.24: 3D view of SDFT through the metacarpal bone length, frorryaat8

old horse. The tendon contour outline is progressively altered toward the distal
region. The selected fascicle when running down from proximal to distal undergoes
regional alteration. It diverges and is intemnected with other fascicles at different
levels. Different colours inside the tendon contour represent different fascicles,
which diverge or are intesonnected with each other. Supplementary videos (2.1,
2.2) of the reconstruction (6 and-$2arsold) can be accessed from the links below:

PhD thesisOthman, Ali Threedimensional supplementary videos/2.1.wmv

PhD thesisOthman, Ali Threedimensional supplementary videos/2.2.wmv

Table 2.2 shows a number of alterations of a selected fascicle at different levels in
the midmetacarpal and metatarsal regions (~ 6.5 cm length). Frequently, fascicles
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PhD%20thesis-%20Othman,%20Ali-%20Three-dimensional%20supplementary%20videos/2.1.wmv
PhD%20thesis-%20Othman,%20Ali-%20Three-dimensional%20supplementary%20videos/2.2.wmv

intermittently inter-connected with each other and at some points parts of fascicles
could have short sections of IFM that were apparent at the point they-spltit.re
These alterations were observed through the length of the tendon in all selected
SDFT samples @ble 2.2).l1 did not identify any discontinuous fascicles with all
fascicles apparently extending longitudinally through the whole length of the SDFT.
In one 12yearsold SDFT, the whole muinetacarpal regiorf~ 6.5 cm long)was
reconstructed. Over a distze longitudinally of 3mm, | would identify a number of

the features described above; specifically diverging, converging-doterection

and resplitting. At some sites the outlined fascicles would completely alter and
would either split or join with @& adjacent fascicle. From a total number of 47
reconstructed fascicles | found that 11 fascicles (23%) were extended and maintained
their configuration throughout the metacarpal region (~6.5cm long) without splitting

or converging. However, some fasciclater-connected with the adjacent fascicles,

before detaching more distally and continue to course distally as individual fascicles
(Figure 2.25 andssociated videda 3, 2.4, 2.5).

Figure 2.25: 3D view of the SDFT midetacarpal region (~ 6.5 cm long a 12
yearsold horse, showing how all the tendon fascicles run parallel with each other
from the proximal to the distal region through the tendon. The fascicles have a strong
interrelationship with each other and at points diverged,-ocuene&ted andre-split
(arrows).The links below contain 3D views of reconstructions from three different
ages (4, 12 and 2fearsold) (videos 2.3, 2.4, 2.5);

PhD thess- Othman, Ali Threedimensional supplementary videos/2.3.wmv
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PhD thesisOthman, Ali Threedimensional supplementary videos/2.4.wmv

PhD thesisOthman, Ali Threedimensional supplementary videos/2.5.wmv

For each individual SDFT (n=13) and their reconstructed fascicles through the
length of midmetacarpal region (~6.5 cm) we found that all of the fascicles were
undergoing regional alteration when they ran through the tendon. The numbers of
alterations were not constant from region to region and could occur through the
entire length of the fascicle¥he average number of inteonnection of fascicles
was higher (36%) than the other alterations. The percentages of divergence,
convergence and 4®plitting were 18%, 24.2% and 21.7 respectively. Therefore
fascicles clearly underwent regional alteratioe targest proportions were inter

connected with each other, as compared to other alterations (Figure 2.26).

Number of alteration
N
|

Divergence Convergence Inter-connection Re-splitting

Figure 2.26: The average number of regional alterations of reconstructed fascicles
through the length of the mighetacarpal region (~ 6.5 cm)obé a larger number of
fascicles undergo regional inteonnection and a smaller number divergence, one
way ANOVA, KruskalWallis test (P value €.05), (Error bar = standard deviation)
(n=13).
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Table 2.2: Differenvalues including the SDFT CSA, the nben of fascicles in three
different regions and the pattern of the outlined fascicles through theetatarpal
and midmetatarsal regiong- 6.5 cm long) from different ages (F=Forelimb, H=
Hind limb, R=Right L=Left, P=proximal, M=midmetacarpal and D=slial regiong

3D reconstruction/IMOD
Number of tertiary Number of Degree of fascicular alteration
fascicles/imageJ secondary fascicles | through the tendon (~6.5 cm long)
(one tracked fascicle in each
tendon)

Legs Cg:r/ P M D P M D Diverge | Converge c?rt\?\re;:t sp:?,tg-ng
LF 4 30 44 60 91 102 120 1 1 5 1
RF Paired 40 50 56 90 110 123 1 1 5 1
RF 5 37 53 57 84 103 116 3 5 8 4
LF 6 43 57 63 108 118 115 2 3 4 3
RF Paired 44 56 64 100 117 120 0 2 2 2
LF 7 35 54 60 107 144 157 2 4 5 3
LF 8 35 52 60 83 136 170 5 3 4 2
LF 8 34 47 54 113 128 143 -

RF 8 33 45 55 120 123 132 -
RF 11 40 48 55 99 126 129 -
LF 12 32 43 56 100 129 165 3 2 3 3
LF 17 37 52 62 101 138 130 1 5 5 4
RH 18 35 44 60 70 146 135 3 1 3 0
LH Paired 40 50 59 67 158 183 4 6 6 6
RH 20 32 45 60 75 108 150 -

LF 21 33 47 58 70 85 114 1 4 6 3
RF Paired 33 46 56 79 91 110 3 2 2 3
Mean 11.15 | 36.05 | 49 58.52 | 91.59 | 121.3 | 136 2.23 3 4.46 2.69

Median 8 35 48 59 91 123 130 2 3 5 3
Maximum 21 44 57 64 120 158 183 5 6 8 6
Minimum 4 30 43 54 67 85 110 0 1 2 0

SD 5.91 4.06 | 440 | 296 16.13 | 19.96 | 21.9 | 1.42 1.68 1.713 1.54
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2.3.42 XYZ planes

When viewing the Ztack on different planes (X, Y and Z), fascicles (black
colour) were seen to extend paralleletach other and along the longitudinal axis of
the tendon. These fascicles were separated from each other by variable amounts of
IFM (white colour)(Figure 227). The IFM in the Zplane was orientated irregularly
in different directions and outlined tertyaand secondary fascicles. In the X and Y
planes fascicles were outlined by a regularly arranged IFM. Further, the size and
thickness of both the fascicles and the IFM were altered in the longitudinal direction
(XY planes). At some points, the ends of thscicles became taper@éigure 227
D) and appeared to partly cease, while a few of them ran for a short distance and then
interpolated between other fascicigsgure 227 T). Therefore, both fascicles and

IFM extended longitudinally and altered regithypan their morphology.

Z-plane

Z-plane

| ——

I
l|\\

|

Figure 2.27: The 3D views of the wholesiack the miemetacarpal @gion of the
SDFT, 12-yearsold, (~ 6.5 cm long) with the X, Y and Z planes. The continuation
of the fascicles throughout the tendon vertically can be seearanautlined by the

IFM. Anatomical features such as divergence (D), tapered fascicular ends/ or
interpolation (T) and inteconnection (i) are observed on a close observation.
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Interestingly, by moving the XY planes across the tendon frequencuéesci
communication was demonstrated. However, at some points a fascicle would course
distally as an isolated fascicleefore ultimately communicating with adjacent
fascicles(Figure 227i). The IFM seemed to alter more frequently than the fascicular
anabmy. The IFM was less often continuous and would often become thinner or
discontinuous, allowing fascicles to merge. This finding supports the previous 3D
reconstruction and fascicle tracking data in which the fascicles are parallel to each

other on theitongitudinal axis and undergo regional modification (Figug¥
2.3.4.3 Isosurface of a specific area throughout the-&tack

An isosurfacebased 3D reconstruction of the IFM was used to determine the IFM
pattern throughout a specific region tiettendon. The degree of IFM isosurface
varied at different points in both the horizontal and vertical direction throughout the
tendon. Horizontally, the IFMs ran in all directions with a variable degree of density
as a result of different thicknesses b tIFM between fascicles. Longitudinally, it
extended from the proximal to the distal region and also it has a different degree of
isosurfacgFigure 2.28 A) At some points the IFM discontinued or disageel for a
short distance, foring agap, which meat the fasciclebad to connect/intezonnect
at that point (Figure 2.28 A and associated video 2.6). Interestingly, whersthekZ
was viewed from the proximal aspect down to the distal the IFM appeared as
multiple layers of overlapped meshd&igure 228 B) Nevertheless, these
overlapped layers were not entirely identical at different levels of the tendon and they
appeared as an irregular outlined structure. Further, when viewed from proximal to
distal, a number of vertical longitudinal spaces coulddeatified which coursed
through the entire tendon length indicating continuous fascicles. The IFM formed
reticular structures of various widths around the fascicles and extended on both the
horizontal and vertical directions with various morphologiedifi¢rent levels and

regions (Figure 2.28 B and associated video 2.6).
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Figure 2.28: Isosurface of the SDFTFsiack, metacarpal region (~ 6.5 cm) of 6
yearsold horse, manifesting the continuation of the IFM throughout the tendon
sections (A). The netwk view of the vertical axis shows the IFM pattern in
different directions with overlaps at different points (B). Detall is in the video (2.6)

from the link below:

PhD thesisOthman, Ali Threedimensional supplementary videos/2.6.wmv
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2.4 DISCUSSION
2.4.1 THE SDFT CROSSSECTIONAL MORPHOMETRY

In this study we observed that the cross sectional shape of the SDFT was
progressively altexd from the proximal to the distal metacarpal region. At the most
proximal region the cross sectional shape was almost ciraotheas it progressed to
the midmetacarpal region, it became flattened dorsopalmerly into a-Gesular
form, and then becanmaore progressively flattened in the distal metacarpal region.
The progressive regional alteration (Figure 2.2) could be used as an anatomical
reference in order to identify regional deformity or an increase in tendon size such as
in case of tendonitis anchore objectively to assess any internal disruption of the
tendon architecturgSmith et al., 1994, Vilar et al., 2011)

Whilst the SDFT CSA appeared to decrease in themathcarpal region and
then apparehy increase again more distally, these alterations were not statistically
significant. Regional alteration in tendon CSA have been shown by others using
ultrasonography. Previous studies divided the metacarpal region into seven levels
from the proximal talistal end. They demonstrated that the SDFT CSA decreased by
5.33% in the miemetacarpal regior(Smith et al., 1994, Agut et al., 2009)
comparison to the SDFT in the proximal metacarpal region. Research has also
demonstrated the relationship between different anatomical regions of the SDFT and
its mechanobiology, in that the elasticity modulus vimsnogeneous but there
appeared to be a slight increase in the-metacarpal regiofCrevier et al., 1996)

butit is not representative of tissue stren@remersma and Debruyn, 1986)

It has been shown in the canine rotator cuff tendon thaimabalteration is also
accompanied by alterations to the tendon ultrastructure, with the amount of collagen
fibrils being higher in the enthesis (15.7%) than in the tendon pi&er et al.,

1997) Similarly, inthe equine SDFT the size of collagen fibrils were also altered
and increased toward the distal region; their diameters were 40nm, 48nm and 68nm
in the upper,mid-metacarpaland distal regions respective(pese et lg 2007,
Watanabe et al., 2007Dther researchers have demonstrated that the number and
diameter of collagen fibrils was not constant between tendons and rangecfream 5
3em in rat tail tendon, and r(elat; 0650 at

Franchi et al., 2007b)Alteration of these parameters (number and diameter of
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fibrils) makes the SDFT nehomogeneous in terms of gross and microscopic
morphology from the origin to the insertion point. Alteoas to the structural
organisation of tendons, for instance the fibre diameter, makes the collagen fibres of
the fascicles stiffer in the distal region and potentially capable of sustaining a heavy
mechanical loaqRigozzi et al., 2010)These studies confirm structural alterations

longitudinally through the tendon.

2.4.2 FASCICLES AND IFM QUANTIFICATION

In this study the number and pattern of the tendon fascicles was described in the
SDFT regionally and betwegpairedlegs. From our work, it is possible to make
qualitative statements on the SDFT fascicular structure. Previous researchers defined
different fascites according to their siz€©s Kast el i ¢ et al ., 197:¢
Kannus, 2000) Fascicles are the largest basic conformational unit of the tendon
hierarchical organization, and can be defined as a bundle afjealffibres, outlined

by the IFM, which vary in morphology at different levels of the tendon.
2.4.2.1Fascicles

On the basis of ImageJ optimisation, diameters and the IFM thickness, the size
and number of fascicles were quantified. As to be expgstmbndary fascicles are
smaller than tertiary fascicles. Previous studies have classified the basic units of the
tendon hierarchical structures according to their qiKestelic et al., 1978, Kannus,
2000) A wide range of fascicular diameter was recorded ranged froum-50
3463um From this wide range different ranges for both the secondary and tertiary
fascicles were also determineBlO(im-1383um and 167pA3463um respectively).
Other studies have also recordedfet#nt diameter measurements for both the
secondary and tertiary fascicles were @m9100Qum and 1000ur8000um in
human Achilles tendoifJozsa and Kannus, 1997, Silver et al., 20@8)d 20um-
200um and 100uB00umin rat tendon respectivelfKastelic et al., 1978, Wang,
2006) Whilst secondary fascicles are obviously generally smaller than tertiary
fascicles, there is overlap and variability between these groups meangqat i
possible to simply classify them on the basis of size alone. Similarly the CSA of the
fascicles varies from region to regi@amd we found a different CSA of fascicles,
which were 22urft9424unt and 2pm-1503unt for the tertiary and the secondary
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fasccles respectively. A study using flexor and extensor tendons of cow, calf,
human, dog and guinea pig observed that the CSA of fascicles varies between
tendons and species but lies within the ranggua875um? (Edwards 1946)

In this study, we determined that the numbers of the fascicles were not constant
longitudinally through the tendon. Their average numbers increased toward the distal
region of the tendon, which also coincided with an apparent statisticaignificant
increase in the CSA of the tend@mith et al., 1994)This increase in the number of
fascicles could occur due to either diverging/splittof fascicles pthe starting of
new fascicles.The numbers of secondary fascicles were also not constant
longitudinally through the tendon. We found the number of secondary fascicles
within a tertiary fascicle varied from-12. Our findings are supped by previous
research which also found that up telsecondary fascicles were present in each
tertiary fascicles in rat tail tenddqiKastelic et al., 1978)However,(Kannus, 2000)
suggested that the number ranged betweédrs8condary fascicles and varied from
tendon to tendon and, at times, within the same tendon. There woular app®e
considerable variation of the tendon subunits between different individuals and
species, which has yet to be comprehensively defined.

2.4.2.2 IFM

The IFM that surrounds the tertiary fascicles was thicker than that between the
secondary fscicles. These differences have also been mentioned by previous studies
in rat tail tendonKastelic et al., 1978 human tedon (Kannus, 2000, Fallon et al.,
2002) and equine SDFTMeghoufel et al., 2010j)espectively.In a study of B
scanning ultrasorgraphy of equine SDFT, demonstrated a wide range of IFM
thickness (from 54um to 378um). They also observed that the IFM that surrounds
the tertiary fascicles was thicker than that between secondary fascicles. This study
did not define tertiary and seconglafascicles on the basis of their IFM
measurements. Similarly, our data suggested a wide range of IFM thickness (2um
174.11um), which varied between different fascicles in different regions. This
variation in IFM thickness between the tertiary and seagndascicles was
quantified using our ImageJ measurement protocol. Great variation in the mean IFM
thickness between the tertiary and secondary fascicles was recorded, even though the

IFM of the crosgunction areas were excluded from the measurementsodieeir
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irregularity. A wide range of IFM thickness between both the tertiary and the
secondary fascicles were recorded indicating that the IFM thickness was not constant
around the fascicles and levels and regions of the te(Meghoufel et al., 2010)

Our ImageJ quantification method demonstrated a quantitative difference in IFM
thickness between the tertiary and secondary fascicles with an average of 30.45um
and 9.78umin a mature SDFT respectively. It was not possible to discriminate
tertiary from the secondary fascicles, as there was overlap between their
measurements. This findings could however be used as a complementary criteria to

classify fascicles along with tHascicle size and thresholding methods.

The IFM width and size of fascicles were not constant longitudinally through the
tendon and they both underwent regional alteration in term of dimensions and shape.
However, to understand this regional confagfion and how the hierarchical
organisation varies between tendon subunits more advanced work is needed such as
the use of micro CT or more accurately 3D reconstruction from a histologatack
in order to completely understand the conformational pattéthe fascicles, which
could help to specifically define fascicle organisation at different levels of the tendon
(Screen, 2009)

The IFM as an organising and a bindingusture has an important role in
transferring energy forces between the fascicles especially at those points where the
fascicles cease and new ones start. Similarly the IFM which binds two or more
fascicles on their lateral aspect also plays an importéatrrdhe mechanobiology of
the SDFT by facilitating fascicular sliding and elastic re¢biorpe et al., 2012)t
has been shown that the mechanical properties of fascicles in force transmission are
homogeneous throughout the tendbfeghoufel et al., 20113and the IFM is crucial
in equalising andpecifying transmitted force between the fasci¢Edsorpe et al.,

2012)

2.4.2.3 Patterns of the fascicles on different transverse levels of the tendon

My results show that the fascicular pattern was not similar between the right and
left limbs; however the communication points between the IFM and the epitenon
were identical aroundhe tendon periphery (Figures 2-239). This peripheral
configuration of the IFM clarifies that the IFM is symmetrically distributed on the
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peripheral aspects between the right and left SDFT. However, more centrally the
IFM did not show a symmetrical ftarn in paired limbs. This variation in the IFM

and the tendon units (fascicles) between different SDFTs was consistently identified,
although the possibility of technical error has to be considered as the sectioning
levels may not have been exactly samil Interestingly a marked variation was
observed between the forelimbs and hind limbs, which might be due to tendon
length, metatarsal conformation and the mechanical action of the hind limb in
contrast to the forelimifKannus, 200Q)In the hind limb the fascicular and IFM
patterns were more consistently orientated in one direction and were dissimilar to the
pattern seen in the forelimb. The fascicles in the hind limb were elliptical and
oriented in a dorsplanta direction rather than being sewircular as seen in the

forelimb.

2.4.3 3D RECONSTRUCTION AND FASCICULAR TRACKING

We showed that the conformational pattern of the fascicles and the IFM were not
constant transversely at different longitudinaldls through the SDFT. Previously
how fascicles relate to each other and how they, @tethey run through the tendon
has not been entirely clegkannus, 2000, Franchi et al., 20076yom our 3D
reconstructionsthe outlined fascicle appeared to run longitudinally through the
length of the tendon and underwent regional alterations. We found that fascicles
diverged into more than one branches or converged with the adjacent fascicles or
inter-connected and furtheunderwent alteration when coursing longitudinally
through the tendon. It is obvious that converging of the fascicles occurs as the IFM
thins and disappears between two fascicles. Whereas, in divergence the IFM inside
fascicles created branches such tinat fascicles divide into two or more smaller
fascicles (Figure 2.24 and 2.25, video links). In a study of 3D reconstruction of
different collagen bundles of chick embryo tendon, from electron microscopic
transverse serial section, has shown divergence/ecgence and intesonnection
between the fascicle¢Birk et al., 1989) In other tendons such as human
supraspinatus tendons, it was found that an average of 18% of the supraspinatus
tendon fascicles convergentto larger fascicles from the proximal to the distal end.
This finding indicates that joining of fascicles can occur at different levels and from
proximal to distal(Fallon et al., 2002, Meghoufel et al., 201@t a different

hierarchical level, in a study of human tendon using Transmission Election
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Microscopy (TEM),it was showrnthat the collagen fibres were oriented in various
directions. Whilst most of the individual fibril and fibril bundles were longitudinally
oriented and ran parallel to the longitudinal axis of the tendon, some bundles crossed
each other and formed a spiral plait. The ratio of fibril orientation from longitudinal

to transverse and horizontal was 10:1 and 26:1 respecfiedg et al., 1991)

Other studies in human tendons and animal species such as rat, bovine and feline
tendons have demonstrated that the core of the tendon contains mainly longitudinal
fibres although some fibres were distributed in horizontal andveass planes,
bifurcating, fusing and at times interweaved with each offersa et al., 1991,
Provenzano and Vanderby, 200@)hese studies partly support our finding that
fascicles run longitudinally whilst hawj sites where they inteonnect with each
other (Figure 2.25 and 2.26). At a different hierarchical level, a study by Starborg
and others used 3D EM to view the collagen fibrils in mouse embryo tail tendon.
They demonstrated that thestiape branching dhe collagen fibrils occurred at a
rate of 1:20000 Eperiods but the mechanism of branching was not obvious. It might
be through fusion of fibrtip to the shaft (lateral fusion) or by growing of a new
fibril from the tip or lateral surface of the exrggifibrils. Bipolar fibrils have two N
tips, which are important for binding with-ipbs of unipolar fibrils in tipto-tip
fusion. However, it was unclear whether this promotes tip to shaft fusion. Thus,
branching in tendon might reflect an adaptation edfdbn units to their size or
functional demandStarborg et al., 2009 onceptually, diverging and fusion of the
collagen fibrils could be relevant when observing different shaped and sized fibrils
throughout the tendon at both the macroscopic and memalte levels. This could
indicate that in reigns where the tendon becomes thicker, collagen fibrils arrange
themselves by increasing their diameter or branching to increase fibril numbers per
cross sectional area. Further it may be due to an increase in the number of collagen
fibrils toward the disdl end of the tendon, which is concomitant with an increasing
number of fasciclegSese, Ueda et al. 200These findings suggest that dem is a
much more complex and sophisticated structure than previously demonstrated by
current anatomical mode(&astelic et al., 1978, Kannus, 2000¥hilst we did not
look at enough aged samples to have a 8tatily relevant dataset in order to

demonstrate any obvious alteration with age.
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2.4.4 PLANES AND ISOSURFACE VIEWS

When the Zstack images were viewed in either the X or Y planes it was apparent
that all the fascicles continued throughout thstack with considerable variation in
their shapes and inteonnection (Figure 2.27). However, at certain points the end of
the fascicle became tapered which might indicate that the fascicle partly terminated.
In an anatomical study of the human Achillemdon it was shown that fascicles
were not homogenous and continued through the length of the entire {(Szdon et
al., 2009) From our isosurfacbased 3D reconstruction of the IFM through the Z
stack, we found that the IFM also continued longitatlinbetween the fascicles and
outlined the fascicles throughout the tendon. In the core of the tendon, the IFM
formed multiple longitudinal holes where the fascicles ran longitudinally from the
proximal to the distal regiofJozsa et al.,991). In the peripheral regions the IFM
was more intertwined which may indicate considerable fascicular alteration and
heterogeneity as compared to the core of the tendon. This variation could relate to the
tendon mechanobiology in terms of tensional éott@nsfer and the preferential risk
of injury in this central site. It has been recorded that following injury lesions are
frequently localised in the central core of the ten@f@attersorKane et al., 1997a)

This central localisation occur due wirect disruption of the normal matrix
compon@ts as a result of repetitive loading cycles or tensional fdiesh et al.,

1998) In one study it was found that following injury the thinnest parts of the IFM
are disrupted and this results in a reduction in the number of fascicles due to an
abnormal fusion of a number of injured fascigiB®eghoufel et al., 2010)The IFM
between the fascicles runs in various orientations and plays a vital role in load
transfer between fascicles and in resisting shear forces when the fascicles slide over

each other duringtretching(Thorpe et al., 2012)

2.5 CONCLUSION

We conclude that the secargt and tertiary fascicles display a complex 3D
organisation that is not reflected in current models of the hierarchical organisation of
mammalian tendon. Additionally, thigata indicates that the number of both
secondary and tertiary fascicles may varydifferent regions of equine SDFTh
particular we demonstrated that fascicles are continuous through the length of the

tendon and undergo regional morphometric variatidns morphometric variation
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results from the f as c dielgiags donvérgng and iotgre ne i t

connection throughout the tendodnderstanding the 3D anatomy of the tendon
subunits could facilitate understanding of tendon strudtumetion relationships,

agerelated changes and injury predisposition

2.6 FUTURE WORK

Further investigation is needed to define and understand the fascicular
organisation, either by microscopy (histology) or by using another advanced
technique such as computed tomography (Micro CT) scanning. In addition,
exploration of the structurgroperties of the IFM will aid understanding of its role
in tendon hierarchy and mechanobiology.

This methodology described in this study could also be used to describe the
anatomical structure of other tendons and possibly also that of ligaments and in
additional samples of the same type for detailed quantitative analysis.
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CHAPTER THREE

THREE -DIMENSIONAL HISTOMORPHOLOGY OF EQUINE
SUPERFICIAL DIGITAL FLEXOR TENDON (SDFT)
FASCICLES
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3.1 INTRODUCTION

The hierarchical mhitecture of tendon comprises various sized fascicles, which
run down vertically through longitudinal axis of the tend#mastelic et al., 1978,
O6Brien, 1997, Kannus, . Dfter@@ hiearBheca subb mi n
units of tendon may all have roles in the mechanical function of the tendon at the
fibril, fibre (fibril bundle/primary fascicle) and fascicle levéfahia and Drouin,
1989, Jozsa et al., 1991, Yangakt 2012) The force is transmitted mainly within
the individual fascicle and the fascicle is made up from tendon features that
contribute to force transmission suchcadlagen fibrils, crimp flattening and inter

fibrillar communication{Franchi et al., 2007b, Fessel et al., 2012)

In a study at the electron microscopic scale followed BDareconstruction of a
series imagesf chick embryo tendgnhave demonstrated the presence of specific
features such adivergence, convergence and intamnection between the collagen
(Birk et al., 1989) Fascicles can be inteonnected and it has been shown in the
human supraspinatus tendon that adjacent fascicles converged tbarte nimter
digitated (Fallon et al., 2002) Mechanical force transfer is likely through inter
connected fascicles and this has implications for tendon function and loading
(Thorpe et al., 2012)

Equine SDFT is a long tendon and contain different sized and shape fascicles that
extend longitudinallyiroughout the tendon from the proximal to the distal regions
(Meghoufel et al., 2010) Studies at theelectron microscopy scale, have
demonstrated the presence of #iglical structures that are rotated around their
longitudinal axis(Thorpe et al., 2013b, Thorpe et al., 201%dhelical substructure

within the fascicles of the equine SDFT is likely to contribute to tissue étgstic
whilst the IFM has also been shown to provide elasticity, by assisting sliding and
reducing shear forces between fasci¢Esorpe et al., 2013b, Thorpe et al., 2014b,
Shearer, 2015aBimilarly thehelical canfiguration models of collagen fibre bundles
have also been documented and demonstrated in different tendons suchuasaihe
patellar, rattail tendons and bovine Achilles tend@e Campos Vidal, 2003, Reese

and Weiss, 2013)Apparently, from the foetal period until full maturity the SDFT
undergoes conformational changes and biochemical accretion in both the vertical and
horizontal dimensiongTuite et al., 1997, Russo &k, 2015) Currently, there are no

83

e



data on the organisation of SDFT fascicles, particularly in relation to fascicle
continuity, fascicular inteconnections, convergence and fascicle splitting/
divergence. This chapter aims to describe the ttimensimal (3D) ultrastructural

fascicular anatomgf the SDFT and to document whether:

1- Fascicle morphology would differ between the proxinmald-metacarpaland

distal regions of the tendon.

2- Fascicles would inteconnect and either divide into smallesdéi&les or converge

along the longitudinal axis of the tendon.

3- Fascicles may adopt a spiral or twisted conformation.
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3.2 MATERIALS AND METHODS

3.2.1 SAMPLES

SDFTsamples were obtained from Thoroughbred and Thoroughbred Gnees h
either from a commercial abattoir (Potters, Taunton or Wooton Bassett) or from
horsebs euthanased at the University of
informed consent. The study was assessed and approved by the University of
Li ver Vetainay School Research Ethics Committee (VREC, study 214). Four
SDFT samples were collected from the forelimb and designed for this study as

follow:

1- Foetal SDFT (6 months of gestation)portions (1cm length) were taken from
proximal (carpemetacarph level), midmetacarpal and the distal metacarpal
(metacarpephalangeal level) regions (Figure 3.1 A). Fixed in 4% paraformaldehyde
for 24 hours and paraffin embedded in dgpsdémar orientation. The tissues were
initially trimmed (Microtome) by taking 1@um sections, in order to reach the entire
SDFT surface. A series of twenty (5um thick) longitudinal sections were collected
on polylysine slides and stained with Haematoxylin & Eosin (H&Epure 3.1 B)
(See chapter four, section 4.2.5.1 for H&E stairpngcedure)

2- One-year-old SDFT: treated similarly as in foetal SDFT. Moreover, for the -mid

metacarpal region 65 sections were collected.

3- Nine-yearsold SDFT: portions (1cm length) were taken from proximal (carpo
metacarpal level), mithetacarpal andhe distal metacarpal (metacaspbalangeal
level) regions (Figure 3.1 A). Sample was split sagittally and only one half of an
approximately 1cm long block was Fixed in 4% paraformaldehyde for 24 hours and
paraffin embedded in sagittateral orientationThe tissues were initially trimmed
(Microtome) by taking 100um sections, in order to reach the entire SDFT surface. A
series of twenty (5um thick) longitudinal sections were collectepabylysine slides

and stained with Haematoxylin & Eosin (H&Bjigure3.1 B).

4- One-year-old SDFT: portions (1cm length) were taken from the rmeétacarpal
region (Figure 3.1). Fixed in 4% paraformaldehyde for 24 hours and paraffin
embedded in dorspalmar orientation. The whole depth of the tissue block
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remaining after tmming was sectioned into 500 sections and every other section
were collected on to polylysine slides and stained with haematoxylin and eosin
(H&E) (Figure 3.1 B).

Proximal

~ ( Dorsal aspe . i palmar aspect
‘ \ K
l " ny
’ " ‘
' Mid-metacarpal [  — : ;
Dorsal or —5» |
Frontal aspect
!

Sagittal section

Distal

Transverse section

Palmar aspect

Figure 3.1: A. Normal anatomy of the SDFT frqferrao et al., 2009)indicating
points of specimen collection from the proximal, mi@tacarpal and distal regions
(greenlines). B. Orientation of longitudinal (red dotted line) and sagittal (black
dotted line) sections in relation to a 3D representatiop) (and whole tissue slice
(bottom) of the SDFT.

3.2.2 CAPTURING OF THE ENTIRE H&E STAINED SECTION

Each section was imaged using a Nikon Eclipse 80i microscope fitted with a
digital camera. Several images were taken using the 4X objectivetsihehentire

surface was captured for all sections.
3.2.3 PHOTO COLLAGE

All captured photos were collated and converted to one image using either

Inkscape and saved as png image format (Figure @\&#)v(inksape.orgd. Then all
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collated images were cropped (Crop Tool) using Paint Shop Pro x4 Ultimate and
converted to TIFF. Then the collated sections were named according to the
sectioning series (dorgmalmar) from number 01 to 20 for 20 series sections er 01
500 for the whole migmetacarpal thickness (sample number 4) to be compatible for
IMOD 3D reconstruction
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Figure 3.2: Screenshots demonstrating how several images (A) were manually
rearranged to create a collage of the entire section (B) using Inksdtpars.

3.2.4 PRINCIPLE APPLIED DURING 3D RECONSTRUCTION

3D reconstruction was carried out in order to accurately discriminate between
fascicles and intefascicular matrix (IFM) at a resolution not currently possible using
micro computed tomagphy or magnetic resonance imaging. The following criteria
were used in order obtain good 3D reconstructions of the fascicles from histological

sections.
1-The SDFT specimens should be intact and not damaged

2- Sectioning orientation as well as the logatof any missing sections should be

recorded.
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3-All slides should be stained altogether at the same time to obtain the same staining
density and contrast.

4-Each entire section should be meticulously captured using the same orientation and

magnificationpower for all images.

5-Image collages should be cropped to include the tissue section alone and then

saved as Tiff images.

6-Fascicles are defined as being delineated by the IFM (endotenon) and different
colours should be used to discriminate betweernvidigal fascicles in the 3D

reconstruction.

7-Fascicles should be tracked individually and any alteration to the fascicular outline
indicated either by including this information in the reconstruction or by using

different colours where fascicles divergeconverge.

3.2.5 THREE-DIMENSIOANL RECONSTRUCTION USING IMOD

Initially, all Tiff images were loaded into the Cygwin home directory from
/home/username/file name. To create -atack from the TIFF images they were
loaded into IMOD by typing (LS)dllowed by typing the (CD file name) in order to
open the directory file. When the file directory or subdirectory was opened, then by
typing (tif2Zmrc *.tif newfilename.mrc) in the programme, images were automatically
converted into .mrc files (Btack). Tlese files wer@automatically aligned using the
midas programme by typing (midas filename.mrc) followed by manual alignment

and then saved to the home directory as an netazk.

The mrc image file was opened in the IMOD programme by typing 3DMOD and
selecting the mrc file in the directory or subdirectory file. Then by using the drawing
tool, fascicles of interest were outlined sequentially in order tconstruct the
fascicular anatomy. Different colours were used to delineate different fascicles
(Figure 3.3). Outlined fascicles were then converted to 3D models by selecting the
model view option where it opens a new window and shows all contours in a 3D
form. The contours were then meshed to create a complete 3D reconstruction. To

rectify minor degre of contour wrinkle or small irregularities, specific options such
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as the surface and leresolution mesh in the meshing tool bar were used in order to

obtain optimal contour adjustment.

Figure 3.3: A: Image collage obtained using Inkscape from l2uiptphotos
covering the entire section of the mitetacarpal region of a oryearold sample. B:
Example of fascicles outlined with different colours using the drawing tools in
IMOD.

3.2.6 CREATING A 3D VIDEO OUTPUT

Described in chapter two (secti@r.5.2.3)

3.2.7 DESCRIPTIVE AND ANALYTICAL MEASURES

During the 3D reconstruction of the proximal, mmgktacarpal and the distal
region, the following steps were used in order to describe fascicles regionally and in
different horses:

3.2.7.1 Pattern of fascicles

Fascicles were described in a 3D form that created from a series of 20 sections in
the proximal, miemetacarpal and the distal regions in all samples in order to

determine regional variation.
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3.2.7.2 Measurement of the gdour length in all regions (Analysis and

summary of contours length)

The contours lengths of all fascicles were measured through-siteck using the
Drawing Tool of the main 3dmod window. From the Drawing Tool the Action Tool
was then selected to openPerform Action toolbar, which allows a number of
different measurements values to be obtained. All contours were first converted from
closed to open contours and then the analyze tubes option selected from the Perform
Action menu to measure the lengthadif contours in pixels (Figure 3.4). Fascicular
contour lengths for the® 5", 10", 15" and 28" sections were selected due to strong
similarities between at least 3 adjacent sectitvisen their lengths were measured
some of them had dual contourgasure, under the name of one object (fascicle).
These two measures indicated that the fascicles were divided at certain level into two
parts. The contour length in all regions were collected on an excel spreadsheet in

order to demonstrate how the fast¢arwoutlined contour altered through thesfack.

3.2.7.3 Measurement of the degree oflivergence, convergence and inter

connection

The number of fascicular divergence, convergence and-agoterection were
counted through tha®, 5", 10", 15" and 20" histological sections in all regions.
These based on the fascicular outlines and the visibility of the IFM between the
fascicles. In areas where the IFM disappeared between two fascicles it means that
these fascicles tend to converge with eachro#ma vice versa. Points of inter
connection were determined by intermittent disappearance of a small part of IFM
between the fascicles or interossing of the collagen fibres between them (Figure
3.4). The data was collected on an excel spreadsheetién tr demonstrate regional

difference of the abovmentioned features.
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Figure 3.4: The contour outline of some selected fascicles throughdtelZ each
colour represents one fascicle that includes a number of series of histological
sections (20 extions). The Drawing Tool was used to draw different coloured lines
(contours) around the fascicles through thstack from the dorsal to the palmar
aspect of the tendon.

3.2.7.4 Describing the 3D form of the whole mithetacarpal thickness

For the reconstruction of the whole mmdetacarpal thickness of the additional
oneyearold horse, contour lengths were measured for all 250 sections, as only every

other Jum section (of 500 total) was included in the 3D reconstruction in order to
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fully explore the shape and orientation of the fascicles as a whole in the mid
metacarpal regionThe contour length were entered on an excel spreadsheet in order

to demonstrate how the fascicular outline altered through-stack.
3.2.7.5 Histological view othe altered fascicles on a dorspalmar view

In order to describe the 3D form of the fascicles and how they were modified through
the Zstack, images of first and the last section were selected to show novel features

such as discontinuities, inteonnedbns, fascicle ends, convergence and divergence.
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3.3 RESULTS
3.3.1 THREEDIMENSIONAL RECONSTRUCTION OF DIFFERENT SDFT

Different SDFT were processed in order to determine the tendon fascicular
anatomy and how fascicles vary rewpdly. Three different SDFT were assessed,
foetal (6 month of gestation), otyear and ningearsold. In all three specimens
three different regions (proximal, mid and distal metacarpus) were examined. For
each sample and in each region, a longitudinetice of approximately 1cm length
was analysed. A depth of approximately 100um was reconstructed for each sample,
except for the midnetacarpal region of the otyearold sample for which a depth of
approximately 325um was reconstructed. For an additionalyearold sample a
depth of 2500um of the mithetacarpal region was reconstructed.

3.3.1.1 Threedimensional reconstructions of the foetal SDFT

3.3.1.1.1 Three-dimensional reconstruction of the foetal proximalmetacarpal

region

3D reconsruction of the foetal proximametacarpal region demonstrated that
almost all fascicles ran parallel to the longitudinal axis of the tendon. Fascicle shape
ranged from wedgsehaped to small irregular structures. Most fascicles coursed
longitudinally through the rdire region however a few fascicles showed some
discontinuity with the presence of a complete or partial discontinuity in their
structure and some fascicles had tapered ends that overlapped with adjacent or
preceding fascicles (Figure 3.5). Where transgatiscontinuities occurred within a
fascicle the profile of the proximal portion of the fascicle was morphologically
similar to the distal portion beyond the points of discontinuation. Points of partial or
complete discontinuities were filled with IFM thevas joined to the longitudinally
oriented IFM present between the fascicles. A number of small isolated IFM were
occasionally present inside some large fascicles. These isolatethgtieular IFM
may indicate that these large fascicles were underientinitial differentiation and
they were responsible either for divergence or convergence of the fascicles. The 3D
profile of the reconstructed fascicles progressively altered from the dorsal to the
palmar aspect over the 100um reconstruction depth antbst all fascicles

underwent some progressive morphological alteration. Fascicles decreased or
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increased in size, diverged or converged and -tuwenected with each other.
Moreover, fascicles on the upper side level (top) of thetatk were not similaio
the lower side level (bottom); these include their number, sizes and shapes (Figure

3.5 and the associated video 3.1).

Upper side

Figure 3.5: Threglimensional reconstruction of the proxirmétacarpal region of

the foetal SDFT from a -Btack of 20 slides (1Qn thick). Fascicles are
approximately parallel to the longitudinal axis of the tissue. Fascicles were
heterogeneous in shape and were dissimilar when viewed from the dorsal (A) or
palmar (B) aspect and from the upper (C) or lower (D) aspect of the nectiwst.

The end of some fascicles overlapped with the adjacent or the preceding fascicles
(circle) and appeared to taper eoneend. Some fascicles converged, diverged and
had distinct discontinuities, (green arrows), (Scale bar = 1000um). A suppleynentar
video (3.1) is provided in the link below:

PhD thesisOthman, Ali Threedimensional supplementary videos/3.1.wmv
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3.3.1.1.2 Threedimensional reconstuction of the foetal midmetacarpal region

3D reconstruction of the michetacarpal region similarly demonstrated that all
fascicles were extended parallel to the tendon longitudinal axis. However, a small
number of fascicular discontinuities were atveel. The fascicular morphology also
changed from the dorsal to the palmar aspect of the tendon. Alterations to fascicular
morphology included the presence of partial or complete discontinuities, variations in
fascicular contour outlines and convergenceigergence of the fascicles. Fascicles
at the upper level (top) of the-fack were not similar to the lower level (bottom)
(Figure 3.6 and the associated video 3.2).

A Upper side B

Upper side Lower side

E]leilﬂlm

Figure 3.6: Threelimensional reconstruction of the rmaetacarpal region of the
foetal SDFT from a Zstack of 20 slides (100um thick). Fascicles are primarily
longitudinal and parallel to the long axis of the tendon. Fascicles were heterogeneous
in shape and were dissimilar when viewed from the dorsal (A) or palmar (B) aspect
and from theupper (C) or lower (D) aspect of the reconstruction. Fascicles were
overlapped (circles), diverged or irteonnect (arrows) with each other, (Scale bar=
1000um). A supplementary video (3.2) is provided in the link below:

PhD thesisOthman, Ali Threedimensional supplementary videos/3.2.wmv
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3.3.1.1.3 Threedimensional reconstruction of foetal distalmetacarpal region

The orientation of the fasciclaa the foetal dstalkmetacarpal region was very
similar to that in the proximal and midetacarpal regions, with fascicles running
parallel to the longitudinal axis of the tendon. As described for the proximal and mid
metacarpal regions the fascicular pioology was altered from the dorsal to the
palmar aspect of the tendon. There was variation in the fascicular anatomy from the
dorsal to the palmer view. These include fascicle discontinuities, alteration to fascicle
shapes in both the vertical and horiirections and the presence of smaller sized
fascicles. Various amounts of isolated IFMs were interspersed throughout the body
of the fascicles. These isolated IFMs altered progressively through different levels of
the Zstack, either disappearing extending and dividing fascicles into smaller ones

(Figure 3.7 and the associated video 3.3).

The presence of larger amount of the isolated IFMs would indicate that fascicles
in this region undergo further alteration in term of convergence, divergand
inter-connections. Moreover, on the lateral aspect a few small irregular shaped
fascicles were present throughout the wholstatk thickness with only minor
alterations to their morphologyom dorsal to the palmar sid€&igure 3.7, circle).
Again, fascicles on the upper side level (top) of thetack were not similar to the

lower level (bottom) (Figure 3.7 C, D).
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Figure 3.7: Threelimensional reconstruction of the distaétacarpal region of the
foetal SDFT from a Z&Atack of 20 slides (100um thic Fascicles were
heterogeneous in shape and were dissimilar when viewed from the dorsal (A) or
palmar (B) aspect and from the upper (C) or lower (D) aspect of the reconstruction.
A few fascicles have irregular shapes (circle) on both the dorsal andrzepexts.
Presence of a various amount of isolated IFMs, were not completely continued
longitudinally through the body of the fascicles (arrows), (Scale bar = 1000um). A
supplementary video (3.3) is provided in the link below:

PhD thesisOthman, Al Threedimensional supplementary videos/3.3.wmv

3.3.1.1.4 Andysis and summary of the threedimensional structure of the foetal
SDFT

The longitudnal contour outline lengths of the reconstructed fascicles throughout
the Zstack in the three different regions (proximal, fmdtacarpal and distal) are
shown in Figure 3.8. The longitudinal contour lengths of fascicles were not constant
and their sizesended to either decrease or increase from the dorsal to the palmar
aspect of the tendon. However, the lengths of a few fascicle contours remained

constant either for a short distance or occasionally throughoutsteck

Eight out of twenty four dscicles (33.33%) in the proximal region underwent

further modification such as dividing into more than one fascicle in either the
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transverse or longitudinal direction without irt@mnection. In the mighetacarpal
region the contour length propertiesreesimilar to that of the proximal region but a
larger number of fascicles (10 fascicles out of 20) underwent further modification

(50%). In the distal region the degree of alteration was even higher with 9 fascicles
out of 14 undergoing further modificati (64.28%).
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Figure 3.8: Longitudinal contour lengths (pixels) of the outlined fascicles in section numbers 1, 5, 10, 15 and 20 thheugistaxtk in the
proximal, midmetacarpal and distal regions of the foetal SDFT. Contour lengths were nisint@afecting alterations to fascislemorphology
from the dorsal to the palmar side of thstack.
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