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Summary

Entheses are complex structures which act to re-
duce stress concentrations between tendon and
skeleton tissues. Understanding the development
and function of the enthesis organ has implica-
tions for surgical repair, particularly in regards to
healing and the regulation of tendon to bone en-
graftment. In this paper we review the develop-
ment and function of entheses as well as the en-
thesis organ concept. Next we examine the
process of tendon to bone healing and how this
can be regulated, before addressing implications
for surgical repair and post-operative care.
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Introduction

The region where a tendon, ligament or joint capsule
attaches to bone (an ‘attachment site’ or ‘insertion
site’) is called ‘enthesis’. Entheses act to balance the
differing elastic moduli of tendon and skeletal tissue
so that local peaks in tension are avoided, reflecting
the general principle that stress concentrates at inter-
faces between structures with different mechanical
properties. Enthesiopathies may be due to mechanical
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overload (tensile or compressive), systemic illness,
trauma, pharmacotherapy or age-related degeneration
presenting a significant burden of disease'2.

Entheses have been most recently classified as either
fibrous or fibrocartilaginous according to the character
of the tissue at the bone-tendon interface (dense fi-
brous connective tissue or fibrocartilage, respectively)3
5. This classification system reflects the embryonic de-
velopment of the attachment. Previously, Woo et al.®
used the terms ‘direct’ and ‘indirect’ to describe enthe-
ses, underscoring the fact that direct (fibrocartilaginous)
entheses attach directly to bone and at these sites the
periosteum is absent. In the terminology promoted by
the pioneering German literature in the mid-1900s, fi-
brous entheses equate with ‘diaphyseal periosteal at-
tachments’ and fibrocartilaginous ones with ‘chondro-
apophyseal attachments’”8. As a general rule, regions
of the appendicular skeleton with a thick layer of corti-
cal bone are associated with fibrous entheses, whereas
there may only be a thin layer of compact bone at the
insertion site of fibrocartilaginous entheses. Under-
standing enthesis development, models of healing and
the subsequent implications for surgical repair is impor-
tant for many healthcare providers, particularly sur-
geons and rheumatologists. We provide a review of
these concepts below, conducted according to the ethi-
cal standards by this journal®.

Enthesis development

Fibrous entheses are associated with some of the most
powerful muscles of the body and through intramem-
branous ossification, whereby there is direct transfor-
mation of mesenchymal stem cells into bone tissue
without a cartilage precursor. Fibroblasts and mes-
enchymal stem cells differentiate into osteoblasts be-
tween existing type | collagen bundles and replace the
calcified matrix (bundle bone) with an organised lamel-
lar structure. The enthesis is attached via perforating
collagen fibres which are anchored directly into bone,
known as Sharpey'’s fibres'0. Sharpey’s fibres arise
from the tendon and periosteum and perforate into the
bone substance, being restricted to regions of intersti-
tial bone lamellae'!. Such attachments can be further
subdivided into two subcategories — periosteal and
bony — depending on the tissue type at insertion!'-13.
Fibrous periosteal entheses attach to the periosteum
which indirectly attaches the tendon to underlying bone,
spreading the force transmitted by the tendon over a
broad area and thereby reducing stress concentration.
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Conversely, fibrous bony entheses insert at points
where the periosteum is absent, allowing the tendon to
insert directly into the bone itself. With ageing, pe-
riosteal fibrous entheses may transform into the bony
type as the periosteum is lost with bone maturation. On
a dried bone specimen, points of tendon insertion via fi-
brous entheses generally appear as an irregular rough-
ened area on the bone surface'2.

Fibrocartilaginous entheses form via the cellular process
of endochrondral ossification. The attachments are first
to primordial cartilage, which is progressively replaced
on its inner surface by bone. At places of ligament or
tendon insertion, some cartilage is left throughout the
growth period. This cartilage is eroded at the inner,
bony side by endochondral ossification. The deeper
area of the fibrocartilaginous enthesis is calcified and
firmly linked to the bone tissue by its irregular interlock-
ing shape and intermingling of tendinous fibres with the
surface bone collagen'4. Calcified fibrocartilage and
bone are contiguous but form and remodel in different
patterns. The cartilaginous precursor of a fibrocartilagi-
nous enthesis is eroded at the bone side by osteoclasts
and lamellar bone is deposited by osteoblasts, with
some osteocytes remaining in the matrix. On the ten-
don side, chondrocytes deposit cartilaginous material
which becomes calcified at the deeper surface'4.
Biological signals from the tendon initiate growth, with
subsequent development mediated by mechanical sig-
nals from attached muscle'. Microscopic examination
of fibrocartilaginous entheses in dogs by Cooper and
Misol'6 gave rise to four transition zones: (I) tendon (or
ligament) comprised of parallel collagen fibres and
sparse elongated fibroblasts (tenocytes); (II) uncalci-
fied fibrocartilage where collagen fibres continue and
the surrounding cell morphology changes to rounded
chondrocytes embedded in an extracellular matrix; (I11)
calcified fibrocartilage with characteristic mineralised
extracellular matrix with perforating collagen fibres; and
(IV) bone with its highly organized lamellar structure,
separated from the adjacent calcified fibrocartilage via
a cement line'”. The characteristic histology of each
zone reflects its functional purpose'®20, Zone | consists
of well-aligned type | collagen fibers with small amounts
of the proteoglycan decorin. The second zone is com-
posed primarily of types Il and Ill collagen with small
amounts of types I, IX and X collagen, and the proteo-
glycans aggrecan and decorin. The proteoglycans
themselves are interwoven between collagen and relat-
ed to them by their glycosaminoglycan side chains, no-
tably dermatin sulphate and chondroitin sulphate. Type
Il collagen is predominant in the third zone, combined
with significant proportions of type X collagen as well
as aggrecan. Finally, zone four consists of bone, which
is made up of type | collagen and has a relatively high
mineral content.

The ‘enthesis organ’
Some tendon attachments are associated with an ad-
jacent fat pad, sesamoid, fibrocartilage and/or bursa.

The most well-studied of such sites is the insertion of
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the Achilles tendon?!. This lead to the establishment of
the ‘enthesis organ’ concept by Benjamin et al.3 who
subsequently reviewed a number of tendinous attach-
ments on the human cadaver and characterised similar
enthesis organs?2. The enthesis organ relates to an
enthesis and the surrounding tissues which act in con-
cert to provide stress dissipation13. Of note, tendons
attach to bone obliquely and contact between the ten-
don and bone is made prior to its insertion. There can
be fibrocartilage formation at this point or around asso-
ciated sesamoid bones'3. Examination of the skeleton
reveals that there is often a bony tuberosity or pit
where an enthesis organ is found?3. Adipose tissue is
frequently seen in association with ligament insertion
and contains blood vessels and a neural supply which
is postulated to provide proprioception23.24,

Blood supply

Blood supply to tendons is mainly via epitendinous
blood vessels. Few vessels perforate through an en-
thesis as they are arrested by the calcified barrier'©.
The circulus articuli vasculosus, a meshwork of vas-
culature surrounding a joint, provides nutrient vessels
to the joint structures2®. This has implications for ten-
don and enthesis repair as it necessitates the re-ap-
position of surrounding soft tissue structures.

Tendon failure

Viscoelastic tendons transmit forces from skeletal
muscle to inelastic bone and can be subject to ten-
sile, compressive or shear loads. The elastic modulus
of tendon is non-linear: increasing load (stress) on
the tendon results in relatively greater deformation.
Each zone of an enthesis consists of differing materi-
als with an increasingly higher Young’s modulus,
which acts to minimise stress concentration8.26.27,
Where calcified fibrocartilage joins bone, the two ma-
terials interdigitate to increase binding surface area
and thereby further reduce tension peaks?8. Enthesis
are vulnerable to both chronic overuse and acute
traumatic injuries due to their function in primary
stress dissipation. Additionally, they are targeted in
rheumatic autoimmune conditions (seronegative
spondyloarthopathies)3. The pioneering work of
Noyes et al.?? revealed three primary modes of ten-
don failure: through the ligament itself, at the bone
underlying the enthesis (avulsion fracture) or through
the tendon-bone interface. In the mature skeleton,
avulsion fractures are common as the subchrondral
bone underlying an enthesis is typically weaker than
the transition zone between tendon and bone which
is reinforced with traversing collagen fibres.

Tendon to bone healing

In general terms, tendon healing follows the process
of inflammation, proliferation and repair/remodel-
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ling®0. Initially, there is the formation of clot around
the area of injury and the release of growth factors
followed by an influx of inflammatory cells. Inflamma-
tory cells (macrophages and neutrophils), along with
tendon-derived cells, release mediators which initiate
repair. There is neovascularisation, proliferation and
chemotaxis of fibroblasts and collagen and extracellu-
lar matrix deposition3'. Following this there is remod-
elling with a reduction in the vascularity and cellulari-
ty of the tissue and increased morphological organi-
sation of the collagen. Healing between the soft tis-
sue and bone occurs through a process of progres-
sive re-establishment of an integrated collagen
bridge. Bony integration of this interface appears to
happen via progressive ossification of the extracellu-
lar matrix32:33,

There have been a number of animal studies aimed at
investigating the stages of tendon to bone healing.
Rodeo et al.34 studied the healing of a tendon graft in
a bone tunnel while under physiologic load in a canine
model. At 2 weeks, the tendon-bone interface was
composed of vascular, highly cellular fibrous tissue.
This granulation tissue was poorly organized with no
collagen continuity between the tendon and bone. At 4
weeks, newly formed bone lined the tunnel. This new
bone subsequently started to invade the fibrous inter-
face and tendon, as demonstrated by occasional con-
tinuity of collagen fibres between the fibrous tissue
and the new bone. At 12 weeks, collagen fibres con-
nected the tendon to the surrounding bone and were
aligned in the direction of the pull of the musculotendi-
nous unit, closely resembling Sharpey’s fibres. By 26
weeks, continuity between the collagen fibres of the
tendon and the surrounding bone was observed
throughout the length of the bone tunnel, resembling a
fibrous enthesis.

In a patella reattachment model in adult sheep, the
healing of the bone-tendon interface generated a fi-
brocartilaginous enthesis®. The healing morphology
was studied using light microscopy at time intervals
of 8, 12, 26, 52 and 104 weeks. By 8 weeks a colla-
gen continuum was observed between tendon and
bone. Despite the absence of a layer of fibrocartilage,
there existed a population of cells that resembled
chondrocytes at the interface between the calcified
callus and tendon. The development of a callus of
new bone appeared to be integral to the integrity of
the remodelling soft tissue to bone interface. The as-
sociated collagen fibres between the two tissues
gradually changed morphology to reflect the fibres
seen in the original tendon tissue, but the fibrous tis-
sue between the original tissue and forming enthesis
remained hypercellular.

Modulation of tendon to bone healing

A key point in ligament healing is the modulation and
regulation of collagen production. A primary role in
this process belongs to growth factors, notably in-

sulin-like growth factors-1 and Il (IGF-I and ll), trans-
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forming growth factor B (TGFp), vascular endothe-
lial growth factor (VEGF), platelet-derived growth fac-
tor (PDGF), and basic fibroblast growth factor
(bFGF)31:36_ All of these are upregulated during ten-
don and ligament healing and work in synergy to di-
rect the repair process. Furthermore, bone mor-
phogenic proteins (BMP), members of the TNF@ su-
perfamily, play a role in orchestrating the remodelling
of bone at the bone-tendon interface®”.

Insulin-like growth factors are synthetized by a variety
of tissues and act as paracrine or autocrine regula-
tors of growth and healing. They are particularly
prominent in the early phases of repair where inflam-
mation and proliferation dominate38. In particular,
they induce fibroblast migration and proliferation, as
well as synthesis of collagen and extracellular ma-
trix38:39 |GF functions synergistically with other
growth factors such as PDGF to mediate proliferative
effects#0. The TGFB family has diverse anabolic and
catabolic functions throughout healing. These include
cell migration, collagen production and fibronectin
binding as well as the regulation of cell proliferation
and proteinase activity*'-44. Rabbit and rat studies
have shown increased expression of TGFf or its re-
ceptor during early ligament healing364546_ |t acts to
upregulate the production of type Il collagen in cul-
tures of rabbit articular chondrocytes*”. A rabbit mod-
el of injured medial collateral ligament tissues versus
controls revealed elevated levels of TGF(, IGF-I and
IGF-II at 3 weeks?®. Such growth factors are initiated
early in the repair process and show long-term ex-
pression.

Vascular endothelial growth factor stimulates angio-
genesis and is expressed during the proliferative and
remodelling phases of tendon healing*8-50. It causes
the ingrowth of neovasculature from tendon vessels
into the damaged area, providing a pathway for the
influx of cells, cytokines, growth factors and nutri-
ents3!. While the control of angiogenesis during nor-
mal enthesis formation is not fully understood, we can
postulate that it may be similar to blood vessel devel-
opment in other fibrocartilage structures, where vas-
cular endothelial growth factor (pro-angiogenic) and
endostatin (anti-angiogenic) play crucial roles5'. En-
dostatin has been detected in adult human tendons
near fibrocartilage cells and is thought to be pro-
duced in response to mechanical load®2. It has been
hypothesised that these cytokines work via binding to
receptors on endothelial cells or extracellular matrix
proteins and eliciting a secondary response in the
vasculature53-55,

Platelet derived growth factor (PDGF) has been
shown to stimulate type | collagen synthesis in bone
cell cultures®8. This growth factor has been visualised
in periosteal macrophages during early bone repair.
Its early expression suggests a role in initiating the
healing process, and indeed PDGF has been shown
to induce the production of IGF, collagen, protein and
DNA57:58, Furthermore, basic FGF (bFGF) elicits an-
giogenesis, cell migration and cell proliferation%®. Rat
and rabbit studies of tendon repair have shown ele-
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vated bFGF derived from fibroblasts, leukocytes and
tenocytes, acting to induce cellular proliferation and
expediate healing®%-6!. Exogenous fibroblast growth
factor has been shown to promote differentiation of
chrondocytes®2.

Bone morphogenic proteins play a key role in tendon
and fracture healing as well as osteogenesis®3-65,
BMP-12,13 and 14 are expressed at enthesis during
embryogenesis, while BMP-2,4 and 7 play a role in
osteogenesis and fracture healing®4-67. Kohno et al.
performed a study in rabbits using intra-articular ten-
don transfer for anterior cruciate ligament reconstruc-
tion to explore the role of growth factors in tendon to
bone healing®. Immunohistochemical and histologi-
cal examination was performed at the tendon-bone
interface at 1, 3, 6 and 12 weeks after surgery. In the
first 3 weeks, fibroblast growth factor 2 and vascular
endothelial growth factor were found to contribute to
fibrous integration, with subsequent loss of expres-
sion at 12 weeks. Bone morphogenic proteins 2 and
7 were found near the fracture and were expressed
throughout the study period, regulating bone remod-
elling and tendino-osseous integration. Rabbit studies
have employed recombinant bone morphogenic pro-
tein 2 to induce ectopic ossification in flexor digitorum
communis tendons, with subsequent transfer of the
bone-tendon unit to the tibia resulting in direct inser-
tion and improved strength characteristics®”.

Other important regulators of tendon to bone healing
are matrix metalloproteinases (MMPs) and tissue in-
hibitors of matrix metalloproteinases (TIMPS). MMPs
hydrolyse extracellular matrix elements and play a
role in healing, angiogenesis and remodelling: their
activity is regulated by TIMPS (reviewed in®9). Knock-
out matrix type 1 MMP mice have defective enthesis
formation, while exploration of iatrogenic supraspina-
tus tears in rabbits shows MMP-2 at the site of ten-
don to bone healing along with TIMP-1 expres-
sion’071, Rabbit tenocytes have also been shown to
upregulate the expression of pro-inflammatory cy-
tokines and MMP1 gene expression after coculture
with autologous leukocytes”2. Regulation of MMPs
and TIMPs appears to be an active and dynamic
process which affects the efficiency of enthesis repair
and possibly also the quality.

Studies on human tenocytes have also been per-
formed exploring the modulation of healing rates or
quality by the application of endogenous substances.
The addition of platelet-rich plasma (laden with a vast
array of growth factors) has been shown to abolish
tenocyte inhibition and therefore improve proliferation
rates in an indirect coculture system of human teno-
cytes”3. Proliferation has also been seen in human
tenocyte cultures treated with IL-4 and IL-13, presum-
ably due to their stimulatory effects on gene expres-
sion in fibroblastic tissues’#75. Detrimental effects of
dexamethasone on cultured human tenocytes includ-
ing reduced proliferative and functional capacity has
been shown to be reversible with concurrent adminis-
tration of PDGF78. Such findings suggest that the bio-
logical control of enthesis healing, while complex,
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may be manipulated through the administration of en-
dogenous growth factors.

Implications for repair

Common surgical procedures such as Achilles tendon
repair, tendon transfers, anterior cruciate ligament
and rotator cuff repairs are performed to restore func-
tion and facilitate healing. Torn entheses generally
heal poorly without surgical intervention. While the
physical re-attachment of tendons to their site of ori-
gin restores function, the cells and vasculature in-
volved in healing and repair derive from adjacent con-
nective tissues and pluripotent stem cells, not from
the enthesis organ itself’”:78. Hence surgical repair
must focus on the surrounding soft tissue structures
as well as the failed tendon®. Importantly, the fibro-
cartilage associated with enthesis is in fact avascular
and can impede healing after re-attachment's.

The new enthesis formed when a tendon is surgically
re-attached to bone is initially fibrous32. Furthermore,
tendons reattached to bone heal slowly and are of
poorer quality’®. Histological studies of animal mod-
els demonstrate a lack of the normal transition zones
and instead the formation of scar tissue between ten-
don and bone, likely conferring these inferior me-
chanical properties’9-8!. Surgically anchoring perios-
teum onto the surface of reattached tendon promotes
healing, likely due to precursor cells within the perios-
teum®2. Additionally, re-attaching the tendon to com-
pact bone appears to provide superior outcomes than
fixation onto cancellous bone83.84,

The restoration of an enthesis can be influenced by
growth modulators applied at the time of surgical repair
(see Modulation of tendon to bone healing). BMP-2
has been shown to increase the rate of integration of
semitendonosus grafts in rabbits undergoing anterior
cruciate ligament repair8. The role of BMP-2 has also
been explored in a recent study of cruciate ligament
repair in rabbits using gastrocnemius tendons coated
with mesenchymal stem cells from bone marrow infect-
ed with a lentivirus vector encoding the BMP-2 gene®é.
Biochemical and histological analysis at 4 and 8 weeks
revealed elevated BMP-2 mRNA in the treated group
and greater fibrocartilage formation, with more
Sharpey’s fibres and increased loads to failure. In a
sheep model of rotator cuff repair, application of re-
combinant human BMP-12 at the reattachment site
conferred increased stiffness and strength at 8
weeks®”. Rat studies have shown that BMP-13 induces
neotendon formation with fibrocartilaginous differentia-
tion in skeletal muscle®”.

Lim et al.88 showed that the application of mesenchy-
mal stem cells to hamstring autografts for anterior
cruciate ligament repair in rabbits resulted in enthe-
ses which more closely mimicked the natural state by
encouraging fibrocartilage formation. A similar study
in sheep has showed increased rates of healing with
Osteogenic Protein-1, which increased the integrity
of bone at the attachment site8. Anterior cruciate lig-
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ament replacement with a flexor tendon autograft in a
canine model with concurrent application of exoge-
nous TGFB showed increased formation of collagen
fibres bridging the tendon-bone interface at 3 weeks,
with improved mechanical properties on pull-out test-
ing%. A rat model of medial collateral ligament re-
pairs demonstrated improved healing with early, ap-
propriate doses of PDGF®'. A study by Bedi et al. ex-
plored the effect of a universal MMP inhibitor (0.2
macroglobulin) on 31 rats after supraspinatus de-
tachment and repair®2. Application of a.2 macroglobu-
lin showed increased fibrocartilage formation at the
tendon-bone interface at 2 weeks and increased col-
lagen production at 4 weeks compared to control ani-
mals, as well as reduced collagen degradation.
Strength testing showed no significant difference be-
tween treated and control groups. Supportive find-
ings were seen by Demiraq et al., who explored o2
macroglobulin injection into the knee joint of 28 rab-
bits after anterior cruciate ligament reconstruction
with semitendinosus tendon®. Treatment revealed a
beneficial effect on tendon to bone healing, with de-
creased levels of MMP in the joint fluid, increased
numbers of Sharpey’s fibers and higher loads to fail-
ure at 2 and 5 weeks.

Path after repair

For the repaired enthesis, a post-operative period of
cast immobilisation followed by controlled loading
seems to be appropriate. Immediately after surgery of
rotator cuff tears, cast immobilisation has been
shown to lead to improved mechanical properties on
subsequent testing, while complete unloading or ex-
ercise has been shown to be detrimental (reviewed
in%4). Subsequent introduction of gentle loading can
be beneficial, while aggressive loading leads to im-
paired healing®. Rodent rotator cuff models show
that the period of immobilisation leads to better or-
ganisation of collagen at the insertion site and im-
proved viscoelastic properties”9, while cruciate liga-
ment models demonstrate similar results along with
reduced infiltration of phagocytes®’.

The emerging field of mechanobiology explores how
the load applied to an enthesis influences its sub-
structure, a concept originally proposed in relation to
bone healing by Wolff in the 19t century98. It is collo-
quially expressed as ‘form follows function’; loads ap-
plied to a structure instigate secondary adaptive
changes in the tissues at a cellular level via modula-
tion of cytokines and growth factors and perhaps also
via neural networks in the surround joint or adipose
tissues. Mice studies using postnatal botulinum toxin
injection into the supraspinatus muscle demonstrate
impaired poor fibrocartilage formation and delayed
enthesis formation with inferior mechanical proper-
ties, suggesting a central role for appropriate load-
ing%9:1%0 While heavy loading or exercise leads to im-
paired healing in rotator cuff models, with increased
production of poor quality repair tissue?9:101, con-
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trolled loading appears to be beneficial in optimising
the integration tendon to bone®*102. A balance there-
fore exists between overuse, and appropriate loading
after a limited period of immobilisation to improve the
properties of enthesis repair through the upregulation
of anabolic growth factors. Of note, flexor tendon re-
pairs such as in the hand benefit from a different
post-operative rehabilitation programme than the re-
paired enthesis. For tendon injuries, early com-
mencement of passive motion after repair has been
shown to be beneficial, preventing adhesions within
the tendon sheath without applying excessive force
which could result in rupture, and augmenting the

physiological processes which orchestrate heal-
ing103.104,

Conclusion

Entheses are complex structures which provide a vi-
tal link between soft tissues and bone, reducing
stresses and facilitating movement. Many common in-
juries require repair at the tendon to bone interface,
however the repairs are often mechanically inferior
with reduced strength characteristics. Focus should
be applied to repair of the soft tissues surrounding
the damaged enthesis. Modulation of healing with
growth factors is also showing promise in animal
models to facilitate improved characteristics. After
surgical repair, immobilisation followed by gentle
loading can augment the repair process.
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