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Abstract

 

Entheses (insertion sites, osteotendinous junctions, osteoligamentous junctions) are sites of stress concentration at

the region where tendons and ligaments attach to bone. Consequently, they are commonly subject to overuse

injuries (enthesopathies) that are well documented in a number of sports. In this review, we focus on the structure–

function correlations of entheses on both the hard and the soft tissue sides of the junction. Particular attention is

paid to mechanical factors that influence form and function and thus to exploring the relationship between

entheses and exercise. The molecular parameters indicative of adaptation to mechanical stress are evaluated, and

the basis on which entheses are classified is explained. The application of the ‘enthesis organ’ concept (a collection

of tissues adjacent to the enthesis itself, which jointly serve the common function of stress dissipation) to under-

standing enthesopathies is considered and novel roles of adipose tissue at entheses are reviewed. A distinction is

made between different locations of fat at entheses, and possible functions include space-filling and propriocep-

tion. The basic anchorage role of entheses is considered in detail and comparisons are explored between entheses

and other biological ‘anchorage’ sites. The ability of entheses for self-repair is emphasized and a range of

enthesopathies common in sport are reviewed (e.g. tennis elbow, golfer’s elbow, jumper’s knee, plantar fasciitis

and Achilles insertional tendinopathies). Attention is drawn to the degenerative, rather than inflammatory, nature

of most enthesopathies in sport. The biomechanical factors contributing to the development of enthesopathies are

reviewed and the importance of considering the muscle–tendon–bone unit as a whole is recognized. Bony spur

formation is assessed in relation to other changes at entheses which parallel those in osteoarthritic synovial joints.
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Introductory remarks

 

In engineering terms, tendons and ligaments can be

regarded as machines with multiple moving parts (fibrils,

fibres and fascicles) that perform the basic function of

force transfer to and from the skeleton. They distribute

the loads applied to them dynamically in order to

execute movement patterns. Their complex response

to loading allows for multi-axis bending, and this adds

to the stress concentration in the region where they

attach to bone. This attachment site will be referred to

in this review as an ‘enthesis’, but it is also known as

an ‘insertion site’, or an ‘osteotendinous’ or ‘osteoliga-

mentous’ junction. It is stress concentration at the hard–

soft tissue interface which makes entheses vulnerable

to acute or overuse injuries in sport. Conditions such

as tennis and golfer’s elbow, jumper’s knee and various

Achilles insertional tendinopathies are well known

to primary-care physicians, orthopaedic surgeons,

rheumatologists and sports medicine specialists alike.
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However, the importance of entheses extends beyond

this, as they are also the primary target organ in a col-

lection of rheumatic conditions known as the seroneg-

ative spondyloarthropathies, the best known of which

is ankylosing spondylitis (Benjamin & McGonagle, 2001).

Intriguingly, not all entheses are equally targeted in

these patients and one of the theories accounting for

the differential effect is that the inflammatory enth-

esopathies that afflict these patients are most typical

of entheses that are subject to mechanical trauma

(Benjamin & McGonagle, 2001). Entheses are also of

clinical significance to orthopaedic surgeons who may

be faced with the challenge of reattaching a tendon

or ligament to bone, particularly when creating an

autograft for a ruptured anterior cruciate ligament

(ACL). In the present review, we focus on the structure–

function correlations of entheses and pay particular

attention to mechanical factors that influence form

and function and thus to the relationship between

entheses and exercise. The concept of mechanical load

influencing the structure of a musculoskeletal tissue is

well recognized and is part of the growing subject of

mechanobiology (Benjamin, 2002; Benjamin & Hillen,

2002). It is the basis of the ‘form follows function’

principle which underpins Wolff’s law (see Milz et al.

2005 for further details). However, far less attention

has been paid to tendons and ligaments than to bone

and much of the current interest has its roots in the

pioneering work of Ploetz (1938), Kummer (1959, 1962,

1978) and Pauwels (1980).

 

The classification of entheses and the ‘enthesis 
organ’ concept

 

Classification of entheses

 

Over the past two decades in which our laboratory has

focused on entheses, we have distinguished two broad

categories of attachment sites according to their

structure. We have termed them fibrous and fibro-

cartilaginous according to the type of tissue present at

the attachment site (Fig. 1a–d; Benjamin & Ralphs, 1995;

Benjamin & McGonagle, 2001). They equate to the

indirect and direct attachments, respectively, of Woo

et al. (1988) – a terminology which highlights the absence

of a periosteum at fibrocartilaginous entheses and hence

a ‘direct’ attachment of the tendon/ligament to the

bone. Both classifications have a different basis from

that of Biermann (1957) and Knese & Biermann (1958).

These authors based their classification system on the

location of entheses associated with long bones, i.e.

chondral–apophyseal entheses which are found at

the ends of the long bones and periosteal–diaphyseal

attachments which occur on the shafts. The former are

fibrocartilaginous and the latter are fibrous.

At fibrous entheses, the tendon or ligament attaches

either directly to the bone or indirectly to it via the

periosteum. In both cases, dense fibrous connective

tissue connects the tendon/ligament to the periosteum

and there is no evidence of (fibro)cartilage differentia-

tion (Fig. 1a,b). However, as their name suggests, fibro-

cartilaginous entheses are sites where chondrogenesis

has occurred and thus four zones of tissue are commonly

present: pure dense fibrous connective tissue, uncalcified

fibrocartilage, calcified fibrocartilage and bone (Fig. 1c,d).

The inclusion of a zone of ‘pure dense fibrous connec-

tive tissue’ and a zone of ‘bone’ at a fibrocartilaginous

enthesis highlight the difficulty of defining with any

degree of precision where such an enthesis begins and

ends. The dense fibrous connective tissue is of course

continuous with (and indistinguishable from) that of

the rest of the tendon/ligament and equally the bone

at an enthesis blends imperceptibly with that in the

remainder of the skeleton. This absence of sharp boun-

daries together with the minute size of the critical zones

which define a fibrocartilaginous enthesis (i.e. the two

fibrocartilage zones) are perhaps a major reason why

entheses have attracted relatively little attention from

biochemists and molecular biologists.

The subdivision of entheses into fibrous and fibrocarti-

laginous types has been regarded by Hems & Tillmann

(2000) as being too simple and not reflecting the range

of morphological variations which they have observed.

They advocate a distinction between periosteal, bony

and fibrocartilaginous attachments – though the first

two are clearly subdivisions of fibrous entheses. Their

comments stem in particular from a study of the attach-

ments of the masticatory muscles in humans. Here, there

are striking variations in structure between one part

of an enthesis and another (Hems & Tillmann, 2000).

Although these regional variations are certainly more

striking than they are in most entheses in the limbs, it

is not the case that limb tendons have a uniform enthesis

structure. By contrast, most so-called fibrocartilaginous

entheses consist of one part which is fibrocartilaginous

and another which is largely fibrous (see Benjamin et al.

2002 for further discussion). Typically, the fibrous area

is in the most superficial or distal part of the enthesis.
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The enthesis organ concept

 

Many tendons and ligaments approach their attachment

sites obliquely, and as a result they often make contact

with the bone just before their attachment in certain

positions of the joint on which they act. This contact

between tendon/ligament and bone influences stress

dissipation at the enthesis itself, and has led Benjamin

& McGonagle (2001) to propose the concept of an

‘enthesis organ’. They define an ‘enthesis organ’ as a

Fig. 1 Histological sections (stained with Masson’s trichrome) of entheses from dissecting room cadavers. (a) A macroscopic view 
of the fibrous enthesis at the insertion of pronator teres on the mid-shaft of the radius (R). Note the thick layer of cortical bone. 
Scale bar = 5 mm. (b) Higher magnification view of the pronator teres enthesis, showing the presence of dense fibrous connective 
tissue (D) at the bone–tendon junction. Fibroblasts are evident (F), but no fibrocartilage cells. Note the presence of osteons at 
the attachment site (arrows). Scale bar = 100 µm. (c) A typical fibrocartilaginous enthesis (Achilles tendon) showing the four zones 
of tissue at the bone–tendon interface: dense fibrous connective tissue (D), uncalcified fibrocartilage (UF), calcified fibrocartilage 
(CF) and bone (B). The two fibrocartilage zones are separated from each other by a tidemark (T). Note that the tidemark is 
straight, but the tendon–bone interface (i.e. the junction between calcified and non-calcified fibrocartilage) is highly irregular 
(arrows). This is critical for the integrity of the junction. Scale bar = 300 µm. (d) A higher magnification view of the fibrocartilage 
zones at the Achilles tendon enthesis. The zone of uncalcified fibrocartilage is characterized by rows of fibrocartilage cells 
(arrows) that are separated from each other by parallel bundles of collagen fibres. T, tidemark; B, bone. Scale bar = 100 µm. (e) 
A macroscopic view of the Achilles tendon enthesis organ. This consists of the enthesis itself (E), a thick periosteal fibrocartilage 
(PF) on the superior tuberosity (ST) of the calcaneus, a sesamoid fibrocartilage (SF) in the deep surface of the tendon, an 
intervening retrocalcaneal bursa (RB) and the tip of Kager’s fat pad (not visible in this section). Note the enthesophyte (arrow) 
in the most inferior part of the enthesis. Scale bar = 5 mm. (f) A higher magnification view of the sesamoid (SF) and periosteal 
(PF) fibrocartilages that lie either side of the retrocalcaneal bursa (RB). Scale bar = 100 µm. (g) The wedge-shaped tip of Kager’s 
fat pad (K) protrudes into the retrocalcaneal bursa (RB) in a plantarflexed foot. PF, periosteal fibrocartilage; SF, sesamoid 
fibrocartilage. Scale bar = 500 µm.
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collection of related tissues at and near the enthesis,

which serve a common function of stress dissipation.

The enthesis organ concept is widely applicable, but is

most clearly understood by considering the attachment

of the Achilles tendon to the calcaneus (Fig. 1e–g).

Thus, the earlier work of Rufai et al. (1995) was pivotal

in developing the enthesis organ concept. The Achilles

enthesis organ comprises the osteotendinous junc-

tion itself (characterized by a prominent enthesis

fibrocartilage), a sesamoid fibrocartilage near the deep

surface of the tendon, immediately adjacent to the

osteotendinous junction, a complementary periosteal

fibrocartilage covering the superior tuberosity of the

calcaneus, and the wedge-shaped tip of the retromal-

leolar (preAchilles) fat pad which protrudes into the

retrocalcaneal bursa (Fig. 1e–g). During dorsiflexion of

the foot, the sesamoid and periosteal fibrocartilages are

pressed against each other with a compressive force

which varies according to the size of the tuberosity. The

point of contact between tendon and bone creates a

fulcrum which provides the Achilles tendon with a long

lever arm and thus a slight mechanical advantage in

its action on the calcaneus. The bursa promotes free

movement between tendon and bone and the fat pad

is thought to serve a variety of functions. It protrudes

into the bursa in a plantarflexed foot, but is retracted

during dorsiflexion (Canoso et al. 1988; Theobald et al.

2006). The suggested mechanical functions of the fat

pad include reducing friction between the tendon and

the bone, preventing the tendon from kinking under

load (by cushioning its deep surface), and acting as a

variable space filler (i.e. a plunger) so that negative

pressure does not develop in the bursa during plantar-

flexion (Theobald et al. 2006). However, as it contains

a variety of sensory nerve endings, it may also have a

proprioceptive function in monitoring insertional angle

changes between tendon and bone during foot move-

ments (Shaw et al. 2005). Ultrastructural studies on the

comparable enthesis organ of the rat Achilles tendon

have shown that its sesamoid and periosteal fibrocarti-

lages are covered with a layer of acellular, electron-dense

material that forms an articular surface lamina pre-

venting direct cellular contact with the bursal cavity

(Rufai et al. 1996). Proximally, the bursa is lined with a

vascular synovium, but as in other synovial joints, this is

absent over the articular surfaces themselves (Benjamin

& McGonagle, 2001).

Enthesis organs can also be recognized at many other

insertion sites in the body and have been described in

detail by Benjamin et al. (2004a). What most have in

common is either that the tendon/ligament attaches to

a pit or that there is a small bony protuberance next to

the enthesis. In both cases, contact is made between

tendon/ligament and bone immediately next to the

enthesis and this dissipates stress concentration away

from the enthesis itself and often leads to the formation

of distinctive sesamoid and periosteal fibrocartilages.

Some enthesis organs have a particularly complex struc-

ture, for there are ‘multi-enthesis organs’ where two

or more neighbouring tendons or ligaments share an

enthesis. They include the sites of the entheses of tibialis

posterior and the plantarcalcaneonavicular ligament

(Moriggl et al. 2003) and the shared enthesis of popliteus

and the lateral collateral ligament of the knee joint

(Benjamin et al. 2004a).

The concept of an enthesis organ is of particular sig-

nificance to clinicians, as it can help to explain patterns of

injury or why the symptoms associated with a particular

enthesopathy are diffuse. A few examples will suffice.

(1) It is well recognized that patients with lateral epi-

condylosis (‘tennis elbow’) often present to their prac-

titioners with pain that radiates into the neighbouring

collateral or annular ligaments (Bredella et al. 1999).

Our anatomical studies have shown that the enthesis

of the extensor carpi radialis brevis muscle merges

imperceptibly with that of the lateral collateral ligament

of the elbow joint and that this in turn fuses with the

annular ligament of the superior radioulnar joint (Milz

et al. 2004). Consequently, considerable load-sharing

takes place between all of these structures. (2) The

Achilles tendon is one of the commonest sites of

enthesopathy in patients with ankylosing spondylitis

(Braun et al. 2000). Magnetic resonance imaging of

such patients frequently reveals signal changes adjacent

to rather than at the enthesis itself (Olivieri et al. 1998).

This could relate to the contact made between the

tendon and the bone immediately proximal to the

enthesis at the sites characterized by sesamoid and

periosteal fibrocartilages (Benjamin & McGonagle, 2001).

(3) The anterior talofibular ligament (ATFL) of the ankle

joint is the most common site of ankle sprains and the

ligament can either be damaged in mid-substance or

suffer an avulsion fracture (Kumai & Benjamin, 2002).

Damage to the ATFL is particularly common in basket-

ball and soccer players (Garrick, 1977). If the ligament

avulses, it almost universally does so at its fibular rather

than its talar end, and Kumai & Benjamin (2002) have

suggested that this is because only the distal end of
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the ligament has an enthesis organ. This has a stress-

shielding influence on the talar attachment – but

makes the fibular one more vulnerable to injury.

 

The structure of fibrocartilaginous entheses

 

Tissue zonation

 

The classic description of a fibrocartilaginous enthesis is

that the fibrocartilage cells in the zone of uncalcified

fibrocartilage are arranged in longitudinal rows between

parallel bundles of collagen fibres (Fig. 1d; Cooper &

Misol, 1970). However, this regular alignment is frequently

not evident. The developmental study of Gao et al.

(1996) suggests that where rows of fibrocartilage cells

are present at an enthesis, they reflect the prior align-

ment of the fibroblasts from which they differentiate.

By definition, fibrocartilage is a transitional tissue

(Benjamin & Evans, 1990) and the question of whether

fibrocartilage cells nearer the hard tissue boundary

differ from those nearer the ‘pure’ tendon/ligament

end of the boundary has not been properly addressed.

Neither has the exact nature of the tidemark, i.e. the

basophilic line separating the zones of uncalcified and

calcified fibrocartilage (Fig. 1c,d). The zone of calcified

fibrocartilage is always small and may occasionally be

locally absent (Suzuki et al. 2005). However, the pro-

portion of the enthesis subchondral bone plate which

consists of calcified fibrocartilage increases with age,

because of a thinning of the cortical bone (Bloebaum

& Kopp, 2004). This is believed to contribute to the

increased brittleness of the cortical shell and thus its

vulnerability to fracture (Shea et al. 2002). Tetracycline

labelling studies clearly demonstrate that the uptake is

significantly less in the calcified fibrocartilage than the

bone, illustrating that turnover is minimal in the latter

(Bloebaum & Kopp, 2004). Thus, with endosteal resorp-

tion, the cortex increasingly comes to be represented

by a brittle tissue with little capacity for repair. Calcified

fibrocartilage is typically less cellular than its uncalcified

equivalent, probably because the deposition of calcium

salts in the extracellular matrix (ECM) leads to cell death.

Fibrocartilage differentiation from tendon/ligament

cells at the enthesis involves changes in cell shape and

cell–cell interactions. The cells lose contact with their

neighbours, round-up and enlarge (Ralphs et al. 1998),

and express cartilage markers, especially type II collagen

and aggrecan (Waggett et al. 1998). Nothing is known

specifically about how these changes are regulated,

and little for fibrocartilages in general, although

members of the TGF beta superfamily are involved. The

fibrocartilage present in tendons which change direc-

tion around bony pulleys en route to their enthesis

(‘wrap-around tendons’, Vogel & Koob, 1989) develops

in association with compressive load under the influence

of TGF beta (Robbins et al. 1997), and patellar tendon

cells are known to form cartilaginous tissue on treatment

with bone morphogenetic protein (BMP; Sato et al.

1988). BMPs2, 4 and GDF5 (growth and differentiation

factor 5, also known as BMP12) are associated with

normal and pathological fibrocartilage differentia-

tion in the intervertebral disc and during fracture

healing (Bostrom et al. 1995; Takae et al. 1999; Nakase

et al. 2001). GDF5, along with GDF6 and 7, is also

involved in control of early tendon differentiation

(Wolfman et al. 1997). The extent of the similarities

between enthesial fibrocartilage differentiation and

early chondrogenesis are unclear. Both tissues start as

type I collagen producers and switch to producing car-

tilage markers. In cartilage, the factors outlined above,

notably BMP2 and 4, are associated with up-regulating

the expression of the cartilage transcription factor SOX9,

which along with SOX5 and SOX6 regulate chondro-

genesis from the early cell condensation (e.g. Lefebvre

et al. 2001). TGF beta also promotes chondrogenesis

(Zhou et al. 2004). Other transcription factors are also

likely to be important, e.g. cKrox which down-regulates

type I collagen and up-regulates type II collagen (Galera

et al. 1996; Ghayor et al. 2000; Widom et al. 2001), and

Cbfa1 which suppresses type I collagen synthesis under

the control of BMP4 and 7 (Tsuji et al. 1998). Thus, a key

question is to what extent is fibrocartilage development

at entheses controlled by the same factors as normal

cartilage development and the differentiation of

fibrocartilage in wrap-around tendons.

 

Avascularity

 

All fibrocartilages associated with normal entheses or

enthesis organs are avascular and this contributes to a

poor healing response at and near attachment sites.

The avascularity reflects the mechanical conditions to

which the tissues are subject – notably compression. No

attention has yet been directed to the factors which

control angiogenesis during enthesis development and

we currently rely on information derived from studying

fibrocartilages elsewhere. Here, the development of

blood vessels is controlled by a variety of angiogenic
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and anti-angiogenic factors. The former include vascular

endothelial growth factor (VEGF) and the latter

endostatin, a small (20 kDa) molecule that has been

identified as the C terminal fragment of the NC1

domain of type XVIII collagen (O’Reilly et al. 1997).

Endostatin has recently been detected with a pericellular

distribution around the fibrocartilage cells that are

found in adult human tendons in the avascular

wrap-around regions and its expression is probably

mechanically induced (Pufe et al. 2004). However,

VEGF is absent at such sites (Petersen et al. 2002). The

mechanism of action of endostatin is unknown, but

Pufe et al. (2004) have considered several possibilities –

an action via endostatin or VEGF receptors on endothe-

lial cells (Kim et al. 2000; Karumanchi et al. 2001), or an

influence on endothelial cell function by binding to

ECM proteins (Furumatsu et al. 2002).

 

Adipose tissue

 

Fat is a common feature of many entheses, but its sig-

nificance is rarely addressed. It is often regarded simply

as a sign of degeneration or aging in tendons or liga-

ments and is sometimes called tendolipomatosis (Jozsa

& Kannus, 1997). Although not contesting that fat can

certainly be evidence of degeneration, Benjamin et al.

(2004b) have highlighted several important normal

functions that adipose tissue could serve at entheses

and have distinguished between different locations of

fat at insertion sites. They describe endotenon, epi-

tenon, meniscoid and insertional angle fat. Endotenon

fat lies within the films of loose connective tissue that

separate adjacent fascicles in a tendon or ligament.

Although endotenon is not an obvious feature of many

entheses (being most typical of tendon/ligament

mid-substance), a fatty endotenon is a conspicuous

feature of tendons/ligaments that flare out considerably

at their attachment site, e.g. the insertion of peroneus

longus on the first metatarsal bone and the medial

cuneiform. At such locations, the fat acts as a packing

tissue filling up space between bundles of collagen

fibres. Epitenon fat lies in the loose connective tissue

on the surface of the tendon/ligament, meniscoid fat is

a feature of meniscal folds of synovium that project

into subtendinous bursae, and insertional angle fat

occupies the space between the tendon/ligament and

the bone as the tendon/ligament approaches its enthesis

obliquely. All of these adipose tissue depots, but par-

ticularly insertional angle fat, contain blood vessels and

nerves and could play an important role in propriocep-

tion. One could envisage a function for insertional angle

fat in monitoring the changes in the angle at which a

tendon/ligament meets the bone with joint movement.

The tip of the retromalleolar fat pad in humans contains

prominent lamellated corpuscles (Benjamin et al. 2005)

and Shaw et al. (2005) have demonstrated that the

equivalent fat pad in the rat is richly supplied with

autonomic nerves, including those containing substance

P and calcitonin gene-related peptide (CGRP). Intrigu-

ingly, it also contains numerous mast cells. Significantly,

the fat is the only region of the Achilles tendon enthesis

organ that is innervated (Shaw et al. 2005).

 

Molecular composition of enthesis ECM

 

The composition of the ECM of entheses may be directly

related to the mechanical demands at the soft/hard

tissue interface. Here, local compressive stresses occur,

especially at sites with an oblique insertional angle of

the tendon or ligament fibres. The compressive stress

triggers functional adaptation of the molecular com-

position of the ECM, which leads to the presence of

cartilage-related molecules (Benjamin et al. 2002). At

such entheses, these molecules occur in addition to the

typical components of dense connective tissue and at

sites with relatively high compression, the former may

even replace the latter completely.

Glycosaminoglycans (GAGs) are typical components

of the ECM at entheses subject to compression. They

include dermatan and keratan sulphate, which can also

be found in the tensile regions of tendons and ligaments

(Milz et al. 2005). Chondroitin 4 sulfate, and with increas-

ing compression, chondroitin 6 sulfate, are found when

the tissue can be recognized histologically as fibro-

cartilage (Milz et al. 1998). Proteoglycans (which contain

GAGs) such as versican and tenascin, which are typical

components of dense connective tissue, become less

evident, and eventually disappear locally, when the

compressive stress increases above a certain threshold.

By contrast, immunohistochemical labelling of aggrecan

and link protein (Fig. 2) becomes more and more

prominent (Milz et al. 2004, 2005).

In entheses of particularly cartilaginous, almost

hyaline-like phenotype, type I collagen (the prevailing

collagen of tendons, ligaments and bone) disappears

and is replaced by type II collagen (Fig. 3). Such a region

appears like a gap between two collagen I-containing

tissues (i.e. tendon/ligament and bone) and therefore
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the appearance has been called the ‘gap phenomenon’

(Boszczyk et al. 2003a; Milz et al. 2004). It can also be

observed for versican and occasionally tenascin

(Boszczyk et al. 2003a; Milz et al. 2004). The region

positive for type II collagen includes the mineralized

and unmineralized fibrocartilage and in many cases

these tissues also label for aggrecan, link protein and

chondroitin 6 sulfate (Boszczyk et al. 2003a; Milz et al.

2004). Type III and VI collagens may equally occur in

the fibrous and fibrocartilaginous zones of chondral

entheses, but with different distribution patterns in

the ECM (Waggett et al. 1998; Milz et al. 2001).

In patients with rheumatoid arthritis, the presence of

type II collagen, aggrecan and link protein is of clinical

relevance, because these molecules have been identi-

fied as autoantigens during the autoimmune response

(Glant et al. 1998; Guerassimov et al. 1998; Myers et al.

2001). Fibrocartilaginous regions of the enthesis

presenting these molecules constitute potential targets

for the extra-articular manifestation of rheumatoid

arthritis (Boszczyk et al. 2003a). A comparable mecha-

nism has also been discussed for other diseases with an

autoimmune-related aetiology (e.g. spondylarthopa-

thies), as they have comparable predilection sites for

the occurrence of clinical symptoms (Benjamin &

McGonagle, 2001).

 

Magnetic resonance (MR) imaging appearance 

of entheses

 

Two particular technical developments have recently

made entheses a focus of interest in MR imaging. The

first of these is ultrashort echo time (TE), or UTE

imaging (Bergin et al. 1991; Robson et al. 2003), and

the second is magic angle imaging (Oatridge et al. 2001;

Gatehouse & Bydder, 2003). In MR terms, fibrocartilage

is one of about 20 tissues including tendons, ligaments,

menisci and cortical bone which have short, or very

short transverse relaxation times (T

 

2

 

). This means that

the magnetization induced in them by the MR imaging

process decays away very quickly. This decay is described

by the exponential time constant T

 

2

 

 and these tissues

have short T

 

2

 

. As a result of the rapid decay of the

signal, it is not detectable, or only just detectable by

the time that clinical MR systems can be switched on in

receive mode. Even if some signal is detectable initially

after enabling the receive mode of the MR system, the

process of spatially encoding the signal takes further

time and this cannot be accomplished if the signal

decays further and disappears. All of the tissues at a

fibrocartilaginous enthesis (i.e. the zones of dense fibrous

connective tissue, uncalcified fibrocartilage, calcified

fibrocartilage and bone) have short T

 

2

 

. They thus

produce little or no signal with all conventional clinical

MR pulse sequences and consequently appear as signal

voids. By shortening the time to the beginning of the

data reception (TE) by a factor of 20–200, and by using

techniques which can spatially encode data as soon as

the gradient system is enabled, it is possible to detect

signal from the tissues of interest at entheses, and to

encode it. Once this has been done, it is then possible

Fig. 2 (a) Frontal saw cut through the lateral part of a human 
elbow joint. The rectangle represents the part of the common 
extensor origin that is shown in fig. b. H, humerus; R, radius. 
Scale bar = 1 cm. (b) Immunohistochemical labelling for 
aggrecan at the enthesis of the common extensor origin. 
B, bone; UFC, uncalcified fibrocartilage; CFC, calcified 
fibrocartilage. Scale bar = 100 µm.

Fig. 3 Immunohistochemical labelling for type II collagen at 
the insertion of the central slip of the extensor tendon to the 
base of the middle phalanx of a second toe. The enthesis 
fibrocartilage (FC) has labelled strongly for type II collagen, 
but the bone (B) and tendon (T) are not labelled. 
Scale bar = 100 µm.
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to use radiofrequency pulses to manipulate this signal

and distinguish the tissues (Robson et al. 2003, 2004).

In magic angle imaging, the MR signal received from

highly ordered, collagen-rich tissues such as tendons

and ligaments depends on the orientation of their

fibres to the static magnetic field of the system (B

 

0

 

). In

particular, if the fibres are at 55

 

°

 

 to B

 

0

 

, the interactions

between spins (which are modulated by the term

[3cos

 

2

 

θ

 

 

 

−

 

 1] is nearly zero. Interactions between nuclei

are minimized and the tissue T

 

2

 

 is prolonged (Fullerton

et al. 1985; Henkelman et al. 1994). As a consequence,

the signal from these highly ordered tissues does not

rapidly decay to zero and is detectable even with con-

ventional imaging system pulse sequences (Oatridge

et al. 2001; Gatehouse & Bydder, 2003). Differences in

fibre orientation result in differences in signal and this

can be used as a source of image content. Whereas fibrous

connective tissue in a tensional mid-tendon/ligament

region has an essentially linear arrangement of fibres,

sesamoid fibrocartilage has a basket-weave type of

pattern. Enthesis fibrocartilage tends to have a linear

pattern more or less perpendicular to that of the under-

lying cortical bone. Orientation of entheses tissues at or

around 0

 

°

 

, 55

 

°

 

 and 90

 

°

 

 to B

 

0

 

 can result in very different

signal intensities from these tissues and permit them to

be distinguished.

It should be noted that although the normal features

of entheses cannot be recognized with conventional

sequences, in enthesitis, tissue T

 

2

 

 are prolonged (this

is a common reaction to a variety of pathological

processes and is attributed to increased water, loss of

order, cellular infiltration, microcyst or cyst formation,

and other causes). This prolongation enables abnormalities

to be seen with conventional sequences in advanced

disease, although their precise localization may be

difficult without concurrent, detailed demonstration

of the normal anatomy which has a short T

 

2

 

. Thus,

osteitis associated with seronegative disease can be

recognized as a late feature of enthesitis (McGonagle

et al. 2002; McGonagle, 2003). The capacity to image

the normal anatomy of entheses and to use this as a

basis for recognizing abnormalities in early disease are

potential technical advantages which are only now

being applied to clinical disease.

The close correspondence between anatomical

studies and MR imaging with UTE sequences (Benjamin

et al. 2004b; Robson et al. 2004) is apparent in Fig. 4(a,b),

sagittal views of the insertion of the Achilles tendon.

Enthesis, sesamoid and periosteal fibrocartilage can be

separately identified. A similar result can be achieved

with magic angle imaging. By placing the bulk of the

tendon fibres a little away from 55

 

°

 

, low signal is seen

in the tendon next to the sesamoid fibrocartilage, but

high signal is seen in the sesamoid fibrocartilage itself,

because its basket-weave pattern means that some of

its fibres are at 55

 

°

 

 to B

 

0

 

 (Fig. 4c). Using either or both

Fig. 4 MR images of entheses. 
(a) A UTE image and (b) a corresponding 
methacrylate section of the Achilles tendon 
(AT) enthesis, cut in the mid-sagittal plane 
to show the periosteal (PF), sesamoid (SF) 
and enthesis (EF) fibrocartilages, which 
can be identified in the UTE sequence. K, 
Kager’s fat pad; ST, superior tuberosity. 
Panel b is reproduced with permission 
from Robson et al. Clin Radiol 2004, 59, 
729. (c) A sagittal magic angle image of 
the Achilles tendon enthesis. Low signal 
is seen in the tendon posterior to the 
calcaneus (arrowhead), but high signal 
is seen in the sesamoid fibrocartilage 
(arrow). (d) Sagittal magic angle image of 
the quadriceps tendon (QT) insertion on 
the patella (P). The enthesis fibrocartilage 
(arrow) has a high signal. F, femur. 
(e) Tranverse UTE image of the lumbar 
spine in a patient with degenerative spine 
disease. High signal is seen in the region 
of the dorsal capsule of the lumbar facet 
joints (arrows). ES, erector spinae.
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of these techniques, it is possible to identify enthesis

fibrocartilage at the quadriceps tendon insertion

(Fig. 4d) as well as the patellar tendon origin and

insertion. Entheses have also been visualized at many

different sites around the body, including the shoulder,

elbow, fingers, spine and pelvis. One particular area of

interest has been the demonstration of fibrocartilage

in the dorsal capsule of the facet joints. These have been

observed on histological studies (Boszczyk et al. 2001)

and the presence of fibrocartilage has been confirmed

with immunocytochemistry (Boszczyk et al. 2003b).

However, the fibrocartilage has not previously been

demonstrable in life, as in this case of a patient with

degenerative spine disease (Fig. 4e).

Finally, it should be noted that conventional and UTE

sequences are useful for demonstrating fat associated

with entheses and enthesis organs. This tissue normally

provides a high signal and is easy both to visualize and

to suppress with MR imaging (Benjamin et al. 2004b).

 

The functions of entheses

 

Anchorage and stress dissipation

 

The attachment of a tendon/ligament to the skeleton

is clearly the basic function of any enthesis and central

to force transmission. Thus, tendons and ligaments

often flare out at their attachment sites as an adapta-

tion to securing skeletal anchorage and resisting the

effects of insertional angle change. Flaring of entheses

is particularly striking in the limbs, e.g. at the Achilles

tendon, the insertion of peroneus brevis and the tibial

attachment of the ACL. It is also an obvious but under-

stated fact that most tendons and ligaments do not

attach to the skeleton in an isolated manner. The

enthesis of one often blends with that of another, so

that many bony attachment sites overlap and this adds

to the stability of the anchorage (Benjamin et al. 2004a).

There are also many unnamed fibrous connections link-

ing tendons and ligaments directly together near their

attachment sites. Both these statements are in line with

the concept of myofascial continuity explained in detail

by Myers (2001). He proposes that what may appear to

be discrete muscles are mechanically linked to each

other by fascia that establish important lines of force

transmission.

There are repeated misconceptions in the literature

about how this anchorage is achieved. It is erroneous to

think that this 

 

always

 

 hinges on ‘Sharpey’s fibres’, yet

the concept is deeply entrenched in the literature. Yes,

some tendons/ligaments certainly do have Sharpey’s

fibres – notably fibrous entheses in regions where

there is substantial cortical bone, at the sites where the

periodontal ligament is attached to cementum and

alveolar bone (Raspanti et al. 2000) and at the sites of

surgical reattachment of tendons and ligaments to the

skeleton (Johnson, 2005). Yet, a great many tendons

and ligaments attach to areas of bone where there is

virtually no cortex (short bones and the epiphyses and

apophyses of long bones). At such sites, there seems

little chance of 

 

deeply

 

 penetrating collagen fibres

crossing the tissue boundary, although it does not com-

pletely negate the possibility that some fibres cross the

divide. Such entheses are invariably fibrocartilaginous

and collagen fibre continuity across the hard/soft tissue

boundary occurs predominantly at the level of the

tidemark which separates calcified and non-calcified

fibrocartilage. It is perhaps these fibres which should

be regarded as the functional equivalent of Sharpey’s

fibres in a fibrous enthesis. Milz et al. (2002) have sug-

gested that it is the complex interdigitation of the layer

of calcified fibrocartilage with the adjacent bone that

secures attachment. Thus, there are parallels with the

mechanism by which enamel and dentine are joined

together in a tooth (Marshall et al. 2001). The denti-

noenamel junction is markedly scalloped to increase

the bonding between the tissues, and similar ‘scallop-

ing’ occurs at fibrocartilaginous entheses. As there

may be gradients of mineral content across the denti-

noenamel junction that have a role in reducing stress

concentration (Marshall et al. 2001), it would be inter-

esting to know if the same applies to entheses.

There are intriguing parallels between entheses and

numerous other biological interfaces, and these may

add to our understanding of mechanical adaptations at

insertion sites. As Waite et al. (2004) have eloquently

stated, the widespread evolution of stiff scaffolds in

the animal kingdom for ‘frame, integument, and

appendages’ has created challenges in linking hard

and soft tissues which nature has had to overcome with

parallel adaptations. Thus, other biological interface

regions presenting mechanical challenges which

parallel those faced at entheses include the hard jaws

of marine polychaete worms that anchor to soft tissue

at their base, and the byssus threads which anchor

mussels to rocky shores (Waite et al. 2004). It is worth

noting that byssus threads are viewed as ‘extracorporeal

tendons’ (they are collagenous structures) and like long



 

Tendon and ligament attachment sites, M. Benjamin et al.

© 2006 The Authors
Journal compilation © 2006 Anatomical Society of Great Britain and Ireland

 

480

 

human tendons, they show regional differentiation

along their length (Bell & Gosline, 1996).

It is also worth considering parallels between the

mechanical anchorage of trees via their root systems

and entheses. Like tendons and ligaments, plants are

subject to mechanical forces created by their static

loading, the influence of the wind, and the slope of the

ground (Ennos et al. 1993). A remarkably small propor-

tion of the plant actually participates in securing firm

skeletal anchorage and it is clearly the same with

tendons and ligaments. Thus, in both cases the neces-

sary anchorage is created with a minimum investment

in structural material. This maximizes the proportion of

the tendon/ligament that can remain compliant and

flexible and thus serve other functions (e.g. energy

storage and changing the direction of muscle pull –

Benjamin & Ralphs, 1998). Just as the lateral roots of a

tree fan out from the point where the trunk meets the

ground, equally the bony spicules beneath many entheses

can radiate in all directions (Suzuki et al. 2005). There

are other entheses (e.g. Achilles and patellar tendons)

where there is considerable anisotropy of superficial

trabeculae (Suzuki et al. 2005). Collectively, these may

be likened to the tap root of a tree. Although the

trabecular network is generally ignored when con-

sidering entheses, it obviously plays an important part

in tendon/ligament anchorage and stress dissipation.

There are also useful comparisons to explore with

non-biological composites. Humans are constantly

seeking to join together materials of different physical

properties (e.g. ceramic to metal) or to create surfaces

that are resistant to contact damage (e.g. for magnetic

storage media). What material scientists try to do is to

create materials with graded mechanical properties

that can then resist damage more effectively than their

homogeneous counterparts (Suresh, 2001). This exactly

parallels what fibrocartilage is believed to do at

entheses. The presence of the two zones of fibrocartilage

between the tendon/ligament ‘proper’ and the bone

contributes to stress dissipation at entheses by ensuring

that there is a gradual change in mechanical properties

between hard and soft tissues (Woo et al. 1988). As

Hems & Tillmann (2000) have emphasized, tendon and

bone have similar tensile strength, but the elastic

modulus of bone is approximately 10 times larger than

that of tendon. Hence, a primary function of entheses

must be to balance such widely different elastic moduli.

According to Suresh (2001), gradients at interface

regions smooth stress distribution, eliminate singularities

in stress, reduce stress concentration, improve the

strength of the bonding and decrease the risk of

fracture (i.e. failure). He also points out that the major

mechanical difficulty which arises from joining a stiff

scaffold (bone in the context of entheses) to a softer

material (tendon or ligament) is ‘contact deformation

and damage’. Here, it may be useful to note Waite

et al.’s (2004) metaphor of a wicker basket filled with

blackberries. The fruit in contact with the basket walls

is always the first to be damaged. It is the requirement

for smooth stress distribution which accounts for why

discrete (well circumscribed) entheses, at which the

tendon/ligament attaches to a small, precisely localized

region of bone, are fibrocartilaginous, and why this

tissue is not a typical feature of entheses where the

surface area of the junctional region is large

(Thomopoulos et al. 2003).

The paucity of attempts to study biomechanical

aspects of entheses in relation to junctional properties

is largely because of practical difficulties of recording

strain levels within such a small volume of tissue and

the transitional nature of the region with no clear

boundaries that define it. Maganaris et al. (2004) argue

that loading on entheses is non-uniform across the

attachment site and they cite several studies which all

show that the pathology occurs in the regions where

strain levels are lowest. They make the interesting sug-

gestion that the regions most vulnerable to damage at

entheses are initially stress-shielded and that tensile

failure may not be a key feature of enthesopathy. They

have rightly drawn attention to the fact that clinically

recognizable enthesopathy occurs more frequently in

the deep than the superficial part of an enthesis. This

corresponds with a regional difference in the promi-

nence of enthesis fibrocartilage – which is generally

more conspicuous in the deepest parts of entheses

(Benjamin et al. 1986; Woo et al. 1988). Fibrocartilage

is an adaptation to compression and/or shear (Benjamin

& Ralphs, 2004) and the deep part of an attachment

site is compressed by the superficial part. It is these

compressive forces that may be pertinent to under-

standing enthesopathies.

In the early 1990s, Benjamin and colleagues published

a series of papers which all suggested that there was a

correlation between the quantity of uncalcified fibro-

cartilage at an enthesis and the degree of ‘insertional

angle change’ that occurred during joint movement

(Evans et al. 1990; Benjamin et al. 1991, 1992). An

‘insertional angle change’ is the change in the angle
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at which the tendon/ligament meets the bone as the

joint(s) is moved. It is suggested that the stiffened ECM

that typifies the fibrocartilaginous region of a tendon/

ligament promotes the gradual bending of the collagen

fibres as they approach the hard tissue interface. This

function of enthesis fibrocartilage has often been

compared with that of a grommet on an electrical plug

– an analogy first used by Schneider (1956).

Although tendons and ligaments are often viewed as

non-distensible, they do have the ability to stretch and

recoil by approximately 6% of their original length

without any obvious signs of damage. It is in recogni-

tion of this that Knese & Biermann (1958) proposed

their ‘stretching-brake theory’ of enthesis fibrocartilage

function. These authors pointed out that the stiffened

ECM at a fibrocartilaginous enthesis should limit the

narrowing of an elongated tendon/ligament at this

region. The theory is an attractive one, but largely

ignored by subsequent authors and thus one which

remains unsubstantiated. Nevertheless, Milz et al. (2005)

have suggested that a stretching brake function could

well operate at the entheses of the human acetabular

ligament. This is a very short ligament, which has

conspicuous fibrocartilaginous entheses, yet exhibits

little insertional angle change with joint loading. They

argue that the rapid increase of tensile stress on this

ligament during load bearing is likely to produce a

biologically relevant shear stress that acts as the

mechanical stimulus for fibrocartilage formation.

 

Entheses as mini growth plates

 

Knese & Biermann (1958) have suggested that entheses

can act as growth plates for apophyses at tendon and

ligament attachment sites. This is supported by the

developmental study of Gao et al. (1996) on the femoral

attachment of the medial collateral ligament of the

rat knee joint. Gao et al. (1996) exploited age-related

changes of labelling in types I and II collagen to show

that the cartilage at the enthesis is initially derived

from that of the embryonic bone rudiment. Equally,

however, they showed that this hyaline cartilage is

eroded during endochondral ossification and replaced

by enthesis fibrocartilage that develops within the

adjacent ligament by fibroblast metaplasia. Despite

this, little is known about the molecular control of cell

maturation at entheses. Given the similarities with the

growth plate, the terminal differentiation of enthesis

fibrocartilage cells invites comparison with the control

of chondrocyte differentiation in epiphysial growth

plates. This is a multistep process regulated by a com-

plex network of signalling systems. Early stages involve

control of chondrocyte proliferation, followed by

hypertrophy and apoptosis, angiogenesis and osteo-

genesis. Proliferation, which in the growth plate is

regulated by IGF (e.g. Olney & Mougey, 1999), appears

not to be a major issue at the enthesis, as there is no

evidence for enhanced tendon or fibrocartilage cell

proliferation (Woo et al. 1988). However, control of

the later stages is significant. In the epiphysial growth

plate, this involves a complex interaction of a variety of

signalling molecules, some of which are also involved

in early tendon, cartilage and fibrocartilage differenti-

ation as indicated above. Cessation of proliferation and

onset of hypertrophy is stimulated by FGFs and BMPs

(Volk et al. 1998; de Crombrugghe et al. 2000), with

a negative feedback regulation of hypertrophy and

enhancement of proliferation provided by Ihh produced

by hypertrophic chondrocytes acting on the perichon-

drium to produce PTHrP (de Crombrugghe et al. 2001;

Vortkamp, 2001). At the transcriptional level, hyper-

trophy is regulated by Cbfa1 (Leboy et al. 2001; Takeda

et al. 2001). Although there are differences in the

organization of tissues and cells, the similarities are

sufficient to make it important to discover the extent

to which controls operating in the growth plate also

occur in the enthesis.

Following fibrocartilage ‘hypertrophy’, angiogenesis

and osteogenesis occur following the erosion of the

terminal ‘hypertrophic’ fibrocartilage cells of the

enthesis (Benjamin et al. 2000). Nothing is known about

how this happens at entheses, but again the analogy is

with growth plates. Chondrocyte hypertrophy is followed

by apoptosis and vascular invasion, fibrocartilage cells

express hypertrophic markers and then undergo

regulated cell death (Yamada, 1976) before the space

they occupy is invaded by blood vessels. In cartilage,

hypertrophic chondrocytes express VEGF (Gerber et al.

1999; Colnot & Helms, 2001), the major stimulator of

angiogenesis, and expression is modulated by cartilage-

promoting growth factors FGFa FGFb, TGF beta and

IGF-1 (Garcia-Ramirez et al. 2000; Gerber & Ferrara,

2000). GDF5, which is associated with tendon differen-

tiation and has been linked to fibrocartilage formation

(Bostrom et al. 1995; Takae et al. 1999; Nakase et al.

2001), also has angiogenic effects (Yamashita et al.

1997). VEGF is bound to cartilage ECM, and can be

released by matrix metalloproteinases (MMPs) (Vu
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et al. 1998; Gerber et al. 1999), so the expression of these

is clearly important in growth plate angiogenesis. Mt1-

MMP and MMP9 are expressed by the perichondrium

in developing cartilage rudiments, whereas MMP13

occurs in late hypertrophic cells, and is important in the

differentiation process – inhibition of collagenase

arrests hypertrophy (Kim et al. 1999; Colnot & Helms,

2001; Wu et al. 2002). VEGF itself can also have direct

effects on osteoblast differentiation (Deckers et al. 2000),

thus linking angiogenesis to osteogenesis. Thus, it is

clear that determining the control of angiogenesis in

the enthesis is important in understanding its develop-

ment and growth.

 

Enthesis turnover

 

Whether entheses are capable of repair and whether a

‘normal’ fibrocartilaginous enthesis can reform after

the surgical reattachment of a tendon or ligament are

questions of considerable clinical importance. Although

a few authors report failure to re-establish a normal

attachment site (e.g. Dovan et al. 2005), there are

numerous reports claiming the restoration of enthesis

structure at anchorage sites after surgery. Some of the

more recent studies include those of Martinek et al.

(2002), Uhthoff et al. (2002) and Wong et al. (2003).

However, authors often comment on a poor quality of

repair in their reconstructions (Thomopoulos et al. 2002),

the slow nature of the healing process (Silva et al. 2002)

or the greater time it takes for an enthesis to be remod-

elled structurally, than for its mechanical properties to

be restored (Walsh et al. 2004). It is thus important to

note that the restoration of a normal enthesis can be

significantly enhanced by treating tendon–bone grafts

with a variety of biologically active modulators. Martinek

et al. (2002) have shown the adenovirus gene transfer

of BMP 2 enhances the integration of a semitendinosus

graft in rabbits as an ACL replacement. Lattermann

et al. (2004) have demonstrated that tendon transplant

healing is improved when adenoviral gene delivery is

applied to the bone side of the interface. According to

Mihelic et al. (2004), the integration of graft and bone

tissue during the reconstruction of the sheep ACL can be

promoted by a coating of BMP-7 (osteogenic protein-1).

BMP-7 encouraged the formation of a denser network

of trabecular bone at the reattachment site than was

evident in controls. It is also worth noting that BMP-13

induces neotendon formation with fibrocartilage cell

differentiation in skeletal muscle of athymic nude rats

(Helm et al. 2001). Suturing periosteum onto the sur-

face of reattached tendons can also promote healing,

perhaps because of the availability of stem cells that

this creates (Chen et al. 2003). It should also be noted

that the type of surface to which a graft is attached has

a bearing on the healing outcome. According to Soda

et al. (2003), ligament reconstructions are more successful

when ligaments are reattached to compact rather than

cancellous bone, although St Pierre et al. (1995) had

earlier reported no difference. Aoki et al. (2001) have

considered the effect of attaching grafts to cancellous

bone rather than calcified fibrocartilage. They attributed

the poor attachment to the calcified fibrocartilage layer

of the dog infraspinatus enthesis to a barrier effect of

this tissue, inhibiting angiogenesis.

Despite the considerable recent interest in the biology

of mesenchymal stem cells (MSCs) as it relates to tissue

repair in the musculoskeletal system, few authors have

considered them in relation to entheses. Yet a greater

understanding of this topic clearly has an important

bearing on methods for enhancing enthesis repair and

securing a stable tendon/ligament–bone graft in the

surgical reconstruction of an enthesis. When one

considers the number of ACL replacements that are

performed world-wide by orthopaedic surgeons each

year, it is obvious that this is a priority area that needs

to be addressed in future research. It is encouraging

therefore to report that Lim et al. (2004) have recently

investigated the potential of applying MSCs at a tendon–

bone junction for enhancing the surgical reconstruc-

tion of an enthesis. They found that coating hamstring

tendon autografts in rabbits with MSCs resulted in the

formation of a substitute ACL enthesis that was more

biologically normal than that formed in control animals

where the autograft was reattached without any

stem-cell coating. The application of MSCs encouraged

fibrocartilage formation at the interface that was a

characteristic feature of the normal insertion site.

Unfortunately, the authors did not use labelled MSCs,

so they could not be certain whether the cartilage was

formed from cells introduced experimentally or cells

recruited locally. There would seem to be two potential

sources of local stem cells: undifferentiated cells in the

endotenon or MSCs in the enthesis bone marrow.

Fibrocartilage is known to form within the endotenon

of tendons in ‘wrap-around’ regions (Benjamin et al.

1995) and the thin character of the subchondral bone

plate at entheses, combined with the common micro-

scopic local absence of bone at these sites (Suzuki et al.
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2005), offers the potential for bone marrow stem cells

to make direct contact with the soft tissue side of an

enthesis and thus contribute to enthesis fibrocartilage

repair. Evidence for fibrocartilage formation at areas

of local bone absence has been seen at the insertion site

of iliopsoas, and cartilage formation within the bone

marrow of entheses has also been observed (M. Benjamin,

unpublished observations).

 

Enthesopathies in sport

 

An enthesopathy is usually defined as a pathological

change at an enthesis. Rheumatological conditions

including rheumatoid arthritis, spondylarthropathy,

CPPD (calcium pyrophosphate deposition disease) and

DISH (diffuse idiopathic skeletal hyperostosis) account

for a major proportion of insertional tendinopathies

or enthesopathies seen in clinical practice. In certain

studies, however, up to 50% of the injuries suffered

by athletes who exercise daily involve tendons, tendon

sheaths and tendon insertions Orava & Leppilahti (1999).

The most common anatomical sites for sport-associated

enthesopathies are the rotator cuff, the lateral epicondyle

of the humerus, the lower pole of the patella, the

Achilles tendon insertion and the plantar fascia of the

heel. Enthesopathies of the groin and extensor mecha-

nism of the knee are relatively infrequent but are often

more difficult for clinicians to manage (Renstrom, 1992).

Because fibrous tendon insertions are not very common,

we shall focus on fibrocartilaginous tendon insertional

problems where the pathological changes are localized

at or near the osteotendinous junction.

Abundant histological evidence of the most common

enthesopathies rarely, if ever, demonstrates evidence of

inflammation within the affected enthesis or enthesis

organ. Although misnomers such as chronic lateral

epicondylitis and patellar tendonitis persist, inflamma-

tory processes are rarely involved in these conditions.

Classic inflammatory changes are not frequently seen

in chronic athletic tendon conditions and histopatho-

logical features in tendinopathic tendons are clearly

different from normal tendons, showing an exaggerated

dysfunctional repair response. Microscopically, these

tendons show thinning, disruption of collagen fibres,

increased vascularity and cellularity, granulation tissue,

increased proteoglycan content in the ECM, and

microtears (Khan et al. 1999). Similarly, age-related

microscopic and biochemical pathological changes

including tenocyte degeneration, accumulation of

lipids, amorphous ECM and calcium deposits can be seen

as early as age 15 years in the Achilles, biceps brachii,

tibialis anterior, quadriceps and patellar tendons (Adams

et al. 1974).

Biomechanical factors contributing to the develop-

ment of enthesopathies have become a topic of debate.

Tendons demonstrate viscoelastic, time-dependent

behaviour and exhibit adaptive responses to altered

loading patterns. It has been argued that insertional

tendinopathies may not be purely a tensile injury, but

rather that altered mechanics such as compression

or stress-shielding may be important. Both tendon

compression and a decrease in tendon load (stress-

shielding) will induce changes similar to those seen in

an insertional tendinopathy. Biomechanical studies

show that the strains within a tendon near its insertion

site are in fact non-uniform (Maganaris et al. 2004). If

the material properties are similar throughout the

tendon, forces transferred through the insertion site

may preferentially load the side of the tendon that is

usually not principally affected. These areas of com-

pressive loading correspond to the sites where tend-

inopathic characteristics are typically seen. Thus, the

presence of differential strains opens the possibility of

alternative biomechanical explanations for the pathology

found in enthesopathies. High-resolution, real-time

ultrasound scanning confirms the applicability of these

findings in human tendons 

 

in vivo

 

 (Fukunaga et al.

2001). An application of this concept is worthy of dis-

cussion. The clinical success observed following opera-

tive release of the adductor longus lends some support

to the theory of stress-shielding. In this surgery, the

superficial section of the normal adductor longus

tendon is released at a point distal to its insertion. This

may have the effect of transferring stress from the

superficial section of the tendon to the stress-shielded

deeper fibres, and the induction of normal loads in

both the deeper and the superficial fibres of the tendon

may assist in tendon recovery.

Because muscle is more compliant than tendon or bone,

the transfer of mechanical stress from muscle to bone

(rather than vice versa) facilitates the physiological

transmission of forces and stress dissipation across the

‘muscle–tendon–bone’ unit. This offers a mechanical

advantage during loading (compared with stress trans-

fer in the opposite direction) by minimizing the effects

of stress concentration. However, it is possible that a

change in stiffness of the ‘muscle–tendon’ unit follow-

ing exercise, injury and/or fatigue alters force transfer
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and that some enthesopathies may be a secondary

consequence. Thus, it is well known that muscle–tendon

stiffness is altered in exercises inducing muscle fatigue

(Horita et al. 2003) and this may account for some

enthesopathies. Certainly, it is likely that enthesopathies

can result from ground reaction forces, as these are often

considerably greater than the force produced by the

muscle. Because bone is stiffer than a muscle–tendon

unit, the stress dissipation from bone to tendon must

be considerable. It is well known that training on hard

surfaces, e.g. concrete, can increase the risk of Achilles

insertional problems (Nichols, 1989). Landing heavily

or repeatedly on such surfaces can send shock waves

through the body which are partly absorbed by the

Achilles tendon. Soft surfaces (e.g. grass) absorb some

of the force generated by landing heavily on the ground

during jumping or running. In exercises involving high

ground impact forces, the transfer of the reaction force

from ground to bone, from bone to tendon and from

tendon to muscle may cause injury, particularly if the

movement is not controlled. For example, insufficient

strength of the gastrocnemius, soleus and tibialis

anterior muscles will result in poor control of foot

pronation during landing (Marigold et al. 2004). This

in turn will change the alignment of the calcaneus and

thus the insertional angle of the Achilles tendon, perhaps

making it vulnerable to injury. It should be noted that

in exercises involving successive landing cycles, there is

a repeated two-way transfer of mechanical stress between

muscle and bone. This may injure the vulnerable junc-

tional zones (i.e. the myotendinous junction and the

enthesis). It should also be noted that muscles function

as ‘shock absorbers’ and, in this respect, they must counter-

balance a shock-absorbing function of their antago-

nists. Well-balanced agonist and antagonist sets of

muscles preserve joint alignment and reduce the risk

of injuries that result when one muscle group is weaker

than its opposing muscles. For example, jogging places

more stress on the hamstring and calf muscles than it

does on quadriceps femoris (Andriacchi & Birac, 1993).

This creates a muscle imbalance that can lead to knee

injuries such as jumper’s knee. The logical extension of

this argument is that muscle balance training may

reduce the risk of enthesopathy.

Thus, although it would seem that there are many

ways in which enthesopathies could occur, the source

of pain is unknown. Clinically, pain at entheses has

been attributed to inflammatory processes, but as it

has become evident that tendinopathies in general

are degenerative rather than inflammatory conditions

(Khan et al. 2002), a combination of mechanical and

biochemical causes for enthesopathies is more attrac-

tive. It is thus interesting to note that Shaw et al. (2005)

have shown that the normal rat Achilles tendon enthesis

is aneural, although it is well known that other parts of

tendons 

 

are

 

 innervated (Jozsa & Kannus, 1997). Four

types of nerve endings have been identified: free nerve

endings, Ruffini corpuscles, Pacinian corpuscles and

Golgi tendon organs (Jozsa & Kannus, 1997). Although

much of the innervation of tendons parallels their

microvasculature, some of the neural elements termin-

ate in the tissues in close proximity to tissue mast cells.

Given the known activity of mast cells, recent thinking

is that the neural–mast cell interaction may lead to

release of mast cell components that could modulate

pain (Hart et al. 1995). It is intriguing that mast cells are

conspicuous in conjunction with nerve fibres in Kager’s

fat pad of the rat, an integral part of the Achilles

tendon enthesis organ (Shaw et al. 2005).

The diagnosis of enthesopathy is primarily a clinical

one, but Doppler ultrasonography and MR imaging have

recently been used to confirm emerging ideas about

the pathophysiology of enthesopathies. Both techniques

provide excellent anatomical representation of tendons

and show changes not previously recognized in patients

with enthesis disorders, although these changes do not

necessarily predict prognosis or outcome. In the patellar

and Achilles tendons for example, increased signal on

MR imaging (Khan et al. 1996; Movin et al. 1998a,b)

and hypoechoic regions on ultrasonography (Cook

et al. 1998) reflect collagen degeneration rather than

ongoing inflammation. However, identical findings

have been noted in tendons of totally asymptomatic

jumping athletes (Yu et al. 1995). Indeed, in clinical

practice the source of pain in patients with enthesopa-

thies is open to debate. Furthermore, a prospective study

with longitudinal follow-up showed that the presence

of an ultrasonographic abnormality in patellar tendons

did not predict poor prognoses in elite basketball

players (Cook et al. 1998). Taken together, these findings

support the hypothesis that sport-related enthesopathies

represent a non-inflammatory condition with patho-

logical changes that favour tendon degeneration rather

than acute inflammation.

The optimal treatment approach for an athlete with

an enthesopathy is still evolving. Although outcomes

of both non-operative and operative management are

improving, these strategies are still mostly empirically
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based and often lack robust scientific evidence. Current

therapeutic protocols are characterized by wide vari-

ability ensuing from anecdotal experience rather than

evidence. Moreover, numerous reports in recent years

have shattered previous doctrines and dogmatic belief

on tendon overuse. Histopathological and biochemical

evidence has indicated that the underlying pathology

of tendinopathy is not an inflammatory tendonitis, but

a degenerative tendinosis. Consequently, enthesopathy-

related pain is probably not due to inflammation, but

its exact origin remains unexplained. Accordingly, in

pursuit of pathology- and evidence-based management,

conservative therapy has shifted from anti-inflammatory

strategies towards a comprehensive rehabilitation

programme emphasizing eccentric strengthening of the

affected limb and muscle–tendon unit (Young et al. 2005).

The traditional concept of tensile failure may not be the

essential feature of the pathomechanics of insertional

tendinopathies. Incorporating different joint-position

exercises may exert more controlled stresses on these

affected areas of the tendon, possibly allowing better

maintenance of the mechanical strength of that tendon

region and therefore preventing injury. Such exercises

could stress a healing area of the tendon in a controlled

manner and thus stimulate healing once an injury has

occurred. Investigations are underway to prove whether

such principles should be incorporated into rehabilita-

tion programmes. Another recent novel approach to

the treatment of insertional tendinopathies involves

the use of extracorporeal shock wave lithotripsy (ESWT).

Emerging evidence suggests that short-term use of this

modality results in tissue neovascularization through

increased levels of VGEF and endothelial nitric oxide

synthase (eNOS) (Wang et al. 2003). Others have shown

that ESWT produces short-term pain relief through

decreased levels of substance P along with reduced

levels of CGRP immunoreactivity in the dorsal root

ganglion (Maier et al. 2003). Despite these postulated

mechanisms of action, the results of ESWT for insertional

tendinopathies (lateral epicondyle of the elbow, patellar

tendon, plantar fascia) remain somewhat mixed. Patient

selection parameters and exact methods remain for

future investigation.

 

Enthesophytes (bony spurs)

 

Bony spurs (enthesophytes) are well documented at

numerous entheses as bony outgrowths that extend

from the skeleton into the soft tissue of a tendon or

ligament at its enthesis (Fig. 1e). They can occur in asso-

ciation with high levels of physical activity (Smillie, 1970),

in patients with seronegative spondyloarthropathy

and in those suffering from DISH. They become more

common with increasing age and are more frequently

found in males than females (Rogers et al. 1997).

Enthesophytes are comparable with the osteophytes

which form around the articular surfaces of synovial

joints in patients with osteoarthritis. Indeed, Rogers

et al. (1997) have made the interesting suggestion that

osteophyte and enthesophyte formation are linked and

that both represent a skeletal response to stress. On the

basis of a comprehensive study of a large number of

skeletons from archaeological sites, they have proposed

that some individuals have a greater tendency to form

bone than others, both at the margins of joints and at

entheses. This argues for a genetic basis to spur forma-

tion at both locations and suggests that some individuals

can be regarded as ‘bone formers’. Such individuals

form bone at levels of mechanical stress that do not

trigger comparable osteogenesis in others. It is signifi-

cant that in individuals in whom enthesophytes are

most common (those with DISH – Mazieres & Rovensky,

2000), there is also a high incidence of osteophytes

(Rogers et al. 1997). It has been suggested that osteo-

phytes develop to modify the loading on synovial joints

whose stability has been compromised by injury or

disease (Bullough & Vigorta, 1984). They may represent

an adaptation to injury where they serve to limit

abnormal movement and help to restore a functional

joint surface. Whether enthesophytes represent a

comparable adaptation at entheses is unclear. Whether

their presence reduces the risk of failure at the hard/

soft tissue interface or whether they are ever a feature

of bone at sites of tendon or ligament avulsion are

important questions that remain unanswered.

In view of the association between osteophytes and

osteoarthritis, it is of interest to note that at entheses

where bony spurs are well documented, e.g. the Achilles

tendon and the plantar fascia, osteoarthritic-like

degenerative changes (fissures and cell clusters) have

also been noted in the enthesis fibrocartilage of the

tendon or ligament (Rufai et al. 1995; Kumai & Benjamin,

2002). We know relatively little about bony spur forma-

tion, although enthesophytes are widely assumed to

be ‘traction spurs’, i.e. to develop in response to high

tensile forces within a tendon or ligament (Rogers

et al. 1997). However, there is little evidence to support

this assumption, which has been challenged by Kumai
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& Benjamin (2002) on the basis of their study of spur

formation in the plantar fascia. They have pointed out

that the majority of plantar fascial spurs develop on the

deep surface of the ligament rather than within it and

it is thus difficult to see how the spurs could be subject

to high tensile load within the ligament. The later

radiological study of Abreu et al. (2003) confirms that

the spurs rarely occur in the plantar fascia, but more

often in the entheses of abductor digiti minimi and

flexor digitorum brevis.

The presence of fibrocartilage at the tip of many

enthesophytes suggests that endochondral ossification

could play a role in their formation. This is supported

by the work of Benjamin et al. (2000) on the rat Achilles

tendon, which demonstrated the development of bony

spurs by vascular invasion along the rows of fibrocarti-

lage cells at the enthesis. They have argued that bony

spur formation at this site is essentially an extension of

normal enthesis growth and that the longitudinal

orientation of the bony spurs, along the long axis of

the tendon or ligament, reflects the orientation of the

rows of fibrocartilage cells.

Chambler et al. (2004) have shown that osteocytes at

the tip of the human acromion (where bony spurs com-

monly grow into the coracoacromial ligament) express

elevated levels of alkaline phosphatase (indicative of

osteoblastic activity) and tartrate-resistant acid phos-

phatase (TRAP, indicative of osteoclastic activity).

Furthermore, glucose-6-phosphate dehydrogenase

(G6PD) and alkaline phosphatase activity are greater

on the inferior surface of the acromial tip than on the

superior surface. This corresponds with the area of most

intense mineral apposition in bony spur formation

(Chambler et al. 2003).
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