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Abstract

The purpose of this study was to examine and describe the sequence of events involved in long-term biological
reconstruction of a tendon-bone interface following surgical reattachment. Patellar tendon re-attachment in the
adult sheep was used to investigate and describe the biological components involved in healing and repair of a
tendon enthesis. Light microscopy was used to describe the healing morphology at time intervals of 8, 12, 26, 52
and 104 weeks. By 8 weeks a collagen continuum was observed between the tendon and bone. Over time this
fibrous bridge became anchored into the original tissues (tendon and bone), with the resultant enthesis resembling
more a fibrous rather than the original fibrocartilagenous enthesis. The associated collagen fibrils between the two
tissues gradually changed in morphology over time to reflect the fibres seen in the original tendon tissue. The
fibrous tissue of the forming enthesis remained hypercellular when compared with the controls. The resultant
long-term morphology may be a reflection of functional adaptation rather than anatomical replication.
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Introduction

The bony insertion of soft tissue — be it tendon, liga-
ment or capsule — is described as an enthesis. The
enthesis tissue includes collagen fibres that extend
from the tendon through two specialized zones of
fibrocartilage to anchor into the underlying bone. The
literature describes two basic types of insertions
depending on the presence or absence of fibrocartil-
age (Knese & Biermann, 1958; Woo et al. 1987;
Benjamin & Ralphs, 1997) and the biomechanical loads
placed on the insertion during articulation. Not only is
the anatomical relocation of a tendon or ligament
important for the success of any repair or reconstruc-
tion of the enthesis, but so too is the morphological
replication of this unique zone of connective tissue.
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Due to the advances in polymer sciences, the use of
bio-absorbable implants in orthopaedic surgery has
become more frequent. These implants offer the
advantages of initial biomechanical protection and
gradual loading of the biological interface between
the two tissues, as well as a reduced need for hardware
removal. With the use of these biological ‘anchors’, the
formation of collagen fibres that anchor a tendon into
the bone following surgical reconstruction has generally
been regarded as a critical event in the reconstruction
of a bone-tendon interface (Whiston & Walmsley,
1960; Forward & Cowan, 1963; Oguma et al. 2001).

At the time of surgery, initial soft tissue fixation is
achieved mechanically using a surgical implant such as
interference screws or suture anchors. These devices
anchor the soft tissue to the bone and provide early
strength and optimum healing by opposing the two tissues,
thereby enabling formation of the subsequent biolog-
ical anchor. This process is time-dependent and will be
responsible for the long-term anchoring of the tendon
or graft to the bone. The perceived effectiveness and
success of this subsequent biological fixation is reflected
in the continued use of bio-absorbable implants.
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Several animal studies have described the process of
biological fixation of soft tissue to bone as an invasion
of a non-specific cuff of hypercellular, hypervascular
granulation tissue of short disorganized collagen fibrils
that fill the space between the bone and a tendon
that has either been sutured to bone or held within a
tunnel of cancellous bone (Whiston & Walmsley, 1960;
Forward & Cowan, 1963; Jackson et al. 1993; Rodeo et al.
1993; St. Pierre et al. 1995; Nagano et al. 1997; Aoki
et al. 1998; Uhthoff et al. 2000). With time, healing
between the two tissues occurs through a process of
progressive re-establishment of an integrated collagen
bridge between the tendon and bone (Jones et al.
1987; Aoki et al. 1998; Park et al. 1998; Uhthoff et al.
2000). Bony integration of this interface tissue appears
to occur via progressive ossification of the extracellular
matrix (ECM) (Forward & Cowan 1963; Rodeo et al. 1993;
Grana et al. 1994; Blickenstaff et al. 1997; Pinczewski
et al. 1997; Oguma et al. 2001) that gradually matures
to resemble a ‘normal’ insertion by 12-26 weeks
(St. Pierre et al. 1995; Kang et al. 1996; Aoki et al. 1998).
However, very little information is available regarding
the long-term morphology (greater than 26 weeks)
following anatomical reconstruction of a bone-tendon
interface. The literature that does exist presents differ-
ing findings, with some authors describing the re-
establishment of what could be referred to as a normal
physiological enthesis (Jones et al. 1987; Park et al.
1998), whereas others describe the re-establishment of
a collagen continuum between the tendon and bone
but not the reconstruction of the original fibrocartila-
genous enthesis (St. Pierre etal. 1995; Blickenstaff
et al. 1997).

The aim of this study was to evaluate the long-term
morphology of a reconstructed enthesis and compare
these results with the morphology of a normal enthesis.
It is hypothesized that the reconstructed enthesis
would reflect the native enthesis and will offer biological
support to the continued use of bio-absorbable devices
in tendon transplant surgery.

Materials and methods

A prospective observational study utilizing an animal
model was used to investigate the transition and long-
term outcome of the re-attachment of tendon to bone.
Ten skeletally mature 2-4-year-old female sheep
(weight 70-80 kg) were used in this study and all pro-
cedures were undertaken with the prior approval from
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the University of Otago Animal Ethics Committee. The
experimental surgical technique was undertaken in a
strict aseptic environment and animal care was in
accordance with the Animal Ethics requirements.

Animal surgical procedure

The animals were anaesthetized using an intravenous
injection of thiopentone sodium (Bomathal, BOMAC
Laboratories, Auckland, New Zealand), 1 g per 20 mL
isotonic saline, and then intubated through an endotra-
cheal tube (ET) and connected to the anaesthetic machine.
Oxygen was administered at a flow rate of 1.0 L min™',
and anaesthesia maintained with 2% halothane gas,
and during the operative procedure the animal was
connected to an oximeter to monitor oxygen levels.

With the sheep anaesthetized, the right hip and hind
leg was shorn to expose the hind limb (medially and
laterally) and the skin aseptically prepared for surgery.
Four 5.0-mm Schanz pins were then inserted along the
midline of the femur and along the midline of the tibia.
A 3.0-mm Kirschner wire with a trocar point was then
inserted into the middle of the thickest portion of the
patella. The two femoral pins and two tibial pins were
joined by an 8.0-mm-diameter clean, but non-sterile,
straight mild steel rod and held in place with non-
sterile polymethylmethacrylate cement (Ostron 100
T. Blue, GC Dental Industrial Corp., Tokyo, Japan). The
stifle joint was then maximally extended and the
patella placed under longitudinal traction to produce a
palpable slackness in the patellar tendon. Once in this
position, the Kirschner wire was attached to the external
fixator (Fig. 1) to maintain this position.

With an aseptic technique, the patellar tendon and
the tibial attachment were then exposed through a skin
incision made immediately below the tibial tuberosity.
A scalpel blade was used to pare the patellar tendon
off the tibial attachment as close as possible to the
underlying bone, and the calcified fibrocartilage was
removed with a saline-cooled dental burr to expose the
subchondral bone. The patellar tendon was gently
apposed to the bone (as close to the anatomical posi-
tion as possible) using two bio-absorbable TAG 3.7-mm
Rod Il anchors (Acufex, USA). The incision was then
closed. Post-operatively the sheep recovered in a par-
tial weight-bearing position assisted by a sling system,
and once the external fixator was removed the sheep
was moved to deep litter until it demonstrated full
mobility. It was then returned to the farm until the
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designated time interval. The morphological character-
istics of the healing tendon-to-bone interface were
evaluated by conventional histological methods.

Morphological analysis

Two sheep were killed at time intervals 8, 12, 26, 52 and
104 weeks from the time of surgery, along with a further
two ‘control’ sheep, in accordance with the University
Animal Ethics Code (Andrews et al. 1993; Reilly, 1993).
A 30-mm length of the intact patellar tendon along
with the tibial insertion was harvested bilaterally and
these blocks of tissue further divided lengthwise along
the midline between the suture anchors. Control sam-
ples were obtained from the opposite (non-operated)
stifle, and the right stifle of two sheep with intact ten-
dons. A series of 500-um-thick samples for histological
examination were placed in 10% neutral buffered
formalin for 1 week. After fixation the samples were
decalcified using formic formalin decalcification solu-
tion. When decalcification was complete the tissues
were subjected to a routine dehydration process of a
graded series of ethanol, embedded in paraffin, and 7-
um serial sections (sagittal plane) taken. These sections
were then stained with haematoxylin and alcoholic
eosin (H&E), Mallory trichome (MALT), alcian blue
counterstained with H&E and toluidine blue phloxi-
nate (TBP) and viewed and photographed with an
Olympus AX70 ‘Provis’ Microscope and Panasonic digital
CCD video camera. The digital images were then pro-
cessed on a Power Macintosh 8500/120 computer.

Results

All animals made a full recovery post surgery, regaining
full mobility and a ‘normal’ gait pattern. At post-mortem
the operated stifle was examined and compared with
the control stifle in all animals. Experimental stifles

Fig. 1 The external fixation used to
maintain the stifle in extension in initial
stages of healing. (A) The triangular
arrangement of the steel rods that
formed the external fixator on the
sheep; and (B) the location of the four
5.0-mm Schanz pins along the midline of
| the femur, and the tibia (pins 1, 2, 3 and
M 4) and the 3.0-mm Kirschner wire in the
patella.

in all sheep demonstrated a full and equal passive
range of movement and no ligamentous laxity. Only a
small amount of soft tissue thickening was observed
over the surgical incisions in all sheep.

Normal/control enthesis

When viewed macroscopically, the transition between
the two tissues within the control sheep demonstrated
a gradual change in morphology along the enthesis. A
layer of white tissue indicated the possible band of
enthesis fibrocartilage that separated the bone and
tendon. As the direction of tendon fibres at this mor-
phological junction changed to become perpendicular
to the bone surface, the tendon appeared to ‘flare’ and
become thicker and cover a large area of bone surface
at the insertion. At the insertion site the individual
fibres of the tendon were unrecognizable as the tissue
became more dense and uniform, and the ‘subchon-
dral’ bone seen at the insertion of the patellar tendon
was cancellous in appearance. Directly under the
tendon insertion was a triangular layer of calcified
fibrocartilage whose apex penetrated some distance
from the fibrocartilage layer into the subchondral
bone (Fig. 2A).

The insertion of the patellar tendon into the tibial
tubercle could be divided histologically into four
regions: (a) tendon, (b) fibrocartilage, (c) calcified
fibrocartilage and (d) bone (Fig. 3A) and reflected the
findings made by other authors. The longitudinal sec-
tions of the tendon showed compact, parallel collagen
fibres with a characteristic elongated ‘crimp’ pattern.
These fibres were grouped into recognizable bundles
separated from the neighbouring fascicles by loose
interfascicular connective tissue containing small blood
vessels and elongated spindle-shaped fibrocytes. The
division between the tendon tissue and the fibrocartil-
age was indicated by a change in cell morphology
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Fig. 2 Macroscopic healing of the tendon-bone junction. (A) The macroscopic view of the insertion of the normal patellar tendon
enthesis in the sheep. (B) At 8 weeks, macroscopically a large band of scar tissue was seen between the tendon and the bone in
samples taken from around the suture anchors. (C) At 52 weeks, macroscopically the interface seen between the tendon and the
bone showed an observable collagen continuity between the tendon and bone.

Fig. 3 Histological appearance of the
normal enthesis of the patella tendon.
(A) The histological appearance of the
zones of tissue within a normal patellar
tendon enthesis of the sheep (H&E stain);
(B) the change in cellular appearance
from across the ‘blue line’ from the
rounder cells within lacunae (f-f) of the
zone of fibrocartilage, small cells within
the zone of calcified fibrocartilage (c-f),
to the small oseocytes of the bone (o),
and the change in fibre orientation
through fibrocartilage layer (a) and
calcified fibrocartilage (b) in the normal
enthesis (alcian blue/H&E stain).

from fibroblasts into chondrocytes, and was accompa-
nied by a change in orientation of the collagen fibres,
becoming perpendicular to the bone surface.

The next two histological boundaries observed
between the fibrocartilage and the calcified fibrocartil-
age, and between the calcified fibrocartilage and the
subchondral bone, were indicated by the ‘blue line’
and the by the ‘cement line’, respectively (Fig. 3B). The
collagen of the fibrocartilage zone of tissue had a more
compact, ‘crimped’ appearance compared with the
more elongated, ‘crimped’ appearance of fibres in
the tendon. The cells of this zone were characteristic
chondrocytes arranged in columns containing dark-
staining nuclei. The ECM stained light blue with the
MALT and H&E/TBP stains. The collagen fibres within
the calcified fibrocartilage zone were arranged per-
pendicular to the bone surface but were less distin-
guishable than in the previous fibrocartilage zone,
while the cellular components were small, round and
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surrounded by a ‘blue halo’ with H&E stains (Fig. 3B).
The cells became increasingly separated from other

cells by ECM but were still arranged in columns
between ‘brick-red’ collagen fibres.

The delineation between the calcified fibrocartilage
and bone had the appearance of interdigitating
‘fingers’ within the underlying cancellous bone. Directly
under the insertion site the bone appeared denser
when compared with the surrounding cancellous bone
and resembled a layer of compact cortical bone cover-
ing the bone. This layer of compact bone was made up
of small osteocytes housed within individual lacunae
and incorporated within a mixture of parallel and
circular lamellae of no conclusive or common orienta-
tion to the lamellae. The collagen of the previous zone
did not appear to integrate with the individual lamella
but appeared to ‘butt-up’ against the lamellae. It
appeared that the ECM was ossified around the colla-
gen fibres without interdigitation of fibres.
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Fig. 4 Histological appearance of the healing junction between bone and tendon at 8 and 12 weeks. (A) The interfacing scar
tissue between the tendon stump and the bone at 8 weeks and the formation of a callus tissue covering the bone surface (alcian
blue/H&E stain). (B) The vertically orientated fibre within the callus (b) butted-up to, but integrate within, the original bone (a).
What appeared to be new cancellous cavities (c) are seen at 12 weeks (MALT stain). (C) The cells within the callus of woven bone
(c) seen against the original bone (b) and the cells of the interface tissue that resembled chondrocytes. What appeared to be small
cancellous cavities formed (arrow) across the bone surface at 12 weeks (H&E stain).

Eight weeks

Microscopically the junction between the tendon and
the bone could be divided into three tissue zones: the
tendon, a band of interface tissue and the underlying
bone (Fig. 2B). The demarcation between tendon and
interface tissue was determined by a change in orien-
tation of the collagen fibres. However, the peripheral
edge of the tendon was difficult to determine as there
was a gradual change in morphology from the mature
tendon to a layer of tissue that consisted of thin
elongated fibroblasts and light staining fibres seen
next to the tendon tissue. Covering the bone surface
was a callus of tissue consisting of small osteoblasts and
distinguishable fibres representing a layer of new
woven bone. A faint cement line was observed in
places across the bone surface between the callus of
bone tissue and the subchondral bone. Covering this
layer was a layer of hypercellular fibrous tissue that
contained fibroblasts and small blood vessels. Further-
more, there was a gradual change in the morphology
of the fibroblasts, with those at the bone surface exhib-
iting a rounder appearance compared with a more
elongated appearance at the tendon surface (Fig. 4A).

It is worth noting that the position where the
samples were taken in relation to the suture anchor
resulted in different macroscopic observations of

interface morphology. In samples taken lateral to the
suture anchors no interfacing scar tissue was observed
between the tendon and bone and the tendon
appeared to unite directly to the underlying bone. The
samples taken between the suture anchors showed an
interfacing scar tissue between the tendon stump and
the bone.

Eight weeks

The interfacing tissue was still distinguishable macro-
scopically from the original tendon and bone. The scar
tissue was separated from the bone surface by what
appeared to be a thin layer of uneven cortical bone or
calcified fibrocartilage that contoured the bone sur-
face. Under low-power magnification (x10 objective),
the interface between the tendon and the bone was
filled with organized tissue that appeared to have
fibrous integration with the bone and tendon. At
higher magnification, fibrous integration was not con-
sistent across the entire tendon or bone interfaces. The
tendon-interface tissue junction was indicated by ran-
domly placed small capillaries and a change in collagen
fibre orientation from being horizontally orientated
and reflecting the orientation of the tendon, to a more
perpendicular orientation in relation to the bone sur-
face. The cellular component of the periphery of the
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Fig. 5 Histological appearance of the healing junction between bone and tendon at 26, 52 and 104 weeks. (A) Microscopically
the formation of a callus of what appeared woven bone integrated the fibrous component of the interface tissue over the bone
surface at 26 weeks (MALT stain). (B) The interface between the tendon and bone at 52 weeks was filled by a layer of tissue that
resembled woven bone (between arrows) (H&E stain). (C) The interface between the tendon and the bone was still disorganized
and hypercellular especially around the vascular buds compared with controls at 102 weeks (MALT stain).

tendon consisted of thin elongated fibroblasts sparsely
distributed between collagen fibres. In comparison,
the interface tissue contained a large number of
fibroblasts that were rounder and less elongated than
those within the tendon. They were also surrounded by
short collagen fibres. Across the bone interface tissue
junction, collagen fibres integrated with a newly
formed calcified callus of woven bone and the collagen
fibres associated with this callus were entrapped within
the ECM. The cells within the callus tissue closest to the
interface tissue were large, active cells housed within
individual lacunae that were suggestive of chondro-
cytes (Fig. 4B), whereas closer to the underlying bone
tissue, the cells were smaller and had the appearance
of osteoblasts.

No ‘blue line’ was seen to indicate a demarcation
between the fibrocartilage zone and calcified layers of
the callus, although there was an irregular cement line
between the underlying bone and the calcified callus.
At this junction vertically orientated fibres within the
callus butted-up to, but did not integrate with, the
original bone (Fig. 4C).

Twenty-six weeks

At the macroscopic level, a layer of pale interface tissue
still separated the tendon from the bone, but this inter-
face tissue appeared thinner than observed in the
previous time intervals. Microscopically, none of the
disorganized hypercellular interface tissue described in
the earlier time intervals was seen. A band of interface
tissue was observed that differed morphologically
from the bone and tendon, exhibiting disorganized
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collagen fibrils within more ECM compared with the
tendon and containing large, oval-shaped cells. This
band of tissue exhibited poor staining properties
(Fig. 5A).

The tissue seen distal to the suture material was still
disorganized in appearance. At the recognizable end
of the original tendon, tendon fibres merged indistin-
guishably with the peripheral fibres of the interface
tissue. The feature that differentiated the tendon from
the interface tissue was the change in cell shape, with
the spindle-shaped fibroblasts of the tendon being
replaced by elongated oval-shaped fibroblasts of the
interface tissue.

At the bone interface tissue junction, the interface
tissue was incorporated in a callus of woven bone. At
the tendon side of the callus there were exposed fibres
separated from each other by fibroblasts continuous
with that seen in the callus tissue. Fibres were arranged
parallel to each other and orientated perpendicular to
the bone surface, and these fibres extended from the
original bone layer through the callus of woven bone
into the interfacing tissue. No ‘blue line’ or ‘cement
line’ was observed in the histological sections. Below
the callus tissue, cancellous bone of normal appearance
was observed.

Fifty-two weeks

A continuity of collagen was observed macroscopically
between the tendon and bone in all samples. The sur-
face of the surgical bone bed was covered with a white
cap of thin, transparent tissue which contoured the
bone surface and resembled a callus of new bone. The
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tendon merged unrecognizably with the bone tissue,
forming what appeared to be a completed enthesis
(Fig. 20).

At low magnification the bone-tendon interface still
differed from the control interface, with the junction
between the calcified tissue and fibrous tissue being
indicated by a blue line that reflected the shape and
topography of the bone surface. The band of the fibro-
cartilaginous tissue was narrower and, in places, non-
existent. The bone surface was covered by a callus of
fibrous tissue that appeared calcified and resembled
woven bone (Fig. 5B). A definite cement line was not
consistently seen with all samples, and when examined,
the ECM of this band of tissue was more dense than the
interface tissue but less dense than the underlying
bone. Fibres were less distinct within this ECM, but
were still recognizable. The cellular component of this
layer consisted of oval-shaped cells within blue staining
lacunae at the soft tissue side of the callus, with the cell
morphology gradually changing to small osteoblast-
like cells at the junction of the original bone and callus.
As in samples taken at earlier time intervals, the colla-
gen fibres contained within this callus did not appear
to integrate with, or become continuous with, the
existing lamellae of the underlying cancellous bone.

One hundred and four weeks

Similar observations were made with samples taken at
this time interval compared with those recorded at
52 weeks. The interface between the tendon and the
bone was similar macroscopically to that of the control
group. However, microscopic observations revealed
differences between the control and the surgical
groups. Compared with the controls, the interface
between the tendon and bone was still hypercellular
and contained areas of disorganization that were asso-
ciated with vascular buds and contained short, irregu-
larly orientated light staining fibres (Fig. 5C). The cells
in this area were round fibroblasts with an orientation
that reflected that of the fibres. The cellular morpho-
logy and collagen alignment of the rest of the interface
tissue demonstrated small osteoblast-like cells separ-
ated by vertically orientated fibres anchored in the
callus of woven bone at the bone surface, and elon-
gated fibroblast between collagen fibres orientated in
line with the fibres of the original tendon. No layer of
fibrocartilage tissue was seen between the tendon and
the bone at 104 weeks (Table 1).

Discussion

This study provides an insight into the long-term heal-
ing of a tendon to bone in the animal model and
describes the sequence of events involved in the develop-
ment of the long-term morphology. The long-term
healing of a re-attached patellar tendon did not result
in the re-establishment of the original fibrocartilage
enthesis with interfacing layers of fibrocartilage-calcified
fibrocartilage, but ultimately resulted in a fibrous
interface. Despite the absence of a layer of fibrocartil-
age, there existed a population of cells that resembled
chondrocytes seen at the interface between the rela-
tive flexible fibrous tissue and the rigid callus of calci-
fied tissue and represented the boundary between the
calcified callus and tendon. The lack of a clear band of
fibrocartilage and the re-establishment of a fibrocartil-
agenous enthesis seen in the control stifles, or as
described in the literature (Woo et al. 1987; Benjamin
& Ralphs, 1997; Benjamin et al. 2004), differs from stud-
ies of healing of the bone-tendon interface that have
described the re-establishment of an enthesis (St. Pierre
et al. 1995; Kang et al. 1996; Aoki et al. 1998). This dif-
ference may reflect a combination of the animal model
used in this study, the functional mechanics of the stifle
joint, the properties of the tendon or the process of
healing in a skeletally mature animal. The long-term
healing between the patellar tendon and tibial attach-
ment in this study may represent functional repairing
to resist biomechanical loading as opposed to anatom-
ical regeneration. If the latter were the case, it could be
said that the resultant morphology reflects a poor heal-
ing result.

The functionality of this resultant morphology was
not tested biomechanically, but no sheep were
reported to be lame or have an affected gait pattern,
suggesting that the long-term healing was not dys-
functional. Although this observation might suggest
functional morphology, it does raise the question of
whether a fibrocartilaginous patellar tendon-tibial
insertion as seen in the normal sheep is required.
Current views regarding the functional purpose and
biomechanical role of the fibrocartilage have been
influenced to some extent by the two-dimensional
nature of investigations to date. These studies have
suggested the layer of fibrocartilage offers an intrinsic
two-tiered defence mechanism against wear and tear
(Schneider, 1956), and as Benjamin & Ralphs (1998)
concluded, the amount of fibrocartilage contained in
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Table 1 Summary of the key findings at a macro and micro level of the healing tendon bone interface at time intervals of 8, 12,

26, 52 and 104 weeks post-surgery

Time interval Key histological findings

Around the suture anchors, interfacing scar tissue was present between the tendon stump and the bone

Gradual change in morphology from the mature tendon to a layer of new woven bone.

Scar tissue was separated from the bone surface by a thin layer of uneven cortical bone or calcified

Across the bone surface, collagen fibres integrated with a newly formed calcified callus of
woven bone. The fibres entrapped within the callus did not integrate with lamellar of the underlying

A band of disorganized interface tissue exhibiting disorganized collagen fibrils, extensive extracellular
and oval-shaped cells was observed between the tendon and calcified callus of resembling woven bone.

The tendon merged unrecognizably with the bone tissue forming a completed enthesis.
Fibrous integration with the tendon was continuous across the interface but integration across

Where fibrous integration occurred an histological ‘blue line’ was observed that reflected the

8 weeks Macroscopic  Lateral to the suture anchors, the tendon united directly to the underlying bone.
Microscopic
An intermediate zone of hypercellular fibrous tissue.
12 weeks Macroscopic  Interfacing scar tissue still separated the original tendon from the bone.
fibrocartilage.
Microscopic Fibrous integration with the tendon had occurred.
original bone, but instead finished adjacent to the lamella.
26 weeks Macroscopic  Fibrous integration occurred between the tendon and bone.
A thin layer of pale interface tissue separated the tendon from the bone.
Microscopic Fibrous integration occurred with the bone and tendon.
52 weeks Macroscopic
Microscopic
the bone surface was interrupted.
topography of the bone surface.
The bone surface was covered by a callus of fibrous tissue that resembled woven bone.
104 weeks Macroscopic

Microscopic

The tendon merged unrecognizably with the bone tissue forming a completed enthesis.
The interface between the tendon and bone was still hypercellular and contained areas of fibre

disorganization associated with vascular buds.
The cells in this area were round fibroblasts.
No layer of fibrocartilage tissue was observed.

an insertion site reflected the greater angular change
experienced by the inserting fibres during articulation.
The lack of fibrocartilage developed after 2 yearsin the
present model may reflect this lack of ‘bend’ experi-
enced by the insertion post-surgery, which may have
occurred as a result of limited range of tibio-femoral
or patello-femoral movement following surgery.
Although no detectable stiffness or limitation in the
functional range of movement was detected at post-
mortem to confirm this, the possibility of a limitation in
accessory movement such as anterior translation/glide
of the tibio-femoral joint, or accessory movements of
the patello-femoral joint required for normal func-
tional movements, was not assessed. Restriction of
these movements may have reduced the change in
insertion angle of the patellar tendon with functional
movement, eliminating the need for a layer of inter-
facing fibrocartilage. Also, subtle changes may have
occurred to the tendon viscoelastic properties or in
compensatory movements of proximal segments follow-
ing surgery, resulting in different loading forces on
the patellar tendon and the tibial insertion. Although
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there were no observable gait abnormalities or limited
range of movements of the stifle detected at post-
mortem, these were not quantified and therefore
cannot be confirmed.

A three-dimensional investigation (Milz et al. 2002)
shows a complex pattern of interlocking between the
fibrocartilage, calcified fibrocartilage and subchondral
bone, with regional differences in the amounts of cal-
cified fibrocartilage across the enthesis organ. This sug-
gests the importance of the complexity of the interface
between calcified fibrocartilage and subchondral bone
in the anchoring of a tendon or ligament to bone. The
complexity of the interface between these two tissues
is well recognized (Gao & Messner, 1996; Benjamin &
Ralphs, 1998; Woo et al. 1987; Milz et al. 2002) and is
possibly the integral component necessary for enthesis
integrity. It appears that this complex interlocking of
the two tissues at the ‘cement line’ augments the col-
lagenous link between the tendon or ligament and
bone. The results from the current long-term study
showed the development of a collagen continuum
between the tendon fibres and the invading interface
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tissue and the fibres within a callus of woven bone. The
fibres at the woven bone interface did not integrate
with the individual lamellae of the existing bone, but
instead were found to abut them. The development of
a callus of new bone appears to be integral to the
integrity of the remodelling soft tissue-bone interface
and is a commonly reported event involved in the fixa-
tion of soft tissue to bone (Rodeo et al. 1993; Schiavone
et al. 1993; St. Pierre et al. 1995; Blickenstaff et al.
1997). This new bone development has been described
as the continued development and maturity of the
layer of woven bone (St. Pierre et al. 1995), as trabecu-
lar bone development (Rodeo et al. 1993; Blickenstaff
et al. 1997), or progressive calcification of the layer of
fibrocartilage seen against the bone (Schiavone et al.
1993). Whatever the description used in the literature,
a callus of calcified tissue or new bone interlocks the
fibres of the interface tissue and this interlocking of
this callus with the bone is important for remodelling
tendon-bone interface integrity.

The observations made in this study represent a
process of functional repair that reflects subtle post-
operative changes in the biomechanics of the stifle.
However, the results cannot explain the long-term
observation of a fibrous rather than a fibrocartilagen-
ous enthesis developing, and this anomaly requires
further investigation. As the stifle joint in the sheep
operates in flexion it would suggest that the develop-
ing enthesis of the patellar tendon in the sheep model
would be subjected to more tensile than bending
forces. If, as Benjamin et al. (1986) postulated, the
reason fibrocartilage was characteristic of epiphysial
tendons was because of the change in angle at the
insertion that occurred during limb movement, and
represented an adaptation to protect against bending
(Benjamin et al. 1986, 1991; Woo et al. 1987; Evans
et al. 1990), then the development of fibrocartilage in
a flexed joint would be redundant. The development of
a fibrous insertion reflected the biomechanical environ-
ment of the flexed stifle that was possibly exposed
to more tensile than bending forces, and therefore the
interpolation of a biological outcome of the present
study to healing in the functionally extended knee of
the human requires cautious inference.

Conclusion

The results from this study suggest that a functional
enthesis is not only dependent on the replication of the

original insertion morphology, but is dependent on the
formation of a fibrous continuum between the tendon
and the bone. By 8 weeks, a collagen continuum was
observed in this model between the tendon and bone
and over the long term this fibrous bridge became
anchored into the original tendon and bone tissues,
with the resultant enthesis resembling a fibrous rather
than a fibrocartilagenous enthesis. The associated
collagen fibres between the two tissues gradually
changed in morphology to reflect the fibres seen in the
original tendon tissue, but the fibrous tissue between
the original tendon and forming enthesis remained
hypercellular compared with the controls. In this respect
the results of the present study reflect those recorded
by other authors (Rodeo et al. 1993; Grana et al. 1994;
Blickenstaff et al. 1997). However, studies of the long-
term healing between a tendon and bone have used
an ACL (anterior cruciate ligament) model of a tendon
attached within a bone tunnel. Few studies have looked
at the extra-articular reattachment of a tendon to bone
using procedures other than a tunnel, and have not
investigated the healing morphology 12 months post-
reattachment. The significance of the hypercellular
appearance of the tendon and the fibrous enthesis
2 years after reconstruction suggests that the impor-
tant feature of a re-attachment of a tendon in terms of
functional outcome is not the histological appearance.
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